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ABSTRACT

Thls report presents the status of the Controlled Thermonuclear Research
program at the Los Alamos Scientific Laboratory for calendar year 1977.
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I. INTRODUCTION

H. Dreicer, G. A, Sawyer, K, S. Thomas

In the Reversed-Field Pinch

experiments ~ontinued on  the 15-cm-~bore 2T7-S

Program,

experiment. Elforts concentrated on the measure-
ment of the radiation loss from impurities and on
raising the electron temperature by operating at a
lower filling pressure and by the use of low-
temperature discharge cleaning. Construction of
the 40-cm-bore ZT-U40 experiment was begun., ZT-40Q
has been designed to have great versatility and
can operate over a wide range of risetimes
(2.5 us=1 ms). It will allow the study of the
high-beta programmed reversed-field profiles as
well as the generally lower beta configurations
obtained by self-reversal. Once the desirable
properties of the high-beta equilibrium can be
demonstrated, efforts will be made to determine
the optimum method for setting up and maintaining
the configurations from the reactor technology
point of view.

The final experiments on the Scyllac feedback
stabilization project have been completed, and the
experiment.s have been terminated. The last exper-
iments differed from previous efforts in several
important aspects. First, the equilibrium config-
uration was changed from the 2=0,1 combina*ion of
stellarator fields to 0=1 2 stellarator Ffields.
Secondly, the helical plasma perturbation was much
larger on these final experiments “han on the pre-
vious Scyllac experiments giving a plasma helical
radius of about 3 cm vs the value of 1.4 em u-ed
in the earlier experiments. Also the wavelength
of éﬁe fields was increased from 0.62 m to 1.7 m.
The rIeedback system in the final series of
experiments was also different from the previous
cases in that the output of the position aetectors
was processed in such a manner as to drive the
power amplifiers in response to the model str.c-
ture of the plasma instability rather than the
displacements as seen by the individual detectors.

Experiments continued in the 5-m-long Scylla
IV-P linear theta pinch. The main experiments
were an investigation of the characteristic end-
loss times, study of the plasma flow processes

near the theta-pinch coil ends, and material

{
end-plug end-stoppering experiments designed to
eliminate axial particle flow.

Activities in the Staged Theta Pinch concen-
trated on constructing, checking out, and col-
lecting dats with a Thomson scattering apparatus.
Data were collected at two axial positions, one
near the center of the main compression coil and
one near the end. At the center of the coil, data
were taken at three radial positions; at the end,
data were taken at four radial positions. Mea-
surements were made as a function of time with
initial Dy fills from 3 to 15 mtorr.

Two small experiments were used to study the
stability and confinement properties of the re-
versed-field contiguration formed in a theta pinch
when a reversed bias fisld is used. This configu-
ration shows unexpectedly favorable stability
characteristics which are of interest for in-
creasing energy confinement in open-ended systems
such as mirrors, theta pinches, and liners.

Experiments on the Implosion Heating Experi-
ment were ended -‘n November 1977,and the personnel
involved ‘Yransferred ‘Yo the Fast Liner Program.
The first part of the year was spent finishing a
detailed measurement of the magnetic field as a
function of time and radius using magnetic probes
and Faraday rotation, The major part of the year
was spent taking temperature and density data
using Thomson scattering at four radial positions.

In the fall of 1977, approval was given to
begin a Fast Liner experimental program. Initial
experiments on the imploding lirer will use three
capacitor racks of the Scyllac bank. Plasma
preparation studies will be conducted on the Gun
Injection Experiment.

The Gun Injeection Experiment operated
throughout the year. The initial measurements
were of the properties of the gun plasma itseXf.
These were followed by an investigation of plasma
injection into a short (50-cm~long) solenoidal
guide field having a tfpieal strength of about
1C kG.

The primary efforts of the Experimental
Plasma Physics Group are directed toward the study

of high - frequency plasma resistivity, plasma



heating, and heat flow in the preserce of plasma
turbulence, electron drifts, and other effects
likely to be present in plasmas of current fusion
interest. Experimental studies, which were being
done on a Q-machine, were temporarily suspended on
May 25, 1977, to allow dismantling of the equip-
ment to make room for the construction of the
ZT~-40 exzperiment. Helocation of the experiment
into a new area was begun in late December, and it
is planned to be in operation by June 1978,

An experimental program was set up in May
1977, to investigate a very high density Z-pinch
initiated by a small-diameter laser beam. During
1977, a prototype of one module of the power
supply was built and brought into operation.
Studies of plasma initiation using a ruby laser
will begin in early 1978.

The Plasma Diagnostic group continued work on
the spatially resolved Thomson scattering appara-
tus and the scanning infrared heterodyne
interferometer, Work on several new diagnostics
was begun. Some general—purpose computer codes
were developed and a major effort continued on the
use of minicomputers for data acquisition and
device contrcl.,

The work of the theory group is closely
associated with and motivated by the experimental
CTR program at LASL. For several years the
problems and requirements of the Scyllac experi-
ment provided the major motivation for research in
the theory group. However, now that the Seyllac
program has ended and the CTR effort at LASL has
become directed toward alternate concepts, the
variety of theoretical research has increased.
Areas of activity included MHD calculations,
numerical simulations, and studies of kinetic
effects and magnetoacoustic heating.

The shortage of computer resources at LASL,
coupler. with the inereased utility of the PDP-10
and MrE network, has made the USC facility a vital
link in the LASL MFE effort. The PDP-10 has been
used fo~ scientific problems, administrative
accounting, and inventory control. Many of the
large-particle simulation and MHD stability codes
have been shifted to the mnetwork from the LASL

computers. Preliminary design of the ZT-U0

control and data acquisition system was completed
and the Scylla IV-P operating system was upgraded.

During the year the goal of the Magnetic
Energy Transfer and Storage program changed from
development of the superconducting magnetic trans-
fer and storage system for use in future
theta=pinch experiments to development of super-
conducting tokamak poloidal field systems., The
emphasis in this program is directed toward future
large tokamak experiments.

The focus of all systems and design studies
of magnetically confined fusion concepts was on
alternative or exploratory concepts. A major
design effort on the Reversed-Field Pinch Reactor
concept was completed, based upon a moderately
pulsed mode of operation, On the basis of this
design, a second design study was begun that
investigated both the physiecs and technology
associated with a larger, extended-burn operating
mode. Studies of both the Fast Liner Reactor and
Liner Magnetic Fusion concepts emphasized physics
and energy-balance constraints for fusion power,
although crucial technological issues for both the
concepts were addressed. A study of toroidal
bicusp confinement (Tormac) was begun which fo-
cused on elucidating viable physics operating
points with total power, energy balance, and
first-wall loading being enforced as major con-
straints. Scoping studies of generalized hybrid
(fusion/iission) and synfuel {thermochemical
hydrogen) applications of fusion power were also
begun. Work on neutronies studies and insulator
research continued.

The main activity of the engineering groups
was the development, design, and testing of
components for the new ZT-U0 experiment. Other
areas of activity included the design of the
high-density Z-—pinch, capacitor and ignition
switch life testing, and design and testing of
advanced components which may be needed in future
experinents.

The Tritium Systems Test Assembly, which was
initiated in February 1977, is dedicated to the
development, demonstration, and interfacing of
technologies related to the deuterium-tritium fuel
cycle for fusion reactor systems.



II. REVERSED-FIELD PINCH PROGRAM

D. A. Baker, G. P. Boicourt, C. J. Buchenauer, R. T. Buck, A. Buffa (Visiting Scientist,
Universita d¢i Padova, Padova, Italy), L. C. Burkhardt, G. I. Chandler, J. N. Di Marco,
R. S. Dike, J. N. Downing, Jr., P. R. Forman, A. Haberstich, C. F. Hammer, K. W. Hanks,

L. D. Hansborough, R. B. Howell, A. R. Jacobson, F. C. Jahoda, R. W. Kewish, Jr.,
R. Kristal, K. J. Kutae, J. W. Lillberg, E. M. Little, M. D. Machalek,
J. G. Melton, W. C. Nunnally, A. E. Schofield, K. S. Thomas,
L. C. Wilkerson, R. W. Wilkins, and P. C. T. Van der Laan

A. INTRODUCTION

The toroidal reversed-field pinch program
continues to be wmotivated by its promise of
high-beta stable equilibrium configuration with
the possibility of ohmic heating to ignition with
moderate magnetic fields. Further advantages stem
from the freedom of choice of aspect ratio that
gives an escape from possible adverse trapped-
particle effects and can lead to a simpler modular
construction with easier access as compared to a
compact torus.

The LASL program is currently centered on the
15-cm-bore ZT-S experiment and the 40-cm-bore
ZT-40 experiment presently under construction. 1In
1977, efforts on the 2ZT-S experiment have been
concentrated on the measurement of the radiation
loss from impurities and in the study of possible
raising of electron temperature by operating a
lower filling pressure and by the use of
low~temperature discharge cleaning.

The ZT-40 experiment is npresently about at
midpoint in 1ts construction schedule. The
experiment has been designed to have great versa-
tility and can operate over a wide range of
risetimes (2.5 pys-l ms). It will allow the study
of the high~beta programmed reversed-field
profiles as well as the generally lower beta
configurations obtained by self-reversal. Once
the desirable properties of the high~beta
equilibrium can be demonstrated, efforts will be
to determine the optimum method for setting up and
miintaining the configurations from the reactor
technology point of view. The scheduled date for
beginning physics on ZT-40 is July 1979.

B. 27-8

1. General. A chief factor 1limiting the
confinement time in the ZT-S reversed-field
experiment after favorable plasma-field profiles
are produced is the degeneration of the stability
of the configuration with time due to resistive

effects. The measured electron temperatures are
low and field diffus;on rates are high. One
candidate for keeping the temperature down is the
energy loss from impurity 1line radiation. The
general objectives this past year have been to (1)
determine the nature and magnitude of the radia-
tion loss, (2) operate at lower filling pressures
in an attempt to raise electron temperatures, (3)
design and test a discharge cleaning scheme, (4)
design, build, and test a power crowbar circuit to
lengthen useful time of the field. Starting in
February 1978,the plan is to then upgrade the ZT-S
experiment in cleanliness, ease of changing
programming modes, and to incorporate improved
diagnostics. The experiment is to be used to give
as much information as possible in the areas of
cleaner systems, impurities, discharge cleaning of
alumina tori, and, if possible, programming at
elevated electron temperatures. This information
is to give guidance for the LASL ZT7 40 experiment
currently under construction.
2. Radiation Logs Measurements.

a. Nature and Level of Impurities. Spectro-

scopic and mass analyzer measurements of the ZT-S
discharge have shown that the main impurity is
oxygen with smaller amounts of carbon and
nitrogen. The impurity number density is in the
range from - 0.3% to ~ 1% of the deuterium fill.

Theoretical c»"*'lations1

predict serious energy

losses that can cvause limitations on the electron

temperatures for the current densities being
. _ 2

studied (Jqoe,y = 1-3 kA cm®).

b. Absolute Measurements of the Radiation

Loss.

(1) Method. A survey of the impurity lines
was made spectroscopically to determine tne spec-
tral range of the line radiation emitted from the
ZT-S plasma. The wavelength region containing the
substantial portion of radiation is between 200~
1000 A. A fast system that was sensitive to

vacuum ultraviolet radiation was assembled,



tested, and arranged to view the ZT-S pinch
through a pump port. A schematic of the detector
arrangement 1s shown in Fig. II-1. Basically the
detecting system consists of a fast, linear photo-
diode of wide dynamic range (ITT FW 128). This
detector is sensitive to visible wavelengths and
is used with a sodium salicylate phosphor wave=
length shifter that intercepts the photons
emerging from the plasma. The fluorescence emis-
sion spectrum of the phosphor varies by a factor
of 1.45 from 2500 A to 1200 A and then is flat
down to 200 A. The fluorescence specuirum centers
at -~ 4200 A,well within the unigh-sensitivity range
of the photodiode. This was the primary detection
system used for results reported below.

The radiation from the plasma in the ZT-S
discharge passes through the aperture in the alu-
mina plug inserted into the pump port and then
through two successive l-cm-diam apertures to the
detector. The last two apertures are covered with
a wire mesh grid to improve tne detector shielding
against electrical noise. The signal from the
detector is amplified and than %iransmitted to an
oscilloscope display.

(2) Results., The analysis and interpreta-
tion of the results of the measurements involve
several factors (a) the calibration of the
detector, (b) the source and detailed =solid angle
corrections, (c) the determination of mean photon
energy. Since the measurement was made through a
single port, assumptions about the source
distribution are neceded to make determinations of
the absolute value of the radiative energy loss.

Comparisons with different

assumed source

ITT-FW128 DIODE
~INSULATOR

/BH!SS SHIELD

=
[(BTRV-izev)
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SO0IUM SALICYLATE PHOSPH7
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CERAMIC PLUD \ VAC SYSTEM

FILTER HOLDES DETECTOR POSITIOMING

X-Y SCREW TRANSLATION
STAGE

Fig. II-1.
Schematic of radiation detector.

distributions show that this introduces the
largest uncertainty, about a factor of two, into
this determination.

The results indicate that, for sharp boundary
plasma with a flat emission profile, a radiative
loss of 5 to 8 MW per meter length is obtained
during the - 30-us stable time of the discharge.
The total energy balance for a sample discharge is
shown in Fig. II-2. The two curves shoWw the
energy input and energy content per meter of
length (plasma + field energy) of the discharge as
a function of time as deduced from current,
voltage, and magnetic probe data. For comparison,
the differerce between the two curves, which
represents the energy loss, is shown in Fig. II-3
along with the radiation loss as deduced from the
above detector measurements. The same radiation
loss curve is compared with the calculated ohmic
heating for Te = 15 eV in Fig. II-4. These curves
indicate that essentially all of the loss is due
to the radiation. 1In view of the factor of ~ 2 in
uncertainty in the absolute radiation measurement
mentioned earlier, this agreement may be fortu-
itous. The measurement does indicate however that
the radiation contributes in a significant way to

the energy loss.
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Fig. II-2.
Curves of energy input and content vs time in 2T-S.
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Fig. II-4.
Curves comparing the measured radiation loss with
the calculated ohmic input.

For plasma temperatures of 15-20 eV, as
estimated for Z7T-S from Thomson scattering and
3pectral impurity ionization state measurements, a
calculation of the theoretical radization loss rate
gives values of 8-10 MW per meter. The radiation
loss rates were computed for assumed values of Te
using Ortolani's POWRAD code2 based on McWhirterts
radiation loss equat.:lon3 with a multiplying factor
of 5 as suggested by the Maryland Group results.”
This agreement is better than expected in view of
the uncertainties in the measursments and ‘the

approximations made in the functions used in

determining the ionization, excitation, and emis-
sion processes.

The conclusions of these studies are as
follows. For ZT-S8 operating at I = 60 kA and a
filling pressure of 20 mtorr, {(a) the radiation
loss is z 50% of the energy loss in ZT-5, (h) the
radiation is primarily in the vacuum uv with a
wean energy of ~ 30 eV (A - 400A ), (c) the chief
impurities are oxygen and carbon, (i) these
results are comparable to those predicted by
theory.

3. Electron Temperature Measurement. Thom-

son scattering measurements of electron tempera-
ture at filling pressures of 18 and 34 mtorr have
heen described in the previous LASL Controlled

Thermonuclear Research annual r‘epor!:.1

Measure-
ments at lower densities were then hampered by
instrumental scattering. This problem has now
been resolved by the addition of two 6943~A notch
filters to ihe scattered spectrum detector The
width at half maxiwum of each filter is 10.2 A.
The overall sensitivity of che detector is reduced
by a factor of 2, whereas the instrumental scat-
tering signal is down by a factor of 15. Good
data have been obtained at filling pressures of
10 mtorr. Data acquisition at 5 mtorr is limited
by the stability of the pinch rather than by the
sensitivity of the diagnostic.

The temperature measurements shouwn in Fig.
II-5 have been obtained with a filling pressure of
D, of 10 mtorr, and a peak toroidal current of
60 kA with an initial rise of 35 kA/.s. The
initial bias field was set at 0.064 T and the
toroidal field at the wall reversed to -0.079 T in
about 15 us. The postimplosion plasma radius as
estimated from pressure profiles was of the order
of 4 cm.

The square data points have been obtained
with a polychromator dispersion of 33 A/mm and the
circles with a dispersion of €6 A/mm. The solid
circles are the result of a least squares fit to 7
polychromator channels. The open circles are
based on the same data, but using the two closest
channels only on each side of the 6943-A channel.
The difference between the two analyses is rela-
tively minor at late time 1in the discharges
(> 10 ps). At early timer,, however, the analysis
based on 4 data points gives a much lower
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Thomson scattering measurement of electron temper-
ature at (a) 0-, (b) 1.5-, {(¢) 3.0~ and (d) &.5-cm
radius. Peak toroidal current 60 kA, filling
pressure 10 mtorr of D2.

temperature and, perhaps, a better representation
of the main body of the electron distribution than
the 7-point analysis.

Figure II-5(a) shows a peak central value of
Te of 25 eV, which then decays gradually to 15 eV
at 25 pys. The electron temperature at 1.5- and
3-cm radii levels off at about 15 eV. Assuming
full preionization, conservation of particles, and
a poloidal B of 0.6, one would expect a value of

Ti + Te of approximately 60 eV at peak current and
of 27 eV at 25 ps.

Comparison of this result with the previous

- Te measurements indicates an increase of the elec-

tron temperature at lower filling pressures. The
peak values of Te reported earlier’ were 12 eV at
34 mtorr and 15 eV at 18 mtorr.

4, Discharge Cleaning Studies.

a. Motivation. The radiation loss studies
indicate the need for determining if suitable dis-
charge cleaning methods can be developed in order
to reduce the impurity level to acceptable limits.
A preliminary investigation was made to determine
the usefulness of the low-temperature discharge
technique5 for oxygen removal from an alumina dis=-
charge vessel. Previous work in this area has
been 1limited to metal-walled systems. It is
known, however, from the results of the Petula
group at Grenoble that the replacement of a
tungsten 1limiter with an alumina one can reduce
the oxygen in the discharge a factor of three to
four.

If the simple 1low- temperature discharge
cleaning proves successful, it is planned to use
discharge cleaning pulses on ZT-40 prior to the
main discharge, thus minimizing the amount of
baking required.

b. Discharge Cleaning Circuit. The dis-
charge cleaning circuit consists of aapacitor and
sWwitching circuit capable of delivering -~ 110 J
per pulse to a series connection of the toroidal
and poloidal field circuits. This arrangement
forms a 2-kA screw pinch and is capable of
producing one to five pulses per second. The
circuit can be quickly removed from the experiment
by the use of a pair of pneumatically operated
sWwitches thus minimizing the time between the
cleanup discharges and the normal firing of ZT-S.

c. Discharge Characteristics. The wave
forms for the discharge cleaning circuit are shown
in Fig. II-6 for the low- pressure case. The
voltage shown in the figure is the voltage across
the feedplates for one quadrant of the torus. The
current IP is the toroidal plasma current. The
ecurrent Ie is the current in the toroidal field
windings, in this case breakdown is delayed for
the first 150 ps.

Plasma was generated over a range of 0.7 to
40 mtorr, 0.7 mtorr being a 1limit below which

breakdown would not occur, At these lowest
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Fig. II-6.
Voltage, plasma current, and input toroidal field
current wave forms during a discharge cleaning
pulse in ZT-S.

pressures uv radiation was required to initiate
breakdown, and then substantial plasma currents
failed to flow during the first half-cycle.

Also from Fig. II-6 a dc offset can be seen
in the plasma current IP. This is due to trapping
of the poloidal flux in the plasma, and leads
thereby to a time variation of q. When B¢ goes
through zero, q is zero. When this happens there
is probably an instability and/or a rapid expan=-
sion of the plasma radius which causes the plasma
to contact the wall. The result of g's going
through zero shows up as a voltage spike across
the current feed terminals,

The energy input for different pressures is
shown in Fig. II-7.

The electron temperature of the plasma during
discharge cleaning was measured by two methods.
First the resistivity of the plasma was calculated
from the voltage and current traces. Using the
Spitzer equation and obtaining the plasma radius
frem the streak pictures we find - 2-3 eV for the
filling pressures of 1, 10, and 20 mtorr. The
seccnd method was a line to continuum measurement
using b, 4861 A, From this we found 3.0 eV at
10 nterr and 2.0 eV at 1 mtorr,

4. Vacuum System. The torus is pumped by a
turtonslecular pump and an ion pump through a long
pipe and frive 1.4-cm-diam tubulations. The con-

ductance for this system is . 17 4/s at the torus

200 ——— T T T
25844 D3

o)

150} N

o 0} ) ]

ENERGY DEPOSITED (JOULES /PULSE)

50_@0 i

1 I !

o 20 30 40

PRESSURE (mT)

Fig. II-7.
Plasma energy deposition per pulse with probes in
(0), out (¢), and an independent check (C0) of the
probe—ut case.

and the background pressure is normally about
b x 10'6 torr in the torus. A mass analyzer is
attached to the pumping system just above the
pumps so that it samples the gases pumped out dur-~
ing the discharge cleaning.

e. Results. The mass analyzer has been used
to observe the gases that are pumped from the
torus before and during discharge cleaning. The
principal mass numbers observed are 14, 16, 18,
19, 20, and 28. These courrespond to N, O or CHu,
H20, HBO, D0, and CO or N,. The ambiguity
between D20 and CD, was resolved by comparing
results between hydrogen and deuterium discharges.

The mass analyzer was used to monitor the D20
line during the discharge cleaning. The behavior
of D20 during and after discharge cleaning is
shown in Fig. II-8 for 1, 10, and 20 mtorr. With
the turn-on of discharge cleaning there is an in-
crease in DZO‘ The amplitude of this signal de-
creases rapidly in the first few minutes and then
levels off. When the discharge cleaning is ter-
minated, the D20 decreases immediately. When the
gas flow is terminated the D20 further decreases
usually below the initial level present.

These data indicate that, as previously ob-
served by R. J. Taylor in metal-wall .ystems,
oxygen is being converted to water by the low-tenm-

perature discharge and is then pumped out.
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(1) Water is generated by the 2- to 5-eV
plasma and is pumped from the System as has been
obscrved in metal tori. This was done without
overheating the polyethylene electrical insulation
of ZT-S.

(2) Five hours of discharge cleaning reduced
the outgassing rate a factor of two or more.

(3) In addition to water the main impurity
observed on the mass spectrograph was found to be
mass 28 (CO or Nz).

(4) A simple capacitive discharge circuit
allowing immediate switching between discharge
cleaning and normal high-voltage operation has
been demonstrated to be practical for this appli-
cation.

3. 2T-S Upgrade.

a. Torus and Vacuum System. The 2T-S

experiment is scheduled to undergo major modifica-
tions starting in February 1978. The main goal of
this effort is to significantly improve the purity
of the RFP discharges. A new segmented alumina
torus will be installed with only 24 instead of
the present 90 Viton O-rings. Use of vacuum
grease during the assembly will not be permitted.

The present pumping stand will be replaced by a

new, oil-free, vacuum system and the effective
pumping speed will be increased from 17 teo 60 ¢ /s,
The gas fill system will be entirely rebuilt to
permit accurate mixing of a variety of gzses for
impurity stud,e-. )

The reducticn in the number of torus O-rings
will be made possible by the use of é”élass seal-
ing techrology developed at LASL for ZT-4C. Four-
degree ceramic segments will be sealed in sets of
five and six at a temperature of 1260°C. The
surfaces of the remaining circumferential joints
will be coated with a thin layer of the same
glazing material to help ensure hermeticity of the
O-ring sea:!s,

Viewing and pumping sections will be made of
quartz. This mixing of alumina and quartz tcrus
segments and the ensuing mismatch of expansion
coefficients can be tolerated in ZT-S because of
its small size, and since there is no plan to bake
the discharge torus in situ.

The present 14-mm-diam pump ports (3 of which
are either closed off or occupied by magnetic
probes) will be replaced by a single H44.5-mm-diam
side tubulation. Measurements on a replica of the
primary conductor indicate a toroidal field error
of ~ 35% for a 57.5-mm-diam hole. To reduce this
perturbation, the naew pump port will be fitted
with a movable conducting plug which will be moved
into position just prior to the firing of the dis-
charge.

One { the benefits of the improved vacuum
technology will be a reduction of the base
pressure in the discharge chamber. This pressure
is important since it affects the rate at which
layers of impurity build up at the wall of the
torus during the interval between gas fill and
firing of the experiment.

The base pressure in the present configura-
tion has been determined indirzctly by interpreta-
tion of remote pressure gauge rcucings. A computer
code solving 20 coupled equations nas been written
for this purpose. Known values of conductance,
pumping, and outgassing rates are entered in the
program and unknown values of these parameters are
adjusted to give the best possible fit with
available pressure readings. Proceeding in this
fashion a base pressure of 4 x 10'6 torr has been

calculated for the present ZT-S configuration.



After adjustment of the codes for the new pumping
configuratior and the reduced number of CO-rings.a
base pressure of 6 x 1077 terr is predicted for
the new torus), a factor of 6.5 lower than obtained
previously.

b. Improved Circuitry. Another facet of the

2T-S upgrade will be the use of a power crowbar
system, which together with a modification of the
toroidal field banks, will allow more flexibility
in the setting up of the RFP discharges. The
power crowbar has recently been installed and
typical current waveforms with passive crowbar
only and with both passive and power crowbars are
shown in Fig. I1I-9.

c. Improved Diagnostics. Whereas new Fara-

day rotation techniques are under development for
ZT-40, the ZT-S experiment will have to rely on
internal magnetic probes for the mezsurement of
magnetic field distributions. These data are of
utmost importance since they form the basis of our
diffusion, energy content, and ideal and resistive
MHD stability calculations.

The present magnetic probes have a rather
large outer diameter of 10 mm. Smaller probes
will be available on ZT-S with a jacket diameter
of the order of 4 mm. The integrity of the vacuum
will be ensured by the use of newliy designed
bellow-sealed probe mechanisms.

The electron density distribution in ZT-S
will be measured with a multichord interferometer
operating at a wavelength of 3.9 .m. In order to
acquire complete data for Abel inversion on each
discharge, the integrated electron density will be
measured along five parallel chords simultane-

ously. A device has been developed to do this
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Fig. II-9.

Comparison of ZT-S current waveforms with and
without power crowbar.

using only one laser, by means of Bragg diffrac-
tion heterodyne techniques.é The phase detection
is in quadrature7 so that an accurate, unambigu-
ous, and un!form record of interferometric phase
is obtained in each channel.

The optical layout is shown in Fig. 1I-10.
The scheme is basically a Mach-Zehnder arrangement
with the acousto-optic cell serving as a beam-
splitter and with each of the five scene beams
each traversing the plasma twice. The Bragg cell
not conly splits the scene and reference beams but
also shifts the reference beams' infrared fregquen-
cy by 40 MHz with respect to the freguency of the
scene  beams. Therefore the detected power
contains an oscillating component at 40 MHz due to
interference between a reference beam and its
corresponding scene beam. The plasma refractivity
along the scene paths then phase-modulates this
40-MHz carrier.

The modulation/demodulation electronics is
shown in Fig. 1I-11. All five receivers derive
their 1local oscillator signals from the U40-MHz
oscillator which also drives the Bragg cell via a
burst amplifier. In Fig. II-11 only one receiver
is shown; all five are identical. The Bragg cell
must be driven in burst mocde because the required
RF power for reasonable diffraction efficiency in
the infrared is more than can be safely applied CW
to the cell. The gquadrature signals sin’ and cosq
will be digitized by ADC's and analyzed unambigu-
ously and sensitively by computer, facilitating

the calculation and display of radial electron
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Fig. II-10.

Schematic of the fivi-channel interferometer.
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Block diagram of the interferometer electronics.

density profiles within seconds of the plasma dis-
charge.

Several milliwatts of laser power are re-
quired due to the low sengitivity of room-
temperature InAs photodiodes to 3.39-pm radiation
modulated at 40 MHz. To achieve this, a Spectra
Fhysies model 125 gas laser, modified for 3.39-ym
operation, is used. The longitudinal mode beats
at 85 MHz are not detectable with the 10 MHz
passband of the 40-MHz IF strips; however,
photometric mixing on the detectors translates
this B85-MHz beat down to 45 MHz, within the
receiver passband. The solution consists of
removing the mirrors from both ends of the model
125 laser, and of using it as an amplifier. The
laser is excited by a short oscillator whose mode
beat is in the hundreds of megahertz.

The apparatus has been testod suceessfully on
the bench with a resolution of £ 1/50 of a fringe.
It is felt that the problems and their solutions
have been well identified.

In addition, it is intended to interface the
present Thomson scattering diagnastic with the
existing data acquisition system. The technique
under consideration has been used successfully on
Scyllac. It has not yet been implemented on 2T=S
because of the low level of radiation detected by
the scattered-light analyzer. Random variations
of the background signal make it difficult for the
computer to subtract plasma light from the
scattered laser light. Part of the effort will be
to improve the photon count at the detector.
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C. 12T-4o

1. Objectives. The ZT-40 experiment is the
next step up from ZT-S in the Reverse-Field Pinch
program at LASL. The initial objective of zT-40
will be to demonstrate confinement time scaling
from the vresults of 2T-1 and ZT-S. If the
confinement time scales as the square of the minor
bore, ZT-U40 should be stable for at least 150 to
200 ps. A second objective will be to operate in
a regime clean enough to overcome the impurity
radiation barrier and raise the temperature to T1
=T, ~ 100 to 200 eV. 1In addition ZT-40 will be
used to determine the ranges of the current and
electron densities which allow the production of
stable configurations. Another objective will be
to extend the duration of the current to milli-
seconds and opcrate with reduced rates of rise of
current in order to establish the time scale over
which control of the stability can be effected by
programming of external currents. Finally ZT-40
Wwill be used to investigate the self-reversal mode
of operation. A general goal of the project is to
determine which of the potential advantages of the
reversed-field pinch concept can be brought to a
practical realization with a direct application to
an energy-producing fusion reactor.

It is projected that the first plasma
experiments on ZT-40 will begin in the calendar
year 1979,

2. _Description. ZT-40 has a H40-cm minor-
bore torus with plasma aspect ratio of 5.7. The
torus is fed at 12 points and has 12 magnetic
cores equally spaced about the torus. The ZT-U40
facility is shown in Fig. 11«12 and a sketch of
the front end is shown in Fig. II-13. The number
of feedplates was determined by the requirement
that the initial risetime of the current be the
same as ZT-S (2.5 us). The current risetime is
lengthened to ~ 20 ps by removing feedplates and
shorting the respective toroidal feed points, and
by series-paralleling the poloidal field windings.
Very slow operation (40 Us to 1 ms) can be
attained by removing all feedplates and inducing
the toroidal current by means of toroidal windings
on the ocutside of the primary or by energizing the
field only with the power crowbar banks.



Fig. II-12.
ZT<40 Facility.
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Artist's sketch of the front end of ZT-40.

The currents obtained from a numerical
calculation for the 12-feedplate design and a
single-feedplate design are shown in Figs. II-14
and 1I-15. Figure II-16 shows the current
obtained with the power crowbar bank and th2
single-feedplate design.

The initial experiments on ZT-40 will utilize
a ceramic discharge tube. Further experiments
with quartz and metal tubes are planned if their
use Will 1lead to cleaner discharges. The
discharge tube is located inside a 2-cm-thick
aluminum shell which serves as the primary con-
ductor of a transformer with the plasma as the
secondary and also as the conducting wall for
stabilization of the plasma.

The vacuum system is designed as a four-point
pumping system on the torus. The four stations

will each have a single, large aperture with a
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Numerical calculation of toroidal and poloidal
currents vs time for a 12-feedplate design.
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Numerical calculation of toroidal and poloidal
currents vs time for a single-feedplate design.

removable plug to prevent large field perturba-
tions inside the torus. The 900-f wvolume is
pumped at a combined pumping speed of U450 2/s for
the four stations. The pumps that are used
(cryogenic pumps, titanium sublimation, and
air-bearing turbomolecular pumps which exhaust
directly to atmosphere) are completely o0il free.
The initial roughing of the torus from atmospheric
pressure is done with a Roots-type vane pump in
Series with an oil seal roughing pump. These
system3 are trapped and will be switched off the
experiment while still in the pressure range where

visecous flow predominates.
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The basic machine parameters for ZT-40 are

given in Table II-I.

TABLE-II-I
Z7-40 PHYSICS DESIGN PARAMETERS

Major Radius R = 114 cm
Minor Vacuum Chamber Radius a = 20 cm

Gas Fill (D2) p = 5-30 mtorr

Electron Density ng = 10”‘-1016 en™3
Confinement Time

(assuming a scaling) Te = 150-200 us
Electron,

ion temperature Te ~ Ti = 100-200 eV
Toroidal Current I¢ ~ 150-600 kA
Mean Toroidal

Current Density J <2 kA/cm2
Initial Toroidal Field B 20.2-0.6T
Reversed Toroidal Field B¢R = <=05T
Poloidal Field B8 =<0.6T
Range of Plasma

Current Risetime Tz 2.5 uys to 1 nms
Base Pressure Pg ~ 'IO"8 torr
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3. Engineering and Construction.
for the ZT-LU0 experiment was given in late 1976.

Approval

Although much of the preliminary design was
complete at that time, most of the final design
remained to be done. Completion of the ZT-40
design, along with development and construction
activities, was the primary activity of the
engineering and development groups as well as
numerous other staff in the Controlled Thermo-
nuclear Research program. A summary of activities
during 1977 ic given below. Some of them are
reported in more detail in Sees. XII, XIV, and
KVII,

a. Structural. Beginning in May 1977, the
experimental azrea was cleared. The steel support
structure was then installed. The only activity
in this area which remains is the fabrication and
installation of the blast walls.

b, Capagitor Banks. The location of the

principal capacitor banks is shown in Fig. II-12.
During 1977, the 50-kV poloidal field, I,, and
toroidal field, 1, capacitor banks were inéfalled
and cabled as faruas the crowbar spark gaps. All
the capacitors, start spark gaps, and cables were
tested before installation. Construction of the
bias capacitor bank was about half completed.
Design of the charge, air, and trigger systems was
completed and installation of these systems was
begun. The subassembly work required for the
completion of the capacitor banks was largely
completed, partly as a result of a slowdown in
construction caused by 3 two-month delay in the
delivery of the new crane for the experimental
area. This freed the construction crew for
subassembly work.

Before the design of the 50-kV start and
crowbar switches was finalized, extensive tests
were conducted to determine their performance and
reliability. These included changes in geometry
and materials to see the effect of these changes
on operating parameters and gap lifetime and
collection of data on prefire rates. Tests were
also made on a mockup of the current mixer which
will be installed between the capacitor banks and
the current feeds to the front end. The mixer
will equalize voltages at the various current
feeds and will facilitate the changing of the

number of  current feeds. A satisfactory



electrical design was developed for the mixer.
Final mechanical design was completed and parts
were ordered.

¢. Power Supplies. The design of the power

supply system for ZT-40 was finalized and instal-
lation of components in the power supoly room (see
Fig. 1I-12) was 70% completed. After the instal-
lation of the saturable reactor controllers was
finished, initial performance tests of the units
were conducted. A screen room for the power
supply controllers was built. This room had some
special features not readily available in com-
mercial units so it was constructed by LASL
personnel.

d. Control S3ystem. Control and data acqui-

sition functions on 2T-40 will be provided by a
Prime 400 computer. During 1977, the computer was
delivered and checked out and software development
was begun. In collaboration with representatives
of the computer manufacturer, two existing
programs were combined so that the Prime 400 can
now operate in a timesharing mode while at the
same time always keeping the experiment as the top
priority user. The screen room for the computer
and other data acquisition equipment was purchased
and installed. A light-coupled interface, which
will electrically isolate the computer from the
experiment, was designed and construction begun.

Work was started on a time delay system for
controlling the capacitor bank and diagnostics. A
light-coupled 8-kV pulser was built and tested in
a test bay and on the electriecal prototype (see
Sec. k). This system allows the pulser to "float"
at the electrical potential of the system it is
triggering and eliminates feedback of electrical
noise through the pulser cables.

e. Vacuum System. The vacuum system Ffor
Z7-40 consists of four high-vacuum pump stands
which mount near the plasma chamber (Fig. II-13)
and roughing and gas-fill systems. & major part
of the design and procurement of these systems was
completed. Turbomolecular, cryogenic, and titani-
um sublimation pumps were purchased and evaluated.
They were found to be satisfactory for use on
ZT-40.

The design of the protection and control
logic for the vacuum system was largely completed.
Protection interlocks will be hardwired so they

remain in operation even when the control computer
is dowvn.

f. Ceramic Torus. The 40-cm minor-diameter

ceramic torus will be constructed from 60 straight
sections. Each 30° sector will consist of four §°
sections which will be glass-sealed together to
form a 24° sector and one 6 diagnostic/pump port
sector. Figure I1I-17 shows the position of the
various tubulationz and sapphire windows. It also
shows the projected 1location of the various
diagnostics.

During 1977 procurement of the ceramic
sections was begun. Glass seals for sealing the
sections together and for sealing in windows and
tubulations were developed by LASL Group CMB-6.
‘Two options for vacuum pump ports and diagnostic
tubulations were developed. The simpler one, which
does not require a“metal- to ~ceramic seal was
chosen as the final design. The glass-sealing
methods developed were tested on 20-cm and 30-cm
minor-diameter sections. A photograph of an
assembled 30-cm minor-diameter torus which has
been glass-sealed together into sectors is shown
in Fig. II-18. The figure also shows a section
which has had holes for the sapphire wirdows
ground out.

Z. Metal Primary Shell and I¢ Feedplates.

The metal primary shell for the experiment was
designed and procurement was begun. Electrical

insulation of the I¢ feedplates is a difficult

VERTICAL PROBE —m
: — uv SPECTROMETER,
t8,.8g.8,) -

PARTICLE DETECTOR

. . ~DOPPLER BROADENING,
SCANNING —. | : /" stREaK

INTERFEROMETER

. VERTICAL PROBE

“f‘\._" (E¢'EG'E')
[ T
B

2-DIM THOMSON —
SCATTERING. -
MULTIPOINT SCATTERING

/é?f/\

X-RAY Y

=~ RUBY LASER
1-0tM THOMSON
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" HORIZONTAL PRODBE

MULTICHANNEL INTERFEROMETER — (B,.85 .8,
STRI ‘

E&n J
FARLDAY ROTATION

Fig. 11-17.
Diagram of ZT-40 torus showing location of
tubulations and sapphire windows. Location of
projected diagnostics is also shoun.
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Fig. 1I-18.

Photograph of 30-cm minor-diameter ceramic torus.

problem because of their complicated geometry.
Two options were investigated. The first has the
metal conductors molded inside an &poxy casing.
In this design the epoxy is cured under high
pressure. Tests on molded samples showed tiis
method leads to high electrical strength, at least
a factor of 2 higher than obtained by previously
used techniques. The second option wuses a
combination of coated metal pieces, polyethylene
hats and sheet insulation. After a series of
tests 2n both approaches, the epoxy.molded design
was chosen for use on ZT-40.

h. Magnetic Cores. 1In ZT-40, magnetic cores
are used in ‘the I¢ ecircuit to increase the
coupling between the metal primary and the plasma
secondary. The cores used are tape-wound from
0.05-mm=thick iron tape and are larger than cores
previously manufactured in this manner. During
1977, all of the cores were wound and stacked.
Some of them were completed and personnel from
LASL vizsited the vendor and performed acceptance
tests. The cores performed as anticipated.
Delivery of all the cores is expected in early
1978.

i. Electric Circuit Simulation. Work with

the circuit analysis program continued during
1977. The code was updated to reflect changes in
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circuit parameters caused by mechanical design
constraints. The 1lifferent operational modes were
examine¢ in detail with particuiar attention being
given to power crowbar requirements. The magnetic
field waveforms shown in Figs. II-14, II-15, and
TI-16 are a product of these studies.

. _Power Crowbar. The ZT-U4Q power crowbar
Wwill be connected into the Iz and I, circuits with
a variable-turn ratioc transformer. Preliminary
tests of the <transformer design, which uses
parallel plate windings in order to reduce leakage
inductance, were made. The tests showed that the
design would work, so design and procurement of a
prototype was started. The power crowbar circuits
will also require the development of a2 switch with
high Coulomb capacity. Development was started on
an improved spark gap. A model was built but no
tests were conducted. Also, some conceptual
design work was done on a mercury-wetted spark
gap. This switch would not be available for
initial power 2rowbar operation but may be
required for operation of ZT-40 with magnetice
fields which last for milliseconds.

k. Electrical Prototype. An electrical pro-

totype of one-twelfth of one of the two high-
voltage banks was consiructed and checkout of the
system was begun. It will be used to determine
trigger system performance, to examine available
operating ranges, and to conduct tests to
determine how well electrical transients can be
suppressed using RLC shunts across the mixers.
Later the prototype will be used to test power
crowhar components.

1. Diagnostics. The potential diagnosties
for 2T-40 were identified and the primary shell
and ceramic torus was designed to accommodate
them. The location of the various diagnosties is
shown in Fig. 1I-17. Work was begun on the
design of both internal and external magnetic
probes. Three methods of making Faraday rotation
measurements are being investigated. Probably
only the most promising one will be used on 2T-4Q.
Four approeches which use lasers to make density
2easurements are being pursued. Considerable work
was done on two of them. A multichannel inter-
ferometer has worked well on the bench. It is
being installed on ZT-S and its performance will

be evaluated. A scanning interferometer which



gives & density profiie every 5-10 us has been
evaluated on the bench through mediocre windows
and works well. Only conceptual studies have been
rerformed on the other two approaches. Tvo
methods of using Thomson scattering to measure
electron temperature and density are being worked
on. One is a ccnventional arrangement which gives
data =t two spatial and one temporal point. The
other would use a mode-locked ruby laser ‘o give
density and temperature as a function of time.
Work also continued in other areas which would
extend the diagnostics currently used on ZT-S to
27T-40.
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III. SCYLLAC FEEDBACK STABILIZATICN EXPERIMENTS

R. R. Bartsch, E. L. Cantrell, R. F. Gribble, G. Miller,
K. J. Kutac, L. E. Hardy, and R. E. Siemon

A. INTRODUCTION

The final experiments on the Scyllac feedback
stapilization project have been cumpleted, and the
experiments have been terminatec.

Details of the experiments leading up to the
2=1,2 results are presented in a paper accepted
for publication in Nuclear Fusion titled "Feedback
Stabilization of an 4=0,1,2 High Eeta Stellara-
tor." Also, a letter published in Nuclear Fusion,
"Observation of Propagating m=1 Waves in .zyllac,"”
contains pertinent results of previous sector
work. In preparation is a journal paper discus-
sing in detail the final results on the £=1,2
sector experiment. Finally, some of the results
are presented in more detail in the 1977 Quarterly
Progress Reports.

The last experiments differed from previous
efforts in several important aspects. First the
equilibrium configuration was changed from the
2=0,1 combination of stellarator fields to %=1,2
stellarator fields. Secondly, the helical plasma
perturbation was much larger on these final ex-
periments than on the previous Scyllac experiments
giving a plasma helical radius of about 3 vs the
value of 1.4 cm used in the earlier experiments.
Also the wavelength of the fields was increased
from 0.62 m to 1.0 m.

The feedback system in the final series of
experiments was also much different than in the
previous cases in that the output of the position
detectors was processed in such a manner as to
drive the power amplifiers in response to the
modal structure of the plasma instability rather
than the displacements as seen by the individual
detectors.

E. EXPERIMENTAL ARRANGEMENT

The experimental apparatus was essentially
the same as that described in detail in Ref. 1.
In this experiment the £z0,1 shaped compression
coil was replaced by a compression coil with an
2=1,2 shape and the sector length was extended to
be 7/15 of a full torus. The compression coil

produced a pure £=1,2 vacuum magnetic field
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characterized by by = 0.133 #nd by = -~ 0.0132 (a =
1 cm) with a helical wave number h = 0.06 em™! and
wavelength 2 = 2n/h = 104.7 cm. Plasma radius is

a and the radial field parameter b and b

1 2
normalized to the compression field E0 are defined

by

E./By = b, sin{6-hz) + b, sin(20-hz)

A vertical field given by bV = - b1b2/ha, which
resulted in centered flux surfaces, was also
present.

The conducting wall shape is accurately given

by the following parametrical representation,

X = Xy + b4, cos(hz) + blcos ¢ - A2 cos(d-hz)]

y = bh, sin(hz) + blsin ¢ + &2 sin(t-hz)]

1

wherz2 z is the longitudinal coordinate along the
minor axis of the 4-m-radius torus, x is the hori-
zontal coordinate increasing toroidally outward, y
is vertical, and the parameter ¢ is an azimuthal
angle. Values are b = 10.6 cm, A1 = 0.235, Ay =
0.265, and x5 = 1 cm. This deseribes a helically
rotating ellipse with major radius b(1 + Ag) and
minor radius b{(1 - A2), the center of which is
helically displaced by b/A1.

The quartz discharge tube was formed into a
toroidally curved helix with a radius of 3.2 cm
corresponding to the expected equilibrium helical
shape of the plasma. The positions of the dis-
charge tube and conducting wall relative to the
minor axis of the torus are shown in Fig. III-1.

Because of the smaller average coil bore, the
magnetic field was larger in this configuration
than in the 2=0,1 configuration. The magnetic
field was initially 16 kG with a risetime of 3 us,
falling to 12 kG in Y40 ps. Additional 2=2 fields
were produced by equilibrium adjustment windings

and feedback driven windings mounted on the
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Fig. 1II-1.
Discharge tube position relative to conducting wall.

discharge tube in the same manner as described in
Ref. 1.

The feesdback system utilized twenty 16-
segment photodiode posgition detectors2 viewing the
plasma motion from the top and front of the dis-
charge tube to determine the horizontal and
vertical motions. These signals fed into a fast
analog processor which mode-analyzed the infor-
mation about plasma position as a function of
longitudinal position into five longitudinal mode
signals for the horizontal and vertical planes.
The mode-~analyzer output consisted of the sum of
the mode signal and its time derivative for
additional damping. The gain for each mode signal
and its derivative were individually adjustable.

Each power amplifier was driven by a summing
amplifier with properly weighted mode signal
inputs to transform the mode signals, effectively
interpolating between position detectors. For all

10 modes, it was necessary to rotate the coordi-
nates from the horizontal-vertical of the position
detectors 45 degrees to correspond to the orienta-
tion of the 21=2 feedback coil system. There were
44 modules, each driving one-half wavelength,
corresponding to 11 wavelengths in all and two
orthogonal force directions.

The longitudinal mode structure in an open
ended sector 13 not known unless the boundary
conditions at the ends are known. Two sets of
modes that might be expected on physical grounds
were considered, corresponding (1) to the plasma
ends being fixed, and (2) the plasma having no
curvature at the ends (an elastic bar model). The
second set of modes agreed best with the data in
that it allowed the full motion near the ends that
was observeu. However, that these modes are
not orthogonal leads to very undesirable fea-
tures, and thus a third set of orthogonal Fourier
modes was selected.

These modes, illustrated in Fig. III-2, are
not intended to represent the time eigenmodes of
the sector plasma. The function of the mode
analysis procedure is to interpolate the position
detector information as a function of 2z, providing
a short wavelength cutoff on the response of the
feedback system. The mode analyzer approach thus
circumvents undesirable oscillations arising from
the system response to otherwise stable short
wavelength motions. Orthogonal mode signals have
the convenient property of being the best fit
values (in the least squares sense) for a fit of a
sum of modes to the position detector data as a
function of z.

The layout of the £=1,2 sector is shown in
Fig. I1I-3. The location of the Thomson scatter-
ing apparatus, the excluded flux loop probe, and
the two orthogonal l6-channel luminosity apparatus
are indicated. The top viewing position detectors
were located at hz = 0 in every wavelength except
at z = 0 (the left end in Fige. III-3) and z = 2 A
(10 4n all), and the front viewing position
detectors were located at hz = m every wavelength
except at z = 2.5 X (10 in all). Other diagnostic
information was obtained from 5 streak cameras,
viewing the plasma in different locations, and a
coupled cavity Interferometer which determined the
preionized plasma density.
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Fig. II11-2.
" Modes controlled by feedback system.
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Fig. III-3.

Experimental arrangement.
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C. RESULTS

1, Torojdal Equilibrium. The toroidal equi-
librium was studied qualitatively with streak
camerasz and quanti%atively with use of the fee: -
back position detectors ana the multichannel lum-
inosity apparatus.

The streak ghotographs shuwed less dynamic
plasma behavior than in the £=0,1 esveriment and a
surprisingly long time, even without feedback,
baforc strong wall hits were indicated by lighting
up of the discharge tube. A typical streak photo-
graph is showr in Fig. III-l.

The m=7, k=0 instability growth rate from
swall-6 theory is v = 0.27 s~ (v = 17 em/us,
f = 0.7) and three growth times is about 10 ps.
The streak photographs suggest that the plasma,
although m=1 unstable, gently rebounds from the
wall.

The plasma behavior shown in Fig. III-4 was
approximately the same over a wide range of
filiing pressures, from 12-96 mtorr. This is in
sharp contrast to the £=0,1 experiment where the
filling pressurc strongly influenced the inward or
outward motion of the plasma. The lower prassure
limit was mainly due to the decrease of the plasma
luminosity to the point where there was
insufficient 1light for observation by position

detectors and streak cameras.

SHOT 7005
NO FEEDBACK

TOP VIEW
Z=35)\

FRONT VIEW
Z2=5.25)

l"— 50us —-—I

Fig. III-4.
Streak photographs of plasma without feedback.



At high filling pressures there was a
tendency for the column to bifurcate. evidently
due to an m=2 instability. The onset of the
instatility was not sharply defined as a function
of pressure since above threshold the instability
had a slow growth. Below about 70 mtorr there was
The filling

pressure threshold for the m=2 instability calcu-~

no evidence of an m=2 instability.

lated from sharp-boundary small-§ theory is
8 mtorr, thus it is apparent that the theory is
very pessimistic, as has already been obser‘ved.3

As in the 2=0,1 experimen. £=2 windings were
used for adjustment of the equilibrium. These
were driven with Jones—weibelu circuits that were
designed to provide 2z step waveform. However, in
this experiment such a waveform was not suitable.
The plasma had an initial tendency to move
outward, striking and rebounding from the wall at
the locations hz = m.

If 2 step 222 current beginning at main bank
time was applied with sufficient amplitude to
prevent this outward motion, the plasma would move
rapidly inward at late times. As an ad-hoc proce-
dure the slow ringing c2pacitor in the Jones-~
Weibel circuit was not fired, changing the output
waveform from a step to a pulse. This pulse was
initiated 3 ps before the main bank. The average
plasma trajections in the horizontal plane
(average over five central wavelengths) together
with the 2=2 field waveforms for the step and
pulse cases are shown in Fig. III-5,

Ideally tk< eqguilibrium adjustment waveform
would be such that a small change at late times,
after initial transients had died away, would
produce 2 change in the trajectory from inward to
outward. In the limited time available to perform
this experiment it was not possible to provide
such a waveform. However, using the feedback
system in the programmed mode to produce a current
pulse at late times, it was possible to experi-
mentally demonstrate nearness to eguilibrium.

The data are shown in Fig. I111-6, which gives
the average trajectory in the horizontal plane
together with the total £=2 field (equilibrium
adjustment plus programmed pulse from the feedback
amplifier system).

DISPLACEMENT (cm)

-2 H i . -0.008
] 10 20 30
TIME (us)
Fig. III-5.

Position and trimming circuit waveforms.

DISPLACEMENT (cm)

TIME {ps)

Fig. III-6.
Sensitivity of equilibrium.

Small-§ diffuse profile equilibrium theory?
tends to require slightly larger helical fields
than observed in the experiment to give equili-
brium (theory: by = 0.018, exp: 0.012 < by <
0.016, for 8 = 0.7, a = 1 cm).

Using a streak camera that superimposed views
of the plasma one-half helical wavelength apart,

the helical deformation of the plasma as a
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Fig. III-T7.
Streak photograph measuring helical shift.

function of time was studied. A utreak photograph
is snown in Fig. III-7. Markers centered on the
plasma image (poorly visible in Fig. III-7)
indicated the plasma helical radius to be approx-
imately 3.2 ocm which was the heliecal radius of the
quartz discharge tube and also the helical radius
given by small-3d sharp-boundary theory (for
£ = 0.6).

2, Excluded Flux. The excluded flux traces
were not strongly correlated with whether or not a
wall hit occurred, as observed with streak
cameras. This is remarkable in that the execluded
flux is directly related to the plasma energy (BA¢
proportional to energy per unit length) and
therefore the time for radial energy losses is
long even when the plasma is in apparent contact
with the wall. Because of this the excluded flux
depended little on whether or not the equilibrium
ad justment field or feedback were applied.

In Fig. III-8 is shown a comparison of the
excluded flux traces obtained in this experiment
with those obtained in the previous experiment
involving £=0 fields. The excluded flux, in this
case, 1s quite different at the field maximum
(hz = 0) and field minimum (hz = 7) locations of
the =0 field. A strong transient behavior
associated with =0 oscillations of the plasma is
also present. The shorter time scale erratic be-
havior of the excluded flux in the =0 case is due
to pick up of the time varying feedback magnetic
field.

29

L ' L) 1 I L T L] LJ l T v 1
—— 21,0 EXP, AUX. 12 PLIS FEED-
: Bk ]
wb Pos 20T, 3Tm FROM END
N -m=s 2,2 EXP, NO ADDITIONAL FIELDS ]
- Po =25 mT, 4.2m FROM END ]
& Aol 3
§ 30 ]
E ]
< 20 —
< -
0
0
0 0 20 %0 40
TIME (us)
Fig. III-8.

Excluded flux for §=1,2 compared with 2=0,1 fields.

A common feature of the excluded flux be-
havior from the two experiments is a fall-off
beginning about 20 us. This is due to end-loss as
shown in VFig. I11I-9. The theoretical curve is
based on two-dimensional end=-loss computations by
Brackbill.6 Other small effects (such as the fall
off of the main B, field) are included by incor-
porating the particle loss due to magnetohydro-
dynamic flow as calculated by Erackbill into a
one-dimensional calculation describing the radial
evolution of a theta pinch.7 The calculations
show that particle loss begins after a time delay
approximately equal to the Alfven propagation time

{vp = Boytside/P) while loss of temperature on
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Figure III-Q.
Excluded flux decay compared with end-loss theory.



axis begins after a longer time equal to the cusp

propagation time

v _I 1 . 1 -1/2
Sz - '
=" 3)

where ¢ is the sound speed. The good agreement
between theory and experiment clearly shows that
the fall-off of excluded flux observed both in
this experiment and in the £=1,0 experiment is due
to end loss.

3. . Thomson Scattering.

with the same apparatus as in the 2=0,1
8

Thomson scattering,
experi-
ment,” was used to determine the electron tempera-
III-10. The

data points were obtained on different shots with

ture. The results are given in Fig.
and without feedback (no difference was evident)
with the laser pulse occurring at different times.
Measurements at early time with the laser beam
displaced cideways showed a definite non-constant
The the
measurements is at least partly due to the tem-

temperature profile. spread in

perature profile and the variation in

plasma
Also

position at the time the laser was fired.
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w
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Fig. 1II-10.
Thomson scattering temperature measurements vs
time.

-t

shown in Fig. III-10 is a theoretical curve based
two-dimensional end-loss
There

with the upper envelope of the data.

on the calculations

already discussed. 3eems to be agreement

The calculations show an "onion-skin" effect
with the outer plasma cooling more rapidly than
the plasma on axis and this seems consistent with
the larger data sprecad at late times. Energy loss
due to radiation, not included in the calculation,
may also become important as the plasma tempera-
ture drops.g

4. Luminosity Measurements.

16-channel luminosity devices were used to de-

Two orthogonal

termine the luminosity profiles of the plasma. At
the location of the luminosity apparatus (hz = 0,
see Fig. III-3) the elliptically shaped plasma was

oriented so that it appeared narrow when viewed

LUMINOSITY PROFILES
SHOT 7i76,Z=4\
4-13 us , Ot=lus

SIDE VIEW TOP VIEW
AaY =205¢cm aX = .225¢cm
— PSRN S— .-'-—QF.-\
C et e PR

Fig. III-11.

Luminosity data showing profiles.
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from the top and broad when viewed from the side.
Raw data are shown in Fig. III-11.

The 1luminosity profiles were fit with a
Gaussian (-~ exp [-2(x - xo)z/aZ], assuming lumi-
nosity -~ n2), to determine the plasma radit a, and
a5. Results are given in Fig. III-12. These data
are consistent with the sharp-boundary small-t
theory, a; = a(l - 8,), a;,=all + &,), with
8y = 2by/[ha(2 - R)], only Iif a rather low beta
value is used, £ ~ 0.2,

Oscillations of 62 were not observed.
however, the luminosity measurements did show a
regular oscillation of the peak luminosity, ap-
proximately 1in phase in the two views. The

oscillation was also present in the peak luminos-
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Fig. III-12.
Plasma ellipticity from luminosity.

’g 3 ¥ L) T LJ

= SHOT 7048

2 FRONT VIEW
£,l 755K

e

é 'r .
s

J 1

500 0 20 30 40 50
W TIME (us)

Fig. I1I=-13.
Position detector peak luminosity signal.
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ity signal available from the feedback position
detectors, as seen in Fig. I1I-13. The feedback
position detectors’ spectral response was 350~
650 nm and as in the 4=1,0 experiment the absolute
plasma luminosity was within a factor of two of
pure- bremsstrahlung.

The plasma radius obtained from the luminos-
ity measurements together with the excluded flux
information allow the determination of the plasma
pressure, or B, (f - 0.1 + 0.5 &4/(a’B), B > 0.2).
Assuming a Gaussian pressure profile with 1/e
radius a = 1 em and using the measured values
Ad = 20 kG-cm®, and E = 16 kG, the plasma beta
value is 0.7.

The electron and ion temperature equilibra-
tion time is a few microseconds at these densities
and temperatures. Assuming T; = Ty = 120 eV and
£ = 0.7 the plasma density is determined to be ng
22 x 10'0 en3,

xial rrent. In a high-beta stellara-
tor an axial electric field is produced by the
change in azimuthal flux between the outer bound-

ary of the plasma and the conducting wall that

accurs as the
10-12

magnetic field initially

rises. In the 2=0,1 sector the ends were
electrically isolated to prevent the flow of
external current,

However in the 2=1,2 configuration, to avoid
a large induced voltage with the larger helical
fields, a current return was provided between the
metallic vacuum valves at the ends of the sector.
Normally a loop linking the main Bz field and a
resistance of 1 Q were placed in the return
circuit to partially cancel the current and to
damp out the remainder. The return wires had an
inductance of 2.2 yh while the plasma inductance
was about 5.5 yph,

The measured axial current is shown in Fig.
III-14 for cases with the vresistors and
cancellation loop in the circuit and with them
shorted out. The azimuthal flux calculated from
the sharp-boundary small-§ mode'! is . bo kV=us
(independent of a and g8) from the %=2 field and
~ 15 kV-ps  for B = 0.65 (7 kV-ps for B = O,
40 k¥-us for B = 1, independent of a) from the %=1
field.
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Axial current with and without cancellation circuit.

The cancellation loop reduced the current to
~ 0.29 of its original value with a flux of
~ 60 kV-us implying a azimuthal flux of 80 kV-ys.
The initial current of 12 kA (see Fig. III~14) and
the circuit inductance of 7.7 uh gives a value of
92 kV-us. This discrepancy between theory and ex-
periment is most 1likely due to the small-¢
assumptions of the theory.

&, Effect of Feedback. In Figs. I111-1% and

III-16 are shown the mode signals (see Fig, III-2
for a definition of the modes) and feedback
currents for a typical shot with feedback.

The effect of feedback was only to stabilize
the plasmz m=1 motion since the energy confinement
was dominated by end loss with or without feed-
back. A1l modes had a velocity gain T3 = 3 us,
(b2 L+ Ty g—i) and an overall gain for the =2
current of about 500 A/cm and about 50 G/em for
the 222 field (at a = 1 cm).

In Figs. I1I-15 and I1II-16, an improvement
for all modes with feedback is apparent. An
independent determination of the effectiveness of
feedback is the sixteen-channel luminosity device
discussed in a previous section. Shown in Fig.
I1I-17 are two successive plasma discharges where
all experimental parameters are held constant
except that in case (a), the feedback system is
In the
first case (a), the plasma moves rapidly to the

turned off while in (b) it is active.

wall of the discharge tube (indicated by the
dashed parallel lines). In case (b), the feedback
system controlled the instability and held the

HORIZON'TAL PLANE

—2cm/DivV

---lkA/DIV

SI.LS/DIV

NO FEEDBACK {7375)

FEEDBACK (7326)

Fig. I11I-15.
Horizontal mode amplitudes controlled by feedback.
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MODE | ---bkPf--——~"7" "~ =

MODE 4~ g, [

Fig. I1I-16.
Vertical mode amplitudes controlled by feedback.
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Fig. II1I-17.

Luminosity position data showing feedback control.

plasma near the center of the discharge tube. In
Fig. III-18, the quantity (J£2 qz/1.)172 averaged
over 10 shots with feedback and 10 shots without
feedback is plotted. This shows a definite de-

crease in the magnitude of the plasma excursions

0-6 v T L3 L) L T L]
[
° NO FEEDBACK
'éo.q- .
g )
-
o ~
;E FEEDBACK
ool ]
a Q2
»
E
(M)L!:—“:J ! \ L L

1 1
(o] 5 1o} 5 30 3 40

20
TIME (us)

Fig. III-18.
Averaged rms displacements with and without feed-
back stabilization.
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of axis with feedback. However, even without
feedback, the average plasma excursions were quite
small.

An unexpected oscillatory behavior with a
frequency approximately eqgual to the helical
oscillation frequency was present and in fact
varying the velocity gain setting, which mainly
governed the amplification of these oscillations,
had little effect. Without feedback the helical
oscillations were observable with both the top
viewing position detectors and those looking from
the front implying that both spatial phases were
present. The tendency for the feedback system to
oacillate at the helical frequency is probably due
to direct coupling of the feedback £=2 field to
the plasma £=1 shape as observed 1in Ref. 1,
aggravated by the weak damping of the helical
oscillations in this case.

In nc case was the confinement limited by the

presence of these small oscillatinns.

D. CONCLUSIONS

The experiments using the modal feedback
system were uniformly successful. Many interes-
ting features of the system were unable to be ex-
perimentally studied due to time restrictions. 1In
general, the feedback system improved the
stability of the plasma column in all cases. The
experimentally obtained confinement times were
clearly 1limited by particle loss and thermal
conduction to the open ends of the sector.

The m=l ingtability which accompanies high-
beta stellarator equilibrium has been shown to be
amenable to feedback stahk!lization. Furthermore,
it has been demonstrated that the equilibrium
obtained with the £=1,2 stellarator fields {is
qualitatively superior to the 2=0,1 system in that
the transient behavior occurring as the plasma
assumes its equilibrium shape is minimal. The use
of modal control in the feedback system resulted
in improvement in 1its performance. Present
technology exists that could reduce the amount of
feedback energy loss by a factor of 20.

Further experiments in a complete toroidal
geometry would be necessary to determine the upper
limits of confinement time.
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IV. SCYLLA 1V-P LINEAF THETA-PINCH EXPERIMENTS

k. J. Commiszzo, C. A, Ekdahl, K. E. Freese, k. F. Gritble,
¥. F. McKernra, G, Miller, and k. E. Siemcn

A. INTHODUCTION

The: ability of linear theta-pinch devicen to
generate high-eneegy plasmas of fuzian interest
hae elearly been entablished.  This fact combined
Wwitt, the additional advantages of simple geometry,
hWiwh plasma beta ark dencity, demonstrated plasma
s librium oand neutral stability properties, and
viale ot Joanma beeating make the linear theta pinch

ar. attractive alternate approach Lo a pure fusion

Peastor and i prime candidabe for oa fusion-driven
fo.riie tus ) produesr fhyurid) . Ihe fundamential
frod,er. snecuntered fno the  ardaptation of  the

Pirsar thets pinen Lo reactor applications io the
Lo of plasma enerpy containment due to particle
Stesamink, Lhrough Lhe srids and axial electron and
inte termal  conduntinn along the open magnetic
fredd line: . A cigrificart reduction in the mapg-

nitudge of these loooen

ir necencapy for the cue-
cenctul development. of o linear theta-pineh furion
reactor,  Clhe maar objective of  the Los Alamos
Ledentitic Latoratory (LAGL)  linear theta-pineh
progcram 1o Lhe investipation of end-lors physics
aned the development. of end-stoppering technigques
whieh ephance  Lhe plasma  confinemenY. in Lhese
de vicen,

The principal experiment. in the program is
the: S-m-long Seylla IV-P Iinear theta pinch. The
peak theta-pinch plasma parameters are n = 1.5 x
1016 cm-B, T, +T; = 3.2 keV, [ < 0.9. and plasma
radius = 1 em. Wwith the reduction of end losses
as the ultimate objective, the following experi-
ments have been carried out on Scylla IV-P:
(a) an investigation of the characteristic end-
loss times, and plasma flow processes near the
theta-pinch coil ends, and (b) material end-plug
end-stoppering experiments designed to eliminate
axial particle flow.

B. THETA-PINCH EXPERIMENTAL ARRANGEMENT

The Scylla IV-P theta pinch has a maximum
energy storage of 2 MJ at 60 kV primary bank volt-
age. Six hundred 1.8-UF capacitors feed the

500-cm~long, 11.2-cm-diam single-turn compression
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ncil, Primary bank operation at 45 kV gererates a
vacuum E‘) of 0.6 kV/cm at the inside wall of the
&.B-cm-1.4. gquartz discharge tube and a peak com-
preasion field of 50 kG is obtained 3.0 us after
discharge initiation. A Scyllac - type crowbar
system extends the magnetic field in time with an
L/F decay of 110 us. The experimental results
discussed below were obtained at 45 kV primary
vank voltage and with a theta-pinch fill pressure
of 10-mtorr deuterium.

In order to minimize plasma-wall interactions
at the dlscharge tube ends and provide access for
optical and internal plasma diagnostics, each end
of the theta-pinch discharge tube is terminated,
4.t em beyond the coil ends, within a ouartz
rxpansion  chamber. The chambers are 20 cm in
diam, 50 cm long, and end-zupported by 20-cm-diam
meta] vacuum tees.

Gac preionization is accompliched, in the
theta=-pinch mode, with a preionization capacitor
bank consisting of ten 0.7-F, T75-kV capacitors
charged to 55 kV. The preionization bank osecil-

lates at 500 kHz and produces a peak field of 2kG,

C. EXPERIMENTAL RESULTS WITHOUT END PLUGS

In order to determine the plasma parameters
and end-loss characteristics, which establish ref-
erence conditions for end-stoppering studies, ex-~
periments were conducted with the theta-pinch ends
unobstructed. End-on interferograms are used to
determine the time history of the plasma column
particle inventory, peak density, radius. and, in
conjunction with the excluded flux measurement,
the plasma beta and total temperature.

1. _Plasma Parameters at Peak Magnetic Field.
Figure IV=1 presents a time sequence of end-on
plasma column interferograms obtained with a 30-ns
pulsed holographic ruby 1laser interferometer,
Each interferogram was obtained on a separate
plasma discharge and the entire 8.8-cm diam of t:i=
discharge tube was illuminated by the interfero-
meter laser light. The fringe pattern on each

interferogram was digitized and reduced with soft-

ware developed for the CTR-PDP~10 computer.



Fig. IV-1.
Time sequence of end-on plasma column interfero-
grams.

The plasma parameters derived from apalysis
of the interferograms are most accurately deter-
mined near peak field time when the plasma column
is  highly symmetric and instability free.
towever, refractive bending of the interferometer
laser light in the strong radial plasma density
gradients existing near peak field time can com-
plicate the interpretation of the interferograms.
ln order to assess these refractive effects and to
determine the peak plasma parameters as accurately
as possible, several interferograms obtained at
t 2 3.5 s were hand-analyzed; the interferogram
computer reduction program does not account for
ray-bending effects. Figure IV-2 shows a typical
near-peak field time interferogram and the corres-
ponding corrected and uncorrected fringe shift
profiles. The maximum correction due to refrac-

tive bending1

typically amounts to about 1.5
fringes.

Since the corrected fringe shift profiles for
the hand analyzed interferograms are not exactly
Gaussian, the peak plasma beta, Ba, was determined

by numerically integrating the exact equation

b
aré =_[ \- /IR0 /T, JE, emrdr , (n
()

Fringes

! N
! Dote Corsected
for Refractive
Effects \\‘

\\
, o
| Gaussan N .

OL -4 3 1 [T SN e —Y
05 10 15 20 25
Radus (em)
Fig. Iv-2.
End-on interferogram obtained at t = 3.5 ws and

corresponding reduced fringe shift profile.

where r, 1is the excluded flux radius (discussed
below}, L is the tube radius and f_, is the peak
number of fringes., Equation (1) is derived from
the definition of excluded flux and the pressure
balance equation, assuming that the plasma tem-
perature is independent of radius. From analysis
of all the hand-~ analyzed interferograms an
averaged Ba'of 0.90 + 0.02 was obtained. The peak

plasma density, n was determined from the

a’
expression

n, = 3.24 x 107 ¢ /L en™3 (2)

where L was taken to be equal to the theta-pinch
coil length (500 cm). From the hand-reduced in-
terferograms a peak n, of (1.49 + 0.03) x 1016

em™3 was obtained. From pressure balance,

n k(T +T;) = Ba

a:r'm
Al N0

the above values of Ba and n, yield a total plasma
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temperature at t = 3.5 .z of T, + Ty = 3.25 + 0.15
keV.
The tctal electron inventcry, N

mirned from the equation

b
Ne = 3.26 10%7 [ f({r)2rrdr . (k)
0

From analysis of both the corrected and
uncorrected fringe shift profiles, a Maximum error
in the total particle inventory of about 71 wac
attrituted to  interferometer refractive ray-
bending effents.  From the corrected fringe shift
profiles = particle inventory at ¢ > 3.5 s of
(1,96 + G.O4) « 10'% wac determined.  Thiz value
compares well with the initial theta-pinch par-
vicle fill of 2.1 x 1617 gt 10-mtorr L, fil1 pres-
sure .

2. Time Fistory of the Plasma Parameters.

The time histcry of the plasma parameters was de-

termined using the recultz of the PLP-10 computer
analysiz of the end-on interferograms. This ap-
proach ir justified since the errorc introduced by
refractive ray-bending effects are small and occur
only near-peak field time when the density gra-
dients arc large. The low dernsity plasma "halo,"
observed to surrourd the central placma cclumn for
times t 2 10 e (Fig. IV-1), was not included in
the interf{erogram compuier analysiz <ata weed Lo
determine the plasma parameters. The halc plasma
is generally believed to originate from wall-
plasma interaction near the theta c¢oil ends,
however, this has not been verified experi-
mentally.

The plasra radius is determined from the
equation

N i/2
a = (L e ) N (5)
"

where again Ne is the total number of particles

evaluated from the end-on interferograms neglec-
ting the plasma halo, and n, is the peak density.
It should be noted that n, can be higher than
indicated from the interferograms if the plasma

column contains an axial curvature generated by
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the observed m = 1 wobble instability? which
cnsets . % ;5 after discharge initiation. In ad-
dition, the appropriate length, L, which should be
used to describe ‘ne time-dependent axial
dimension of the plasma column is unknown. Ac-
cordingly, the plasma radius obtained from Eg. (5)
can consider only a best approximation. The time

evalution of the plasma radius obtained fraom

The plasma excluded flux radius, ry, measured
with the diamagnetic loop-probe system located at
the center of the theta-pinch cnil is shown in
Fig. IV=-3(b). The presented curve is the average
of 44 data sunts, taken simultaneously with the
end-on interf{erograms, and the error bars
represent + oane standard deviation from this
average. The magnitude of the error bars, es-
pecially at late times, results more from limita-
tions in the data acquisition system than from

shot-tn-shot plasma irreproducibility.
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Fig. IV=-3.
(a) Time history of plasma radius, a, and (b)
averaged excluded flux radius, r,e
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Specifically, the excluded flux data was recorded
on a 6-bit SEC unit which, it has recently been
found, is insufficient to resolve the large
excursions in the excluded flux signal, particu-
larly the low-level (~1-bit maguitude) signals
existing at late times during the discharge. More
recent data have been recorded on an oscilloscope
in arder to eliminate the problem.

Assuming a wausslan density profile at all
times during the plasma lifetime, the plasma peak
beta, ﬁa’ is calculated at a given time using the
plasma radius obtained from the individual inter-
fercgrams, and the averaged value of r,
(fig. 1V-3b). The time history of -, is shown in
big, IV-db.

Tne time history of the total plasma tempera-
ture ic determined from preccure  balarce  in

ka. (3) using g evaluated from the end-cn inter-

)
.

. 8%
~

c)

8; (kG)

C 1 i A1 A1 1 P 1 1 _1 i 1 L
0 6 2 18 249 30
Time (ps)
Fig. Iv-4.

(a) Time history of plasma peak density n_, (b)

peak beta, B, and (c) main magnetic field

wavefornm, Ez.

ferograms (Fig. IV-8a), the measured magnetie
field E,, and the calculated values of g,. The
resulting time evolution of the central plasma
column temperature is shown in  Fig. IV=-5.
Neglecting the data obtained during the first 6 ;s
of the column life time, when the main magnetic
field undergoes its maximum oscillation before the
crewbar becomes effective at t T 6 us, a charac-
teristic temperature decay time, (g, of 12.€ + 0.9
s is obtained from a least scuares fit to the
data of Fig. IV-5.

3, Plasma End-lLoss Measurements. s in pre-

vious high~energy theta-pinch experiments, the
central plasma cclumn particle containment Lime
was obtained from analysis of the end-cn inter-
ferograms, neglecting the low-density placma halo
surrounding the main column. The time history of
the central column electron inventory is presented
in Fig. IV-6. The initizl period (t < 6 .s) of
constant electron inventcory, alsc observed in pre-
vious experiments,3‘5 has beer srown on Scylla
IV-P to result from radial confinement of the
plasma in the end expansion chambers;2 the axially

ejected plasma remains collimated (little radial

S0 T T T

20 4
2
=
v
" T}=l2.8:t(lgps
= t»6.0 ps
1.O—
L
i L]
05 1 1 1 |
0 5 o] 15 20 25
Time {ys)
Fig. IvV-5.

Time history of total plasma temperature deter-
mined from pressure balance.
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Fig. IV-6.
Time history of the central plasma column electron
inventory.

expansion) for tens of centimeters after flowing
out the ends of the theta-pinch coil. A least
squares fit to the data of Fig. IV-6, for t > 6
LS, yields an e-folding end-loss time of
12.5 # 0.5 us. 1In order to obtain a consistent
comparison with the present experimental results,
the electron inventory data from previous enperi-
mentsu’s have been re-analyzed so that only the
data following the initial period of constant
inventory are used in the particle end-loss time
determination.

The particle end-loss time can be defined in

terms of thermal transit times as

1/2
oy
('Z—T) N, (6)

where L is the theta-pinch coil length, T the
total plasma temperature, and 1 is a normalizing
parameter. which is theoretically found to be a
function of the plasma B; the possible dependence
of non other plasma properties is unknown. In

Fig. IV=-7, n is plotted against B. The solid
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Theoretical and computational results for nvf{ and
experimental data points.

curves represent existing particle end-loss
theories which are discussed by Freidberg and
Weit:zner.6 The x’s mark the results of a recent
numerical magnetohydrodynamic treatment of the
end-loss problem by Brackbill et al.’ The data
points are from the Scylla IV-P, Scylla IV-3,4 and
Linear Scyllac5 experiments which generated high
energy collisionless plasmas, and the low— energy
collision dominated Scylla I-C ¢=.'xp¢=.'rimem:.8 In
determining the experimental points, the peak
values of 8 and total plasma temperature obtained
in each experiment were used. The data from
Scylla IV—13 were excluded from Fig. IV-6 because
the magnetic field was not crowbarred and B was
not determined.

From examination of Fig. IV-7 the following
major results can be identified. (a) For all the
experiments the plasma particle end-loss time :is
between 2.2 and 2.8 thermal transit times.

(b) Experimentally, the normalized end-loss ::m<



appears to be independent of the plasma 8. (c)
The parameter N is independent of the plasma col-
lisionality, and (d) The Brackbill et al.,
two~dimensional unsteady MHD code best describes

the observed experimental results.

D.  END-LOSS CALCULATIONS

It was pointed out by Siemon that the
longitudinal temperature profile in a theta pinch
is probably very near the form (1-(2/L)2)2/7 given
by the constant pressure model.g'10 A simple
calculation of theta-pinch heat loss is therefore
possible since the end-cooling term 9/9z(x3T/32)
is then <4 «T/(7L%) (using « - 1572y, The
equations take their simplest form if entropies
rather ihan temperatures are used as the dependent
variables. If s, s; are the entropy per particle
for electrons and ions at r = 0 and 2z = 0 (i.e..on
axis in the center of the machine), the equations

describing cooling are

P 3Tl 1 o
at "2\ T

T./T, -1
e 1 1) . (8)
Teq Tei

a

where, e.g..1,, = 21L% n/(8 “e). From Braginskii11

(using in A = 10),

dsi 3
2

Teq(us) = 6 x 1073

T (eV)3/2/n(10'® cn3) | (9)
Tee(us) = 1.4 x 100 L(m)?

n(10' en=3)/1 (V)52 (10)

Tci(us) =5 x 107 L(m)2

n(10® cn3)/1; (ev)572 | ()

Pressure balance is used to relate entropy
and temperature. If N(t) is the line density at 2z
= 0 and B(t) the external magnetic field, then the

plasma area A 1s determined from the pressure

balance relation,

N 573 ,
y [exp(Zse/B) + exp\ZSi/B)]

2 2
+v—t :E__ y (12)

2A2 2
where | = vag vl - Bo rq is the flux inside the
plasma. The temperature is obtained using

- 273 - 2/3
T, = (N exp(se)/A) , Ti = (N exp(si)/A) .
Equations (7), (8), and (12) constitute a closed
set of equations for Se and 89 which can be
solved numerically.

Figure IV-8 shows a comparison of the energy
line density calculated from the abcve equations
eer 0 Aje A
with experimental observations for cases with and

(using the correct &n £ ‘n factors)

without end plugs. The data were essentially fit

4.0 T T T T T

LID PLUGS
. Xi®35 Ki, CLASS

ENERGY LINE DENSITY (kJ/m)
o
T

]
K * 39 Ki, CLASS

T=22us
- to=*9us
[o]] 1 L 1 1 1
5 10 15 20 25 30
TIME (us)
Fig. IV-8.

Measured and calculated values of excluded flux
times magnetic field.
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using the ion thermal conductivity (uncertain
because of long mean free path), and particle end
loss (i.e., N(t)) as adjustable parameters. For
the plugged case N(t) was taken as constant and i
variea to give the fit shown in Fig. IV-8. 1In the
unplugged case, using the value of Vi determined,
and assuming the simple form N{t) = Noexp(-(t -
to)/7) (for t > t.), the parameters tg and * were

varied to obtain the fit shown.

E. EXFERIMENTS WITH SOLID END PLUGS
Exploratory experiments performed in 1976 on
the Scylla 1V-F theta pinch using silicon dioxide

(quartz) end plu[:{s‘I

2 demonstrated that plasma flow
pact the plugs and out of the ends of the pinch
could be ctopped. In addition, the stability of
the plasma column was improved with the plugs
inserted. Ablation of the plug surface was
slight, with only about 0.1% of the plasma energy
invested in the ablation process. However, these
initial cxperiments indicated only a slight in-
crease in energy confinement. It appeared that
plasma flow to the end-plug region and energy loss
by atomic processes in this region of ablated plug
material dominated the energy confinement at the
center of the pinch.

Recent experiments have been carried out with
end plugs constructed ~f lower Z materials in an
attempt to reduce the energy loss by atomic pro-
cesses. Tabulated in Table IV-I are all the ma-
terials used in the Scylla IV-P end-plug experi-~
ments, along with their atomic numbers (Z), and
the ionization potentials from thelr ground-state

hydrogen-like (single—electron) configurations.

TAELE IV-I
MATERIALS USED FOR END PLUGS
Name Eements 72" 1.P, (HYDROGEN-LIKE)

510, (QuarT2) St 14 2.67 (xeV)
0 8 0.87 (keV)

BN (Boron NiTRIDE) N 7 0.55 (keV)
B 5 0,34 (keV)

LiD (Lituium Deuterine) ol 3 0.2 (keV)
' D 1 0.01 (keW)
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In addition, new diagnostics have been implemented
in these experiments that have provided a more
detailed characterization of the processes in the
end-plug region.

1, Denzity Measurements in the Plasma-Plug
Interaztion Region. Side-viewing ruby laser in-
terferometery was used to observe the high-density
ablated plasma near the end-plug surface. Inter-
ferograms of the end-plug region exposed at twc
different times in the discharge are =shown in
Fig. IV-9 for the boron nitride (EN) end plugs.
Since the plasma column diam in Scylla IV-P ig of
the order of 2 c¢m, it is evident from Abel
inversion of these holograms that the high elec-
tron density resulting from ablation and sutse-
quent ionization is concentrated at the periphery
of the column resulting in a annular radial den-
sity profile, Fig. IV~10, This hollow radial
profile does not, however, extend axially to the
surface of the plug. The density very close to
the surface 1is characterized by a mcre nearly

Gaussian radial distribution, Fig. IV-11, with

5cm| BN
| Plug

- "Plasma

oo

%

15 ps

Fig. IV-9Q.
Side view interferograms in the vieinity of boron
nitride end plugs.
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Fig. IV=11,
Radial density profiles obtained by Abel inversion
of fringe counts in a plane 0.1 centimeters from
the boron nitride plug surface.

maximum electron

5 x 1018 o3,

densities in excess of
This suggests that although the
ablation is well distributed over the contact
region of the high-energy plasma column on the
plug surface, the flow of ablated material toward
the midplane of the theta pinch is less inhibited

near the edge of the plasma column where the axial
pressure is less. The axial variation of the num-
ber of electrons per cm of column length, plotted
at various times in Fig. IV-12, decreases rapidly
with distance from the plug surface, with an
e-folding distance of about 1 ecm or less. The
formative time for the ablation 1layer is about
1-1.5 .5, and after about 10 its, the electron line
density begins to decrease.

At 3-5 us the line density is a substantial
fraction of that predicted by computer simulations
in whic' flow of the deuterium plasma to the plug
is stopped (also shown in Fig. IV-12), hawever, as

noted above, most of this density is near the ec-=
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Fig. IvV-12.
Axial electron line density inferred from side-~
view interferograms. Also shown is the line den-
sity predicted by computer simulations.
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of the column and can have little effect on flow
in the main body of the deuterium plasma.
Furthermore, diamagnetic loop measurements of the
energy confinement at the pinch midplane were much
the same for these BN plugs as fcor the SiO2 plugs,
i.e., no substantial improvement over an open
geometry was measured. Apparently even with the
lower Z of the BN plugs, atomic processes acted as
a major energy sink preventing the ablation and
ionization of sufficient plug material to impede
the deuterium plasma flow and associated energy
loss.

Lithium deuteride (LiD) is the lowest Z solid
end-plug material available at room temperature,
and the line radiation from this material should
be completely burned through at an electron tem-
perature of 100 eV. Side-viewing interferograms
obtained with the LiD plugs (Fig. IV-13), indicate
much higher density of ablated plasma. Indeed, so
much material is ablated and ionized in the first
2 us that the fringes in the first centimeter
frcm the surface are obscured. It is also evident
that, unlike the BN plugs, there is little radial

confinement of the ablated material near the plug

Scm|LiD R ARHRE

3

Plug Lk Plasma

Ik

H.2us

Fig. IV-13.
Side-view interferograms in the vicinity of
lithium deuteride end plugs.
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surface. Radial density profiles obtained from
Abel inversion of the interferograms, Fig. IV-14,
is characterized by a high electron density near
the column edge, however, with these plugs there
is now a significant increase of density in the
interior of the column. The 1line density,
Fig. IV-15, at distances far from the plug surface
is very close to that predicted by Malone and
Morse's13 simulation of a plugged column with Z
appropriate to these plugs, but again it must be
remembered that much of this plasma density is
outside of the outer radius of main plasma column.

2 Luminosi nd Spectroscopic Measurements.
Streak camera photographs taken in the region of
the end plug indicate that a luminous front init-
ially propagates away from the surface with a
velocity of about 1.4 x 108 cm/sec  (see Fig.
IV-16). Later in time and at positions closer to
the midplane, spectroscopic measurements of con-
tinuum radiation show a propagation away from the
plug with a velocity of 2-U x 106 cm/sec, Fig.
IV-17. These velocities are less than half those
predicted for the ablation front in the computer
simulations. No such propagation could be
identified spectroscopically with the BN plugs.

3. Energy Line Density Measurements. With
the LiD plugs, diamagnetic loop-probe measurements

at the pinch midplane show a significant increase
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Fig. IV-14,
(Upper left) Plot of the fringe count taken in a
plane perpendicular to the plasma column axis.
(Upper right) Fringe ecount corrected for the
linear shift introduced by the background fringes.
(Lower right) Abel inversion of the corrected
fringe count.
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% 4.5\ te5us Oscillograms of monochromator-photomultiplier con-
= ¥ tinuum monitor signals. The velocity of the
z ' luminous front inferred from the increase in these
signals is indicated by the diagonal line.
in energy confinement over that obtained either in
f\:\n open geometry, or with higher Z end plugs. As
O S &\__\.\
- shown in Fig. IV-18, the energy confinement time
fe) 1 1 i 1 1 1 1 h]
[o] 1 2 3 4 S ] 7 8 has been increaseu by a factor of three (from 9 to
z (em) 29 us) over the open geometry by use of the LiD
Fig. IV=-15. 1 . . s s
ugs, which is significantly better than the
Axial electron 1line density inferred from pIUBS, & y
side-view interferograms. Also shown is the line

density

improvement observed using the higher Z end plugs.
predicted by computer simulations. This encouraging result is in excellent agreement
with computer calculations by Siemon and Miller
(Sec. D) of the expected energy confinement in a

column in which flow is stopped and the losses are

- dominated by electron thermal conduction to the
PII':: g ends and decay of magnetic fields.
- g b, Discussion. Differences in energy con-
& finement wusing plugs of different materials
c::‘:s:: suggests that a comparison of measurements for

Time {(ps)

these experiments may yield clues to the improved
performance of LiD plugs.

Streak camera photo-
graphs indicate that both high-and low-Z materials

Fig. IV-16. have a stabilizing influence on the column
Side-viewing streak camera photograph showing the : : .
axial propagation of a luminous front away from (Fig. Iv-19), but that there are qualitative

the lithium deuteride plug.
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V. STAGED THETA PINCH

C. J. Buchenauer, J. N. Downing, A. R. Jacobson,
E. M. Little, K. S. Thomas

A, INTRODUCTION

The Staged Theta Pinch (STP) is a Y4.5-u~long,
22-cm-bore theta pinch designed to study the
physics and technological problems associated with
using separate capacitor banks for implosion
heating and adiabatic compression. The STP uses a
low-energy, high-voltage capacitor bank (PFN I) to
produce  the plasma and a lower voltage,
high-energy capacitor bank to provide a variable
amount of adiabatic compression. A second
low~-energy, high-voltage capacitor bank (PFN II)
is available to shape the implosion magnetic field
and to assist in containing the plasma before it
contacts the wall of the discharge chamber. The
sxperiment roduces high-temperature plasmas with
a much larger ratio of plasma radius to discharge
tube radius than conventional theta pinches which
utilize a single capacitor bank for both shock
heating and adiabatic compression,

A complete description of the Staged
Theta-Pinch experiment and a summary of results
through 1976 was given in the last annual report.1
The period covered by this report was spent
constructing, checking out, and collecting data
with a Thomson scattering apparatus. Data were
collected at two axial positions, one near the
center of the main compressicn coil and one near
the end. At the center of the coil, data were
taken at three radial positions; at the end, data
were taken at four radial positions. Measurements
were made as a function of time with initial D,
fills from 3 to 15 mtorr. (At the end the range
was 5-15 mtorr because of the rapid decrease of
density with time at this position,) The results
of these measurements, as well as a descriptior of

the experimental apparatus, are given below.

B. THOMSUN SCATTERING APPARATUS

A schematic layout of the Thomson scattering
experiment is shown in Fig. V-1. The - 3-J ruby
laser beam was expanded before being focused by
the lens shown in the left of the figure. Pyrex
windows were required because of plasma damage to
the lens and beam dump when these were part of the

POLYCHRONETER

et
COLLECTION
GhTice
SREWSTER
WINDOY i

OBSERVATION
POINTS

RUBY LASER Y
BEAN H BREWSTER
| = 38cm e | WINDOW
, 6 em 5|
fe——229cm 228 em—— S |
256210cm - e
“AFPROXIMATE
POINT OF PLASNA
CONTACT

Fig. V-1,
Schematic layout of the Thomson scattering experi-
ment .

vacuum chamber. The Pyrex windows were mounted at
the Brewster angle to reduce reflections. (The
windows are shown 90° from their actual mounting
position.) Scattered 1light was collected with a
five-channel polychrometer. The system was
aligned wusing a wheeled carriage (called the
“lowrider®) which could be moved along the
discharge tube inside the vacuum chamber by means
of external magnets. The same magnets caused a
movable vane to be raised when the “lowrider" was
in its alignment position. *“hen not in use, the
"lowrider" was stored in a stainless steel "cross"
at the end of the vacuum chamber.

The outputs from the five polychrometer chan-
nels were displayed on oscilloscopes. The height
of the signals from the channels used for a plasma
discharge was measured on a digitizer and a
background, which was obtained from the average
background over several shots, was subtracted. It
was then analyzed as indicated in the following
paragraph.

The five polychrometer channels had band-
widths of 692-688 nm, 688-681 nm, 681-670 nm,
670-659 nm, and 659~644 nm, respectively. The

measuced spectral response of each channel was
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used to compute the relative intensities which
would be observed for different electron tempera-
turea with 694-nm excitation and 90° scattering.
Curves were constructed from the computed relative
channel intensities using the normalization that
the sum of the squares equals unity for each tem-
perature. The observed scattered intensities were
fitted by computer tu these calibration curves ta

give a leact squares fit.

C. EXPERIMENTAI. CONDITIONG

h1ll data were taken with voltages of 100 kV -
PFM I, 90 kV - PFN II, and 20 kV - ZStaping bank.
These  conditicons were chosén because they allowed
control of Lhe plamma over a wide range of initial
b; fills. The: magnetic field waveform for
H=mtorr £I11 ia piven in Fig, V-2. The waviform
for other casen wac approximately the same except
for the lowest fjlls where the first dip was
filled in by plasma-circuit interactions.
Tabtle V-1 gives expected plasma parameters for S5-,
7-, 10-, and 15-mtorr fills. The parameters,
except Te, were taken from data collected in  the
fall of 1976. Figure V-3 shows measured radial
density profiles taken at the peak of magnetic
field, The profiles become more diffuse at lower
fills and, although data were not available, the
trend probably continues at fills below 5 mtorr,
This itrend may be related to some of the results

presented in the next section.
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Fig. V-2.

Magnetic field vs time.
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TAELE V-I
PLASMA PARAMETERS - STP
Fill {(mtorr) 5 7 10 15
Density (10'% em3) 1.5 2.3 3.5 k.0
Magnetic field {kG) 7 7 7 7
Ion temperature (eV) 683 416 254 132

Electron temperature (eV¥) 137 114 96 T3
(measured)

Electron temperature (eV) 102 108 110 90
(calculated)

T T T
"\mmlesssune {miorr)

DENSITY (10'5em®)

4 6
RADIUS (cm)

Fig. V-3.
Radial plasma density profiles for different Dy
11l pressures.

D. PLASMA RESULTS

Figures V-4 and V-5 show the time dependence
of the electron temperature for different initial
fills at the two different axial positions,
Z =138 cmand Z = 206 em., (Z = 0 em is the center
of the compression coil and Z = 229 em is the
end.) All measurements were made on axis with the
exception of the Z = 38 em, U4-mtorr case where
data were included for R = 3.3 cm because of the
lack of data on axis. Electron temperature time
histories for other off-axis cases were the same
as measured on axis.

In many cases Te was measured out to 50 us
after discharge initiation. During this period
the temperature showed a slow decay to 0.5-0,7 of
its peak value. The early time behavior of Te was
as follows: At all radial positions Te rose
rapidly (< 100 ns) to a value approximaJéiy
one-half of its peak value. This occurred at a
time which corresponded to the arrival of the im-

plosion density front. The temperature then rose

",
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Fig. V-5.
Electron temperature vs time for four D, fills at
an axial position near the end of the compression
coil.

slowly as the compression field

In some cases at higher fills the peak

magnetic
increased.
temperature occurred after peak magnetic field.
This is interpreted as an impurity effect because
its behavior was related to the cleanliness of the
discharge conditions.

Figure V-6 shows the dependence of Te on
initial D2 fill. The open cirecles are the temper-
ature measured at peak magnetic field. For those
cases where the peak temperature occurred later,
the peak temperature is plotted as dark circles.

As can be seen from the figure, the electron tem-
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Fig. V-6.
Electron temperature vs initial D2 fill.
line is prediction of a computer model.

Dashed

perature increased rapidly for DZ fills below

5 mtorr. A correlation was found between the rate
of magnetic field diffusion as measured by the

excluded flux

apparatus and the electron
temperature; the faster the field diffusion, the
higher the temperature. Higher electron tempera-
tures could also be produced by lowering the pre-
ionization capacitor bank voltage.

The predicted electron temperatures, assuming
heating of the electrons by the ions and classical
thermal conductivity out the ends of the experi-
ment, were calculated using a code written by
R. Siemon. The temperatures predicted by this
code are plotted as a dashed line in Fig. V-6.
Below 5 mtorr the plasma parameters were not known
could not be

assumptions about the parameters would,

so the code used. Reasonable
however,
predict a3 slight decline in Te at lower Ffills,
The higher measured temperatures at lower fills
are, therefore, probably due to anomalous heating
of the electrons by the rapid magnetie field
diffusion at early times. To test the effect of
extra heating during the implosion, the code was
run with the measured electron temperature as the

initial condition. The code predicted a rapid
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approach (< 5 us) to the computed values glven in
Fig. V-6.

For five cases, two at Z = 3B cm and three at
Z = 206 cm, sufficient data were available to
study the radial dependence of T,. The results
are plotted in Figs. V-7 and V-8. As can be seen
from Fig. V-8, the temperatures= drop off rapidly
around R = 5 em near the ends but not at the
center of the compression coil. (The extent of
the radial scan was limited to 5§ cm at the center
becuuse of the geometry of the apparatus.)

The ratic of peak electron temperature at
Z = 3% cm and Z = 206 cm was calculated for 5, 7,
10, and 15 m&torr and the results were compared
with a theoretical model »f T, K. Chu.? The
result (s shown in Fig. V-9. The position of
plasma contact with the ends of the machine is
uncertain. The assumed ©point 1is shown in
Fig. V-1. The horizontal error bars indicate the
range of possible contact points.

When the Initial calibration of the poly-
chrometer was set up, the gain of the var.ous
channels was adjusted to give an output propor-

tional to the channel width. Trerefore, the sum
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Fig. v-7.
Electron temperature vs radius for two initial D

fills at an axial position near the end of the
compression coil.
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Electron temperature vs radius for three initial

D2 fills at a position near the end of the com-
pression coil.

RELATIVE ELECTRON TEMPERATURE, Tg

c ' L L L ! 1 [l i | -
0 05 ]
RELATIVE AXIAL POSITION Z/256 (cm) APRARENT PONT
A
WAL CONTACT

Fig. V-0.
Axial temperature profiles - theory and experi-
ment.

of the intensities of the channels was a measure
of plasma density. When it was discovered that
the plasma column near the end had a different
density time dependence from what it had at the
center of the coil, the sums were plotted as a



function of time. This gives a Qqualitative
measurement of density vs time. Data were
included only when a lengthy data run was
available at a particular D, fill. The data for
Z = 206 cm are probably more accurate than for
Z = 38 cm because more care was taken to make the
data meaningful after the density variations were
observed. The results are plotted in Figs. V=10
and V~11 for data taken on axis. The time
dependence of the density was the same at other
radii. The drop in density 1is particularly
noticeable for the Z = 206 cm, 5- and 7-mtorr fill

cases.

E. SUMMARY

The electron temperature measurements on the
STP experiment yielded t%:. following results:

1. The functional dependence of T, on plasma
parapeters (see Fig. V-6 and Table V.I) was
different from the one predicted by a theoretical
model which assumes that Te is dominated by
classical energy input from the ions and classical
thermal conductivity out the ends of the compres-
sion coil. The lower measured temperatures at the
higher initial fills may be an impurity radiation
effect which would be expected to increase with
higher plasma densities if the number of impurity

ions is constant. The higher measured tempera-
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Fig. V-10.

Density vs time, as measured from the scattered
light signal, for four initial Do fills at a
position near the center of the compression coil.
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Fig. V=11,
Density vs time, as measured from the scattered
light signal, for four initial Dy, fills at a
position near the end of the compression coil.

tures at lower fills can be explained by anomalous
heating during the implosion phase. The slow
decay in temperature requires, however, either
continued anomalous heating or reduced thermal
conduction at the lower D, fills.

2. T, as a function of radius decreases more
slowly at the center of the machine than at the
ends. This is probably a result of radial heat
flow. 1If electron heating is proportional to n
(ion-electron collisions) radial heat flow ecould
give the observed results. Because of the high
beta of the plasma, radial heat flow is expected
to be an important consideration.

3. The time dependence of plasma density is
different at the ends of the machine from what it
is in the center. The decrease in density at the
ends after peak field is particularly noticeable
at lower D; fillg, A detailed study of this
phenoéémbh will require much more accurate density
measurements than is possible with a - Thomson

scattering measurement.
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VI. FIELD-REVERSAL EXPERIMENT (FRX)

R. K. Linford, D. A.

A. INTRODUCTION

Two theta-pinch systems FRX-A and FRX-B are
being used to study the stabllity and confinement
properties of the reversed-field

Ni-1.

configuration
(RFCY shown in Fig. In this caonfiguration

the plasma is confined by closed poloidal field

lines supported by the toroidal plasma current.
If sufficiently stable, this RFC could be used to
increase  the enerpgy confinement In  open-ended
plasma devices such as mirrors, theta pinches, and
liners.

The FRX-A and FRX-B facilities were produced
by modifying other

half of 1976. The

experiments during the

1976 Annual

latter
Repoart describes
these facllities and provides the historical moti-
vation for

initiating the research. 1

(Note: The
name of the experimental program bas changed from
Field-Reversal Theta Pinch (FRTP) to the present
FRX.) The FRX-A system was completed, and initial

experiments performed in 1976-

This system also
produced the majority of the results presented in

this report. The FRX-B system was completed in

the sepring of 1977, but certain deficiencies,

discussed below, were discovered in the plasma it

produced. The concentrated efforts of the small
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Fig. VI-l.
Reversed-field configuration.

Platts, and E. G+ Sherwood

staff
FRX-B.

on FRX-A have prevented rapid progree: -

However, full operation of this

gystem {5 expected in the first half of 1978,

larye-

B. DIAGNOSTICS

The only diagnostics

used during 1976 trz:
continued to prove useful were the externz.
B-field probe and the side-on streak camerz.

Several new diagnostics have been added, and tw-
of them were new developments. These diagnosticse
are briefly described in this section and most arz
shown schematically in Fig. VI-2.

1. End-On Framing Camera. Initially, B

single-frame Beckman-Whitley camera was used i-

confjunction with an iwmage intensifier (see Fig.

vVIi-2). Two Corning Glass filters (#4-76, and

#3-70) were required to reduce the atomic and

molecular deuterium line radiation from the cold

plasma in the ends of the discharge tube outside

the compression coil.

Later, the single-frame camera was replaced

with a multiframe Imacon camera. A 1-MHz framing

plug-in was modified to frame at the rate of & per
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Fig. VI-2.
Diagnostic arrangement on FRX-A.



10 us. The previous filters were replaced by more
efficient filters.

2. Internal B-Field Probe. A thin-wall,

6.35-mm diam, stainless tube was positioned along
the axis of the system (see Fig. V1-3) to house
the internal field probe. The probe ceil and an
electrostatic shield were attached to the end of a
solid-copper-shielded coax cable, and the whole
probe structure was 1insulated. This probe
assembly (identical to the external probe) was
inserted into the stainless tube until the coil
reached the desired axial position. To prevent a
breakdown of the probe insulation, it was
necessary to attach a serjes—-tuned RLC network
between the stainless tube and ground. This
network damped a 40-kV transient that onccurred
during the initial breakdown of the preionized
plasma.

3. J-Y Spectrometer. A cuarter-meter J-Y

spectrometer has been used in conjunction with an
EMI 62568 photomultiplier tc monitor the C III
2297-A and the C V 2271-A lin:s from the naturally
occurring impurity. As shown in Fig. VI-2, the
Spectrometer is used to make thot-by-shot scans of
the axial and radial plasma rrofiles. It is also
used to monitor the total 1light of the C V line
radiated from the same plasma location that is
being monitored by the polychromator described in

the next subsection.

NYLON INSULATOR
/— ~— QUARTZ DJSCHARGE TUBE

; / COMPRESSION COIL
/ J
ﬁ
e

*
\‘u

QUARTZ

WINDOW - STAINLESS STEEL TUBE

\snmu:ss STEEL FOR INTERNAL FIELD PROBE

VACUUM CROSS

Fig. VI-3.
Axial cross section of the system showing the
position of the stainless tube for the internal
field probe.

4. Polychromator. A half-meter Jarrel-Ash

monochromator has been used in developing a
7-channel polychromator to wmeasure the Doppler
broadening and shift of the C V 2271-A line. The
seven chanrels produce the line shape as a
function of time on a single shot. By moving the
mirror shown in Fig. VI-4 on subsequent shots,
various chords of the plasma can be scanned (l-cm
steps, l-cm resolution). If the plasma rotates as
a rigid rotor, the component of velocity (or
Doppler shift) along a given chord will be
independent of the position along the chord.
Hence, the line shape is undistorted so that
accurate measurements of carbon rotation and.
temperature as a function of radius and time can
be obtained.

The polychromator is very similar to one

developed by Scort, et al.2

This one uses a
cylindrical quartz lens to increase the aispersion
so that an array of seven 1P28/V] photomultiplier
tubes could be used as the detector. The entrance
slit is adjusted to 40 um by the usual micrometer
adjustment as an optimum compromise betwcen
intensity and resolution. The exit slit, however,
is fixed at 400 um with a 440-un~diameter quartz
fiber cradled in the slit. This defocusing lens

disperses the light so that when the tubes are

positioned 10" apart (staggered about an average
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Fig. VI-4.
A transverse plasma cross section showing 2 of the
15 possible mirror postions for measuring ion
temperature and rotation.

45



arc with a 12.4-cm radius) and when the grating 1is
used in second order, the polychromator resolution
1s 0.355 A between channels. The angular blurring
due to the finite f number of the monochromator is
only 2.9°.

The plans are to feed all seven outputs to
A/D converters and have a computer reduce the
data. At present, the onutputs are sequentially
sampled every 2 us by a multiplexer circuit
designed- by C. J. Buchenauer- The result 1is a
marker pulse followed by a Sequence of seven
pulses, which plot out the shape of the C V line.
This pattern is repeated every 2 us during the
plasma discharge as is shown in Fig. VI-5.

5. Feedback-Stabilized Fractional-Fringe

Interferometer. The density measurements obtained
from the fractional-fringe interferometer shown in
Fig. VI-0 were not very useful because these
axial measurements included the density of the
cold plasma in the ends of the discharge tube. To
avoid this problem, a double-pass, Michelson
interferometer was designed by D. A. Platts to
look transversely through the plasma diameter (see
Fig. VI-6). The apparent problem of a small phase
shift (< A/8) for the 6328-A line (HeNe laser) was
turned to an advantage by using feedback to

stabilize the interferometer at the most sensitive

Fig. VI-5.
A comparison of the wmultiplexed polychromator
output (top trace) and the J-Y spectrometer output
(bottom trace) for a chord at a 3-cm radius.
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phase position. The output signal {s then
proportional to the density.

The feedback amplifier and speaker-coil
system, designed by C. J. Bucheraue:, has a
high-frequency cutoff of about 2 Hz. The higher
frequency vibrations are damped by using a rigid,
compact construction and by using acoustically
absorbing materials around the beam paths and
optical components.

A sample output of the device is shown in
Fig. VI-7 along with the magnetic field trace.
By comparing these traces, several effects are
readily observable including the plasma formation
by the ringing preionization field, the fast
density increase during the 1implosion, and the
slower increase during the axial compression
phase. The sharp density spikes near the end of
the plasma life are caused by the rotational w=1
instability discussed later in the report. The
sag in the base line that is evident at the end of
the plasma life 1is not yet understood, but it 1is
under study- It does not occur if the machine 1is
fired without gas so that no plasma is produced-

6. Pressure Probe. A pressure probe has been

inserted into the end of the system through a ball
joint so that the pressure of the plasma leaving
axially from the compression coil region can be

measured as a function of radial and axial

Fige VIi=b6.
Transverse Michelson interferometer design-



position. The probe was designed and constructed
by T- M. York, based on previous Hork.3 as well
as some initial tests on the system with existing
probes. The final design, shown in Fig. VI-8(a),
uges a 2-mm-diam, O.5-mm-thick piezoelectric
crystal. The entire probe is housed 1in an
8-mm-diam quartz tube and the front is capped with
a 0.25-mm-thick quartz disc.

The probe output is sent through a line
driver for impedance matching. A test trace from
a shock tube 1is shown 1in Fig. VI-8(b). The
signal shows the step-function response of the
probe. Probe calibration indicates a sensitivity

of 0.41 V/atm.

C. EXPERIMENTAL RESULTS

Three major topics have been addressed during
1977. The first topic 1is the accidentally
discovered connection between Impurities and two
modes of plasma behavior, which are typified by

4

the disparate results of Bodin and Newton and

Eberhagen and Crossmann.5 The second topic is the
attempted duplication of the S50-us of stable
confinement reported by Kurtmullaev et al.® The
third topic is the diagnostic study of the

rotational m=2 instability, which presently limits

Fig. VI-7.
A comparison of the temporal behavior of the
transverse line density from the fractional-fringe
interferometer (top trace) with the external mag-
netic field (bottom trace).
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Fig. VI-8.
Pressure probe (a) cross section, and (b) shock
tube response.

the lifetime of the RFC. The experimental results
associated with these three subjects are
summarized in this section.

l. Tmpurity Effects. Two distinct modes of

plasma behavior have been observed in FRX-A. The
only two parameters that appear to determine the
mode are vacuum cleanliness and the power input to
the plasma. This effect is shown qualitatively by
the graph in Fig. VI-9. The curve represents the
sharp boundary between the 'clean mode" and "dirty
mode" behavior.

Initially FRX-A was constrained to operate in
the dirty mode because of limitations in the
vacuum system and main bank. The bearings on the
turbine vacuum pump were changed from oil
lubrication to grease in order to improve the
reliability. This modification also lowered the
base pressure from about 4 x 1077 to 5 x 1078
torre As a rtesult, the clean mode of operation
could be achieved at 19.5 kV on the main bank (20
kV full charge), but the dirty mode was produced
at 19.0 kV.

This discovery of the clean mode motivared a
series of improvements to the vacuum system and

the main bank. These modifications decreased the
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POWER INPUT

Fig. VI-9.
Effect of impurities on plasma behavior.

critical voltage that separates the modes from the
19.2 kV to less than 10 kV.

The horizontal axis is labeled "power input,”
instead of "barnk voltage," because the capacitance
and inductance of the system have been varied to
demonstrate that the product BR is the important
parameter. The boundary between the modes cannot
only be traversed "horizontally" by varying BB
(usually by the voltage) but also "vertically."
The transition from dirty to clean mode is
observed each day during the first few clean-up
shots. Unfortunately, the lack of a gas analyzer
prevents the quantitative labeling of the axes.

The differences between the eclean and dirty
modes are partly summarized in Fig. VI-Q9, The
behavior of the C III and C V radiation followine
the implosion indicates that Ty ~ 10-30 eV in the
dirty mode and 70-150 eV in the clean mode. This
large jump in Te arising from small changes in Bé
is indicative that an impurity radiation barrier
may play an important role,

The other major difference between the modes
is that the RFC is terminated much sooner in the
dirty mode, and the field annihilation is caused
by an unknown instability, This mode is called a
"microinstability" in Fig, VI-9 simply because no
macroscopic distortion of the plasma is observed,
and therefore, the wavelength is probably small

compared with the plasma size. 1In contrast, the
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RFC destruction in the clean mode 1s caused by a
rotational m=2 instability at later times. The
side-on-streak and end-on~framing camera pictures
in Fig. VI-10 illustrate these differences, Note
the sudden annihilation of the central hole in the
dirty mode followed immediately by increased
plasma luminosity and loss of axial confinement,
Note also the effect of the m=2 mode on axial
confinement in the clean mode.

There are strikine similarities between the
plasma behavior indicated in Fie. VI-10 and the
behavior observed in other experiments, The dirty
mode is very similar to the results of Bodin and

Neuton,u

and the majority of the other early
experiments (before 1964). The clean mode results
are almost identical with those renorted by
Eberhagen and Grossman.> Thus, these :’‘esults from
FRX-A help to orovide a 1link between the
long-1lived results of more recent exoeriments5v6
compared with earlier axperiments. Althoush a
correlation with impurity radiation barriers is

indicated, some difficult questions still remain:

@@ ..
0 102030 (DRG)

t (us)

T

Shot Sequence

Fig, VI-10,
Side-on-gtreak and end-on-framing pictures
illustrating the difference between (a) the dirty
mode, and (b) the clean mode. The time of the
implosion corresponds to t=0. The framine
pictures were taken at 1.6-pus intervals with first
frame at t=2 pus.



(1) wWhat is the "microinstability" and what is its
connection with radiation barriers? (2) Why did
Fberhagen observe clean mode behavior with
Ty~ 60 eV, and Bodin observe dirty mode behavior
at T, ~150 eV?

2. Attempted Duplication of Kurtmullaev’'s
Results. The FRX-A system operates in the same
£111ing pressure and B-field range as reported by

l(urtmullaev6

and has a very similar main coil and
vacuum chamber geometry. The details of the
preionization and bias fields were not described
in the paper. The major differences between the
Kurtmullaev system and FRX~A appeared to be: (1)
the multipole barrier field, (2) the
axial-implosior-coil system, and (3) the operation
of the main bank in the “second-half-cycle" mode.

In spite of these similarities, the resulting
plasma properties are quite different as indicated
in Table VI-I. The large difference in the ratio
of T,/Ty 1is consistent with theta~pinch and
belt-pinch experiments at low density
(< 1014cm'3). However, the low plasma densities
are inconsistent with the filling pressures quoted
in Ref. 6 unless the percentage of ionization is
low.

Recent personal communication between
Kurtmullaev and A. R. Sherwood resulted in new
information. The fill pressure is now claimed to

be less than in Ref. 6 (< 1 mtorr), and the

preionization is essentially 100%. This high

TABLE VI-I.

COMPARISON OF REVERSED-FIELD PLASMA PARAMETERS

SY3TEM £ RO A Mo T Te | x| Saumeor
s cm em om  [10%em3| v W ! us TERMIRATION
ERERHAGEN:
WEGULAR 20 1317|081 | so-e0 | as-s0 | 95-a0| 28 "2
COANIAL 1] " ? 5 -2 | 18-28 | 30 TiaRS
KUNTMULLALY i3 ? ] 0.1 100 | 1000 | 60 L/N DECAY
FRX-A

cleaw Moge (38 | 2800 ( 23 v {mwo-s0| 1o | 25 | Mez
anL-Res

SYETEM 4 4 1 ] - ] OIrFugion

degree of preionization is achieved by either a
Z-pinch PI or by two successive bursts of
theta-pinch PI, one at the beginning of the bias
field and one just before implosion. Thus two
additional differences between FRX-A and the
Kurtmullaev system are now known.

The initial attempt to duplicate the
Kurtmullaev results were performed before this
latest information was known. This attempt
consisted of removing two of the three criginally
known differences 1listed above. A hexapole
barrier field was added to the system and the
system was modified to operate second-half-cycle.

Numerous experiments were performed to
exhaust the possible combinations of first- or
second~half-cycle operation with a variety of
barrier-field conditions. The temporal behavior
of the barrier field was varied between a single
sinusoidal pulse of 30«ps duration to a typical
crowbarred waveform, depending on the timing of
the crowbar. The timing of the barrier field was
varied from the beginning of the bias field to
after the implosion, and the amplitude was varied
from zero to 400 G at a radius of 7 cm (950 G at 9
cm) .

In general, only mwinor differences were
observed in the plasma behavior. The major effect
was to increase the optimum fill pressure (< 40%)
for maximum plasma lifetime. The strength of the
effect increased according to the strength of the
barrier field at the time of implosion. At the
optimum pressure the RFC life time was still 20-25
us and the termination was still caused by the
rotational w2 instability. The end-on framing
camera also showed a hexagonal pattern in the
"halo" around the main plasma, but the main plasma
remained circular until the onset of the m=2
instability-.

No more detailed results are given here
because of the lack of positive results. This
lack of success may be assoclated with either the
differences that still exist between the
experiments or because of the comparatively small
size of the barrier field. Under the present
design, the barrier field cannot be increased
substantially without the risk of crushing the
quartz  vacuum chamber that supports the

conductors.
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The modification of the barrier field and the
removal of the other differences are being
considered; however, each one requires a
substantial amount of effort. For example, the
lowering of the filling pressure would require a
major modification of the preicnization system and
the development of new diagnostics compatible with
the lower density. In addition, there is not much
interest in a plasma with as high a ratio of T /T;
a3 i3 obtained at these low densities, Future
attempts to duplicate the Kurtmullaev experiment
will be made only if the expected gain in
understanding warrants the required effort. The
focus of the preasent research is to understand,
and hopefully control, the rotational m=2
instability.

3, Rotational m=2 Instability, The recent
theoretical work on rotational inastabilities,
including finite-Larmor-radius (FLR) effects, has
accurately predicted the m=1 mode (wobble) in the
Scylla IV-P experiment.7 J. P, Freidberg is
modifying the c¢nde to a3tudy the RFC, The
diagnostic study described in this section will be
correlated with this theory in an effort to
understand the m=2 inatsbility.

The theory assumes that the temperature is
independent of radius and that the rotation is
rigid rotor. This allows the equilibrium ion

equation to be written in the followine form,

rB + B, ~ ZerB ;; or ) o

where each term 1is an angular frequency

independent of radius.

-QE + Q=0 . (2)

The rigid rotor profiles are given by

B

1.2
B tanh K (—— -1) and
RZ

. 3)
L = n_ sech? K L -1 N
m R2
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where
Bi

- e i 3
K = tanh B
Hi I ~B(r=0) for B(r=0) <0

(4)

B = B(r>>R)
n_ = n{(r=R)
m ’

where R is the major toroidal radius. The
parameter K can also be shown to be approximatelv
equal to half the toroidal aspect ratio, If an

effective minor radius a is defined by

«w

n  27R(2a) = j n 21r dr, (5)
m
0
then
R _ u¥ (&)
a 1 + tanh K

Thus the choice of two parameters R and K
completely determine the profiles includine aspect
ratio and degree of field reversal. Density
profiles are plotted in Fie. VI-11 for several

values of the aspect ratio.

a_
m

NORMALIZED DENSITY

NORMALIZED RADIUS

Fig. VI-11,
Rigid rotor density profiles.



The stability analysis for an ordinary theta
pi.m::h7 for £=1 indicates that the plasma is stable

to the m=2 for rotations given by
-0,30 ¢ o < 1,45 (7)

where i« = - 7/ Q2 %, For the RFC rieid rotor
profile, the pressure gradient drift velocity is
given by
kT,
n* = 4K i . (8)
B R?z €

2

In addition, the theory predicts that the real
part of the m=2 mode frequency at the critical w =
1.45 is

w ~ =i - (9)

Although these eritical values of « and mr, are for
a normal theta pinch, it is expected that
qualitatively similar behavior will exist for the
RFC.

The following measurements have been made to
characterize the plasma in general and to
determine the values of v, (&, and ¥,

a. w,. The critical value of w, can be

obtained from the fractional-fringe
interferometer, J-Y spectrometer, side-on-streak,
or end-on-framing pictures. However, the end-on
pictures give the best measure of w, at the onzet
of the m=s2. The major inaccuracy of this
measurement arises from the very rapid egrowth of
the mode. The ellipticity grows from a barely
detectable value ( ..1.2) to about 4 in a time
corresponding to half a revolution, t=7 m,:,‘1 (see
Fig. VI-10(b)). This corresponds to a growth
rate 0~ w./2, which is so fast that the mode
becomes nonlinear in the time needed to accurately
determine the value of Wpe From the evidence so0
far, it does not appear that wp changes more than
50% during this time, so that an approximate value
can be obtained from the duration of the first
period from any of the diagnosties mentioned
above, A complete parametric study has not been

made, but w, normally increases with increasing B

and the range B8 x 10° < w, €2 x 106 nas been
observed.

b, §l, The rotational velocity of the C V
jons has been measured by the polychromator
described above, For ion temperatures Ti < 300
eV, the rotation appears to be rigid rotor and the
temperature is independent of radius, Thus the
experiment satisfies the assumptions of the
previously described theorv, The results
consistently show that the C V does not rotate
significantlvy for the first 8-10 ps, but then it
accelerates until the onset of the m=2
instzbility.

Within the accuracy of available
measurements, all of the results can be summarized
by the normalized rotation plotted in Fie, VI-12,
This behavior 3is in qualitative amzreement with
theory because the critical velocity for
instability scales with Q¥ However, the
theoretical wvalue of the normalized critieal
rotation eiven by Eq. (7) is o~ 1.45 instead of
the observed g ~ 0.4, This numerical difference
may be associated with the difference between the
RFC and the standard theta pinch, or it might be
associated with a possible difference in
rotational velocity between the C V and deuterium.
As satated above, the code is beins modified to
handle the RFC to remove that possible source
discrepancy, and the possible difference in

rotational velocities is brieflv discussed here.
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Fie. VI-12.
Normalized C V rotation as a function of time.

51



The process of rotational equilibration
between impurities and deuterium i34 more complex
than the thermalization process. The azimuthal
drag force arising from a difference in the
rotational velocity causes the impurity to drift
radizlly in the -y BZ direction, This drift
continues until the narrowing density profile of
the impurity compensates for the higher Z, i,e.,
until the * of the impurity and the deuterium are
equal (see Eq. (1) and Eq. (2)).

The relaxation time has been calculated by
ansgdming that the drag force is proportional to
the ratio of the azimuthal velocity difference to
the classical slowing-down time, (v p-vie)/1,, and
by assuming that initially the C V and D* hava the
same rigid rotor profile. The result vyields

g L2
1r= 1.39 = 10 (:q)

iy

( Tc) _ (10)
R YV B
‘D rn

A Eﬂ; 1727 17277y
L + ‘;"(: ZC ZC 4+ 1 §1lnd 4

where i, is in ps, M in ama, T in eV, and ¢ in cm.
The density gradient scale length & i3 easentially
1.18 a (the minor plasma radius) for the aspect
ratios of interest (see Fig, VI-11). Using the M
and Z values of C V and D* yields the followine

compariscn between 1. und the energy egquilibration
time (gs

- 2 2

r 3 a
T = 0.094 [—) ~0.13 [ . (11)
E <pD) <OD)

The ratio of these relaxation times is
approximately 1 for the observed plasmas (DD is
the deuterium thermal gyrc radius in the external
B field),

The calculated values of g have been
confirmed experimentally, Polychromator data like
Fig. VI-5 show that the C V temperature is
independent of time when T < 300 eV, This is
consistent with the calculated Tg < Y ps because
data cannot be obtained from the polychromator for
about 5 pus after the implosion (because of a

combination of vrapid 1light increase and the
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sampling technique of the multiplexer), When T >
300 eV the exoected decrease of line width 1is
observed at early times,

Since 1g ig knnwn to be short compared with
the plasma lifetime, Ea. (11) indicates that the
C V¥ should be rotating a%t the 3ame speed az the
D*. 1In other words, the polvchromator measurement
should yield the correct vazlue of the critical 2.

c. %, It i3z aspparent from Ea. (8) that
four independent parameters are necessary to
evaluate ©¥, i.e., T;, B_, R, and K. The ion
temperature can be determined within +40 eV bv the
polychromator mezsurements descrihbed above,
Except for the previnusly mentioned C V eguilibra-
tion effects3, the ion temperature is independent
of time and radius, The masnitude of T4 aeales in
the expected ways withi B and the filline nresgure
and the observed range of valuez is 150 (Ti a0
eV,

The value of B, i3 measured bv z calihrited
probe located outside the guartz tube at r=11 cm.
Because of the finite plasma leneth, this vazlue of
B may be 3ligshtly smzller than the field just
nut3ide the plasma. Most of the dats have been
taken for values of B bpetween 4 and 6 kG.

With the existine diagnostics, the best
method of determinine the maijor radias- R is from
the end-on~framing pictures. If the luminositv is
assumed proportional to some power of n, then R
can normally be determined within less *han 1 cm
error.

The most difficult parameter to determine is
the profile parameter K, A rough estimate of the
aspect ratio R/a can be made from the end=-on
photographs, but the nonlinearitvy of both the film
and the luminosity dependence on the denszity and
temperature orevent an accurate determination.
The result of such an estimate vields 2 < R/a < 3,
or 0.8 ¢ K < 1.4 by usineg Eq. (6),

The definition of K given by Eag. (4)
provides another method of determinine K. The
ratio of Bi/Bm is usually about 0.85 as determined
by the internal probe described above. The
stainless tube that houses this probe was not left
in the system after these measurements were made
because the hot plasma boiled substantial material
off of the tube resulting in a premature losg of

the RFC, Thus, the internal field measurements



were only taken for a limited number of plasma
conditions. However, the typical value of 0.85
corresponds to K=1.,26 and R/a=2.8, which supports
the values obtained from the end-on pictures (see
Fig. VI-10 and Fig. VI-11).

The profile was also investigated by
measJring the intensity of the C V 2271-A line as
a function of radius with the J-Y spectrometer
‘yee Fig. VI-2)., The results for two different
bias fields, but the same B,, are plotted in Fig.
VI-13. These curves appear to correspond with an
aspect ratio R/a ~ 1.3 instead of the 2 to 3 ranze
obtained by visible light and internal field
measarement o The CV orofile may appear
artifieially broad because of 1 sligshtly nigher T
in the usheath region compared with "the peak
censity region, This slightly hieher TP could
resqit from the ohmic heating in  the sheath.
Since Te iz mach less than the 305 eV needed to
excite the 2271-p line, slipht inereases in T,
woald result in large increases in lirht
intensity. For example, if Te(r=R)=1OO eV and
Te(pzﬂga):130 eV, the (fraction of the electrons
capable of excitation would be 10% at r=R and 20%
at r=R+a, which is more than sufficient to explain
the broader profile in Fig., VI-13,

In spite of the general asreement between
these three profile measurements, there is still a
substantial uncertainty in the value of K. Some
other diagnostic such as Thomson scatterine ia
needed to accurately determine the radial profile.

The probable range of % usine compatible
combinations of the parameters T;, B,, R, and K is
7 x 109 < % ¢4 x 106. This is eszentially the
same range a3 the observed critical value of w,,
Thua the observed values of v,u!,/ﬂi are compatible
with Eq. (9), even though it is for the standard
theta-pinch model.

d, Plasma loss, When the measured values of
Bm, T;, and T, are used in the pressure balance
relation, the resulting peak density no ig 2 to 3
times smaller than would be obtained if all the
initial D2 fill inside the implosion coil were
compressed to the size indicated by the
side-on-streak camera and the end=on-framing
camera. The uncertainties in the radial profile
are not enough to explain it, and the axial

profile obtained from streak photographs is
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Fie, VI-13.
Radial profiles of the C V 2271-A radiation,

confirmed by C V scans such as the ones shouwn in
Fip, VI-14,

Since C V is only pnresent in relativelv hot
plasmas (Te > 70 eV), the C V profiles would not
include cold plasma that mieht exist. To
determine whether substantial density exists in
the form of cnld plasma, C III scans were made.
No detectable ¢ III (2297-p) radiation was
observed anywhere inside the coil reegion after the
implosion was ccmplete, Similar radial scans
indicated substantial C III radiation orieinating
from the ends of the discharse tube outside the
coil region.

When the transverse fractional-frinme

interferometer was developed, line density
measurements were made through a plasma diameter
at the mid-plane of the system (z=0). The results
confirmed the 1low density implied by pressure
balance. For a S-mtorr fill, the peak density is
about 1,5 x 10'> when R ~ 4 cm. Unfortunatelv, an
axial scan with the interferometer has not vet
been made to further confipm the axial profile,

To better understand this apparent loss of
plasma, a pressure probe has been used to measure

the flow of plasma out of the end of the system.
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VII. IMPLOSION HEATING EXPERIMENT (IHX)

T. Jarboe, I. Henins, A. Sherwood, C. Swannack

A. INTRODUULTION

The Implosion Heating Experiment was a
4Q-cm-diameter, 1-m2ter-long high-voltage linear
theta pinch designed “o study the implosion phase
of conventional theta-pineh h=ating. The implo-
sion cnil was fed at four places by low-impedance
pulse-forming networks (PFNs) designad to produc=
a flat-topped current pulse. The etfective impad-
ance of the four PFNs was approximately =2qual to
that of the imploding plasma, thus the circuit
behavior was strongly coupled to the plasma
dynamics. Th2 PFN circuits and other details of
the apparatus have b=en described previously.1'2
This expsrimant was terminated n2ar the end of the
y=ar in favor of tha Fas" Lin2r Exparimant,

The experiment operatea reliably in 1977 with
no major chang=s in th2 hardwares. The results of
the density m2asurements mad2 with a four-beam
fractinnal-fring=2 interterometar havae basn  pre-
sented previously.3 This interreromater was usa2d
in almost all data-taking to check consistancy of
machine operation. The first part of tha year was
spent finishing a more detailed measuremant of the
magnetic field as a function of time and radius
using magnetic probes and Faraday rotation.
Detailed descriptions of the prob2 and Faraday
rotation apparatus are available elsewheraa'u and
will not be discussed hers. The additional
information about the magnetic fi=ld improves but
does not substantially change the results which
are shown in Ref. 3. The majnr part of the year
was spent taking temperature and density data
using Thomson scattering at four radial positions,
These radial positions are R = 16, 12, 8, and
4.6 cm, where R = 0 corresponds to the axis of the
theta pinch. The operating conditions fop most of
these data c¢orrespond to a flat-topped 6.5-kG
driving field and 7.0-mT fill pressure, We also
took data with filling pressures of 3.5 mT and
14 mT, but only at R = 12 cm.

The Thomson scattering apparatus was designed
such that the laser beam was parallel to the axis
of the theta~pinch coil with the viewing angle
about 10° off the beam, The laser beam could

enter from eitner end of the vacuum chamber, thus

allowing measurements of either forward or back
scattering., In our case, n=ar-angle scattering
had some advantages over §0° scattering. For
example, it was possible to use a viewing dump to
help aliminate stray light. 1In fact, we were able
to measure Rayleigh scattering from Ng, and thus
we were able to mak2 absolute density measure-
ments. Also, the small angle betwaen the lasear
beam and the viewing system allowed us t0 measure
both T,y and T.; depending on whather w2 did
forward or back sca‘tering, respesctivaly. Finally,
we did not have to modify the driving coil for the
viewing optics or the lassr input ana w2 were able
to use good quality viewing optics.

The scattering volum2 was about 1 mm in
diam=ter and 40 mm long and it was locatad at the
midplane of the theta pinech, Th2 light source
usad for this scattering measurement was a Korad
K1500 ruby laser. Th2 beam was =xpandad to about
35 mm and focused with a 1.2-meter focal langth
lens system to give a focal spot of less than 1 mm
in diameter, The pulse width (full width at halt
max) was about 20 ns. sincee =2lectron tempsratures
in axcess of 1 keV have b=en measurad on lower
density implesion heating experiments,5 the poly-
chrometer was deosigned to measurs olectron
temperatures from 2 eV to 2 keV for Ty and from
250 eV to 250 keV for T,, This was an ad=quate
design because for temperatures less than 250 eV
Tl should be nearly equal to T” at densities on
the ordsr of 10'5/cm3, To achieve this large
range of temperatures we used 10 channals of
detectors. As it turned out only the first eight
channels were used and maximum temperatures (both
Tl and T") of around 300 &V were observed. The
ratio of each channel width to its difference from
the laser frequency was about 1:3. The background
light was fairly large in the wider channels and
was changing rapidly as the sheath went by, but
fortunately it was quite repeatable from shot to
shot. Because of this large amplitude fluctuation
it was not adequate to simply subtract the lignt
level which was present before the laser was fired
to account for the background. Instead it was

necessary to observe the discharge without firing
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ths laser “n measura “h2 ratio of *the plasma light
at the time of the laser pulse (if the laser wera
firad) o tha® which was present 70 ns earlier,
This ratin was %han used *o determine %he
background leval during ‘he ascattering t*ime from
the light level measured earlier. The gates for
the measur<men* of tha background and laser pulse
were 2ach 70 ns wide. The jitter of the laser was
nnly about 10 ns, sn the gates wers triggered at a
set time after a signal was sent to G-switch the
ruby laser. Howavar, the time of arrival of the
p=ak ol tnh=2 signal from the laser nut.put was com-
par=d Wwith *he timing of the gate on each shot to
check ‘*ha* *he light signal app=arad near the
center of tha gata,

The results of the density m2asurements from
Thomson  scattering a* Rk = 2 cm are shown in
Fig. VII-1. Thes=s data ars for the 7.0-mT fill
prassurs condition. The solid curve 1is the
density as mzasured by the interferometer,
assuming a constant density along the 90-cm path
of *ns m2asurement. The *wo mathods agre= to
within =xperimental errors, bu' *he density from
sca**ering da‘a app2ars somewha' higher., It may

be *ha®* *h2 22nsity in “hes ean*ar of th: *theta

i)

pinch is high=r “han a*% th® <=nds. Had tim=2
allowsd, “his psssibility would have been checkead
by dning sca*‘=aring measuramants oubt near the ends
nf *he *“hk2*a pinch. A+ 16 and 4.6 cm Rayleigh
scattaring was nn dane but thae shape and timing
of *h2 deonsi‘y d2ducad from the Thomson scattering
agr22 vary well with the interterometer data at
these positions.

The temperature data are shown in Fig. VII-2
for R = 16-, 12-, 8-, and 4.6-cm positions. The
temp2raturss were deduced in the usual manner by
finding the least squares fit of a Gaussian func-
tion to the time-integrated signal collected in
each channel. The large variations seen in the
data are mostly due to shot-to-shot variations in
the measurement. Where the temperature 1is a
rapidly changing function of time a small vari-
ation in the time of arrival of the sheath could
account for some of the variations in temperature
and density. It could also be that the sheath
region has macroscopic inhomogeneities which could

give a scatter in temperature and density. There
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rig. VII-1.
Thomson scattering density measurements at R=8 cm.
The solid curve is the interternmstric density
measurement at the same radius.

are also some shntato-shot differences in the
density as m=asured by the interterometer, but
these varjations are not nearly as large. This
cnuld be a consequence of the larger volum2
sampled (2-mm diameter and 900-mm length). All ot
ths temperature data shown here fit a Gaussian
with a normalized rms deviation (NRD) of less than

0.15. NRD is given by the following expressinn:

N 2
Z [F(Xn) - Sn]’

by n=}

NRD = F(o) N ’

where F(x) is the Gaussian function that is used
in the fit, x 1is the frequency shift from the
laser frequency, S; is the signal of the n®h
channel centered at x,, and N is the number of
channels used in the fit. Figure VII-3 shows a
fit when NRD = 0,080,

The results of the data taken at 3.5-mT and
14.0-mT fill pressures were not much different
than those at 7.0 mT. The temperatures at 3.5-oT
fill were somewhat higher than the 7.0-mT data,
and the 14.0-mT data were somewhat lower but by
less than a factor of two in either case.

The temperatures measured here are in
reasonably good agreement with the numerical
simulations of A. G. Sgro.® The solid curves in
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curves are the results of numerical simulations by A. G. Sgro.
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Fig. VII-2 are the results of thes2 simulations
for the IHX <2xperimental parameters, Th2 cod=
does not contain end loss which makes the agreas-

ment somewhat surprising.

B. SUMMARY

In this experiment the implosjon and first
expansion were studied most extensively. The
vacuum Ee was 4 kV/cm, and plasma EBS of 1.5 kV/em
were aobservad. Detailed measurements of the
density and magnetic field as a function of time
and radius were made using a tour-beam
interferometer, a single—beam Faraday rotation
measurement, magnetic probes, and calibrated
Thomson scattering. The electron temperature as a

function »of radius and time was measured using
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Thomson scattering and double foil soft x-ray

+

techniques. Nautron production rates  were
measured using a scintillator counter.

The implosion spe2d, the 2xpansion spea2d, the
radius of thas sheath at turnaround, the density
jump at th=2 sheath, and the peak neutron produc-
tinn rats agree quite well with that pradicted by
the simple bounce model.7 The actual width of th=a
sh=ath and the =2lsctron tamparature in the sheath
ara not pradicted by this mod=l, but tha msasurs-
mants agree with calculations dnon= by Sgro and
othars. This temperature agreement 1s somewhat
surprising since and lnsses ars not included in
thess mod=ls. Thes2 rasults show tha* within *he
parama*2rs of this expariment implosion h2ating is
an =ff2ctive means of hsating plasmas tn kilovolt
tamparaturas and “hat tha laval of ion heating can
be predicted reasonably w=ll by +the simple bounce

mod=l.
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VIII. FAST LINER EXPERIMENT

A. R. Sherwood, E, L. Cantrell, I, Henins, T. R. Jarbne, J. Marshall, C. E. Swannack

Early in the year a propnsal to dn an
impleding linar expariment at LASL was praparad
and presented to DMFE. This proposal1 was
eventually approved, and preparations for tha
lipnar exparimsnt began aftsr the termination of
the IHX =xperiment in sarly December, Substantial
eontributinons tn the proposal wers made by
R. Garwin, R, Malon=, B. Suydam, R, Krakowski,
R. Miller, R, Mns2g, and others,

Th2 g=2n2ral concapt is ta 2xplare tha litae
approach to fusion in the 106 cm/s liner valocity
ragime, whers wall-confinad plasma configurations
are a passibility. As shown in Fig. VIII-1, a
thin, nonrotating, cylind"iéal, m2tallic liner
driven by a magn=tic field in the “heta directinn
is =mployad. Tha lin2r carri2s its own implnsinn
curr=nt. Tha plasma n22ds an =mbadd2d magnatic
fi2ld to inhibit thermal loss2s ‘o the walls., A
By fi=2ld, shown in the figur2, has ths advantag=
of providing insulation against both axial and
radial h=at flow. Th=2 initial plasma must b2 warm
and d=ns2. Tha2oratical guidance for “ha initial
plasma conditions com2s from numarical med2ls
which inelud: linar physics and plasma loss=s.
The following paramsters for the initial plasma
eonditinons are raprasantative far  raactor-like
exeriments: n, =5x 1017 cm'a, T,J = 200 =V, and
By = 5 T. R2laxad conditions would still allow
interasting =2xp=2riments, The productian nf the
initial plasma is a chall=anging task and is nn2 of
the most impsrtant goals »of the 2Xp2rimant.

Th2 approach b2ing pursuad in this 2xp2rimant
thus involves insertial eontinement of the plasma
particles and magnatic continement of the enargy.
In this and »ther raspacts (=.g., BB linar drive

ield) it is similar to the LN-20 exariment of

Alikhanov? in the USSR, and it is a complementary
approach tn slower linar compression expariments
such as the NRL LINUS program3 and the experiments
of Kurtmullaev.2 In the latter experiments mag-
netic fields are usad for plasma containment as
well as insulation,
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Fig, VIII-1.
Gaomatry of the Fast Liner Expariment, Material
=nd plugs ar:e =mployad, and the implosion is
drivan by an axial current carried within ‘he
liner itsalf.
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Th2 basis for optimism in *“h2 Fast Linar
Exparimsnt stams from th2 scaling law for DT fills
nptimizad for maximum gain (d2rived in  tha2

propnsal).
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to the liner 202rgy, ¢, is th2 initial density of

n2r (cgs) and E: is th=s liner ena2rgy par
unit length (Gd/m). The conafficient in this
2quation d2pands somawhat on the e2xact modsl
smployad, and other factors af order unity are
introducad if on2 considers such =ffects as linsr
comprassibility. From this equation we s22 that
reasonably high Q's might ba obtained from the
Scyllac bank (8 MJ) for a 10-cm-long aluminum
liner. It is important ta nnte, however, that
this equation assumes that the plasma 2nargy loss
rate is small compared to the rate a‘ which 2nargy
is supplied from the 1linar, Simple thaoratical
2stimates maks this assumption plausibls, but mere

detailed calculations and (espacially)  some
experimental results are necessary fo check the

coneept,
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There are two major =lamants tno the
experiment, namsly plasma preparation axp2riments
and liner implosinn axperiments. Initially these
two 2laments will be separate, but thay will b=
combinad as soor as it is practical. The ipitial
goal of tha plasma preparation expariments is to
produce a suitable initial plasma in an implndablz
geomstry. Hare "suitabls" depends on g2omatric
factors such as the length and diameter of the
linar, but in general what is dasired is a plasma
with enougn density, temperaturs, and 2mbaddad
magn=tic fisld that it should b2 heated during th2
linar “mplosion. The first plasma pr2paration
experiments will b= basad upon cnaxial plasma flow
systems, that is plasma guns or modifications
therzof. These 2xperiments wWill be dons on the
sama facility as was us2d for th2 Gun Inj=ction
Exparimant (300-kJ bank opsratad at 180 kd). At
the =nd of th2 y=ar this facility was b=2ing
modifiad 1.r th2 new 2xpsrimants. At least to
b2gin, th2 e2xisting 30-cm-o.d. cnaxial plasma gun
will be usad with geomatrical chang2s at the
muzzla.

Th2 liner implosinn 2xp2rimsents will be don=
initially witnout plasma on thrae racks of tha
Seyllac bank (1.75 MJ at 55 kV). The initial
gnals of thes2 experimants will b2 to deavelnp
diagnostiecs, to chack *h2 symmatry and velocity »f
th=s implosinns, to l=arn how to maks current
contact teo tha imploding linsr, tn compars the
2fficiznecy of cnupling of =n2rgy from “h< bank to
the lin2r with num=rical calculations, =tc. As is
illustrated in Fig. VIII-2, it happens that with
only a minimal addition to the =xisting colls=ctor
plates four more racks of the Seyllac bank can b2
add2d. Assuming the seven racks can be run at
50 kV, about 3.5 MJ would then be available for
the liner implosion expsriments. It is planned
that collector plate additions to aceommndats the
four additional racks will be ordered, but the
initial experiments will be don2 on three racks
(out of a total of 15 for the whole bank). The
three racks chosen for the first experiments have
not been opzrated for 2-1/2 to 3 years. At the
end of the calendar year they were being checked

out and brought back into operable condition,
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PRESENT 3-
RACK EXPT
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FUTURE 7~
RACK EXPT

“®—— COLLECTOR PLATE
| LINER

3

| TANK

RACK OF SCYLLAC
CAPACITOR BANK

3- RACK AND 7-RACK LINER EXPERIMENTS

Fig. VIII-2.
Initial and futur= liner implosion axparim2nts on
the Scyllac bank. The ipnitial exp=2riments will
us2 thre2 racks (12, 13, and 14), but with only
small additions to th2 collector plates four mors
racks could b= addad.

As this new experiment begins to get under
way it appears quite possible that collaborations
will be established with other elements of the CIR
community. Candidates for such collaborations are
a) parallel plasma preparation experiments to be
done at other US institutions so that several
possible paths tnwards th2 requirad initial plasma
can be followed, and b) a Jjoint experiment with
tne Soviets in which conperative liner implosinn
and liner/plasma =xperiments ar2 conducted, and in
which the Soviets would conduct further plasma
preparation experiments following tha approach
used in the LN=-20 experiment (roughly--plasma
injection from elactromagnetic shock tubes). The
latter collaboration was initially suggested by
E. P, Velikhov in May 1977. A team of five US
scientists, including three from LASL, visited
Moscow in OQctober to review the Soviet liner

program and to explore the possibility of joint



LASL-Kurchatov liper experiments. The meetings
were fruitful and the prospects for such joint

exp2rimants app=sar promising.
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IX. GUN INJECTION EXPERIMENT

I. Henins and J. Marshall

A. INTRODUCTION

As reported in the last annual report,. rhis
experiment was undertaken as part of the Scylla
IV-P program to develop a plasma injector for a
linear theta pinch. The 1..-m=long coaxial gun
has an inner electrode diameter of 10 cm and a
30-cm~diameter outer electrode. A fast-acting
valve admits a gas load at the middle of the
elentrode space, and a Scyllac-type 185-uF
capacitor bank with an approximate inductance of
8 nH is used to power the gun. For all the exper-
iments the bank has been charged to 45 kV,
corresponding to a stored energy of 187 kd.

During the previous year the experiment was
assembled and the first measurements were made.
The initial measurements were of the properties of
the gun plasma itselr. These were follcwed by an
investigation of plasma injection intc a2 short
(50=-cm~lcng) solenoidal guiade field having a
typical strength of about 10 kG {maximum was
17 kG). The diagnostics employed included single
beam and holographic interferometry, fast-framing
protography, neutron measurements, magnetic flux
exclusicn measurements in the guide field, and
calorimetric measurements of the streaming plasma
energy both upstream and downstream of the guide
field coil. Two distinet gun operation modes were
selected. In Mode 1 the gun is fired 300 us after
50 em3 atm of deuterium gas is injected by the
fast valve. The maximum gun current in this case
is about 800 kA and the resulting plasma stream is
rather broad. In the second, Mode 2, operation
the gun is fired 360 us after injecting 63 em3 atm
of D, gas. In this case the gun current reaches
1.3 MA and the plasma stream forms on axis in
front of the gun with a diameter of only a few
centimeters. Calorimeter measurements showed that
over B0% of the stored electrical energy emerges
as plasma energy from the gun. The tighter plasma
stream of the Mode 2 operation was better able to
penetrate a 10=-kG B, guide field.

During the present year the calorimeter
measurements were extended to measure the plasma

stream divergence without a guide field, and a
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2-m-long guide field coil was installed in place
of the shorter 50-cm one. Plasma diamagnetic
measurements at three positions have been used to
determine plasma stream velocity and the trans-
verse energy of the £=1 plasma stream. Probing of
the magnetic field inside the plasma at the
midplane of the 10-kG guide field coil also has
shown flux exclusion out to a 12-cm diameter,
which is comparable to that calculated for £=1
plasma from diamagnetic measurements.

The progress of the experiment was slowed
because of manpower shortages in CTR-5. Work was
suspended on the Gun Injection Experiment for
about five months so that we could concentrate on
finishing the measurements on the Implosion
Heating Experiment and preparation of the propos-
als for the Fast Liner Implosion Experiment. At
the end of this year the Gun Injection Experiment
has been closed down and the experimental facility
will be used for plasma preparation studies aimed
at providing a suitable preplasma for the Fast

Liner Experiment.

E. EXPERIMENTAL RESULTS

1. Plasma Injection into a 2-m-long B, Guide
Field.

2. Magnetic Field Coils. A new guide field
coil assembly to replace the short 50-cm-long "see
through" coil was made in two 1-m-long sections by
wrapping a single layer of insulated #2 AWG copper
cable with 2-cm  turn-to-turn spacing on a
23-cm-diameter stainless steel ecylindrical form.
Then a layer of fiber glass and epoxy was applied
to hold the windings in place. A stainless steel
can was welded over the windings to provide a
vacuum-tight coil case,. The current is fed
coaxially through a metal tube attached to the
coil case. One end of the coil is attached to the
coil form which serves as the current return.

The coil assembly is mounted 40 em from the
gun as shown in Fig. IX-1. The end nearest the
gun has six turns spaced 1 cm apart to minimize
the B, decrease near the of the coil. There is a
2-cm gap between the two coils; one extra turn
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Fig. IX=-1.
Schematic diagram of coaxial gun experiment with
2-m-long B, guide field coil,

near each end of +the coils here provides an
average 2-cm turn spacing., The coil near the gun
has a total of 56 turns, and the other 52,

Each of the coils is energized by a 3000-vF,
10-kV capacitor bank. The risetime of the E,
field in the coils is 800 ps. The coil current
and the B, are not in phase because the L/R time
of the stainless steel shell is about 550 us.
Maximum B, at 10 kV bank voltage is 16 kG.

b. Excluded Flux Measurements. These mea=~
surements were made with three loops placed near
the inside walls of the EZ coils at 60 cm, 150 cm,
and 220 em from the gun muzzle. Each 1loop is
approximately 0.5 cm wide and 65 cm long and com~
pletely surrounds the plasma to eliminate cff-axis
effects., A 20-cm-i.d., 200-em-long, O0.5-cm=thick
quartz tube liner inside the loops protected them
from direct plasma bombardment.

During the short time of plasma injection the
stainless steel coil form acts as a good flux
conserver; therefore the total flux excluded by
the plesma can be derived from the measurement of
the change in magnetic field strength near the
coil wall. If diamagnetic features of the plasma
stream can be identified, then plasma velocity in
the stream can be measured as the plasma
progresses through the three loops.

Figure IX-2 shows the diamagnetic plasma
energy for the long delay mode (Mode 2) as the
plasma is injected into a 10-kG guide field. The
maximum areas of the plasma, assuming it to be
B=1, calculated from the excluded flux

measurements at each of the three loop positions

are 110 cmz, 50 cmz, and 25 cm?. The time-varying
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Fig, IX-2.
Diamagnetic energy and velocity of plasma injected
into a 10-kG guide field. Mode 2 gun operation.

areas at each loop position were multiplied by the
external magnetic field energy density to give the
diamagnetic plasma energy plotted in Fig. IX-2.
These curves, together with a velocity distribu-
tion can be further integrated over time to give
the total diamagnetic energy. These values for
the data in Fig. IX-2 are 4.6 kJ, 2.1 kJ, and
0.6 kd for the loops KO cm, 150 cm, and 220 cm
from the gun muzzle, respectively. Extrapolation
of the plasma position to the gun muzzle indicates
that the plasma emerges at approximately 10 us
after the gun current starts. It appears that the
paramagnetic signal observed at later times, as
seen in Fig. IX-2, is caused by plasma bombardment
of the quartz liner and is confined to the region
near the entrance of the coil. Seccndary plasma,
derived from evaporation of the quartz wall,
apparently entrains magnetic flux and carries it
inward, so as to decrease the flux between the
quartz liner and the inner coil wall. The
paramagnetic component was therefore not included
in the total energy calculation. When the gun is
operated in the short delay mode (Mode 1), a dia-
magnetic plasma appears to emerge from the gun as
a short pulse with a velocity distribution from
2 x 107 to 9 x 107 cm/s as shown in Fig. IX-3.
There are well-defined features that allow
measurement of velocity throughout the duration of

the diamagnetic signals. The peak values of the

excluded flux areas at the three loop positions in
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WQjamagnetic energy and velocity of plasma injected
intoc a 10-kG guide field. Mode 1 gun operation.

this case are 130 cm?, 70 cm?, and 45 em?. The
integrated total plasma diamagnetic energies are
8.7 kd, 6.5 kJ, and 4.8 kJ. Thus it arpears that
the short delay mode of gun operation produces
more diamagnetic plasma which retains its dia-
magnetism as it travels dewn a B, guide field.
The velocities observed in the 2-m-long guide
field are higher than the -~ 20 cm/ys velocities
reported last year. The reason for this is not
clear; it may have something to do with the length
of the @guide field and the more accurate
measurement this allows.

An effort was made to maximize the dia=-
magnetic plasma by varying the gun delay and
amount of gas injected. It appears that the
300-us delay with 1.4 x '|06 Pa plenum pressure is
near optimum.

2, Magnetic Field Probing. A magnetic field
probe was inserted into the B, guide field as
shown in Fig. I¥=1. The axial position was kept
at 150 cm from the gun muzzle (the #2 diamagnetic
loop position) and the probe was moved radially.
The gun was operated with the short (300-us)
delay. The probe coil had an area of about 2 om?
and was inserted in a 9-mm outside- diameter
alumina tube. Quartz envelopes were also tried
but they could not withstand the plasma bombard-
ment. The insertion of the probe ir the plasma
stream disturbed the signals in the (iamagnetic
loops, even upstream from the probe vosition.
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Usually the duration of the diamagnetic signals
was shortened and the later paramagnetic signal
was enhanced.

Typical smoothed magnetic probe data for
several radii are shown in Fig. IX-4. On axis the
signal shows complete flux exclusion lasting about
B us, after which the flux penetration {(or dis-
appearance of plasma) takes place. At larger
radii the maximum flux exclusion lasts only a
couple of microseconds, as is shown in the figure.
However, nearly complete flux exclusion occurs out
to a radius of 6 cm,

The 6-cm-radius outer limit of complete flux
exclusion as observed by the F, probe can be
compared to the 70 em?  flux exelusion area
measured by the diamagnetic loop at 150 cm, which
corresponds to a flux exclusion radius of about
5 cm,

3. Plasma Stream Divergence. A rough esti-

mate of the plasma stream spread in the absence of
external magnetic fields can be obtained by ob-
serving how much energy is collected by a
calorimeter at various distances from the gun
muzzle, To make these measurements a large
calorimeter (50 em diameter, 91 em long) was
mounted behind a 60-cm by 60-cm copper plate
containing a 30-cm-diameter aperture. The plasma
energy passing through the aperture was measured
at distances of 30, 60, and 110 cm from the gun
muzzle, The gun input energy was kept constant at

187 kJ (185-1F bank charged to 45 kV).

(kG)

Bz

30

Time (wusec)

Fig., IX-l4,
Magnetic field exclusion from plasma stream 150 cm
from gun muzzle.



for the 1long delay case (Mote 2}, the

108 5,

and 98 *+8 kJ for the above calorimeter positions,

collected amounts of energy were 135 8,
respectively. When the gun was operated with the
(Mode 1) the
161 10,

short delay amounts of

110 6,

energy
and 54 3 kJ,

The uncertainties are the stardarg

collected were
respectively.
deviations calculated from feour to five gun shots
for each eczloiim:ter position. From these data it
is seen that for the longer delay and larger gas
loading the plasma stream is confined closer to
the axis of the system than in the other case.
When the calorimeter is placed behind the
2~m-long guide field coil, about U0 kJ of energy
is collected in the Mode 2 operation of the gun,
essentially independent of the strength of the
magnetic field up to 10 kG. The energy of the
more divergent and more diamagnetic plasma stream
of Mode 1

operation, however, does not flow down

the guide field as well. The energy collected at
the end of the guide field coil is only 2, 14, 22,
and 13 kJ with B, equal.to 0, 5, 10, and 15 KG,

2

respectively.

C. SUMMARY

This coaxial plasma gun has been the largest
and highest voltage gun operated at LASL so far.
Its operation has been fairly typical compared to
other previous plasma guns.
that a

efficient in

We have again demon-

strated coaxial plasma gun is very

converting electrical energy into

plasma energy. With the limited effort available

for this experiment we were not able to

demonstrate plasma injection suitable for
replacing the implosion heating phase of a theta

pinch. There were two principal deficiencies in

the system investigated. One of these was severe

bombardment of the entrance end of the fused

silica liner. The other was the small diamagnetic

energy of the injected plasma relative to its

translational kinetic energy.

Plasma bombardment of the quartz linar at the

entrance to the coil is presumably due to an

insufficient barrier of flux separating the plasma
from the liner and the end of the coil., It should

be possible to alleviate this problem by using a

larger diameter coil, by increasing the current

density Jjust at the end of the coil, and by

reducing the thickness of passive material

covering the end turns. Previous experiments with
smaller guns did not show this behavior. In those
experiments the gun was of smaller diameter than
the coil, whereas in the present the gun is larger
in diameter than the inner liner surface by 50%.
This probably means that there is relatively more
high-energy plasma streaming directly at the end
of the coil than before. Bombardment of the liner
is undesirable because it introduces large amounts
of impurity by evaporation of the liner material
and because it can mechanically destroy the liner.

The small diamagnetic energy of the injected
plasma (-~ 10% of the total plasma energy measured
calorimetrically) is unsuitable as a theta-pinch

filling for subsequent adiabatic compression

because, with its low initial transverse temper-

ature, it would require excessive compression to
reach thermonuclear temperatures. In addition,
the high streaming veloecity would 1lead to

excessive losses through the rfar end of the theta
pinch. The difficulty might be alleviated by
using a long, gradually increasing field entrance
section to the solenoid. This approach has been
investigated by Skvortsov et al.

Institute,

at the Kurchatov
Another possibility is injection from

both ends of the theta pinch, allowing the two

plasmas to thermalize by Coulomb scattering

against one another.

While gun injection of the precompression

plasma into a theta pinch might successfully

replace implosion heating, and thus eliminate the
need for fast high~-vcltage power supplies, it
appears to be limited to relatively short systems,

because of the finite axial velocity of the

injected plasma. This implies that, if this were

to be used in a reactor, it would have to have

very effective end-stoppering, or else the plasma
would have to be compressed to very
densities, as in an imploding liner system.

not obvious how gun

high
It is
injection could be used in
reactors based on

conventional theta = pinch

parameters.
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X. EXPERIMENTAL PLASMA PHYSICS

H. Dreicer, Martin E. Banton, J. C. Ingraham,
R. 5. Massey, F. E. Wittman, and B. L. Wright

A. SUMMARY

The primary efforts of the Experimental
Plasma Physics Group are directed toward the study
of high-frequency plasma resistivity, plasma heat-
ing, and heat flow in the presence of plasma tur-
bulence, electron drifts, and other effects likely
to be present in plasmas of current fusion
interest.

During the past year we have continued our
study of the effect of a strong dc electron drift
on the high-frequency plasma resistivity. We have
taken a great deal more data and refined our tech-
niques of data collection and analysis. Qur
findings confirm our preliminary results reported

last year‘1

that the high-frequency plasma absorp-
tion becomes negative if the electron drift veloc-
ity exceeds the electron thermal velocity. We
plan to extend this work in the future to the case
where turbulence is simultaneously present in the
plasma, in which case an experimental test of the
cencept of the Plasma Wave Laser? may be possible.

We have continued to use our Dual-Mode Res-
onator to study the absorption experienced by a
weak test microwave field in the presence of tur~
bulence generated by parametric instabilities that
are excited by a strong microwave driver field.
Our recent test-field resistivity measurements as
a function of the test-driver frequency separation
support our earlier hypothesis that the enhanced
test absorption occurs through nonlinear beating
between some portion of the urstable wave spectrum
and the weak test signal in such a manner that
additional energy is transferred from the test
field to the plasma through this beat osecillation.

We have also used the Dual-Mode Resonator to
study weak test-field absorption in the presence
of a strong driver field, but in the absence of
parametric instability turbulence. Here we ob-
serve a reduction of the test-field absorption
that is identical to our earlier reported measure-
ment of the reduction of the driver absorption.3
This reduction is caused by the effect of the
large driver-induced oscillatory velocity of the

electrons on the electron-ion collision cross
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section. Such a frequency-independent reduction
of this cross section implies that any transport
coefficient that is a function of the electron-ion
collision cross section could be modified by
strong electron oscillatory velocities induced,
for example, in the heating of a tokamak using
high-frequency power, or in the heating of a long
linear plasma column by an intense CO2 laser beam.

The above experimental studies, which were
being done on our Q-machine, were temporarily sus-
pended on May 25, 1977, so &s to allow dismantling
of our equipment to make room for the construction
of a large torcidal reversed-field pinch (ZT-40).
Relocation of our experiment into a new area was
begun in late December, and we plan to be in
operation by June 1978. This delay has made it
necessary to postpone our planned studies of plas-
ma heat flow until the Q-machine is operating
again. A considerable amount of time in the past
year has been devoted to planning for the disman-
tling and relocation of our experiments.

Testing has continued on a new experiment to
study nonlinear interactions between a plasma and
a travelling electromagnetic wave. Primary empha-
sis will be on the study of the beat-heating of a
plasma using two electromagnetic waves separated
in frequency by a natural-mode frequency of the
plasma, and on the study of the decay of a single
strong electromagnetic pump into two electron

plasma waves.

B. PLASMA AC RESISTIVITY STUDIES

Our studies of the ac plasma resistivity have
continued, primarily on our single-ended Q-
machine. This device provides a fully ionized
magnetized notassium plasma column (Te =~ Ti
~ 2250 Ky, n = 1.5 x 1010 cm'3, diameter = 2.5 cm,
B~ 5 kG, length = 206 cm) on which to study plas-
ma resistivity using high-Q (= 20 000) microwave
resonators and movable high=~frequency Langmuir
probes. The experimental setup is shown schemat-

ically in Fig. X-i.
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Experimental setup of Q-machine experiments.

The ac plasma resistivity is determined f{rom
measurement of the microwave energy absorption
rate of the plasma. This absorption is determined
from the measured rate of decay of microwave ener-
gy stored within a high-G resonator containing a
portion of the plasma column. The difference
between this rate of decay and that obtained in
the absence of plasma yields a measurement of the
plasma absorption rate.

1. Observation of MNegative Inverse Brems-

strahlung Absorption Due to Strong Electron Drift

Speed. We have continued our study of the effect
of a strong dc electron drift on the plasma ac
resistivity or microwave absorption. In this
experiment a short (. 0.4-us) positive voltage
pulse is applied tc the cold plate of our
Q-machine (Fig. X-1) in nrder to induce a uniform
electron drift in the plasma column. The electron
drift velocity is determined from simultaneous
measurements of the electron current in the
circuit external to the plasma, and the electron
density. Measurements of the radial profiles of
electron density and drift current density using
small probes show that the drift velocity 1is
independent of radial position in the plasma.

The change of plasma absorption as a result
of the application of the electron drift is meas-
ured using our high Q-microwave resonator tech-
niques. Since the electric field of the resonator
mode is parallel to the strong de magnetic field
of the Q-machine, the absorption measured 1is a
result of electron-ion collisions alone (inverse
bremsstrahlung) rather than electron cyclotron
effects.

To achieve large electron drift velocities,
in the face of the limited electron current emis-
sion of the Q-machine hot plate, it was necessary
to lower the electron density, n, and perform

observations in the range 0.35 Zmpezlmz 20.5.

This has the advantage of reduced ohmic heating
due to the electron current flow, but it also
reduces the sensitivity of our measurement of the
plasma absorption in the resonator, since this
quantity is proportional to n®. Another way to
avoid ohmic heating is to use a short pulse length
for the electron current and to measure the micro-
wave absorption rate during this short time inter-
val. This also insures that the Buneman instabil-
ityu cannot grow sufficiently to influence the
electron drift speed and the microwave absorption.
The price paid for gaining these advantages is the
increased difficulty of accurately measuring the
slope of the microwave energy decay from our
oscilloscope traces during such a short time in-
terval.

Previously1 we have reported preliminary
measurements showing that if the electron drift
velocity, Vo exceeds the electron thermal veloc-
ity, v =~ 2KT/m, the microwave absorption
actually becomes negative, that is, Negative In-
verse Bremsstrahlung Absorption occurs. In the
past year we have refined our analysis techniques
and taken a great deal more experimental data
which confirm our previous conclusions.

The refinements have included efforts to
reduce any possible systematic errors that might
occur from measurements of resonator decay rates
taken from the oscilloscope-trace photographs.
Each oscilloscope trace picture was a composite of
four traces: a baseline and three resonator de-
cays. Two of the decays, spaced by about one cm
on the photograph, were for the resonator without
plasma and the third decay, located between the
first two decays, was for the resonator with plas-
ma in the presence of electron drift. These four
traces were all made within a period of less than
30 s so as to minimize effects of baseline and
gain drifts of the oscilloscope. The traces were
positioned as close together as possible on the
photograph so as to minimize errors arising from
variations of oscilloscope gain and sweep-rate
wit: position on the oscilloscope face when
comparing resonator decay rates with and without
plasma. Trace measurements were made using an
optical digitizing system having an equivalent
resolution on the oscilloscope photograph of

+ 0.005 cm. In addition, we recalibrated the
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microwave power response of our fast (0.01-us
response time) microwave crystal detectors scveral
times during each data run, and at each frequency
for which data was being taken. (For example, the
empty resonator frequency was 1992 MHz. With
plasma at mpzﬁn? = 0.35, the frequency was
2023 MHz.)

Our experimental results are shown on
Fig. X-2 and indeed, it can be seen that Negative
Inverse Bremsstrahlung Absorption corresponding to
a negative plasma resistivity does occur at larger
drift velocities. The vertical axis in the figure
is the measured plasma ac resistivity normalized
to its measured value in the absence of electron
drift. The horizontal axis is the electron drift
velocity, normalized to the electron thermal
velocity, Voo = JEET;7E, prior to the application
of the electron drift. Each data point corre-
sponds to the average of measurements taken from
at least ten oscilloscope photographs, and the
vertical error bars are equal to the rms deviation
of these measurements about the average. The
horizontal error bars correspond to the variations
during the current pulse of the measured electron
current about its average. The solid line is our
theoretical computation based upon the
Oberman-Dawson t“ormalism5 of the resistivity of a

drifting Maxwellian electron velocity distribution

NORMALIZED PLASMA AC RESISTIVITY

-Q50t 1 1 I 1 L L 1 ]
10 20 30
o/V710
Fig. X-2.

Normalized ac plasma resistivity vs electron drift
velocity; comparison of theory and experiment.
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and including the effect of a dc magnetic field
parallel to the drift, (Our computation is in
good agreement with the earlier results of Musha
and Yoshida,6 who utilized the Boltzmann
Fokker-Planck equation to evaluate the resistivity
of a plasma having a drifting Maxwellian.)
Experiment and theory are seen to agree well,
especially at higher drift velocities where the
negative absorption occurs.

In order to compare theory and experiment we
have corrected the theoretical computation for the
ohmic heating of the electrons that occurs during
the time of the absorption measurement. The elec-
tron ohmic heating was computed using the
Fokker-Planck equation and assuming the electron
velocity distribution was a drifting Maxwellian.’
As a check on our electron ohmic heating computa-
tions, we have performed microwave measurements of
the electron temperature during the period that
follows termination of the electron current pulse,
and these measurements support the computed elec-
tron heating results.

We plan in the future to study the effect of
electron drift on microwave absorption in a
turbulent plasma.

2. Weak Field AC Resistivity Enhanced by

Plasma Fluctuations. Our past studies of para-

metric instabilities near the plasma frequency
have treated the case in which a microwave
electromagnetic "pump" field of frequency vy and
long wavelength (kO;: 0) exhibits a strongly
enhanced absorption rate as its energy is drained
by the unstable growth of electron plasma waves
(m]) and ion fluctuations 002). The process is a
nonlinear one in which frequency and wave-number
matching conditions are satisfied (m1 + Wy = wg
i1 +'§2 = 0) and which can only occur when the
pump field amplitude, E, exceeds the threshold
level, ET, required to overcome natural damping

mechanisms. For w0== w two distinct instabil-

’
ities are recognized: tZe parametric decay insta-
bility in which Wy corresponds to an ion acoustic
wave, and the oscillating-two-stream instability
in whichm2 is zero. For the case Te = T; and w,
z wps our experiments1'8'10 have verified details
of these phenomena including absolute measure-
ment of instability thresholds in agreement with

theory, transient observations of pump depletion



consistent with computed growth rates, verifica=-
tion of appropriate structure in the electron
fluctuation spectrum (corrected for ion drift),
and analysis of "bump-in-tail® fast electron beams
created by large amplitude electron plasma waves.
With the nonlinear mechanisms of pump-field
absorption well established, the question arises
whether such driven plasma fluctuations could also
affect the absorption rate (or equivalent ac
resistivity) of a microwave field at a frequency
other than that of the pump field that generated
them. The topic addressed by this question is the
enhancement of the weak-field ac resistivity of a
plasma by nonthermal fluctuations. The mechanisms
responsible can *¢ nonlinear couplings similar t>
those of parametric instabilities but for which
(because the fluctuation levels are externally
maintained) the observed resistivity is associated
with a first-order current and 1is therefore
independent of the amplitude of the weak ac
sampling field. Theoretical treatment of this

problem11

suggests that electron (or ion) waves in
a plasma can enhance the resistivity of an exter-
nal ac field, providing that the mode produced by
field-wave coupling lies in the resonant region of
the plasma's dielectric response that is
associated with ion (or electron) motion. Thus
the enhancement of weak-field ac resistivity by
plasma fluctuations involves matching conditions
that can lead to frequency dependencze from both
the resonant behavior of the dielectric response
and the spectral distribution of the fluctuations
involved.

In the case of the =xperiment described
beluw, interpretation of the data is not
immediate: both strong electron waves and strong
ion waves are generated by the pump field. There
are thus two major possibilitizss for Line source of
the enhanced weak-field ac resistivity that we
measure. One can argue that ion fluctuations are
unimportant because their parametric origin and
the Manley-Rowe relations give them small ampli-
tudes in comparison with the cogenerated electrcs
waves. On the other hand, the enhancement of ac
resistivity caused by electron waves depends
roughly on the derivative of the spectral
intensity.11 As the pertinent spectrum appears to

be quite broad in some of our work, wWe canrot

conclude immediately that electron waves are
dominant, It is worth noting that the two regimes
in which we see the strongest effects are those to
which conventional theories of steady-state weak
turbulence may not apply. These regimes are
(a) the transient period of rapid growth of the
fluctuations in which the parametric growth rates
are comparable to the ion plasma frequency, wpi'
and (b) the steady state maintained by & pump,
well above threshold, in which nonlinear
saturation has produced considerable spectral
broadening and the resulting turbulence has
doubtless caused radical changes in the plasma's
dielectric behavior.

The experiment is performed with a dual-mode
microwave resonator (rFig. X-1) that is capable of
supporting two nearly degenerate modes (even and
odd symmetry) with overlapping fields of the TM010
character and frequencies near 2000 MHz. We use
one of these modes as a strong drivir field. When
the driver field is above threshoid (E > ET) it
acts as the pump field described above and
generates and maintains electron and ion plasma
waves., The other mode of the resonator is then
used as a weak, subthreshold test field to monitor
the ac resistivity at a somewhat different fre-
guency. By switching ~ff the external, pulsed,
microwave sources at suitable times, we can
measure and compare the simultaneous absorption
rates of both fields. In accord with expscta-
tions, the efrective resisrtjvity of the driver
t'ield 1is governed by the nonlinear processes
studied previosusly; the resistivity of the test
field is found to be independent of test-field am-
plitude, but noticeably affected by the (driver
produced) plasma fluctuations.

We have already reported1 the results of
experiments perfcrmed over the density range 0.65
:_mp2/m2 2 0.90 with a test-driver frequency
difference, ftest“rdriver' of + 15 MHz . Those
expcriments investigated the absorption of test
and driver 1tields both during the period of
transient growth of parametric instabilities and
cduring the subsequent saturated steady state. We
have now extended our ' :rk to include test-driver
frequency separations of + 11.6, F 27 and
+ 86 Mhz. These more recent expe?ié;nts have

shown phenomena that are gualitatively similar to
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those found at + 15 MHz but that indicate a
decreasing influence of the plasma fluctuations on
the test-field resistivity as its frequency be-
comes more distant from that of the driver. For
comparison, the ion plasma frequency, “pi/z" is
near 7 MHz. Thus, all our work has invclved test
frequencies that are outside the range of the

initial, unstable electron wave frequency: f

e-wave
= Liriver = fion-wave’

Figures X-3 through X-6 illustrate the fre-
quency dependence of the enhancement of rest-field

resistivity during the growth of driver-produced

parametric instabilities. Figures X-3 and X-l

f1esT ™ YpRiver 116 MHZ

30 T T T ¥ T T H T L]

2o} .
(JE_)’- !
\Ex.

10 B

o 1 1 i i ] 3 1 1 1

0 0.2 c4 6.6 08 i.0
TIME (xs)
Fig. X-3.

The four driver-field time histories used in the
transient resistivity measurements of Fig. X-%.

0 f1esT* foriver * 27 MHz

0
0 0.2 G4 0.6 08 1.0
TIME {us)
Fig. X-4.

The five driver-field time nistories used in the
ransient resistivity measurement: of Fig. X-6.
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Normalized resistivity of test {(---) and driver

(=) fields corresponding to Fig. X-4 in order
(top to bottom) of decreasing driver powsr.

show how the driver time history was controclled

for ftest'fdriver = 11.6 and 27 MHz. The quantity



plotted is the square of the driver field ampli-
tude. E, relative to the threshold level, ET' re-
quired to excite instabilities. 1In each of the
seyeral cases shown, the driver field in the res-
onator passes through three stages:

(a) During the application of an external,
pulsed, microwave source, the driver amplitude
rises rapidly to a mwaximum level contralled by the
time cf termination of the pulse.

(v) The above-threshold field decays slowly
by means of electron-ion collisicnal absorption
(and resonator wall lesses) while the unstable
plasma fluctuations continue to grow from noise.

(e¢) A sudden decreaze (pump depletion) of
the driver field occurs when the fluctuations
reach sufficient amplitude to draw substantial
energy from it via nonlinear mechanisms. !

Figures X-6 and X-7 compare the absorption
rate exhibited by the driver field in these cases
with that shown simultaneously by a freely decay-
ing test field. The quantity plotted js the ef-
fective resistivity (indicated here as an effec-
tive collision frequency, vefr) normalized to the
electron-ion c¢ollisional value measured with weak
tields (uo). The plots show that the strongly
enhanced resistivity of the driver field is
accompanied by a strong influence of the growing
fluctuations on the resistivity of the test field.
For a higher average driver power (faster growth
of unstable plasma waves) there is a greater
enhancement aof the test-field resistivity with an
earlier onset in time (relative to that of the
driver). Comparing the behavior of a test field
11.6 MHz above the driver frequency with that of
one 27 MHz above, one easily sees that the
enhancement of ac resistivity becomes more
prenounced as the twoe frequencies come closer
together. Note that we are here speaking of ftest
> f

driver while the unstably growing electron

waves satisfy f_ .o = fypiver- In these
transient studies we found noticeable (factor of
3) enhancement of the test-field resistivity even
at the largest frequency Separations:
Ttest~Tariver = * 86 Miz.

One should not ascribe particular importance
to the heights reached by the absorptiaon peaks in

Figs. ¥-5 and X-6. The maxima in Vepp oOCCUr

because the fluctuations that enhance the

absorption rate grow rapidly at first but then
decay away upon depletion of the driver field that
generates them. Thus the maximum values attained
are determined more by the time history of the
driver field following pump depletion than by
inherent limits on the absorption process. of
greater interest are the differences observed
between the times of onset of enhanced absorption

in the test and driver fields. A rough

explanation of the behavior of these differences
is as follows. The onset of enhanced absorption
occurs when the pertinent fluctuations reach a
sufficient, critical amplitude, &c' to compete
noticeably with electron-ion collisional absorp-
tion. The absorption rate of the test field is
independent. of test-field amplitude and therefore,
&c(test) is roughly constant for a given test fre-
quency. By contrast, our computations of para-
metric absorption r-ates1 show that, for the driver
(pump) field, &c(driver) is an increasing function
of driver power. Thus as the average strength of
the driver field is increased, the difference
&c(driver)-&c(test) becomes more positive.
Becausc the fluctuation amplilude at all frequen-
cies grows with time during this period, the time
delay between onsets, t(driver)-t(test) is
likcwise an  increasing function of driver
stiength. This behavior is readily noticed in the
figures.

When a sufficiently wide pulse of microwave
power is supplied by the external source, the
driver field in the resonator can be maintained at
a fairly constant level after pump depletion. The
result is a steady-state regime in which (for E
> Ep) the unstable fluctuations have saturated.
By varying the driver power relative fo threshold,
(E/ET)2, we can control the level of plasma turbu-
lence produced. Again we compare the resistiv-
ities of test ang driver fields under these
conditions.

Figures X-7 and X-B show such a comparison of
steady-state data with rtest both above and below
rdriver by about 27 MHz. The quantity plotted is
the normalized resistivity measured with either
field as a function of the driver field strength,
The figures show the characteristic Jump in
driver-field resistivity as its amplitude exceeds

thg instability threshold (E./ET = 1), but only at
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Normalized resistivity of test (@) and driver (+)
fields in the steady state.

the higher powers does the test-field resistivity
show any enhancement. Prrsumably we =ee here the
effects of a broadening of the pertinent wave
apectrum (ion or electron) that occurs when the
fluctuation amplitudes are well saiurated. The
nearly identical appearance of these two plots
further =uggests a frequency dependence of the
enhanced test-field resistivity that is symmetric
about the driver fregyuency.

In an attempt to document the above features
we can plot, as a function of ftest“fdriver' the
normalized driver power, (E/ET)Z, required to
generate a fluctuation 1level that doubles the
test-field resistivity (\)e”./\)o = 2). Such a plot
(Fig. X-9) 1indicates that the enhancement of
test-field resistivity, as a function of ftest’
has symmetric structure about fdriver in the
saturated steady state and that more driver power
(stronger turbulence) is needed to produce a given
enhancement as ftest'fdriver inereases. A
notable exception 1is the case ftest—fdriver
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Mormalized resistivity of test (@) and driver (+)
fields in the steady state.

= -11.7 MHz which shows much more sensitivity than
driver = +11.6 MHz.

influence seen on a test field just below the

the case ftest'r This strong
driver in frequency is reminiscent of the less
saturated, more concentrated, parametric decay
spectrum that occurs at lower driver powers. One
is tempted to suggest that the enhancement of
test-field resistivity seen in these steady-state
experiments scales directly with the intensity of
electron waves at rtest and that we are seeing the
effects of symmetric spectral broadening (possibly
via four-wave processes12) as the driver power is
increased. But such an interpretation discounts
the conventional theoretical result that it is
instead the derivative of the spectrum that should
determine the contribution of electron waves to ac
resistivity.

We are convinced that the enhancement of
weak-field ac resistivity that we have measured
can be attributed to the presence of fluctuations

in our plasma. However, without further modeling
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of the processes involved, the data by themselves
do not suggest whether electron waves or ion waves
make a dominant contribution. Because of the
implied frequency and wave-number matching re-
quirements it is prebable that in either case the
properties of the plasma (e.g., fluctuation
levels, dielectric response) at both electron and
ion frequencies are important. From the
experiment we have obtained a fairly complete
picture of the phenomena involved in both the
transient and the steady-state regimes. We have
documented their dependence on (a) the test and
driver trequency separation, (b) the field ampli-
tudes, and ()1 the plasma density. 1In the proc-
€38 Wwe have identified many general features that
can serve as tests of theoretical models for ac
resistivity enhancement.

3. Modification of Electron ~Ion Collision
Rate by Intense RF Fields. The dual-mode resonator

has also been used to confirm earlier work on

high-field effects that do not involve parametric

instability. We have already reported3 measure-
ments taken under conditions for which the plasma
was parametrically stable but for which the oszil-
latory velocity of an electron in the rf field, Vg
= eEolmu% was comparable to the random thermal
velocity, Vp = [2kT/m11/2, A pronounced reduction
of ac resistivity was observed in this case, a
reduction attributed to the strong modification of
electron orbits as they interact with the screened
potentials of nearby ions. Through use of the
dval-mode resonator, we have now applied simul-
taneous weak and strong fields at a frequency sep-
aration of 28 MHz. Figure X-10 shows a plot of
the normalized collision rates of botb the strong
field (crosses) and the weak field (spots) as
functions of the ac amplitude parameter, VE/VT.
associated with the strong field. The quifi-
cation of electron orbits by the strong field is
seen to affect the absorption of the weak field so
that indeed both fields show identical reductions
in collisional resistivity. This obsgervation
supports the idea that an intense ac tield can
produce a genuine, frequency-independent reduction

of the electron-ion collision rate of the sort
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Normalized collision rates of weak (®) and strong

(+) fields as functions of the strong-field ampli-
tude.
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that might affect other =zollision-dependent
transport properties as well.

4. Progress on_ an Experiment to Study Non-

linear Interactions Eetween Plasma and Traveling

Electromagnetic Waves. In addition to the
Q-machine research, work is in progress on another
plasma source. This 1is a cylindrical, permanent
magnet multipocle-confined argon plasma device of
the type developed by MacKenzie and COHOr‘kera13 at
UCLA. Experiments presently planned for this
machine include an investigation of the decay of a
photon into two plasmons, (the "2 b instability")
and a study of heating a plasme by beating two
electromagnetic wavez whose frequencies are sepa-
rated by a natural-mode frequency of the plasma.
These experiments involve Lraveling electromag-
netic waves, in contrast to the C-machine atudies,
and they talke place in a region of essentially
zero  magnetic field. To achieve thiz a
100-em-long cylindrical mesh waveguide, trans-
parent to plasma, 1s mounted coaxially wWith the
plasma socurce 1iIn the [ield-free region of the
plasma, and is used to contain the plasma.micro-
wave interaction.

Our research during the past year can &e
divided into three categories:

{a) Characterization of the plasma in the
presence of the mesh waveguide.

(b) Investigation of the plasma noise near
“’p ir? the absence of microwaves.

(c) Preliminary investigations of the effect
of plasma on the propagation of subthreshold (for
the 2 wp-instability) microwave signals.

Two different mesh waveguides have been
investigated. The original waveguide, made of
copper-plated copper wire, had a mesh spacing of
6.4 mm and a transparency of 62%. Representative
axial and radial profiles of density and tempera-
ture can be seen in Figs. X-11 and X-12., The
temperatures are obtained using the 2n(I) vs Vv
characteristic of a Langmuir probe near space
potential. Higher temperature tails were usually
noted. The axial density profiles were measured
using ion saturation current to a plane probe, and
radial density profiles were inferred from elec-
tron and ion saturation current to a cylindrical
probe. Although these data are for a discharge
current of 1 amp at 40 volts with the mesh at
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midplane vs radial position for 6.4-mm mesh
spacing. Same discharge conditions as Fig. X-11.



floating potential (=~ 30 V), these three
parameters were varied widely. It was found that
a more negative mesh potential gave higher
interior densities, as, of course, did higher cur-
rents. however, sputtering became sericus when
either the filament bias (discharge voltage} or
the mesh potential was more negative than - 40 V.

The main disadvantage of this mesh spacing
was its relative lack of transparency to the plas-
ma, reducing the plasma density inside the mesh to
/3 that outside the mesh. For the
investigat.on of the 2 “p instability, undesirably
nigh disrharge currents would be required to
achieve the necessary density.

For thic reason, the mesh was clipped to give
12.7-mm mesh spacing and a transparency of B82%.
This resulted 1in much higher interior plasma
densities but also caused a greater disturbance of
microwave propagation in the waveguide, Axial and
radial profiles of density and temperature for the
same operating conditions as Fig. X-11 may be
seen in Figs. X-13 and X-14.

Several cnecks on the density measurements
have been made. Density in the waveguide can be
inferred from microwave cutoff experiments, and
average density may be deduced from microwave

interferometry measurements using the mesh

35 T T T T | — T
12.7-mm MESH
30 % amENT FILAMENT 7]
= F——— —4
25} -
[y
20~ TeleV) 4 |
4 a
DE J
15— 2z
g
10 ne »10%cm3 _
o5 —
o i L 1 S T B

0O 5 1o 15 2 25 30 35 40
DISTANCE FROM MIDPLANE (cm}

Fig. X-13.
Electron density and temperature vs axial position
measured from midplane for 12.7-mm mesh spacing.
Discharge parameters same as Fig. X-11.
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Electron density and temperature at midplane vs
radial position for 12.7- mm mesh spacing.
Discharge parameters same as Fig. X-11.

waveguide. Density was inferred from the measured
cutoff frequency by assuming the plasma uniformly
filled the waveguide and using the relations fc
- ! 2 2 ; -
= fco + (wp/2n) , where fc is the cutoff fre

quency, and f,  1s the cutoff frequency in the

absence of plasma. This determines mp and thus
n,. Because of the radial profile, however, this
n, is less than the density on-axis, which the
axial probe measures. The interferometer measure-
ments are also somewhat difficult to relate
precisely to probe measurements because of the
radial and axial profiles in density, but the
phase shift predicted for the profiles of Figs.
X-13 and X~-14 agree with the measured shift within
19%.

Because the two phenomena to be investigated
excite plasma waves near wp, noise around wp in
the absence of microwaves is being examined. This
noise is detected by a shielded probe having a
1.6~mm~1long by 0.15-mm-diameter tip, amplified
20 db by a low-noise amplifier, and displayed on a
spectrum analyzer. At the time these measurements
were made, the ends of the waveguide had Mylar

windows which had become heavily coated with metal
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by sputtering. OSeveral featuren of the nolae were
noted,

(a}) For the one case where riolae apecthrus
radtal profiles haye been measured Yhun far (4)s-
rharge ocurrent. ~ 1hj, the nolne leyel wan much
preater (102104 times; lrnide tre  menn than
outalde,

() The nolae frequency wan easentially thne
plasma frequency corresponding Lo the peak dennily
instde the wavegulde over a Wlde range of density.
Fig. X=1% onown, an o funetion of Alsncrarge cur-
rent., the noine feequency, the plasma frequency
calrulated from probe dennlty meanurementn, and
the plasmi Frequency deduced from micpowase cutoflf
mensurements., The: latter tend to underestimate
the on-axis density, as mentloned before,  Inter-
ferometer meavurements (not  shewn) alao tend Lo
ile below Lne probe data by about 10%,

when the coated Mylar windows were removed,
the behavior of the notae changed nompletely. The
nolse was much greater (o 10 times) just outside
the menrt than lnside. That such a chanpge at the
end-boundariss inaide the mesh should proaduce this
changs in nolse distribution 1is somewhat sur-
prising unlecs thne conducting ends f{ormed a "res-
onator" for the waves assoclated with the noise.

It should be ncted that electromagnetic nolse at
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Fig. X-15.
Plasma frequency (Hz) vs discharge current (amps).
Discharge voltagﬁ -40 v, mesh bias - 40 V, neutral
pressure 4 x 107" torr.
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these frequencles would Le far below the wavegulde
cutoff,

Low-power (7 100 W) miecrcdave  exferiments
have  been done on Lhe 1z 7-mm omesh puide Lo
eatablish tne performance of Lne snystem i toe
Hnear regime, Irnvestigatiornn a't nigner powers
wlil he carried cut when cur 1-kW TWT amplifier
syatem 12 in operaticn. To reach powers higher
than the 1-kW lrve]l we will elther resort te a
higher power microwave system, or utilize micro-
wave rezonator techniquez Lo enhance  the fielq
levels of Lhe traveling waves experienced by the

plaama.

REFERENCED

1. "LASL Controlled Thermonuclear hesearnh
Program, January-December 1976," Los Alanmcs
Seientific Laboratory report LA-TORZ-FE
(1978), pp. 110-126,

2. A, T, Lin, P. K, Kaw, and J. WM. ODawson,
"A Possible Plaama Laser," Phys. Fkev. A B,
2618 (1372).

3. J. H. Brownell, H. Dreicer, K. F. Ellis,
and J. C. Ingraham, "Influence of Intense
AC Electric Fields on the Electron-Icn
Collision Rate in a Plasma," Phys. Rey.
Lett. 33, 1210 (1974).

4, 0. Buneman, "Instability, Turbulence, and
Conductivity in Current-Carrying Plasma,"
Phys. Rev. Lett, 1, 8 (1958).

5. J. M. Dawscn and C. R. Oberman,
"High-Frequency Conductivity and the Emission
and Abscrption Coefficients of a Fully
Ionized Plasma," Phys. Fluids 5, 517 (1961).

6. T. Musha and F. Yoshida, "Negative
Absorption Due to Coulomb Scattering of an
Electron Stream," Phys. Rev. 133 A, 1303
(1964).

7. H. Dreicer, "Electron and Ion Runaway in a
Fully Ionized Gas," Phys. Rev. 115, 238
(1959).

8. H. Dreicer, D. B. Henderson, and J. C,
Ingraham, "Anomalous Microwave Absorption
near the Flasma Frequency," Phys. Rev,
Lett. 26, 1616 (1971).

9., H. Dreicer, R. F. Ellis, and J. C.
Ingraham, "Hot-Electron Production and
Anomalous Microwave Absorption near the
Plasma Frequency," Phys. Rev. Lett. 31,
426 (1973).

10. T"LASL Controlled Thermonuclear Research
Program, January-December 1975," Los Alamos



Sctentific Laboratory report LA-65B2-PR
{1876}, pp. 100-710.

K. hishikawa and Y. Ichikawa, "High-
Frequency Conductivity of & Plaama with
Flurctuations,” Phys.

Flulds 17, 2563 (19603,

S. Y. Yuen, "Saturation of Parametric Decay
Inatability by Nonlinear Four-Wave Coupling,"
Bull. Am. Phys. Soc. g2, 1122 (1677},

Rudolf Limpaecher and K. R. Mackenzie,

"Magnetic Multipcle Contalnment cof Large

Uniform Collisionleas Quiescent Plasmas,”
Rev, Sci. Instrum. 4L, 7.t (19793,

79



L1, RIGHSLENLITY Z-FINCH

J. Hammel, €. hkdahl,

ho THTHGCLUCTION

. —
Al experimental propgran Wan o set oopoLn May ool

1997 Yo pwestigate a very Ligh density ZTpinoch

inttiated Ly 3 nmall -diameter laner bLeam. ine

original propoosal fop nuch an egperiment Win made
in January 976 e the alternate oopreptn tany
ropes  dn CTR Izlvm;'m.1 Tre  caper ment. om0
conperative  effort Letweer. R, F, an L
v oiinnn,

Tree wxperamen® will beowreed ne inyestigates

Z-paneh under Che copditaonn of very bigh o dennaty

‘it

(o= ' v oy w0l emTt and wery nmall oratian

(1 £ W0~ am e 5 F 0T om). With thitn mmall

radius, the current. dennity will be Jarge and ohbmn-
(o0 nedating choald take LYhe rempoerature Lo many
kilovolta for currents of 007 v 1.0 MAL ik cur-
rent Wwill need o riae very rapidly for the pineh

fieeld %o be able tn maintain a small pineh radius,

An idea of the required current rate of rige,
under  assumptions ~f a simple pinch model with
classical behavior is presented in Ref, 1. For &

pinch density of 102“ em3 and a radius of N0 .m

the average rate of rice from initiation to 200 KA

should be & X 10‘? A/s or greater. The inductance

of a 'C-2m~long pinch 350 im in radius in a close

coupied pinch chamber is about 100 nH and for the
above dl/dt implies a voltage of 500 kV across the

pinch.

B. DESCHRIPTIQON OF EXPERIMENT

1. Marx Power Supply. For the current

sourze, a Marx generator has been designed to
operate at 600 kV with coupling to the pinch load
through a water transmission line. The supply
consists of twelve 6-kJ Marx units fed in parallel
to a 1=,

90-ns water transmission 1line. The

chamber is then closely coupled to the

pinch
transmission line in a manner which is similar to
the diodes in an e-beam machine.
consists of 12 Maxwell 100-kV,

connected

The Marx module

0.1-uF capacitors

two in parallel at each level azand

erected six high, The spark gaps are Physies

International 100-kV, 100-kA gaps.
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whrel

Tre mong.ar Ael i@ hal sl aldarntage (fLoalltwe
LY e romeree L0t Lrn e N Lo Lt ans
vented  befnre  $oral  conntructinn o f 0 tne fall
mar e, b oOleaTe i RERLALY e flal Ll -
avrurted Wt oa s - flernn Lune Gnt el oLuned
eramter,  Thin rosotype PHUL RIS RESP AN
e Mary traigeering, wsitaie oottt ol te nynten
and aluo s full velvage telt of Lne Linon voitagse
Lreakdown in Aifferent geometricn, Troe- Mary tas
been operated at oz full ALG gy ounte dugmmy oo

Hezp full veltags, She apect,on oo oo oaboue,
Oons owithoan oboepved jitter of abous U oo R
LoW o vnltapges She jitter becomen larger,

2. Flacma Initiation Lacer. The laber pur-
craned  for o vthe  inctiation of the : i
Holtbeam neodym.um  glacr  and oo specified o
deliver P J dn 39 nn with i bean divergence of

Y mrad,  The actual performancs of the |

not me:t specificaticons and 1o now Leing

wWoreed on

by Holobeam, When the laser becomes operational,

laser breakdown studies will be made praoor b

“hie

actual pinch experimants oro the [ull machine,

C. PHOTOTYPE EAPEHIMENTS
The prototype ir in operation now for prelim-

inary pinch experiments with currents up to AU ki,

For the initial experiments the init.ating pulse
will be from a ruby laser with an energy of 7 J in
25 ns.

The short-pulse breakdown voltage for Hy in

the pinch geometry was measured. At a H2 pressure

of 3 atm and a the

5-cm electrode separation

breakdown was at about 300 kV for a pulse rising

in 180 ns. ‘'The breakdown was apparently initiateq
at the point

90 kV/cm.

of highest stress which is 80 to

The first pinch experiment with the prototype
will be 21 initiation study using the ruby laser
on the present gas chamber which has S-cm elec~

trode separation, It is desirable, if not essen~
tial, to put the laser pulse in a time window of
about 30~ns

breakdown oecurs.

duration just before spontaneous
This means that the initiating

laser pulse should be timed from Marx erection to
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XII. PLASMA

F. €. Iahada, We T. Armstro

K. ¥riutal,

Al INTRODUCTION

The weanning Intrared heterodyne fnterfero-

meter  hasw heen succensfully hench tented with

tnelusion of a vacuum chamher In the plasma arm.

y e

Peunlution ot 7% spots over a S=-tm t{eld of view

tn 0.29% wu with W0l tringe accuracy (‘r ndl -~ % x
1! o (‘m_ZJ hio  heen demanstrated. The  system
awalts Installation of flar windows for slde-on
viewing  on Seylia V=P, A srcond sysres with

tarper fleld of view and capable of a trade-off of

more resolutton spots for glower total scan time

tar 27=-40 {« under construct{ion {(Seec. R).

The Insie-rtfon of end Seylla 1v=p

plugs  in
Increased the electron depsiry pear the plugps suf -

filelently so that slde-on ruby laser holographie

fnterfernnctry became a very useful diagnostic.

It has also renewed Interest in oa long-pulse ruby
laser as a sgource for multi-frame interferograms
from a single discharge.  The activity under way
to achieve sucl a ruby laser with adequate phase
coherence is described (Sec. ).

A portable Thomson scattering apparatus is

being constructed in order to measure electron

temperaturé at several

Scylla IV-P.

axlal locations on
A more compact version of the three-
grating polychrometer is combined with a special
high—energy ruby laser oscillator on a single
stand (Sec. D).
The spatially

resolved Thomson scattering

apparatus is being modified to increase signal-
to-noise ratio. This entails extensive expansion

of the automated read~out and computer assisted
calibrations (Sec. E).

Some general-purpose computer codes relating
(1) to ray tracing Including phase errors due to
beam bending and (2) to impurity radiation as an
energy loss mechanism and as a temperature diag-
nostic, have been developed (Sec. F).

Analysis of previous data on C0, laser-theta-
pinch plasma interactions has been completed, and

a doctoral dissertation submitted to the Univer-
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DIACKOSTICS

k. Forman, ¥. K. Freesse
E. Slemnn
unity nof Colorado. The  thesis  abstrart  and

canclusfon chapter are reproduced (Sece G).

Three deairable diagnostirs (n an advanced

canceptaal  or  early deslgn phase for Z7-4G are

1)y far Infrared Faraday rotation for polofidal

fleld measurement, (2) short-pulsge laser scatter-

fog for density profiles, and (3) mode~locked

laser wcattering for time histary of electron

temperature (Sec. H).

A substantial fraction of the Diagnostics

Group effort centers on the use of minfocomputers

for data acquisition and for device control as

well as adequate electromagnetic shielding between

computer and plasma  device. This activity f{s

reported {n Sec. X1V,

B. SCANNING INFRARED HETFERODYNE INTERFEKROMETKY

This project 1s concerned with measuring

side-on plasma density profiles In the parameter
range where visible interferometry {is not sensi-
tive enough (f ndl < ~ 1017 en™2). Of particular
interest are

l. Obtaining sufficient

phase and spatial

resolution to enable accurate Abel 1inversions of

interferometric data.

2. Obtaining wultiple profiles during a
single discharge to avoid the ambiguities of
plasma irreproducibiliry. The concept was de~
scribed previously-1 During this year a system

has been completely built and successfully bench

tested. 1t 1is ready for installation on Scylla

IV-P as soon as flat windows are available. A

second system is under construction for ZT-40. A

complete description and documentation for the

existing gystem follows.

In standard (stationary beam) heterodyne

interferomeiry the density time history 1is ob-
o

served as a phase distortion of the beat (heter-

odyne) signal between two optical beams of differ-

ent frequencies. The virtues of the technique

include self-calibration, fractional = fringe

resolution over a wmulti-fringe range, and



anace iyn o sense determination.  Also, the output
{s in elictronic, rather than photographic, form
which pertits more rapid and automated data analv-
hin.

kv cobining standard heterodyne interfero-
metry wit' rapid spatial scarning, the temporal
(heterodine)  fringes are converted to spiatial
fringes. By making the scan time short enough to

"Sreeze”

the plasma, multiple density profiles can
he obtained during o sinele discharge using i
single detector channel.  The advantages of  the
techpiqs  acecrue mainly with the lower densjty
plasmas farea density < - 1(‘117/rm2) where  the
hiphly developed photographic techniques available
in the wvisible regfon of the spectrum are not
qensitive enough, and hence the Infrared wave-
Tengths must be used.

The svster layout is shown in Fip. XI11-1. A
ew He=Ne lanier beam 4t 3039 e is tocused Inside o
lead=mel vhdate acousto-aptic cells This gencrates
a fiest-order diffracted beam, frequency shifted
by - 100 MHz {rom the zero-ourder beam at the laser
frequency. The zero order §s used as the scene
beam ard the first order is the reference bheam.
The two beams are collimated and impinge side by
side on a turbine dr{ven rotating mirror, which

provides the spatial scanning. Seanning the two

REAMSPLITTER

o
L (B)
- F
DETECTOR, Ge Hg

S- SCENE BEAM
FQCUS LENS,

R- REFERENCE BEAM - 25em
24
SeR i
p 5 s SR v
] L o
TURBINE s R
MIRROR, R S

f’ovilo kiz S+R

BEAMSPLITTER
S SCAN LENS, 0BJECT
2m
—

R BRAGG CELL ~ 100 MHz
c 1Scm
fm (CYL) (C\AL i 30cm
Vi 46 (A)

{He-Ne LASER, =339 um}— &

Fig. XII-1.
System optical schematic.

beams in this wav, in i{dentical fashion, effects
an  enormeus reducti{on  in spurious differential
phase shift that mipht otherwise oecur, as well as
optimizing signal-te-nolse ratio.

The angular scan oft the rotating airrer s
converted to a linear =oan by placing the rotor at
the front focal plans of the sean lens.  The two
beams  scanning  side by side  are then castly
separated into scene and reference arns. The tar
field spot forms at the back tocal plane, at which
point the return wirrors are placed, makinge the
avétem donble pans.  The return beans are saper-
posed on the beamsplitter and collected he o the
focus lens, whieh focuses the entire scan {i¢ld
onto the detector.  Thus the rotor {s fmagsd onto
the deterrar, which insures a statfonary spet on
the detector duringe the scan. A new mirrar scan
acenrs every  time  a new mirror tacet  of the
rotating turhine sweeps by,

The sean fleld parameters are evident {ram
Fig. X11-2. Scene heam scan wavelorms (acousto-
optic cell nff) AT shown  with  different

resolution test grills in place of the abject, for

SPATIAL RESOLUTION

fot™ 93 KH frot =95kHz

{a)

(b)

0.5 ps/div

50 ns /div

Fig. XII-2,
(a) Normal scere beam scans; (b) Resolution test
grill in object plane, 10 mm/period (11 spots
across field); (e¢) 5 mm/period (21 spots); (d) 2.2
mm/period (50 spots). Object plane is 17 cm frem
return mirror.
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SLOW HETERODYNE SCANNING

Fig, #II-3.
Lower trace: {a) hetercdyne rcanning at low speed

(f’rot-O.Qh khz) with gquartz windows on vacuum
chamber in scene beam; (b), (c¢), ard (d) cume
resolution test grills as in Fig. XII-2. Upper
trace -~ scan al low sweep speed; middle trace -
acoustic burst.
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strictliy linear phace prof il AT o in
Phe fringe pattern have boer digitized  in vach
caseand the diflerences appear In Tip.o Xil=n.

Lincar interpolation was nsed o the e ferenoe
sean Fig. YXI0T-4(h). The masimnr deviation from
the  limear profile  is %ol fringe tor  sore
points, the errer heing mieh better than that for
rany points.  The error includes sources el as
digitizer, scope, and camera optics, so that the
basic system Is capable of hetter than 0.1 frinpe
accuracy.

Multiple framing with, the present systen is
limited to 100-us frame interval (single facet at
10 kHz). A rotor is on order (from Cordin), which

has 12 facets and rotates at the same top speed.
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will permit a mazimur resolution of -~ 100 spots
across the field. It will also allow a4 reduction

in the heterodvne frequency by at least a facter
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T SR RPN I promp a0 standard woresing
coprera et o o experirent o within the reporting
peerieet oYt Teponrt. RARN vrimental o reanlos
FEST A in the Sontla IV-E o section. This

deved preat has also stimsiated rencwed  interest
in developing a tong— (500-us) pulsed ruby laser
suitable for multifreme live frinpe holograplic
]'nlvrf-ur(rml»try‘z since the dynamics are rapid in
time, data shots are limited, and in some cases
the window contamination prohlem is severe.  FEx-
perimental offort was prompted by comment  frorw
some Soviet visitors to the effect that confocal
cavity vohy lasers yield quasi-dc outputs with
about 10/ amplitude modulation suitable for inter-
ferometry.

Figure XIT-h shows a typical output pulse
ohtained from such a confocal cavity ruby laser.

The laser consisted of two mirrers with 30% and

100% reflectivity each having a radius of curva-



Fig. Z211-6.
Gutput trom lepg-puloe ruby  lacer with modent
prbennity modulating.

ture of 100 em.  The ruby was o standard 0.99-cm
diam by 1f-em Yorad laser head with flat anti-
reflection coated end facres.

The cavity lensth was varled and It was faund
thar a caviry length of 109 cm produced  the
smallest degree of ascillations, but this s far
from a criticral adjustment. NDuring the sct of
tests, it was discovered that one must skew the
laser head diagonally as much as possible to make
the faces of the rod as far off from parallel with
the mirrors as possible. If this 1s not dor_,
many strong spurious reflections nccur within the
cavity and the output is dominated by very strong
oscillations.

Positioning the laser head other than In the
center of the cavity was tried. 1Tt was found that
the farther off center the rtnd was placed, the
worse the oscillations in the output became, prob-
ably due to the rod faces Introducing more
reflections as the beam walk-off between the rod
and end mirror becomes less. The laser head must
be placed somewhere close to the center of the
cavity, but 1t is not a critical positioniung.

Performance of the laser was studied as a
function of pumping voltage. The threshold
voltage was found to be 2.8 kV and a typical
operating voltage was established at 4.8 kV. This
pumping voltage gives a useful pulse of about 250

#s and contains 18 J energy.
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The eoncluslone drawn from this serles  of
tents is that while such lamers are adequate for
wimple fnterferometers, tney are not adenuate for
holographic  interferometry. In particular the
variable transverse mode structure  hetween  the
time-separated wavefronts that form the interfero-
grams prevented high-quality results. Insertion
of a4 pinhole {nta the laser cavity to achieve gond
transverse mode selection resulted in gond holo-
grams hut chanped the laser output frow quasi-dr
to irregularly spaced intermittent  pulses  that
cannot bhe  synchronfzed  with framing camera
recording- This result led to the abandonment of
thia approach.

The quasi-dec output from a confocal cavity
results from the random superposition of many
Iongitud inal modes of equal frequency and random
phase. The resulting nearly uniform [ntensity
dees not provide the phase coherence needed In our
applirarion. This has forced us to consider
single longitudinal mode operation which, howcver,
generally suffers from longitudinal mode hopping
due to galn profile hole burning. Two approaches
to eliminate mode hopping even during long pulse
nperatinn are being dnvestigated. The first
method employs compensated phase modulation (CPM)
and the second uses a ring laser.

The CPM method conslsts of driving iwo KDP
crystals 1B0® out of phase, nne at each end of the
ruby rod, with a high-frequency sine wave
gengratar-3 This effectively moves the laser
cavity standing wave pattern back and forth
through the ruby rod, allowing more homogeneous
depletion of the active medium. The use of this
method was reported for a confocal cavity with a
pumping voltage three times threshold and resulted
in reducing the modulation to less than 102-3 Our
initial attempts at such experiments have not
proved as successful. We have applied 2 kV at 40
MHz to two longitudinal Pockels cells and as yet
have not noticed any decrease in modulationm depth
of the random spiking.

A ring laser 1s currently under construction
to test the second approach. A Faraday rotator
using a l0-cm length of SF-6 glass has been buillr,
which 1n conjunction with a half-wave plate
determines the lasing direction. Having a travel-

ing wave precludes the possibility of hole



burnt:;., Negative feedback will be attempted to
achieve constant amplitude. For this purpose part
of the laser output {s directed tc a high-voltage
photodiode (ITT 114 A). The signal from this
diode {s placed directly on a Pockels cell within
the cavity to decrease the laser output. A
aimiliar feedback arrargement using . Kerr cell

has been reported {n the li,tt=ratur(-."d

D. PORTABLFE THOMSON STATTERING

The Interest 1In axial heat conduction In
Scwlla IV-F has pgenerated a requirement for
axially resolved electron temperature measure-
ments. To do this, {t {s propnsed that one
Thomson scattering experiment be set up at the
center of the theta pinch and another portable ex-
seriment bhe moved along {ts lenpth, each making
simultaneous measurements of the electron temper-
ature. The fixed-lncation Thomson scattering mea-
surement has heen fnstalled on the center section
of the theta pinch and construction has begun on a
small, compact, portable lager-detector system
which can be moved to different zxial locations.

Figure XIT-7 shows the layout of this new
system. It consists of a 5-J ruby laser (Korad
K50) wmounted in a stand below the theta—pinch
coil. On top of this ssme stand is mounted a
triple-grating polychrometer5 to detect the spec-

trum of scattered laser light. This arrangement

BFAM DivE

l- B B j 77(’4'5!'4‘,‘ T
. - T

L auph gt

Thib F-GRA G O TOMROMAT D ’L

<E N

RUBY LASER STSTEM

— ]
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E::]'[E
[_"“__7
i |

Fig. XII-7.
Portable Thomson scattering set-up.

has the advantage that {t mav be aligned away from
the coil and then moved into place, guaranteeing
that the laser and detector see the same plasma
volume.

The triple-grating polychrometer huilt for
this experiment 1s a modificatfon of Stemon’s
design sugpested by Grecnwald and Smith.?  This
new design requires one less mirror in the optical
path than Slemon’s design, and it is relatively
easler to fabricate. However, it does {ntroduce
some astigmatism and chromatic abheration {nto the
optical system. These prohlems can be reduced to
a tolerable level.

Fipure XI1-8 {5 a schematic of the Greenwald-
Smith design. Fach stage of the polyvehrometer s
essentially tdentical ta the resto Lipht enteriog
the device through the entrance slit, S, is
collimated by tens L1 and falls on the first grat-
ing Gl. The dispersed spectrum i then  fmaged
onto a mask hcetween the first and second stage.
The dispersed light is recombined hy the second
grating G2 and imaged  onto slit S2. The
difference between Siemon®s  design  and the
Greenwald-Smith " design is the way this second
stage recomhines the dispersed light. Figure
XI1-9 shows a detail of the first and second
stages of the polychrometer. Light of wavelength
A incident on the entrance slit enters at an angle
a;, with respect to the normal of grating Gl. The
grating is used in a near Littrow mounting and the

light leaves the grating at angle £, where

sin a; + sin Bl =

=l
-
~
=
-

- £ FaCE IPT.C
s

Fig. XII-8.
Triple-grating polychrometer,
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Firot Yy, chapen of triple-grating polychrometer,

and % is the line spacing of the prating. The

linear dispersion at the mask s plven hy

Adbp Ay

dx fy dfty fy

For the dispersed light to he faithfally
recomhlined, the linear dilspersion of the second
stape must be identleal to that of the first. Tt
can he shown that when this {- the case, the lmage
of the recombined beam will fall on the entrance
glit. This is the Siemon design and requires a
turning mirzor to avold this complication. In the
Greenwald-Smith design an alternative approximate
solution is found by requiring that angle a, = B[
and fi, = a; for the central wavelength A. 1In our
system the mask transmits wavelengths from 6500 R
to 6100 R, thus making the central wavelength 6500
E- For the second grating G2 to faithfully
recombine the light, the linear dispersion for the

second stage should be

— =— —=— cos By . (3)
dx fz daz fz

For
dA dA
-—Z-= —— we must have 4)
dx dx

a8

¢ . o
- [¢ .
) COR 2

[ R, s s
fl cOn f’.] )

{.ee, the focal length of the recond-stage lens 12
compensates for the differences in dispersion by
effectively magnifying the mask image. (ther
degign constraints require f] = t'?, thus making
Eq. (5) impossihle.  The salution ton this problem
proposed hy Greenwald and Smith is to ‘move the
field lens FLI so that the combination of FLI and
.2 has an effective focal lergth f2 as  shown  In
Fig. X11-10. For fl = 381 mm, fFl. = 189 mm, and
fz/fl = (0.918 at A = AS0OO /?\, the lens separalions
are a = 152 mm and b = 3h4.1 mm. When the spec-
trum X(x) at the mask is fafrly linear, wave-
lengths other than the central wavelength are also
recombined successfully. In Ref. 6, the design
band-pass was only 300 R, and there were no
problems. We howcver, wanted a wider band-pass,
800 R, and nonllnearitlies In 4(x) produce a
blurred recombined image at slit S§2. What s
required is a lens combhination that has a variable
focal length as a function of wavelength such that
the twc dispersions can be matched. The required
focal lengths vs wavelength are summarized in
Table XII-I. One way to approximate this is to
tilt the field lens FLI so that the combination of
lenses FL1 and L2 magnifies the different parts of
the spe-irum appropriately. The requirea lens
separations are also given 1in Table XII-I. A
least squares linear fit was used to approximate

a{x) and determine the amount of tilt for FLI.

2
o - FL:

\ AN
OPTIC AXIS

T
o
a

Fig. %I1I-10.
The use of the field lens FL1 to control the
dispersion produced by the collimating lens L2.
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LENS SEPARATION PARAMPTERS FOR
NIFFERINT WAVELENGTHS

s ra,
X £ p— b A
con £y
[ (rum ) (mm) ~ (mm) (mm
601 -19.43 Ja404 6132 18.8
AN - 49,69 Jah. B It 7 17.6
500 0.0 149.5 363,73 16.2
£1300 4, ho 352.1 641 la.R7
H100 a4 3946 664 13.58

This method twiroves the fmape cuality at 82 to an

accentable lTovel.

F. SPACE RESOLVED THOMSON SCATTERING

The spatially resolved Thomson scattering ex-
periment successfully measured elertron temper-
atures in 197‘),7 but the signal-to~neise ratio was
poor due to the small number (600} of spacial
lorations read on the SIT tube detector. The
device has heen taken off the Scylla TV-P experi-
ment to effect changes both In method and hardware
to increase the signal-ton-nnise ratio.

It was decided o increase the number of
points read from 600 to approximately 10 000 and
average over 16 points at each space-wavelength
position in order to reduce the noise level by a
factor of four. To accommodate this increase, the
Prime 100 computer memory was also increased from
16k to 32k, and the time to read the data
increased to ~ 9.5 s. During this amount of time,
significant dark-current begins to build up on the
detector, thus limiting its dypamic range. It was
found that certain sections of the detector had
more severe dark-current problems than other
sertions, so 1nitially a scan pattern that reads
the more sensitive zones of the tube first was
used. This tended to equalize the dark-current
irregularities across the tube, but it also
produced anomalous readings at the zone boun-
daries. The problem was discovered by using the
3D graphics routines on the PDP~10 computer.

(Before the data transfer link between the Prime

100 and the PDP-106, this effect had gone
unnoticed.)

Being forced to return te a uniform master
scan pattern, anothai wérbod was sought te combdt
the dark-current buildup u‘nl the tuhes  The tube
was ctooled by passing rhilled dry nitropen through
its enclosure, and it was found that ceooling the
tube  below  20.69C  greatlr  reduces  the  dark
current. This technique effectlvely eliminates
the dark-current problem and permits multiple read
scans after an exposurce.

Each one of the 10 000 pixels read wust be
calthrated for accamulated charge v fateprated
Tight intensity. The calibration data for c¢ach
pixel car in principle bhe stored en the PDP=-10 and
used to normalize the data for analvsis.  However
this wonld require approzimately 10" wards of data
Storapi. Presently, ways  are Oetng sought to
characterize the rul{br:)tinn curve of each pixel
Ly a few (~ five) parameters, which would reduce
the amount of storage to ~ 50 000 words.

Also, the triple-prating ;-u)j,’chr(lm(*[(*r and
SIT tuhe detector must pe jointly calibrated for
wavelength vs spatial coordinate, again for 10 000
points. Te simplify this procedure, a CAMAC-
controlled stepping motor system has  been
developed te automatically determine the mapping
of wavelengths and positions. ‘This calibration
data will occupy an additional 20 000 words of
storage.

fme large amounts of data storage and
transmission required by this experiment make the
use of a large computer facility like the PDP-10 a
necessity. With a minimum of ~ 30 000 words of
data gathered for each shot analyzed, high-speed
data transmission will be required. The communi-
cations link between the Prime 100 and the PDP-10
has been upgraded to an eight-bit serial line,
which cap eventually be operated at 9600 baud.
The 3D graphics capability on the PDP-10 will be
useful for the proper display and understanding of

the experimental results.

F. COMPUTER CODES

Some general purpose computer co<- - for
problems that are common elements of various diag-

nostics have been developed.
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l. Ray Trace Code. Starting from Fermat’s

principle, & f nds = 0, the eikonal equation for

geometrical optics ray propagation can be derived

d ( dr
— (n —) = grad n ,
ds dsJ &

where n is the spatially varylag refractive index,
ds s the differential displacement along the
propagation direction.and r is the spatial coordi-~
nate vector.

Several versions of one basic numerical code
have been developed from this equation, given an
analytic cylindrically symmetric density distribu-
tfon, for ray propagation with 1nitial conditions
at specified displacements elther parallel or
transverse to the cylindrical axis. As {s well
known the refractivity has a 32 dependence on
wavelength, and the motivation was to obtain a
generally applicable formulation for any of the
considerable number of laser wavelengths available
from the visible to the far infrared, a range
spanning more than three orders of magnitude in
wavelength.

The focus of experimental interest may be on
the angular or linear displacements of the rays
themselves (Schlieren and related methods) or oo
the errors introduced by these effects on the
interferometric fringe measurements that assume
straight- line propagatlon. For the latter pur-
pose, special double precision, small-integration-
step versions of the code, sum the phase
contributions over the actual trajectory and
compare these with relevant quantities to give
both total fringe count and the error that is made
in the fringe count assuming ractilinear
propagation. To obtain these relevant quantities
the assumption is made that a lens positioned to
image the plasma center on the detection plane
equalizes the optical lengths of all straight-line
paths emanating in a cone from the object point.
The error count can have contributions both from
the geometrical differences between the actual
curved path and segmented rectilinear path and the
fact that any deflection takes the ray through
reglons where the actual refractivity is less than

along an extension of the initial path.
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2. Impurity Radiation. Two related codes

are avallable, both having at their core the time
dependent sulution of ionization and recombinatfon
rates for the ground 4tate populations of various
ionization stages of impuricies.

The first code is suitable for radtation loss
calculations and general predictions of temporal
temperature behavior as a function of {impurity
concentration with ohmic heating and {on-electron
equilibration terms included, starting from speci~
fied initial values. Only oxygen is included as a
prototype for all low~Z impurities. No detailed
spectral information 1s derived. A typlcal ap~
plication {s the prediction of ZT-40 heating
previously reported already-8 The 1onization and
recombination rate coefficlents are taken from the
Anpleton Laboratory Tables  and Graphs by
. P« Summers, and the electron excitation rates
of averaged value resonance lines are taken as the
general analytic expression of Seaton,9 inc:eased
by a factor of 5 to bring it more into line both
with recent detailed calculations on individual
lines and fragmentary experimental results.

The second code is motivated as a temperature
diagnostic. It iterates on solutions of the rate
equations with successive guesses of the temper~
ature history, given the density history, until a
best fit is obtained to matching the appearance
time ard peaking of all the low-Z impurity
spectral lines for which experimental data are
available. This code uses analytical approxima~
tions of the various rate coefficients. The most
sericus error 1s an overestimation of the dielec~
tronic recombination in a formulation given by

Landini and Monsignori—Fossilo

that 1is generally
not valid for n, > 1012 cp=3.  However in a rising
temperature, 1ionizing plasma (the specific
situation for which the code 18 designed) the ion-
ization coefficient is of dominant 1importance.
For the latter the "exchange classical impact
parameter” formulation due to Burgessl1 is used,
which is generally regarded as the most accurate
and agrees with extensive experlmental data within

a factor of two.



G.  LASER-PLASMA INTERACTION STUDIES

The experimental data obtained during the in-
teraction of a 150-1 CO, laser with the cold dense
mode of the one-meter—long Scylla 1-C theta pinch
were fully reported 1in the previous Annual

report12

shortly after termination of the experi-
ment. During this year an extensive analysis,
including a survey of relevant theory, was
completed and resulted in the submission of a
doctoral thesis (William T. Armstrong) to the Uni-~
versity of Colorado. The abstract and concluding
summary of the thesis are given below verbatim.
For details reference is made to the thesis.

1. Abstract. Prompt stimulated Brillouin
scatter (SBS) is studied on an experiment in which
a high-power, pulsvd CO, laser irradiates an inde-
pendently produced, theta-pinch plasma. SBS does
not significantly affect laser heating cf the
plasma.

The SBS sipnal consisted of a single, strong
pulse occurring within + 15 ns of the incident
beam’s peak power. The signal displayed some in-
termittency and shot-to-shot power fluctuation.
Phase mismatching in the SBS coupling is
attributed to a strong axial temperature gradient.
A brief period of reduced temperature gradient,
and corresponding enhanced SBS coupling, occurs
near peak 1ncident power. The constraint of
significant SBS gain to this time period is
consistent with the single-pulse characteristic
and power fluctuations of the SBS signal.

The SBS signal was red shifted by ~ 51 A
which corresponds to the ion-acoustic frequency.
A theoretical fit of the SBS line shape gave a
lower bound for the number of exponentiations of
the backscattered signal from the noise level,
Ng¢ > 14.  SBS power measurements established an
upper bound of n.g £ 24. With a gain length of
0.9 cm, these limits on Neg correspond to an in-
tevaction lemgth of 13 cm g 2., < 22 en. This
interaction length is consistent with the high-
power focus region where the SBS threshold is
eXceeded. The possible effects of Faraday
rotation on SBS are discussed.

Measurements of density profiles and temper-
ature histories permitted examination of laser
refraction, local heating, and net avsorption.

Refractive containment of the CO; laser beam by an

on-axis density mipnimum was observed at early
times during the laser pulse. However, refractive
containment was lost at late times due to the dif-
fusive loss of the density minimum. Classical
modeling of the expected heating required
"bleached" absorption to account for the observed
heating. A plasma absorptivity of ~ 46%Z was
inferred from calorimetry measurements at 250
mtorr fi1ll pressure. These results confirm that
classical heating and refraction dominated the

laser-plasma interaction.

2. _Conclusicns. Stimulated Brillouin Scatter:

a. SBS was observeu with a signal charac-
terized by a single pulse near the time of peak
power.

b- The single pulseoccurred in a time
window of reduced axial temperature gradient.

c- 8BS displayed the expected red-shift
in frequency corresponding to the {on-acoustic
frequency-.

d. A theoretical spectral fit of the
backscattered line shape agrees well with the
measured temperature.

e. The spectral fit of the data and an
absolute power estimate gave the SBS exponential
gain value, n, (number of e-foldings), to be 14-24
above the initial noise level.

f. This experimentally determined N.¢
corresponds to an SBS interaction length
consistent with the high- power density, focus
region.

g- The constraints on SBS gain due to
tempecature gradients can account for the high
thresholds and intermittent behavior of the SBS
signal.

h. The SBS power was limited by a long
gain length, low plasma noise level, and short
laser focus region.

i. More detailed temperature measurements
are needed to quantitatively study SBS dependence
on the temperature gradient.

j+« Single-shot spectral data with greater
resolution 1s needed to study the theoretical

spectral dependence in greater detail.
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The most important feature of these results
is the long SBS gain length. The SBS power was
limited by the long gain length and short region
in which threshold was exceeded. The SBS energy
was apparently limited by the short time during
which reduced axial temperature gradients allowerd

gain over a significant length.

Laser Beam Propagation:

a. Refractive containment of the COZ
laser beam was observed at early times during the
laser pulse.

. b. Channeling of the laser beam in the
programmed plasma density minimum was inferred
from exit burn patterns.

c. Refractive containment was Jlost at
late times.

d. Laser heating did not prevent diffu-
sive 1loss of the density minimum.

e. Further study is needed to
substantiate filamentation structure in the exit

burn patterns.

Propagation through a long plasma was diffi-
cult. Improved containment of the laser beam re-
quires a density minimum sustained through further

magnetic-field programming.

Laser Beam Absorption and Plasma Heating:

a. Local absorption efficiency was high
and consistent with classical theory for the
portion of the laser beam contained in the plasma.

b. Net absorption efficiency was low due
to a lack of refractive containment of the laser
beam at late times during the laser pulse.

c. Temperature measurements at two axial
stations showed substantial heating due to the
initial laser spike.

d. Classical modeling of the expected
heating 1s consistent with the temperature mea-—
surements.

e. Bleached absorption, 1.e..an absorp-—
tion coefficient incorporating the dynamically
changing temperature, must be included 1in the

analysis to account for the observed heating.
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These results confirm that classical heating
and refraction dominated the laser plasma interac-
tion, and SBS caused only a minor change in

heating efficiency.

H. FUTUKE DIAGNOSTIC DEVELOPMENTS

There are currently three desirable diagnos-
tic developments 1in an advanced conceptual or
early design phase.

l. Far Infrared Faraday Rotation for ZT-40.

The possibility exists to measure the poloidal
field in ZT-40 with a Faraday rotation measurement
on a far infrared laser beam on cff-center
transverse chords. For the 118-u wavelength of

ol3 -3

CHJOH, a central density of 5 x | cm ~, and a
maximum poloidal field of & kG one obtains (a) up
to about one radian linear polarization rotation
in the longitudinal component of the poloidal
field, (b) completely negligible rotation in the
transverse field (B¢ and the orthogonal BO
component), and (c) an only modest displacement
of the laser beam at the exit window due to
refractive bending. As in any Faraday rotation
measuremen:t the density must be known independ-
ently in order to determine the field, and for a
proper measurement it 1is necessary to measure
along several chords and use an Abel inversion-
type unfolding to deduce a radial distribution.
In principle, however, the density can be gotten
from the same laser by interferometric techniques
and, in view of the large rotation, some
information could be derived from wnhdel fitting to
just one or two chords.

Ideally one would use nonpolarizing, high-
transmission windows on the machine diagnostic
port and do ali polarization analysis with
independent external elements. However, given the
desirability of wusing only sapphire windows on
ZT=40, the extreme birefringence and differential
absorption of sapphire to the two components of
polarization can be used to advantage as having
polarizer and analyzer fixed in place provided the
correct crystal orientation exists in the windows.
Calculations show that windows "crossed" in the
absence of plasma will increase the transmission
up to a factor of 5 for 90° plasma rotation.
Commercially available lasers and cryogenic

detectors can measure the "crossed" transmission



with a signal-to-noise ratio of at least 100, so
that the measurement sensitivity of rotation angle
should be approximately 0.2°. Experimental tests
of these predictions, for windows actually sealed
into ceramic, will be made in the near future.

2. Short~-Pulse Laser Thomson Scattering. An

absolute density profile of a plasma, not requir-
ing the 1inaccuracies of an inversion procedure,
can be achieved, in principle, with laser scatter-
ing using only a single receiver, provided the
light pulse is short enough so that its limited
spatial extent provides the needed spatial
resolution. An additional advantage of this tech-
nique is that much of the instrumental scatter at
the entry and exit points to the vacuum chamber
can be discriminated against by time-of-flight
techniques.

For application to plasmas of diam > 20 cm
(e.g..2T-40), a pulse width < 0.1 ns is
appropriate. The entire plasma is imaged onte the
detector which is gated on for slightly more than
the transit time of the pulse through the plasma
(~ 1-2 ns). The plasma profile is obtained from
the waveform of scattered intensity vs time (time
corresponds to space in the plasma). Two modes
may be considered, depending on detector risetime,
Ty: direct and integrated. In the direct mode
(Tr << scattered light pulse width) the instan-
taneous signal (suitably calibrated) corresponds
to local density. In the integrated mode (Tr >>
scattered light pulse width) the waveform is es-
sentially the integral of the profile, and would
then be differentiated.

As a specific example we use 2T-40, with
anticipated parameters: electron density, n~ 5 x
1015 cm_3, electron temperature, T, ~ 200 ev,
diam, D ~ 20 cm. We consider a ruby laser
emitting one J in a single switched -out mode-
locked pulse of O.l-as duration. We assume a
photoemissive detector (photomultiplier or image
dissector) with a quantum efficiency of 10% at 0.7
um and an integration time of 2 ns. The spectral
bandpass of the system is chosen to collect at
least 95% of the scattered spectrum, which re-
quires about + 400 V under the assumed conditions
(T, = 200 ev, 90° scattering). With a 2-mm beam

size in the plasma, the receiver field of view is

2 mm by 20 cm. Thus the background radiation seen

bv the receiver comes from a slab of
~ 0.2 by 20 by 20 cm3. Integrated over 800 YV and
2 ns results in a background (free-free continuum)
of 1.2 x 10711 5. e scattered light from a 3 ¢cm
slug of plasma at the center would be
~ 1.2 x 10710 J (for 0.1 steradian solid angle).
Thus the peak plasma signal would be about 10
times greater than the background. Even more
important 1s the signal~to-noise ratio, since it
is the fluctuation in background during the
transit that is of interest. With roughly
4.2 x 107 photoelectrons of signal and 4.2 x 10®
photoelectrons of background, signal-to-noise
ratio based on Gaussian statistics is better than
2x 10%  ‘This is certainly optimistic since
plasmas generally exhibit more continuum than pure
bremsstrahlung and the detailed background
fluctuation nature may well be nonthermal, a point
which can only be decided by experiment. The
extent to which the signal-to-noise ratio is more
favorable than necessary is the extent to which
parameters like laser energy can be compromised.
A 0.1-J energy is considered readily achievable,
and even l-J should be below damage threshold.

The measurement would be flexible enough to
be optimized for specific parameters, e.g.,
reducing the optical bandwidth if the temperature
is lower. The measurement would be calibrated by
Rayleigh scattering from a high-pressure gas fill
as well as against interferometric data along the
laser line of sight. OQOutput recording would be on
either a fast scope, or the Tektronix 7912 scan
converter.

3. Laser Scattering with Sequential Mode -

Locked Pulses. The prospect of having long-pulsed
(500-~us) ruby lasers has stimulated interest in
time ~ dependent Thomson scattering. At the
densities contemplated for ZT-40 (5 x 1o!3 cm—3)
it is expected that the difficulty in observing

scattered signals will not

result from an
inadequate number of scattered photons, but rather
from an excess of light coming from the plasma.
This then leads to the concept of phase-locked or
signal-averaging techniques to extract the signal
buried in the noise. We have recently become

aware of successful experiments using such methods

but operating on a vastly different time scale.13
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The technique as envigioned at present in-
volves taking a long-pulsed ruby laser and intro-
ducing an active mode-locking elewent within the
laser cavity. The anticipated output would be a
series of mode-locked pulses lasting for the full
duration of the laser pulge, ™ 500 is. Signal
sveraging would be done over as many pulses as
necessary to obtain

adequate signal-to-noise

(e.g., for 5 us) for repeated discrete sets of
pulses over the full duration of the laser pulse
train in order to give time-resolved electron tem-
perature.

If 100 J are sustained over 500 us in mode-
locked operation, this average power of 200 kW
will be sufficient for good time resolution. The
shortest usable pulse will probably be about 500
ps. This limit is determined by the combined rise
and fall time of the

photomultipliers used to

detect the scattered signals. Shorter times are
certainly avaflable from mode-locked lasers and
faster deteciors are commercially available, but
photomultipliers with the required gain are limit-
ed to about this time duration. The maximum time
separation between pulses will be bounded by the
requirement to maintain a stable cavity configura-
tion. To limit the cavity dimensions to something
reasonable, this would suggest 20-30 ns between
pulses or a duty cycle of /40 to 1/60, implying
individual pulses of 8-12 MW. The output of the
detector would be sent to a superfast boxcar inte-
grator with an averaging time constant of several
us. The effective reduction of noise or equiva-
lent effective increase in power will be propor-
tional to the square root of the number of pulses
For 1 us this would be a factor of 5 to

This

averaged.

7, or an effective laser power ~ 30 MW.

effective laser power 1s in the range that yields

good results 1n current

conventional scattering
experiments on ZT-S. Clearly there is a trade-off
between time resolution and effective laser power.

Initial efforts are aimed at seeing what can
be produced in terms of a wmode-lock:d long-pulse-
chain ruby laser. A standing wave acousto-optic
cell has been developed by bonding a lithium
niobate transducer onto a quartz slab. Such a
cell when antireflection coated should introduce
sufficient mode

periodic losses to

produce

lockinge.

9%
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A. INTRODUCTION

The work of the theory group 1is closely
associated with and motivated by the experimental
CTR program at LASL. For several years the
problems and requirements of the Scyllac
experiment provided the major motivation for
research in the theory group. However, now that
the Scyllac program has ended and the CTR effort
at LASL has become directed téward alternate
concepts, the variety of theoretical research has
increased. This variety is reflected 1in the
following description of theoretical work carried

out in 1977 and it is expected to become greater

in the future.

B. MHD STUDIES
l. Analytic and Numerical Studies of High-8

Stellarators. An analytic formulation has been
derived for calculating equilibria in a diffuse
high-8 stellarator configuration. Although ana-
lytic sharp-boundary equilibria have been known
for some time, the extension to diffuse profiles
is very nontrivial. The reason for this is as
follows. Based on the sharp-boundary calcula-
tions, there 1s a strong suggestion that 1in a
diffuse system one should expand about a basic
8-pinch field B(r)éz. Expansions of this type
turn out to be incompatible with toroidal
periodicity constraints and no such equilibria
exist.

The expansion described here! overcomes this
difficulty by considering the basic 8-pinch field
to be of the form B(r,e)éz; that is, we must
consider the leading order system to counsist of
noncircular flux surfaces with finite toroidal
shifts. Under this assumption diffuse high-8

stellarator equilibria can be found.

The leading-order field is the 6-pinch field
just described. The first-order fields are
helical fields, each one characterized by 86 + nz.
There can be an arbitrary number of helical fields
with different £ values, but they must all have
the same pitch number h. Also, no purely
transverse fields are allowed in first order. The
helical fields are determined from a potential
function %  which satisfies the following

second-order partial differential equation
2o +—-L=20 , (1)

where B(r,8) =1 - Bz(r,e)/Bg appearing in
coefficients. Toroidal effects are assumed to
enter first in second order. To calculate the
second-order fields, a periodicity condition
(resulting from 2z independent terms) must be
satisfied. This constraint imposes a second

constraint between ¢ and B,

5}
[Ve]2 = g(B) - r—°l‘1’i(1-e)2 . (2)

where g 1s an arbitrary function of B. Thus, the
problem of finding high~B stellarator equilibria
can be cast as two nonlinear, coupled partial
differential equations for the unknowns ¢ and 8.
These equations have been solved analytically
for small but finite B. The result is a diffuse
analog of the well-known sharp-boundary equili-
brium relation with no toroidal shift. For high-8
equilibria, a numerical code has been written. In
this approach the solution is Fourier expanded in
the azimuthal variable and a system of

quasi-linear ordinary differential equations is
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obtained. It is possible to obtain solutions with
no toroidal shift when the appropriate helical
field product is applied. Comparison of these
results with earlier numerical and analytic work
is proceeding.

Finally, a comparison has been made with the
low-8 stellarator. 1In both cases, helical fields
are required to provide closed flux surfaces.
However, in a high-8 stellarator the toroidal
drift force is balanced by the interaction of two
helical fields: 2, £41. 1In a low~B stellarator a
single helical field suffices. Here, the toroidal
drift force 1is balanced, not by the helical
fields, but by the interaction of a small applied
vertical field with the small induced toroidal
dipole current.

Numerical solutions of the diffuse, high-8
stellarator equilibrium problem have been found by
soiving finite-difference approximations to the
nonlinear, time-dependent equations de¢scribing
ideal, magnetohydrodynamic flow in three
dimensions.2 Such solutions have provided answers
to practical design questions associated with
existing experiments; these design questions arise
because, in contrast to tokamaks or even low-B8
stellarators, equilibria exist only for
numerically correct helical field awplitudes. The
solutions also have been used to study the equili-
brium and stability properties of other
configurations. Equilibria have been computed for
existing experimental configurations with variocus
plasma profiles, helical field combinations, and
toroidal radii over a wide range of plasma B.
From these results, the scaling of the helical
field amplitudes with the principal parameters has
been derived and summarized. Comparisons have
been made between these scaling laws and recent
experiments on Scyllac where the equilibrium
fields were made adjustable. These comparisons
confirm the accuracy of the numerical calcula-
tions, and demonstrate the improvement in
confinement resulting from the improvement of the
equilibrium.

Other configurations which have been studied
numerically are: straight systems with
combinations of helical fields characterized by
2=1,h and #=3,3h; straight and toroidal systems
with applied fields £=0, £=1, and £=2 with the
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same pitch number h; and wall stabilized systems.
it has been conjectured that the addition of an
2=3,3h field to an 2=1,h configuration can
suppress MHD instabilities. The stability of
straight systems with 2=1,h and 2=3,3h has been
studied, and, at least for small helical field
amplitudes, no stabilization by the 2=3,3h fields
has been observed.

It would be desirable to reduce the
dependence of the equilibrium fields on the plasma
beta. One method by which this may be done is
suggested by the much stronger dependence on B of
the stellarator force produced by the interaction
of 2=0 and %=1 fields than by the interaction of
%=1 and &=2 fields. By opposing these forces, the
B dependence can be cancelled without cancelling
the stellarator force. A possible problem arises
because the 2=0 and £=2 fields interact to produce
a force with 2=2,h=0 dependences. Numerical
studies of this interaction have been performed,
and indicate that the resulting elliptical
deformation of the plasma is not bounded to small
amplitudes, but must be suppressed by an as yet
undetermined external intervention.

Finally, wall stabilization of otherwise
unstable equilibria has been computed with a
plasma to wall ratio of l:3. From the computa-
tions, a lower bound can be placed on the insta-
bility growth times which are much longer than the
toroidal drift time.

In summary we now have analytic and numerical
tools for studying high-B stellarator equilibria
and can systematically examine new configurations
with more desirable equilibrum and stability pro-
perties.

2. Simulation of Magnetohydrodynamic Insta-

bilities. The 3-D MHD code used for studying

high-B stellarators also has been used to study
equilibria and stability of a straight, high-beta,
p = 0 pinch configuration, as well as internal
kink modes of a straight screw pinch. In addition
to comparing the numerical results with analytic
theories, the convergence of the numerical
solutions was studied and the dependence of the
solutions on various numerical parameters was

examined.



3. Rigid-Drift Magnetohydrodynamic Equilib-

ria for Cylindrical Pinches. The rigid~drift equa-

tions of magnetohydrodynanic equi]ibria in cylin-

drical geometr: are:

> > - >
(V x B) x B = 4% ;

J, =n , Jg=rn ; 3)

where g(r), E(r), p(r), and n{(r) are the magnetic
field, current density, pressure, and number
density, respectively. Such magnetohydrodynamic
equilibria have corresponding Vlasov equilibria.
When [ =1 (the isothermal case), these
equations produce the Bennett profiles for the
case of a pure Z—pinch.3 The case of a pure 8
pinch with [ = 1 has been solved by Morse and
Freidberg.h In both Z- and 8-pinch cases with
=1, the pressure profiles drop to zero only at

r = ™,

For an arbitrarily pitched current density
and T = 2, the equations have been solved
analytically in terms of an iInfinite series of
hypergeometric functions.® The condition [ = 2
implies a local temperature that is proportionnl
to the local number density. The shapes of the
pressure and magnetic field profiles are
completely determined by the wmodel once two
parameters are specified:

a. the local plasma beta on axis;

b. a quantity related to the pitch of the

current density.

Particular profiles, plotred with the aid of the
symbolic manipulation system, MACSYMA, have shown
the possibility of occurrence of hollow profiles
and reversed B, fields simultaneously or
independently. The pressure always falls to zero
at a finite value of the radius.

This work may have relevance to understanding
and manipulating Z7-40 equilibria.

4. Three-Dimensionai Magnetohydiodynamic

Turbulence and Pinch Stability. Nondissipative

magnetohydradynamic turbulence has been treated in

a cylindrical region with a rigid, perfectly
conducting boundary.6 Canonical distributions have
been constructed from three rugged invariants
(magnetic helicity, cross helicity, energy) and
two constraints have been imposed to simulate
experimental conditions (fixed axial magnetic flux
and an integral related to the poloidal flux).
All fields were then expanded in
Chandrasekhar-Kendall eigenfunctions of the curl
operator.7 All quiescent initial conditions led to
finite wmean-square expectation values for the
expansion coefficients of the velocity field
except those for which the magnetic helicity is
extremal. These are force-free states which may
involve field reversal. (Such symmetric states
can exist only below certain current—to-flux
ratios.)

Dual cascade situations sometimes can tend
toward these extremal states. For example, in
two-dimensional magnetohydrodynamics, excess
energy can be cascaded to higher wave numbers and
be dissipated there by resistivity and viscosity,
vhile the inversely cascaded quantity (mean square
vector potential) is not so readily dissipated.
In three dimensjons, energy and cross helicity can
be cascaded to higher wave numbers and dissipated,
whereas the magnetjc helicity is less readily
dissipated. This basic process (first suggested
Ly Bretherton and Haidvogel for Navier-Stokes
fluids®) provides a mechanism for the relaxation
prccess to occur in three-dimensional (toroidal)
Z-pinches in which the state of minimal
energy to helicity is reached, 2s conjectured by

J. B. Taylor.9

5+ End-Loss Studies. Further numerical

studies of plasma end loss have been obtained hy
solving finite-difference approximations to the
time-dependent equations for ideal, magnetchydro-
dynamic flow in two dimensions. The results are
found to compare well with new experimental data
on mass lifetime in straight pinches, and with old
data on the effect of simple mirrors on end loss
from the linear £cyllac experiment.

A mysterious difference between the
two—dimensional resuits and those obtained with a
one~dimensional formulation which assumes radial
pressure balance has been exawined. By comparing

the magnlitude of those t.rms neglected in the
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one~-dimensional approximation with their actual
value in the two=-dimensional solutions, the source
of the difference has been identified to be the
magnetic field curvature term in the axial
momentum equation. This term 1is found to be
comparable with the axial pressure gradient, yet
completely left out of the one-~dimensional
approximation.

The numerical method has been extended to
incorporate the guiding center fluid equationms,
and will be applied to the study of multiple
mirror confinement. The first step will be to
recover both the guiding center and the magneto-
hydrodynamic mass lifetime scaling with mirror
strength. Next, energy anisotropy instabilities
will be modeled by a simple relaxation process to
examine how mirror stremgth, mirror separation,
and relaxation time affect plasma end loss in a

multiple mirror.

C. KINETIC EFFECTS

1. Gradient-driven microinstabilities. Two

comparative studies of the family of instabilities
driven by gradients perpendicular to a magnetic
field were carried out. The firstlo included
fully electromagnetic effects and propagation
oblique to E for the high-frequency (w>>ﬂci)modes
associated with the relatively steep gradient of a
perpendicular shock. The 1important results of
this research were:

(a) At Te>>Ti’ the ion acoustic instability
is dominant, and its linear dispersion properties
are unaffected by nonzero Be and

(b} At T, ~ T; and with density and magnetic
field gradients pointing in the same direction,
the 1instability of 1lowest threshold 1is the
modified two-stream fustability (with kz# 0 rather
than the lower hybrid drift instability (k, = 0).

The second‘l‘.l study was restricted to
electrostatic instabilities driven by density
gradients, but considered modes of arbitrary
frequency and generalized the work of Freidberg
and Gerwin12 to oblique propagation. The primary
new results here were (a) a generalization of the
Freidberg-Gerwin threshold criterion for the ion-
cyclotron drift instability to arbitrary Te/Ti
ratio, and (b) detailed studies of the threshold

and dispersion properties of the universal drift
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instability. Figure XIII-l1 compares the growth
rate of these two modes as a function of the
diamagnetic drift. The threshold of the lon-
cyclotron drift instability at =zero beta 1is
evident; it is also clear that the universal mode
has no threshold in the electrostatic and local
approximations and that further work on this mode
is necessary to determine the conditions for its
presence in a post implosion theta pinch.

The family of instabilities driven by a
heat flux parallel to a magnetic field were also
the subject of a comparative study. The threshold
of the ion acoustic heat-flux 1instability, the
mode considered most likely to lead to a heat-flux
limit in Te>>Ti laser fusion plasmas, was studied
in detail. In the electrostatic (B = 0) limit,
other instabilities (ion cyclotron, electron beam)
are the first to go unstable at Te < Ty, but these
modes have relatively high thresholds and do mnot
seem likely to lead to an effective heat-flux
limitation.13 However, at nonzero B and Te ~ Ty,

electromagnetic heat-flux modes have considerably
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Figure XIII-l.
The growth rate maximized over wavenumber, d_, of
the universal and ion - cyclotron drift
instabilities as a function density gradient drift
speed vy for Te = Ti. Here 2, = ion-cyclotron
frequency and V; = lon thermal speed.



lower thresholds than the ion acoustic insta-
bility;14 therefore future studies will give more
attention to electromagnetic modes.

In addition, a simple one-dimensional,
one—-fluid code has been written to model electron
temperatures in a linear theta pinch and to study
the possible effects of an anomalous heat flux
limit.15 The results indicate that near the end of
a linear theta pinch the classical formula for the
heat flux breaks down, due to the temperature
scale length becoming shorter than the mean free
path. If the flux is limited, in this region the
temperature gradient over most of the profile is
reduced and the energy confinement time is
increased. Future work will concentrate on

achieving a maximal thermal

increase in
confinement time. Current results indicate that
an increase of at least an order of magnitude with
respect to classical 1is possible.

A third type of instability studied was an

electromagnetic mode driven by an ion beam.16

This
mode could be driven by thermonuclear alpha
particles escaping in an axial direction from a
linear reactor. The most important result here is
that the growth rate of this instability is
proportional to the 1/3 power of the beam density
in .ontrast to the 1/2 power for many thermo-
nuclear instabjlities driven by isotropic alpha
distributions.

2. A Nonlinear Theory for Electromagnetic

Instabjlities. In order to determine the anomalous
transport associated with a given microinsta-
bility, an understanding of its nonlinear behavior
is essential. A theory to describe the nonlinear
state of transverse electromagnetic instabilities
driven by anisotropic temperature distributions
has recently been developed. The basis of the
theory is an assumed distribution function based
on two single particle integrals of motion for a
charged particle in an electromagnetic wave field.
This distribution function describes the
instantaneous state of the wave-plasma system as
it evolves in time and determines a nonlinear
dispersion relation and two system energy
constants. In the case of a zero frequency wave
due to the Weibel instability driven by an initial
electron tewperature anisotropy, Tlo/Tﬂo > 1,

these relations are particularly simple and yield

expressions for the energy in the wave magnetic
field, the temperatures and the entropy of the
system in terms of one unknown constant, Tl/T", as
the system evolves from Tl/T“ = Tlo/Tﬂo to Tl/T" =
1.0. One important consequence of the theory is a
simple expression for the maximum field energy.
The theory has been verified by computer
simulation of the Weibel instability. Extensions
of the theory to magnetized plasmas appear to have
wide application. These 1include: computing the
collisionless absorption rate of magneto-
acoustically heated plasmas, understanding the
saturation level of the Alfven Ion Cyclotron in-
stability (which 1is excited by perpendicular
injection of neutral beams in mirror machines),
and determining the reduction of heat loss in
linear devices and the solar wind by high-beta
electromagnetic heat-flux instabilities.

3. Linearized Analysis of Imhomogeneous Col-

lisionless Plasma Equilibria: General Theory and

BGK Equilibria. A generalized framework has been
developed for analyzing the linearized equations
for perturbations of inhomogeneous plasma equili-
bria in which there is a collisionless species,
some properties of the solutions of the linearized
equations have been described, and a basis has
been given for numerical computations of the
linearized properties of such equilibria.l7 The
general approach has been applied successfully to
some numerical studies of the stability of screw
pinches within the framework of the Vlasov fluid
model18 and of the stability of Bernstein-Greene-
Kruskal equilibria19 When studying such inhomoge-
neous equilibria, it is wuseful to expand the
perturbation potentials in eigenfunctions of the
field operator which appears in the linearized
equations and to define a dispersion matrix whose
analytical properties determine the nature of the
solutions of the {initial-value problem. It is
also useful to introduce auxiliary functions to
replace the wusual perturbation distribution
functions, and to expand the auxiliary functions
in eigenfunctionss of the equilibrium Liouville
operators. By introducing the auxiliary
functions, great freedom is achieved in the choice
of the field operator, which appears in the
linearized equations. This freedom can be used in

some problems to define expansion functions for
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the potentials that are particularly suitable for
studying specific normal modes.

The general theory has been 1llustrated
recently by using it as the basis for studying the
stability of some large-amplitude Bernstein-

Greene-Kruskal equilibria.19

The st hility
properties of the BGK equilibria were determined
independently by numerical particle-simulation
studies for comparison with results of the general
theory. An effectite method was found for
choosing an auxiliary function which yields a
field operator particularly suitable for studying
these equilibria. One of the eigenfunctions of
the field operator is very similar to the unstable
eigenmode of the equilibrium. This fact makes it
possible to truncate the dispersion wmatrix
severely. Excellent agreement with the numerical
simulaticn results was obtained by using the
truncated dispersion matrix.

4. Rotational Instabilities in a 8 Pinch. A

theory has been derived which attempts to explain
the "wobble" instability observed 1in linear
8 pinches. The instability corresponds to a gross
m=1,n=0 mode (m is the azimuthal mode number and n
the number of radial nodes) which rotates with a
nonzero real frequency in the laboratory frame.
Although rotation has long been thought to be the
driving mechanism for the instability, none of the
existing rotational instability theoriesprovides a
satisfactory explanation. In particular the
m=1,n=0 mode is not found to be unstable in most
theories; in those in which it is, the growth rate
and real frequency predicted are far from the ex-
perimentally measured values.

In the present calculation, the high-E,
finite Larmor radiur equations for a rotating
8 pinch are solve numerically subject to
appropriate boundary conditions with particular
attention focused on the w=l,n=0 mode. We find
that this mode 1s unstable but that its maximum
growth rate occurs not at x2=0 (where it is
neutrally stable) but at some finite k250. The
threshold for this mode 1is lower than that of any
mode in the system and in this sense m=1l,n=0 is
the worst mode. However, typical growth rates are
considerably smaller than m=2,n=0 growth rates
when both modes are unstable. Good agreement with

experiment is obtained assuming conditions
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corresponding approximately to complete end
shorting. To get this agreement, we mnust assume
that the plasma has a small positive charge which
gives rise to an outward-pointing radial electric
field (as arises from the ambipolar potential in a
mirror machine).

5.  Formulation of the Linearized Vlasov

Fluid Model for a Sharp-Boundary Screw Pinch. A

theoretical formulation has been derived for
analyzing linearized equations appropriate to a
straight, cylindrical, sharp-boundary screw pinch
within the framework of the Vlasov fluid model.20
This formulation has been applied to some computa-
tions relevant to finite-ion-gyrcradius stabi-
lization of MHD modes,18 and it is being used to
study magnetoacoustic heating in a collisionless
plasma.21 Surrounding the plasma is a cylindrical
conducting wall, and there is a nonconducting
vacuum between the plasma and the wall. By
introducing a perturbation-dependent transfor-
mation of the phase space and linearizing about a
zeroth—order state which depends on the
perturbation, the linearized equations of
Freidberg‘s Vlasov fluid mode12? are put into a
form which would be correct for a hypothetical
problem in which the plasma boundary is a rigid
cylinder. The effects of the jmpulsive electric
field at the actual perturbed boundary are taken
into account in the zeroth-orde ' state. The
boundary conditions at the perturbed plasma
boundary are continuity of the normal component of
g and vanishing of the normal component of the net

current density.

D. MAGNETOACOUSTIC HEATING

Magnetoacoustic Theating 1is an attractive
method for preferentially heating plasma ions when
an appropriate dissipative mechanism exists at a
convenient magnetoacoustic resonant frequency.
Experimental evidence for the existence of a
dissipative mechanism in a collisionless plasma is
the observations by Grossmann, Kaufmann, and
Neuhauser of collisionless damping of magneto-
acoustic waves in a high-beta plasma.23 Such a
heating scheme may prove to be practical for
reversed-field pinches; and, for a linear pinch,
magnetoacoustic heating would not impose a

limitation on end-stoppering schemes which have



been proposed. With a judicious choice of
parameters, magnetoacoustic heating may allow the
use of lower values of induced RF electric filelds
than are required when implosion neating is the
sole method of heating.

Several aspects of resonant magnetcacoustic
oscillations in high-beta, high-t=mperature
plasmas have been considered, including <nergy
balance, generalization of Poynting’s Theorem to
accommodate plasma motion, and various dissipation
mechanisms for collisionless plasmas; also, the
possible use of magnetoacoustic resonances as a
plasma diagnostic has been considered. Most of
these studies have involved the solution of
linearized MHD or finite-ion-gyroradius equations;
general screw-pinch equilibria have been con-
sidered for modes with finite axial wavelength. A
numerical sciieme for integrating the singular
ordinary differential equations that occur with
diffuse preofiles has been devised.

The physics relevant to magnetoacoustic
heating of a screw pinch in a collisionless plasma
regime has hbeen studied theoretically by two
approaches and the results are being applied to
cases of experimental interest. Heating times and
associated induced RF electric fields have been
computed. Both approaches are based on the
Vlasov fluid model?? in which collisionless ions
and massless, fluid electrons are treated under
the assumptions of quasi charge neutrality and
negligible displacement current. The two
approaches differ with respect to their ordering
of small parameters and with respect to their
treatment of the boundary region between the

plasma and a surrounding vacuum.

l. Landau damping as a dissipation mechanism.

In one approach, the techniques of earlier analy~-
ses of Turnery‘ have been combined with a new
ordering scheme, one which is adapted to the study
of magnetoacoustic waves. The basic smallness
parameter is the ratio of ion gyroradius to plasma
radius; in terms of this parameter, the following
quantities are assumed to be of order unity: local
plasma beta, the ratio of plasma radius to any
scale length of the wave, and the ratio of wave
phase velocity along the magnetic field to the ion
thermal velocity. This ordering scheme applied to
the Vlasov fluid model provides a physical

description of the plasma which contains kinetic
effects along the magnetic field lines but retains
only fluid~like effects transverse the the field
lines; finite~ion—gyroradius effects do not
contribute in leading order. A basic result of
applying this description to a pinch configuration
is the identification of ion Landau damping as a
viable dissipative mechanism for converting magne-
toacoustic wave euneryy into ion thermal energy.25
The Landau damping canses a phase shift in the
response of the plasma relative to the phase of an
imposed oscillation of the confining magnetic
field; this shift is responsible for the
dissipation. At a magnetoacoustic resonance the
amplitude of the plasma response and the
associated rate of dissipation both peak. The
total rate of enargy dissipation is obtained by
calculating the Poynting vector external to the
plasma column. That the energy dissipated 1is
converted completely into ion thermal energy is
proved by use of a thermal transport equaticn
derived from the lon Vlasov equation. 1In order to
obtain the shortest doubling time, 71, for the
plasma encrgy with the least induced RF electric
field, E, it appears desirable to operate at a
ratio of wave phase velocity along the magnetic
field to ion thermal velocity approximately equal
to 0.7. For example, 1 I 107%. has been
obtained with E T 80 volts/cm.

2. Inclusion of ({inite-ion-gvroradius vf-

fects. In the other approach, the effect of finite
ion gyroradius on magnetoacoustic heating of a
sharp-boundary screw pinch is being studied. 1In
order to take proper account of the sharp
boundary, the starting equations are those decived
by Lewis and Turner for applying the Vlasov fluid
model to a sharp-boundary screw pinch~18 Within
the pinch the collisionless Boltzmann equation for
the Vlasov fluid model has been solved
analytically for small values compared to unity of
kry and w/mci, where k 1s the largest relevant
wavenumber, ry is the ion gyroradius, @ is the
frequency, and Weg is the ion cyclotron frequency.
Finite-ion-gyroradius =ffects were kept to zero
and first order and the solution is valid up to
the sharp boundary. Because this approach uses a
more general ordering, it also should be possible

to determine whether dissipative mechanisms ocher
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than Landau damping are operative for magneto-
acoustic heating in a collisionless plasma. A
differential equation for ; (R(l) = ;KE(O)) con-
taining finite gyroradius effects was derived by
gubstituting the solution of the collisionless
Boltzmann equation into the transverse force-
balance equation (the component perpendicular to
E of the Maxwell sx; equation). An analytical
solution of the equation for : was used to
calculate the heating of the pinch in the presence
of an oscillatory driving electric field on a cy-
lindrical surface in the vacuum region surrounding
the pinch.26 When there 1s a finite longitudinal
wavelength (k,#0), sighificant additional heating
can occur as a result of finite ion gyroradius.
Computations relevant to specific experimental
configurations are being carried out.

3. Relaxation processes as dissipative mech-

Finally,

anisms. azimuthally symmetric and
axially uniform magnetoacoustic heating of colli-
sionless theta-pinch type plasmas was studied
early in the year, and a phenomenclogical model
was developed that showed how micro-
turbulent-induced relaxation between the parallel
and perpendicular ion temperatures could
constitute a dissipation mechanism for such

rescnant heating-27 Numerical methods for
integrating the nonlinrar partial differential

equations of the model nave been examined.

E. INTERNAL RING END STOPPER FOR OPEN-ENDED
DEVICES

In open-ended magnetic confinement systems,
it 1is desirable to reduce end loss of plasma
because it constitutes the severest mechanism—
limiting confinement. A scheme was proposed which
could be employed in end-stoppering such devices
and could be particularly suited to the needs of
linear theta pinches.

The configuration that 1s proposed here is
basically a multiply connected magnetic trap.zs’29
It is illustrated in Fig. XIII-2,where two ring
conductors are shown inserted in a solenoid with a
strong mirror at one end and connecting to a theta
pinch on the other. Mirror coils can also be
inserted ir the regions between the rings. The
cross—-section area, the spacing, the total number

of rings, and the satrength of the solenoid and
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mirrors can all be varied to optimize the
end-stouppering efficiency of the arrangement. The
current in the internal rings flows in a direction
opposite to that of the primary coil and 1is
induced by pulsing the exiernal solenoid. A
magnetic configuration is generated which
possesses a separatrix surface whose section is
shown by the dashed 1line. On this 1line, the
potential function?? U = - &dl/B assumes a minimum
tending to minus infinity on a circle inside each
ring. The specific plasma volume 6d2/B (roughly
equal to the average Bz) increases in all
directions away from the separatrix surface. The
integral is taken along a line of force, df being
the length increment along this line. The plasma
pressure distribution tends to peak on the
separatrix, the plasma settling to a stable
configuration as 1t enters the trap. These are
low-beta arguments, but there is no reason to
believe that they will be unfavorably modified in
high beta. Kadomtsev has made simple arguments
about the stability of 8 = 1 plasma in the region
of bad curvature between the rings and the
solenoid.

From the collisionless single-particle point
of view, it is the isobars of B that play the
important role in confinement. Particles exe~
cuting adiabatic motion tend to be reflected at
the points of intersection of the field lines with
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Figure XIII-2.
Schematic of magnetic field geometry of IRES,



isobars, the particular location of such
reflection points depending on the particle
velocity. The existence of a circular region
inside each ring where the magnetic field strength
is negligible causes a breakdown of the adiabatic
motion. Nonadiabaticity in this region will
produce scattering of the particles in velocity
space. This may result in enhanced trapping of
particles which are knocked out of the loss cone
of the end mirror(s).

Denoting the fraction of particles trapped
because of the presence of a single ring to the
total number of particles going through the ring
region in the absence of the ring by €g;, the
reduction of end loss is proportinmal to
fp = (l+€R)‘",where n 1s the number of rings. For
simplicity, we have also assumed that only one
final end mirror does the trapping and that it
works stably. Figure XI1I-3 shows fp as a
function of €g and n. It is seen that if ep =0.3,
the end loss can be reduced by 75% if five rings

are employed.

5 RINGS

Figure XI1I-3.
Percent reduction in end loss versus fraction of
particles trapped by single end mirror as a result
of nonadiabatic scattering by the rings.

It follows from these counsiderations that the
internal ring conductors perform a twofold
function:

l. They MHD stabilize the magnetic mirrors
present in their vicinity; and

2. they introduce nonadiabatic behavior in a
small but sizeable region inside the plasma which
tends tec shortern the spacing required between
multiple mirrors. A device of the type being
proposed here can be easily shaped into a come by
employing rings of diminishing diameter (Fig.
XI1I-4) providing for easy external mechanical
support of the forces exerted by the plasma wind
on the rings and the end coils. This conical
internal ring confiner end (CIRCE) could also be
viewed as a magnetically shielded soclid end plug
when 1t is looked at through the end of the theta
pinch. A formal study of high~beta equilibria in
the presence of internal conductors has been
under way also. It will lead to a more realistic
examination of the stability and confinement

properties of internal ring end stoppers.

F. NUMERICAL SIMULATION

1. Two-Dimensional Finite-Electron-Mass Hy-

brid Simulation. The finite-electron-mass hybrid
plasma simulation model of the lower hybrid drift
(LHD) 1instability has encountered some numerical
difficulties that have proved quite difficult to
understand. Upon comparison of full PIC and
hybrid simulation of the same problem, it 1is

apparent that the physics required to simulate the
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Figure XIII-4.

Schematic of magnetic field geometry of CIRCE.
One half-section.
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LHD instahtlity ts retatned tn the hybrid model.
Figure XIIT1=-5(a) shows Hz contours of this insta-
bIlity at varfous times and y-averages of these
same eontours are stown In Fig. XIII=-9(h). ¥ .p.
X111-5(a) and X11I-5(h) were obtained from a PIC
simulation and +:q.. XI1I-h(a) and XI{II-h(b) show
the comparable results of the hybrid simulation.
Alsn evident {s some e¢nhanced diffusion (see Fig.
¥111-6{h)) on the hilgh magneric field side of the
sheath. Thils dlffusinon has proved to he numerical
in origln, and consequently, the code as it now
stands cannnt be used for nontinear studies. The
numerlcal mechanlsms underlying  this  phenomenon
are qulte complex and, In addition, have becen
obscured hy a eomblnation of random particle-1ike
fluctuatlons due to the PIC treatment of the fons
and recently discovered low-frequency nscillations
of the Inhomogeneous cquilihrium.

It is now belicved that a numerical insta-
hility has becn identified which glves rise to the
enhanced diffusion. The 1instability arises from
the Intersetion  hetween  fluid  electron  and
electrostatic ficld equations, which produces
namerical turbulence in the electrcstatic field.
1t 1s bhelieved that thls turbulent field then,
through greater resistivity, produces the observed
diffusion.

Progressing to thls point has required the
further expansion of this model to include the
capability of treating the ions as well as the

electrons as an FEulerian fluid. This has been
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Figure XIII-5.
Full-particle simulation of the time evolution of
the magnetic field component B,. The x-y contouri
of B, for 0 <-x< 10 oo and 0 <y<20cwe
are shown in (a) while ghe y-averaged profilg of
Bz is shown in (b).
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Figure XI11-6.
Hybrid simulation of the time evolution of Bz with
all parameters the same as the full-particle
simulation shown in Fig. XI11I-3. Comparison of
the results of the two simulation techniques
reveals very similar wavelength and growth rate
for the developing flutes.

necessary in order to eliminate the random PIC
fluctuations already mentloned and has <ihsge-
quently allowed the {deatification of a Lluw-
frequency (w < 240 “pc) oscillation of the in-
homogeneous equllibrium.

Finally, to Insure that the instability could
not result from some physical process still
included in the model, A one-~dimensional stablity
analysls of this model has heen completed. We
find that for ;'é = 0, the modei contalns only
Alfvén and ion acnustic’m?des, as expected. The

dispersion relation for k*k = 0 is

w? = (vIieln? . )

For configurations for which ;‘E # 0, electron
cyclotron motion must be followed but the relevant
frequency for time~step restriction is determined
only by the components of E parallel to ;. Thus
the stability analysis has verified and exceeded
earlier claims concerning the maximum allowable
time step--further encouraging our belief in the

ultimate utility of the model.
2. 1D Hybrid Simulation Results.

a. THOR Experiment. Several more simulations

of the 1implosion phase of the Maryland Toroidal
Device THOR were performed. Good agreement with
the experimentally observed field profiles and
neutron ylelds was found. The observed sequence

of neutron pulses correlated with the most



compressed phase of each of several bounces
indicated by the calculations. Furthermere, x
rays corresponding to a plasma of 5 ze. were found
experimentally, which correlated in the calcula-
tions witn a 3-to-5 keV low-density rezion »n tne
Juter edge of tne plasma, A diagnostiec that
mimizs tne experimental xeray detectar is being
included in tne code and snould Aallow 2 more
Jpeaningful comparison with the experimental
temparitures,

b. (uasilinear Resistivity. The quasilinear
30

perpendicular resistivity model of liewer and
Krall has been 1included in the code as an
alternate option to the quasiempirical Chodura
resistivity.3l’32 This model requires a time step
much smaller than required by the particle

dynamics routines (which consume most of the time

per cycle); thercfore we are currently attempting

to  subevele several  fleld  advirices  into one
particle  time step. When  this is accomplished
the  runninge  time of the code in the quasilincar
mode shold boe fnoreased by a factor of 3 o 10,

c. Pitch Programming of ZT-40. Mercier

stable q(r) profiles which satisfy the global
stability conditions = < 0.5, ¢, > 0 (¢z is the
total 7 flux) may be foun’ from equilibrium
theory. We have begun to consider how such
profiles may be set up dynamically. One way is by
proper programming of q(rwall' t)e. Thus we
address the question of how to map q(rwall’ t)
into g{(r,»), the equilibrium q profile. This
mapping depends on both plasma motion and field
diffusion; indeed, some diffusion is required for
q to penetrate the plasma. The low density yegion
near the wall is represented by a force-free,
wall-emitted plasma in which anomalous radial
electron thermal conduction and other processes
are assumed to keep the plasma isothermal and less
than 10C ¢v. Figure XIII-7 illustrates one example
of the transformation. In this case ¢z > 0, but
B ~ 1. Note that q(r) near the center falls from
its programmed value due to resistivity. 1If a
higher q is desired in this region Qya1] Must be
larger at earlier times, or a bias field must be
applied. A systematic search for stable gq
profiles on ZT-S is called for. These should then
be compared with experiments, and predictions for
ZT~40 should be made.

the Loandars flelds which generated
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Figure XIII-7.
The q(r) profile resulting from the givem q,;1(t)
profile.

d. Approach to Equilibrium and Anomalous

Crossz-ficld Thermal Conduction. Late-time (~ 3 9s)

data from the Staged-Theta-Pinch experiment were
used to test the approach of the code to an equi-
librium. Unfortunately the calculated equilibrium
was over~compressed. Better agreement  was
achieved when the electron temperature was limited
to 100 eV and smoothed. This may be indicative of
anomalous cross-field thermal conduction and/or the
decrease of turbulence and anomalous resistivity
(observed at the University of Maryland) below
that used in the code. This work 1is still
coutinuing.

3. Cylindrical Bybrid Code Development. De-

velopment of a 2-D cylindrical (r-z) plasma simu-
lation technique which treats the electrons as a
massless, neutralizing fluid has recently been

initiated. Vlasov ions are represented by
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standard PLIC techniques and all components of both
the electric and magnetic fields are retained but
in the nonradiative limit. Our intentions are to
apply this model first to the 8-pinch end-loss
problem, but a great variety of problems can be
addressed once the basic code 1s written.

The essential features of the algorithm are
as follows. We assume degsity K, 1ion current

J and magnetic field B profiles. Naow the

i‘
m, = 0 limit of the electron momentum equation

gives the self-consistent electric field

»> +

> 7(NT,) JoxB > >

E=s o m—4 + (1) (6)
eN eNc =

where T, and J, are the electron temperature and
current, respectively. T, will *he advanced 1in
time from an initial value and Je carL be easily
generated from Ampere’s law given Ji 1in the
quasi-ncutral limit in which the irrotational
electron and ion currents cancel.

The quasi-particle "ions" are given initial
positiens and velocities using weight factors so
that by integrating over velocities the desired
initial densities and ion currents are approxi-
mately recovered. The ions can now be advanced in
time by particle-in-cell techniques, and tbe newly
advanced density and ion currents calculated.

The remaining requirement to complete the
time step is the recalculation or updating of the
electric and wmagnetic fields so that they are
consistent with the new density and ion currents.
This is* accomplished by using Faraday’s law to

update B

in which I; is again produced by (5).

The most immediate problem is that (5) is not
useful as N + 0. In that wmany problems of
interest in CIR do indeed have regions of
comparatively low density, it is desirable to have
the algorithm automati.. iy detect and provide a

field solution from Maxwell’s equations in the low-
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density region. Currently we are attempting to

treat this region as a vacuum.

G. FAST LINER DYNAMICS

The compressible fast cylindrical liner model
of Shearer and Condit, namely the impulse-momentum
apptoach,33 was extended to more correctly treat
cyiindrical convergence of the liner. This
extended model was then used to obtain analytical
representations for the optimized neutron yield
from an adiabatically compressed lossless DT
plasma and analytical representations for the
corresponding initial and final conditions. The
analytical results agreed very well with the
CHAMISA codes and a paper by R. A. Gerwin and
R. C. Malone deriving and presenting these results
has been written for submittal to Nuclear Fusion.
As an example, one of the results 1is that the
liner turn-around radius is a factor of order
unity times the peometric mean of the 1initial
liner radius and thickness.

More recently, the impulse-momentum approach
has been further extended to include the effect of
the driving clectrical circuit on a 1liner
magnetically imploded in a Z-pinch mode. (The
earlier work assumed that tbe wundriven liner
possessed an initial kinetic energy.y In the
earlier work, the results cculd be obtained by
examining the dynamics near turn-around, so that a
high-pressure approximation was appropriate (final
plasma pressure larger than initial liner bulk
mod+lus). In the new work, the results have had
to be extended to include arbitrary pressures. A
result based on dimensional analysis is that, for
fixed final plasma temperature (~ 10 ReV), and for
fixed values of certain dimensionless ratios that
are appropriate to the problem, the system gain
(ratio of fusion enmergy to capacitor bank energy)
scales as the square root of the initial charge on
the bank. Thus, one has to optimize the device by
adjustment of these dimensionless parameters. A
code is being written to do this. The results
will then constitute an upper bound on the gain of
a real liner-plasma device, since plasma losses
are still ignored.

During 1978, considerable effort was directed
to the development of the fast liner implosion
code, CHAMISA. At the end of 1978, the code had



the following capabilities: 1D

implicit hydrodynamics; (2) tabular material

Lagrangian
equation-of-state coverirg all thermodynamic
phases, ionization, and electron degeneracy; (3) a
new analytic treatment of the electrical
resistivity of aluminum and copper covering all
phases; (4) nonlinear magnetic field diffusion (By
in cylindrical geomeiry only); (5) cross—-field
electron and ion thermal conduction;
(6) bremsstrahlung loss; (7) nondepleting thermo-
nuclear burn; (8) full coupling of liner to an
external driving circuit (z-pinch only);
(9) boundary condition options uhich simulate
various physical entities (e.g., an adiabatic
plasma, an incompressible liner, or BB or Bz
adjacent to a perfect conductor), and thereby
permit significant savings in computer time.

Development of this code 1is continuing in
response to the needs of the Fast Liner Experiment
at LASL.

The code has been used extensively to make
comparisons with the analytic implosion model of
Gerwin and to provide ©benchmarks for two
reactor-studies codes. More recently the code was
used to model the full time history of 1liner
implosions on the two capacitor bank
configurations planned for use in experiments at
LASL. The results have been used »- guides in
preparing for the initial fast liner experiments.

Comparisons have been made of code calcula-
tions with data from Russian fast 1liner
experiments. The agreement was quite good for
older (circa 1967) experiments which are well
documented 1in the literature. Efforts at
comparison with the more recent LN-20 experiments
have been frustrated by the difficulty of
obtaining a complete set of experimental

parameters and results from Russian preprints.

H. TRANSLATIONS OF RUSSIAN REPORTS AND PREPRINTS

During 1977, Russian Exchange Workshops were
held at LASL on the prospects of high-beta systems
and on feedback gtabilization of plasma
confinement systems. In addition, a USSR-LASL
exchange workshop took place in the USSR on fast
iiner iwmplosions, a meeting of the Joint Fusion
Power Coordinating Committee was held at LASL in

midyear, and LASL CTR Staff Members participated

in Russian conferences on plasma diagnostics and
superconducting magnet technology. As a result,
much Russian material of programmatic interest was
furnished to LASL scientists, and a consideratle
fraction of this material was translated inta
English either in 1its entirety or in title and
abstract form.

Complete translations were made of the

following preprints and reports.

"A study of the Dynamics and Stability of a Liner,
Electromagnetically Accelerated on the LN-20
Device," S.G. Alikhanov, V.P. Bakhtin, V.G. Belan,
V.M. Brusnikin, I.S. Glushkov, N.A. Karimova,

A.D. Muzychenko, Yu.M. Senatorov

"Acceleration of Liners to High Velocities on the
LN-20 Device," S.G. Alikhanov, V.P. Bakhtin,
G.Yu. Lopatovsky, A.D. Muzychenko, V.A. Sibilyev

"A Study of the Outlook and Optimization of
Energetic Electrodynamic Plasma Guns,"

V.I. Vasilyev, A.M. Zhitlukhin, V.G. Solovyeva,
Yu.V. Skvortsov, N.M. Umrikhin

"A Theta Pinch with External Plasma Injection,"
V.P. Alipchenkov, V.1. Vasilyev, 1.K. Konkashbaev,
I.5. Landman, L.B. Nikandrov, Yu.V. Skvortsov,

F.R. Ulinich, S5.S. Tserevitinov

"Construction of the MK~200 Installation,"”

R.G. Bikmatov, N.V. Goryacheva, A.M. Zhitlukhin,
A.I. Kolchenko, A.P. lototsky, A.D. Kiskin,

A.M. Tikhonov, S.A. Sergeyev, Yu.V. Skvortsov,

V.M. Strunnikov, S.S5. Tserevitinov

"Calculation and Optimization of Plasma Guns,"

Yu.V. Skvortsov, N.M. Umrikhin

"A Study of the Neutron and X-Ray Output from the
MK~-200 Plasma Gun," R.G. Bikmatov, V.1. Vasilyev,
V.V. Gavrilov, N.V. Goryacheva, A.D. Kiskin,

N.M. Umrikhin, A.I. Yaroslavsky

"Passage of a Plasma along a Magnetic Field,"

A.M. Zhitlukhin, I.V. Ilyushin, B.Ya. Lyubimov,

Yu.V. Skvortsov, V.G. Solovyeva
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"Transport of Plasma Blobs with Energies of 100
kJ," A.M. Zhitlukhin, V.N. Lyashenko,
S.A. Ravichev, Yu.V. Skvortsov, V.M. Strunnikov,

$.S. Tserevitinov

"Processes Occurring the the Gap of a Coarxial
Plasma Gun Fed from an Inductive Energy Store,”

E.A. Azizov, I.V. Kochurov

"A Study of Plasma Stream Parameters in Plasma
Guns,” V.I. Vasilvev, A.M. Zhitlukhin,

A.P. Lototsky, V.G. Solovyeva, Yu.V. Skvortsov,
N.M. Umrikhin

"Collision of Two Dense Plasma Streams,"

V.M. Alipchenkov, R.G. Bikmatov, V.I. Vasilyev,
N.V. Goryacheva, A.M. Zhitlukhin, I.V. Ilyuashin,
A.D. Kiskin, I.K. Konkashbaev, V.N. Lyashenko,
L.B. Nikandrov, S.A. Ravichev, Yu.V. Skvortsov,
V.G. Solovyeva, V.M. Strunnikov,'A.B. Titov,

S.S. Tserevitinov

Translations of titles and abstracts (where
available) were made of the following reports and

preprints:

"Comprehensive Experiments on Plasma Compression
in a Z~-Pinch Liner System on the LN-20 Device,"”
S<.G. Alikhaaov, V.P. Bakhtian, V.M. Brusaikia,
I.S. Glushkov, G.Yu. Lopatovsky, A.D. Muzychenko,
V.A. Sibilyev

"Technical Design of the LN-20 Device,"

S.G. Alikhanov, V.G. Belan, I.S. Glushkov,
A.I. Kolchenko, I.K. Konkashbaev, V.A. Lanis,
A.D. Muzychenko, E.N. Polyanskaya

"A Straight Z-Pinch-Liner Thermonuclear System,"
¢.G. Alikhanov, V.P. Bakhtin, V.M. Brusnikin,
I.S. Glushkov, A.D. Muzychenko

"A Study of Model Thermonuclear Liner Systems,"
S.G. Alikhanov, V.P. Bakhtin, V.M. Brusnikin,
I.S. Glushkov, Re.Kh. Kurtmullaev, A.L. Lunin,
A.D. Muzychenko, V.P. Novikov, V.V. Pichugin,
V.N. Semenov, G.E. Smolkin, E.G. Utyugov,

I.Ya. Shipuk
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"Production of Megagauss Fields by the Method of
Magnetic Implosion," S.G. Alikhanov, V.G. Belan,
G.I. Budker, A.I. Ivanchenko, G.N. Kichigin

"A Pulsed Thermonuclear System with Dense Plasma,"

S.G. Alikhanov, G.N. Kichigin, I.K. Konkashbaev

"The Generation of Intense Toroidal Fields Through
Magnetic Flux Compression,” S£.C. Alikhanov,

V.G. Belan

"Radiative Instability of a Bounded Plasma,"
S«.G. Alikhanov

"Ohmic Heating of a Dense Hydrogen Plasma,"
5.G. Alikhanov, E.L. Boyarintsev,
1.K. Xonkashbaev, V.A. Kornilov

"Investigation of a Fast Pulsed Discharge in
Hydrogen," S.G. Alikhanov, E.L. Boyarintsev,

V.A. Kornilov, T.S5. Melnikova

"Experiments with a High-Current Pulsed Arc,"

S.G. Alikhanov, I.K. Konkashbaev, B.S. Estrin

"A Theta Pinch with Liner and External Plasma

Injection," Yu.V. Skvortsov

"Experiments on Heating of a Dense Plasma by a
Strong, Fast-Rising Magnetic Field in a Straight
Theta Pinch,"” V.A. Burtsev, A.P. Zhukov,

B.V. Lyubin, V.A. Kubasov, V.N. Litunovsky,

V.A. Ovsyannikov, V.G. Smirnov, V.P. Fedyakova

"Passage of a Plasma Through a Magnetic Nozzle,"
A.M. Zhitlukhin, I.V. Ilyushin, B.Ya. Lyubimov,

Yu.V. Skvortsov, V.G. Solovyeva

"The Angara-5 Accelerator Complex,"” E.P. Velikhov,
V.A. Glukhikh, 0.A. Gusev, G.M. Latmanizova,

S.L. Nedoseyev, 0.B. Ovchinnikov,

A.M. Pasechnikov, O.P. Pechersky, L.I. Rudakov,
M.P. Svinyin, V.P. Smirnov, V.I. Chetvertkov

"A High~Current Electron Accelerator Producing
Microsecond Beam Pulses," V.A. Glukhikh,

0.A. Gusev, M.P. Svinyin, O.P. Pechersky,

A.S. Perlin, E.M. Mellekh, E.P. Pavlov,



G.M. Latmanizova, V.S. Kuznetsov, M.I. Avramenko,
V.B. Markov, L.A. Vykhodtsev, N.G. Beruchev,
Se<A. Kolyubakin

"A Fast-Acting Foil Disconnect Switch,”

A.B. Andrezen, V.A. Burtsev, V.M. Vodovozov,

V.A. Dubyansky, N.P. Egorov, V.N. Litunovsky,

V.A. Ovsyannikov, A.B. Produvnov, V.F. Prokopenko,
I.V. Shestakov

"4 Study of the Electrical Explosion of
Cylindrical Foils in Air," V.A. Burtsev,

V.A. Dubyansky, M.P. Kasatkina, A.B. Produvnov

"Aspects of a Pulsed Thermonuclear Reactor with
Imploding Liner," G.A. Baranov, V.A. Glukhikh,
0.A. Gusev, V.A. Zheltov, E.N. Izotov,

Yu.K. Kalmykov, A.B. Komin, M.V. Krivosheyev,
V.G. Kuchinsky, I+F. Malyshev, A.B. Mineyev,
M.A. Gotovsky, V.V. Kantan

A Two-Stage Electroexplosive Current
Interrupter,"” V.A. Zheltov, A.V. Ivlev,
A.S. Kibardin, A.V. Kromin, V.G. Kuchinsky,

Yu.A. Morozov

"An Inductive Energy Store with Electromagnetic
Current Multiplication," A.V. Ivlev,

A.S. Kibardin, A.V. Kronin, V.G. Kuchinsky,
K.M. Lobanov, I.F. Malyshev

"Pulsed Energy Sources Based on Inductive Energy
Stores," V.A. Glukhikh, 0.A. Gusev, A.I. Kostenko,
B.A. Larionov, N.A. Monoszon, A.M. Stolov,

G.V. Trokhachev

"Research and Development of a Homopolar Generator
with Superconducting Excitation Winding,"

V.N. Artemov, V.A. Glukhikh, K.K. Dyachenko,

V.V. Ivanov, B.G. Karasev, A.Yu. Koretsky,

I.F. Malyshev, N.A. Monoszon, V.N. Skripunov,

G.V. Trokhachev, G-F. Churakov, V.V. Kharitonov

"A Shock-Excited Hompolar Disc Generator,"
E.A. Bezgachev, V.A. Glukhikh, V.V. Ivanov,

B.G. Karasev, I.¥. Malyshev, V.V. Kharitonov

"Development of a Shock-Excited Homopolar

Generator for Feeding a High~Current Electron
Accelerator," V.A. Glukhikh, B.G. Karasev,
V.V. Kharitonov, V.N. Skripunov

"Homopolar Generators witl: Superconducting
Excitation Winding," V.V. ¥haritonov,
A.Yu. Koretsky

"Numerical Modeling of the Compression of a
Magnetic Field by an Imploding Liner,"

R.A. Volkova, V.M. Goloviznin, F.R. Ulinjich,
A.P. Favorsky
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XIv,

COMPUTERS

G. I. Chandler, R. Conrad, N. E. Greene, F. C. Jahoda, K. A. Klare,
J. W. Lillberg, L. W. Mann, C. W. Nielson, S. M. Ross, R. W. Wilkins

A. INTRODUCTION

The shortage of computer resources at LASL,
coupled with the increased utility of the PDP-10
and MFE network, has made the USC facility a vital
link in the LASL MFE effort. The PDP-10 has been
used for scientific

problems, administrative

accounting, and iaventory control. Many of the
large partizle simulation and MHD stability codes
have been shifted to the network from the LASL
computers. The yearly progress will be discussed
in five phases: hardware enhancement (Sec. B-1)
software enrichment (Sec. B-2), network develop-
ment (Sec. B-3), experimental interfacing (Sec.
B-4), applications of the USC computer and
network, and future plans for augmentation of the
computing facilities {3ec. B-56).

The preliminary design of the ZT-40 control
ani data acquisition system is outlined (Sec.
c-1). The Scylla IV-P operating system was
upgraded and routinely handles 60k bytes of data
per discharge (Sec. Cc=2). A link between the

experiment PDP-10 is

minicumputers and the
operational (See. C-3). The Sigma 2's have been
CAMAC

links, and a new graphics display system [!Seec.

improvéd by multiple terminals, serial
C-4). Transient recorder linearity has been much
improved with the aid of a computerized calibra-
tion system (Sec. C-5). Automated two-dimen-~
sional data acquisition has advanced with a
completed algorithm for handling digitized
Polaroid streak pictures and work is in progress
on implementing a digital video frame grabber

(Sec. C-6).

B. CTR USER SERVICE CENTER

1. Hardware. The items of equipment
purchased this year are listed below together with
a description of how each item is expected to
increase the capacity and capability of the USC:

a) A terminal line concentrator (Digitial
Equipment Corporation designation DN87) which
handles higher speed 1lines for graphies and
experimental data,

provides capability for

networking to minicomputers in the experimental

program, and adds an additional 32 lines for

time-sharing use. (The concentrator can be
expanded to handle a total of 64 lines at a cost
of approximately $2%k.) This terminal handler is
also expected to cut response time ¢n the PDP-10.
The former terminal concentrator r guires the
PDP-10 CPU to perform all character handling one
at a time. The new device contains a small
processor of its ocwn which handles these
functions and receives from and Lransmits to the
PDP-10 in block mode.

b) A disk controller (DEC designation RH1Q )
was ordered so that the traffic to and from the
three disks on the system could be separated.
This improvement to the system :thould make
response time for time-sharing users much faster.

c) Memory Multiplexor (DEC designation MX10)
was needed to give the terminal line-concentrator
memory access. The existing memory has only four
ports and Lthose are needed for the network
interface, the disk data channel, tape data
channel, and the central processcr. The multi-
plexor handles up to eight channels on one port
thus allowing the channels with the least traffic
to share a port and also providing room for
expansion.

d) A microprocessor (Motorola 6800) and
dual-headed printer (QUME) were purchased so that
a sufficient character set could be put on line to
do the word processing required for tachnical
papers. The second head provides Greek letters
and mathematical symbols in addition to the normal
alpha-numeric symbols on the first head. The
microcomputer uses software developed on the
PDP-10 to drive the printer.

Although all of the items mentioned above
were ordered early in the year they did not arrive
until February 1978. In a field that is improving
technieally very rapidly it is unfortunate that
one has to plan an acquisition so far ahead. It
is wise to attend new product displays to aid in
this planning but we have learned the hard way
that delivery dates often slip badly especially on

new products.
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2. Software. The word-processing formatter
was incorporated into the text editor and improved
in the following ways:

a. Equation formatting for technical papers
was made easier.

b. Double-column formatting was implemented,

c. Figure captions and figure placement in
relation to the text were made to conform with
Laboratory standards.

d. Footnote handling was made easier for Lhe
formatter.

e, Internal changes were made which de-
creased the editor response time as much as ten
times on some commands and made the editor code
much easier to maintain.

f. Commands were added waich made FORTRAN
programning, debugging, and execution easier and
inadvertent. file deletion was made more difficult.

The word-processing system is now used by all
CTR-Division secretaries to do everything but
small memos or letters. Each secretary in the
Division has a word-proressing terminal which
produces exportable copy and it has been estimated
that a trained secretary can produce a technical
papar in one-third the time required by former
methods. Papers produced by word-processing are
also less likely to have errors and more likely to
have revisions that improve content or conciseness
because of the ease of modification.

The LASL USC text editor word processor has
been exported to the other major nodes of the MFE
network and has been found to be equally useful at
these sites.

The access to the PDP-10 from experimental
data-acquisition minicomputers has been enhanced
by a special PDP-10 monitor software module added
this year (in collaooration with a DEC software
consultant), This module was designed to
eliminate some of the drawbacks associated with
connecting the minicomputers tc the PDP-10 by
asynchronous lines. The normal monitor treats
asynchronous lines as terminal 1lines with a
resulting high software overhead and severs
restrictions on the nature of the data. The new
monitor module bypasses the terminal handler with
its high overhead and establishes a protocol with

byte count and check sum which allows passing of

arbitrary streams of eight-bit data bytes. An
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erraor correction protocel is also provided. The
line speed was originally limited Lo 1200 baud but
the new terminal line concentrator will permit it
to be increased to 9600 baud.

This faeility for handling data lines
represents a reorientation of the USC staff
thinking on how to handle data streams from the
minicomputers, It was originally thought that the
DA28, which handles Ltraffic from the MFE network
PDP  11/40 to the PDP-10, could be shared by
another PDP 11/40 passing experimental data. Tt
has become appai'ent that the software complexity
of such a system would require one Staff Hember
working nearly full time for maintenance since the
software would have to be modified for every DEC
monitor and network change. Although sharing Lhe
DA28 appeared to be cost effective for us, it is
apparent that the MFE network staff would not be
able to support such a change. To go it alone,
making our system nonstandard, was not cost
effective for us. We plan to support higher baud
rates than 9600 by buying synchronous linés for
the DNB7 which can pass up to 40 300 baud.

The PDP-10 utility library has been improved
substantially throughout the year. The 1Inter-
national Mathematical and Statistical Library was
purchased to supplement our library of subrcutines
translated from the Los Alamos Central Compubing
Facility. Systematic testing of the accuracy of
PDP-10 FORTRAN Library subroutines and other
routines for simple functions is now under way
because users have noted discrepancies betwzen the
PDP-10 solutions and solutions on other computers,

The system software is currently up to date
with the latest DEC monitor and network software
installed. There hnave been several machine
language subroutines written to handle tape
input-output, byte manipulation, and operational
procedures,

3, Network. The MFE network has developed
into a stable and reliable computing system for
the local users. Due to the current saturation of
LASL computing facilities, most users have found
that the MFECC network provides better turnaround
and produces rapid, high-quality graphics output
via the Versatec printer/plotter. Unfortunately

microfiche is still produced at LLL and arrives in

the mail a week after it is run, The addition of



SLOPE (a simula.or for the CDC operating system)
and DBCTRL (an improved interi2tive debugging
package) wWwithin the past year has made the system
somewhat more flexible and easier tc use, as well
as provided a greater degree of compatibility with
LASL compiating Ffacilities. We nave found some
difficulty in running large codes at night due to
large core (LCM) limitations and the small LASL
time allocation, so these codes are still run at
LASL. Tape access time for archival files has
been improved by the new FILEM (tile manager) and
the retrieval time of archival files should
diminish even more with the neWw mass storage
system that is being acquired for the networx.
With the addition of a CRAY computer to the
network by early suamar, it is expected that
demands for network time will —continue to
increase,

4, Experimental Interfacing. The PRIME 300
on Scylla IV-P is connected to the PDP-10 via a
1200-baud line that employs the monitor module
discussed under software. fhis line is used for
shipping shot data for archival storage and
subsequent data analysis on the PDP-10. The PRIME
100 has been tested on the same type of line. It
is passing data to the PDP-10 for analysis of
exparimental diagnosties. Ports for the PRIME 400
{ZT-40 control and data acquisition minicomputer)
and the Sigma 2 on ZT-S, will be available in the
spring of 1978, The new terminal concenkrator
makes it possible to boost all these linas to 9600
baud if needed.

5. _Application. Zinece many of our users are
not experienced programmers, elementary manuals on
how to use the PDP-10 and the MFE network have
been prepared.

The USC now has 104 users and is near
saturation during prime time. Often we have all
eight dial-up lines in use and as many as 40 users
on the PDP-10, The users are split about equally
between network and PDP-10 stand-alome users. The
network users are generally running particle
simulation, reactor design, or MHD codes that are
large production problems. The PDP-10 problem mix
is more editing, word processing, and data
analysis. Some 2<D MHD time-dependent and MHD

equilibrium codes are run on the PDP-10 as

dackground or at night. The USC staff has

participated in the development of an Impurity-
Radiation code and modifications to a MHD
Equilibrium-Stability code so that it could be
applied to ZT-%0 and the High Beta Tokamak.

A cross compiler for the Motorola 6800
nicrocomputer has been purchased and installed to
give users an easy method for generating 6800
code,

6, Future Plans. In order to satisfy the
increased demands on the usc, the central
processor is scheduled to be replaced in fiscal
vear 1980. It is hoped that the new processor
will be four times as fast as the XI currently in
use. The equipment being purchased in fiscal year
1978 and 1979 will be compatiblc with migration to
the new configuration. The data channels will be
replaced with a type that can access more than
256k of memory, the tape units will be replaced
with higher density units, the memory will be
upgraded to a more compact, reliable type that
requires less maintenance, and higher density
disks will be considered if user demand warrants
it.

C. AUTOMATED DATA PROCESSING AND COMPUTER

CONTROL

1, 7T-4Q. Preliminary design of the 77-40
control and data-acquisition system was completed.
A Prime 400 computer system was ordered and
delivered for this task. It has a factor three to
four speed advantage over the Scylla IV-P Prime
300, greater capacity for eveantual extension of
both fast memory and diskx size, and capability for
true multi-user time-sharing (RPRIMOS IV) in Real
Time Operating System (RT0S)--i.e., while the
Control Program is operating in a Lop-priority
mode. The present hardware consists of fkk 16-bit
words of main storage, two 3M word disk drives,
two Tektronix 4014 terminals, TI 733 terminal for
logging tasks, and a Versatek electrostatic
printer-plotter. A CAMAC branch driver has been
procured and integrated into RTOS for the
interface to the experiment.

The computer will be located in a screen room
which will also house much of the data acquisition
equipment. As shown in Fig, XIV-1, the computer,

via the CAMAC branch driver, communicates over a

parallel highway with several CAMAC crates within
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Figure XTV.1,
Conceptual design of ZT-40 control system. Dotted
line encloses electronics iocated immediately
above power supply room.

the screen room, Many of the individual CAMAC
modules will be data acguisition devices connected
to the external world through patch panels and
signal conditioning units. A few modules are
dedicated to control functions either for machine
operation or diagnostics equipment. In
particular, as shown, one module communi- .es with
the fast timing pulse generators, whizh in turn,
through fiber optics links, provide triggering
signals both for the capacitor banks that energize
ZT-40 and vuarious diagnostic equipment. Two other
modules, also through fiber opties 1iinks, serve
the 1less critical timing control and monitoring
functions of the diagnostics equipment and the
crowbar gaps. Finally, there is shown in
Fig. XIV-1, a CAMAC module serial highway driver
that is optically coupled to the machine control
center located in nine shielded relay racks near
the power supplies. This control center contains
additional CAMAC crates and interface circuitry
designed tc implement all the control functions
except the fast triggering (operating and/or
monitoring capacitor banks, interlocks, vacuum
valves, ete.) while isolating the control
circuitry from voltage transients generated by
machine operation. More details of the screen
room, the wiring, the optical coupling, the
cantrol center to machine interface, and the gap
monitor development are described in Sec. XVII.
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2. Scylla JV-P. The operating system on the
Seylla IV~P Prime 300 computer was upgraded to the
latest Prime vrevision (No. 11} and the disk
controller converted from an 8-sector to 32-sector
format, for compatibility with current releases of
Prime software and with our other Prime computers.
Prime's time-sharing system, PRIMOS III, was
implemented to permit multiple users when the
control program is not runnina. '

Data acquisition devices currently being read
by the computer include 52 Biomation 610°s, two
Biomation 8100°s, 80 SEC 6i0°s, 12 neutron
scalers, and 62 ADC channels of the single-point
Thomson scattering diagnostics--nearly 60 000
bytes of data per shot. A small auxiliary (6 ft
by 5 ft) screen room is being installed, which,
through optical coupling and serial CAMAC link to
the computer, will accommodate as many as 100
additional diagnostic channels. The two Biomation
8100°s were placed in tandem to extend the time
scale of the coupled cavity data from 40 to 80 us
while maintaining 0.02-us resolution.

3, Prime/PDP~1Q Link, As discussed above,
the Experiment Interface Computer (EIC) PDP-10
link concept has been abandoned. The new system
is based on a high-speed serial terminal-type link
with CAMAC teletype driver modules rather than a
very high speed parallel 1link. At the present
1200-baud line speed all tne data from a Scylla
IV-P shot is shipped in two to four minutes. When
the planned installation in early 1973 of 9600-
baud input ports is complete, less than half a
minute will be required and adaptation of the
shipping program to the Real Time Operating System
will cause this to occur automatically after each
shot.

ASCII ~ formatted files can be shipped in
either direction so that program development as
well as data analysis can be run on either end of
the link according to convenience. The same
system is operational for the Prime 100.

4, Sigmg 2. Our two Sigma 2's have again
undergone several important improvements. These
include support of an arbitrary number of
terminals Lo edit and control programs, serial
CAMAC ingtrumentation for support of remote

terminals, and a new display system:



a. Terminals. The system monitor has been
revised tc permit connection of any number of
terminals just as if they were the system console
teletype. These terminals are interfaced through
CAMAC modules having first-in first-out buffers as
well as the

necessary  serializing. They

communicate to a core resident program which

recognizes and treats a number of control
characters in a manner similar to the PDP=10,
This program queues foreground tasks. The monitor
structure itself limits the system to a single
background user at any one time. Together witn
the new editor reported last year, this terminal
capability has eliminated nearly all usage of the
card reader and teletype.

b. Serial CAMAC. Serial CAMAC drivers have
been implemented through individual modules in a
standard (parallel highway driven) CAMAC crate.
With the use of special adapters (U-ports) they
can send and receive data over considerable
distances with only one wire pair in each
direction. The original motivation was to support
the RFX
axperiment located over 500 feet from the computer

The standard 200-s

Biomation 610 transient digitizers at

screen room, time period per

24~-bit CAMAC operation was achieved. Currently
one serial CAMAC driver replaceés the previous
noise=sensitive link Lo YAS] for reading

Biomations and another links the electronics shop

to the Secyllac computer for general - purpose

testing of new equipment or trouble shooting of
defective devices.

c¢. Hew Display. The old four-channel video
disk system used to display waveforms, text, and

plots on standard Y monitors has become

increasingly unreliable. A more modern digital
electronic system to perform the same function has

been purchased from Grinnell Systems. It has 512

X 512 display points for each of four screens. It

was interfaced through CAMAC and is capable of

generating alphanumerics,
more,

vectors, boxes, and
In the past the Sigma 2's have had their own

limited plotting routines. For compatibility with

the inereasingly popular plotting package PLOT 10,

used on the PDP-10, it was decided to make a

smaller versinn of it (calendar plotting removed)

for the Sigma 2's, The output character and
control strings intended for storage displays,
such as the Tektronix 4010, were converted by
monitor overlay into commands for the Grinnell
Systems unit. The result, although software~speed
limited, 1is faster than a terminal operating at
9600 baud. The old routines for standard graphs
remain available where the Bk word saving in core
usage of this more limited package is necessary.

r. ient R r . Doubts about the
610 E

transient recorders initiated examination of their

linearity of the Standard Engineering

design. A method to quickly test linearity of a
large number of units was required and devised.
It uses 3 repetitive linear ramp waveform input,
computer

readout, and histogramming of the

frequency of occurrence of each discrete output
voltage level. With removal of certain resistors,
glaring breaks in the frequency spectrum (output
levels that

almost never occourred) were also

removed. The method measured the dynamic¢ gain and
also revealed that the divider string for the
comparators has too little current, resulting in

decreased gain at low frequencies and hence
serious error if de calibration is used. This
deficiency is in the process of being corrected
with installation of a special Zener diode. The
cumulative error from the average gain measures
the integral nonlinearity, i.e., deviation from

straight 1line ramp. The circuit changes have

improved this from more than + 2.0 to about + 0.4
in units normalized to 64 {six bits) full seale.

Solutions of problems with the CAMAC

interfaced Biomation 610 transient recorders have
resulted in a simpler and more reliable handshake

procedure in the interface while reducing the

commands needed to read each data word from four

to one. Because the dynamic shift register that

refreshes the Biomation memory operates on a

faster cycle time (2 ps) than the data can be

tranamitted over a CAMAC line, consecutive words

are read from the output register at 512 us

intervals, j.e., after one complete 256-word memory
refresh cycle,

when the next consecutive word

again appears in the output register.
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6. Automated 2-D Data Agguisition. In anti-
cipation of obtaining a TV frame grabber, an algo-
rithm was completed by Group M-8 for determining
streak picture trajectories and trace widths from
digitized Polaroid pictures. This algorithm was
transferred Lo the MFECC network CDC-7600 and
debugged, and a substantial inventory of Scyllac
data shots accumulated, awaiting further detailed
analysis.

The TV frame grabber, or video image
processing system (VIPS), was acquired from
Videology, TInc. It can digitize and store
eight-bit information (256 gray levels) either for
one 512 by 512 picfure or for four-256 by 256
pictures. As customary with first models from a
manufacturer, improvements have been necessary and
implemented both by ourselves and EG&G. The TV

camera has been interfaced to an Imacon streak
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camera output and the frame grabber memory has
been interfaced through CAMAC to the Sigma 2., &
memory test program was written which writes the
frame and then checks it, 1including various
pattern lengths and random access. Failures after
modification of the unit and replacement of some
marginal components are down to about one bit per
100 frames.

Stored frames can be read on tape in the same
format used for the digitized Polaroid pictures
for transmission to the network 7600, enabling
comparisons to be made as both line detection zl-
gorithms and spatial and intensity calibrations
are developed. Eventually, sufficient simpli-
fications are sought to do the entire analysis on
a2 local minicomputer immediately wupon data

acquisition.



XV. MAGNETIC ENERGY TRANSFER AND STORAGE

J. D. Rogers, E. M. Honig, C. R. King, J. D. G. Lindsay,
G. A Miranda, P. Thullen, H. Vogel, R. W. Warren, D« M. Weldon,
J. M. Weldon, D. Y. Whitaker, K. D. Williamson, Jr., J. J. Wollan

A. SUMMARY

During the year the goal of the group changed
from development of the superconducting magnetic
energy transfer and storage (METS) system for use
in future theta-pinch experiments to development
of superconducting tokamak poloidal field systems
(TPFS). The emphasis on the TPFS program 1is
divected toward TNS requirements. The major
objective of the program 1is to provide an
integrated system demonstration by 1982 of a
nominal 50-kA, 20-MJ, 7-T superconducting coil
swyng in a 2-s bipolar mode. With the METS

program of the past few years as a basis, emphasis

will be placed on three main technology
development areas - superconducting coils,
switching, and power supplies. In addition,

studies are being performed for several conceptual
tokamak TNS machines.

The METS program will be concluded with a
demonstration METS-SFTR coupled superconducting
prototype system which should be operable in late
1978 or early 1979. This system is to be composed
of one 400-kJ, 25-kA superconducting energy
storage coil and all associated charging and
switching equipment. The coil will be charged in
300 s to a field level of 2.5 T at 25 kA through
continuous duty leads and discharged in 0.7 ms
through special coaxial pulsed-duty leads. The
energy transfer is efficient, being determined by
the storage coil inductance, transfer capacitance,
and load inductance resonant circuit.

Major accomplishments during the past year
include the following items:

l. TInitiation of a preliminary conceptual
engineering design for a 7-T, 20-M3, 50-k4,
superconducting TPFS coil.

2. Successful swinging of the 300-kJ, METS,
Westinghouse cofl 1in the bipolar TPFS mode
(+ 12.1 kA, + 2.72 T, 1.1 T/s).

3. Successful demonstration of commutated dc

machines as pulsed power supplies for the TPFS.

4. Completion of several studies for the
tokamak design group of General Atomic including
the conceptual design of a 3-MA breaker and a
500-MJ homopolar.

5. Completion of the dinterrupter facility
upgrade permitting a 60-kA, 60-kV test capability.

6. Successful testing of axial field
interrupters to 37 kA and 38 kV.

7. Successful operation of two 17.8-cm
vacuum interrupters in parallel at a total current
level of 30 kA.

8. Near completion of the 6-T, dipole,
superconducting magnet for wusc in the cable
evaluation test facility.

9. Successful development of a 3-pin
cryogenic disconnect capable of carrying 5 kA at a
resistance of 15 nQ-

10. Successful development and testing of a
hybrid switch capable of carrying 25 kA
continuously, interrupting this current and
vithstanding 60 kV.

11. Successful operation of Helix Corp.,
700-W, 4.5-K refrigeration system-

12. TInstigation of a Laboratory-wide helium

conservation program.

B. 7~T, 20-MJ SUPERCONDUCTING TPFS COIL

1. Coil Design. A preliminary conceptual
engineering design of a 7-T, 20-MJ superconducting
energy storage coil has been initiated. The first
magnetics and superconducting cable designs are
complete. Energy loss calculations for a 1-s
cosinusoidal magnetic field swing from +7 T to
-7 T were made for a 50-kA, multistrand Roebel
transposed cable. A cryostable 13:1, Cu to NbTi
sub~-bundle was designed. Minimal heat transfer
calculations were made to assure stability. A
similar design was also carried out for a 5.5-T,
20-MJ coil.

Proposals were received from industrial
suppliers for development of a S0-kA NbTi
superconducting cable. Two contracts are being

negotiated for 7.6-m lengths of prototype cable
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and various lengths of subcable components for
testing. One such cable 18 to be built by
Magnetic Corporation of America (MCA) working with
a a{x-around-one first sub~bundle soldered
together and insulated with double nylon wrap.
Two configurations will be made. In the first,
the sub-bundle will have two superconducting and
four copper strands; in the second, three
superconducting and three copper strands. Six of
these first sub-bundles combire around a stainless
cable to form the second sub-bundle. Twenty-four
of these are then wrapped around a strap to make
the cable. The second cable, which is to be made
by Intermagnetics General Corporation (IGC),
starts with a single, larger, polyamide-
imide-f{1lm-insulated strand for the equivalent of
the first sub-bundle. This strand has a complex
copper, copper-nickel matrix with a copper-nickel
spider segmenting the bulk of the copper 1in the
outer periphery.

Preliminary analysis of the magnetically
induced stress distribution in the proposed 20-MJ
TPFS caoil has been completed. Various mechanical
models representing coil construction have been
considered. Several analytical models represent-
ing stress distributions within the coil have been
applied to the mechanical models and the less
accurate discarded. Stress magnitudes and spatial
variations have been determined. Peak magnitudes
are on the order of 20 MPa.

2. 7= and 9-T Industrial TPFS Coil Design

Study. Fabrication and testing of the first
prototype TPFS coll are planned to be done in
house. However, an assessment will be made of the
time and cost 1involved for having an industrial
supplier build such a prototype coil. To this end
a contract was placed with Westing .ouse Electric
Corporation for an 1industrial study of both
7- and 9-T, 20-MJ, 50-kA prototype superconducting

TPFS coil designs, costs, and schedules.

C. BIPOLAR TPFS COIL SIMULATION TESTS WITH THE
300-kJ METS COILS

l. Usinpg Conventional Power Supplies. The

LASL and Westinghouse 300-kJ energy storage coils
have been tested to determine how fast the coil

é
current could be swung from a positive to a
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negative value with the coils still
superconducting.

The Westinghouse coil was "swung" 1in a
+12.1-kA bipolar operation without going normal.
Peak swing in the magnetic field on the winding
was from + to -2.72 T with an average rate of
change of 1.1 T/s. These numbers are essentially
limits of the test facility and not of the coil.
Energy loss during the operation was 0.19% of the
peak energy stored in the coils or 0.095% of the
total energy transferred out of and back 1into the
coil. This loss is equivalent to vaporizing 0.34
liters of 1liquid helium and was principally
hysteretic in nature.

The LASL coil 1is a fully potted coil made
with a monolithic conductor and 1its performance
was not expected to be as good as the Westinghouse
coil. The coil could he swung +3 kA at a rate of
about 0.34 T/s without going normal. Increasing
the current swing to +4 kA for the same time
interval of 3.5 s caused a sizable increase in the
losses indicating the coil was probably going
normal. At a swing of 45 kA the increased boiloff
from the dewar caused by the energy transfer
became very marked. In previous steady- state,
nonpulsed tests, the coil had operated at 12.5 kA
without going normal.

2. Usinpg Rotating Machinery. & used 500-kW

motor generator set, consisting cof a synchronous
motor and a commutated dc generator was acquired.
The general characteristics of the dc machine make
it suitable for reversing the current 1in the
existing 300-kJ METS coil. The set has been
operated with the dc generator as a motor, and
preliminary measurements of 1its characteristics
made. The set cannot conveniently be uncoupled so
the synchronous motor will serve as a flywheel.
Further measurements will be made before operation
with the 300-kJ cc''.

D. POWER SUPPLIES FOR TPFS
1. Commutated DC Machine Feasibility Tests.

A 0.19-kW (0.25=hp) dc motor was operated as a
pulsed power supply. This machine, rated at 2 A
was capable of supplying 20 A into a direct short
circuit at the terminals wit'. no apparent damage.
These tests showed the feasibility of this mode of

operation of commtated dc machines.



2. TPFS, 20-MJ Homopolar.

a._ Westinghouse. The design of a homopolar

machine suitable for reversing current in the
20-MJ TPFS coil was completed by Westinghouse. It
18 based on the HETS 10-MJ work done previously.
This machine uses superconducting field coils as
the HETS machine did. It differs by having a six-
turn drum-type rotor. The rotor has a solid iron
core, which permits the in-reased energy storage.
The machine has a terminal voltage of 2 kV, a
current of 62.5 kA and a half —cycle (current-
reversal) time of one second.

b. University of Texas at Austin. The

Energy Storage Group at The University of Texas at
Austin began work on a 20-MJ homopclar machine as
an alternative to the design of Westinghouse. The
machine will use superconducting field coils but
an attempt is being ‘made to simplify the overall
mechanical construction details.

3. Traction Motors. It was determined that

traction motors can serve as a current-reversing
power supply for the TPFS 20-MJ coil. Traction
motors are series dc commutated machines used to
drive diesel-electric locomotives. As a current-
reversing power supply 30 to 50 motors will be
connected in a series-parallel arrangement to
obtain 50 kA at 2.51 kV. In this configuration
they will have a capacitance of 6.35 F and will
store 20 MJ. Rebuilt traction motors cost
l.1 to 1.5 cents per J, and thus are economically
attractive. Two units will be purchased and
tested to determine over - current capability,
capability for parallel operation and suitability

for operation in the separately excited mode.

E. TNS STUDIES

Several separate but interrelated studies
were undertaken in conjunction with the Center for
Electromechanics of The University of Texas at
Austin in support of the tokamak TNS design group
of General Atomic at San Diego, California. The
primary emphasis of the work has been to examine
the feasibility of a homopolar machine as an
energy transfer and storage element in the circuit
of the TNS doublet, to address the related
e~ _ching problems, and to consider the nature of

the plasma shutdown at the end of the burn cycle.

Parameters supplied for the studies set the
peak current and voltage at about 3 MA and | kV,
respectively, with a 2-s startup for the
ohmic~-heating phase. The stored energy 1in the
ohmic-heating coils was estimated to be 500 MJ and
the total flux change to be 34 Vs. Of this
amount, 20 Vs supplies the plasma inductive
loading and 8 Vs the plasma resistive losses. The
remainder powers the burn phase.

1, 3-MA Circuit Breaker for the TNS Doublet.

A conceptual design of a 3-MA breaker having a
recovery voltage of several kV was completed.
Current interruption is achieved by a set of low-
impedance circuit breakers, each with a capacity
of 100 kA as shown in Fig. XVv-1. The 'water
hammer" effect will be used to actuate or open the
switche Transfcrmer oil will be used both as the
actuating fluid and the arc-quenching fluid. A con-
tinuous flow of fluid will pass through the hollow
electrodes prior to actuation. ‘The switch will
open under the influence of the inertial force of
the 0il column (water hammer) following closure of
pilot and main valves. It 1is anticipated that

shock loads on mechanical components will be
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Fig. XV-1.

Hydraulically actuated oil circuit breaker for
100-kA intermittent duty and approximately 2-kA,
500-V interrupting capacity.
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manageahle 1In such a configuration. Becaune of
the water-hammer applicatinn, the design {a belng
conaldered for pateating. A literature survey
ghowed that some of the sdame principles in arc
extinction were developed In  a  FEuropean ofl
breaker for use in  the FEuropean 400-kV  dc
transmissi{on project.

The arc voltage drop in oil {8 higher than in
any other standard medium; and, hence, is
particularly wuseful for parallel operation and
current transfer to a homopolar machine. A
counterpulse circuft {fa proposed consisting of a
capacitor bank for each of the parallel breaker

units and a saturable reactor rore eaclosing the

I-MA hus.

2. SNN-MJ Homopnlar for General Atomic.

a. Marhine Design.  The design of a
disc-type homapolar machine, undertaken for

General Atomir Company (GA}, was completed. The
machine used two counter-rontating discs to store
500 MJ. Superconducting field coils supplied the
main fleld and copper-graphite brushes were used
to collect tune current.

It was shown in this study that the cost of
such a machine wnuld he in the range of 1 tn 2
cents  per  J. A parallel study ot a 500-MJ
copper-iron homopolar done by The University of
Texas at Austin  showed that the cost  of
copper~iron machines will be equivalent to that of
superconducting machines. A preliminary written
report and an oral presentation were given to ca.l

be Circuit Analysis of a TNS Doublet Relative

to a Variable Capacitance Homopolar Machine. A

homopolar machine functioning as a capacitor in an
LC circuit was studied where the current reversed
within 2 s from negative to positive before
continuing to increase for the 28-s burn period.
The differential equation for the series LCR
circuit with a variable brush homopolar machine
was 1Iintegrated 1in current for two given flux
functions describing the variable position of the
brushes. To answer the question whether there is
any continuous flux function that can provide for
a monotonlically increasing current over the period
that includes current reversal and burmn, the same
differential equation was 1integrated in the
magnetic flux for given monotonically rising

current functions. From this study it was
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cencluded that the moving brush feature was not
ugeful for controlling the bura period. The
results  and detafls of the calculations were
ernrtOd-]’z

3. Shutdown Problems in Large Tokamaks. The

two types of shutdown conesidered were the normal
shutdown at the end of the burn phase (soft
shutdown) and a shutdown caused by a2 disruptive
instability (hard shutdown). For a soft shutdown
a cursory literature search was undertaken and
methods for controlling the thermal wall loading
were investigated. Since shutdown computer codes
are not widespread, some of the differences
between startup codes and shutdown codes were
investigated, along with program changes needed to
char1e a startup code to a shutdown code. For a
hard shutdown, the major problems are large
induced voltages in the ohmic-heating and
equilibriun~fleld cails and high First — wall
ernsion. A literature search of plasma-wall
interactions was carried out. Phenomena which
occur at the plasma-wall interface can be quite
complicated. For example, material evaporated
from the wall can form a virtual limiter or shield
protecting the wall from major damage. Thermal
pradients which occur during the interaction can
produce currents whose assoclated magnetic field
also helps shield the wall.
4. Combination of Blip and Vertical Field (VF)

Coil Mounted Outside the Toroidal Field (TF) Coils

in Tokamaks With and Without Iron. Since a large

amount of energy 1is needed if the plasma is
initiated by inserting a "blip" resistor into the
bilas -~ current - carrying ohmic-heating coil, an
effort was mpade to reduce the energy by using a
set .{ unbiased blip coils. The blip coils are
designed to generate zero field in the plasma
region and supply the voltage pulse. Since most
of the blip energy 1is supplied by magnetic
coupling from the VF coil circuits, controlled
power supplies are required to maintain the
correct VF currents. It was concluded, therefore,
that the blip coils and their driver circuits may
best be combined with those for the VF circuits.
It is possible to distribute any given
current among the individual turns forming the
vertical field coil so the plasma region 1is
virtually excluded from the ©pololdal field



generated by the current in the coi’. Plasma
initiation by inducing a pulsed voltage In the
plasma repion may thus he obtained by modulating
the c.rrv:-t in the equilibrium field coils. In the
TNS case, It is expected that a flux swing of
40 Vs over the range -2 T...2 T may be obtained
without varving the plasma major or minor radii.

The preat advantage from a practical point of
view of having the VF-and-blip colls mounted
outslde the TF coils is bhought at the expense of a
large increase in field energy, unless effective
use 1s made of {ron to reduce the reluctance of
the poloidal-flux path. In addition to providing
the VF-and-blip field, the VF cells are used as
drivers for reversing the flux corresponding to
=2 T at the start and >2 T at the cend of the
operating pulse. A constant-current super-
conducting bias coil is wound on the center post
iron to provide tie bias field of -2 T. Analysis
and operation are complicated by the iron’s
presence at varying levels of saturation hecause
the inductance matrrix varies significantly over
the operating range.

5.  General TNS Studies. Problems associated

with the obmic-heating circuits of the TNS tokamak
have been investigated over the last year. Some
work was done to specify the power supply ana
OH=coil requirements of a TNS reference design
generated by ORMNL. ‘The ohmic-heating coill of this
reference design has a peak stored energy of about
300 MJ and a peak fleld of about 3 T for
half-biased operation. Other possible designs for
TNS would be smaller with correspondingly smaller
OH coils operating at higher fields. The effect
on power stpply requirements of using time-
dependent 1inductances caused by the change of
plasma current distribution in flux conserving
tokamaks was investigated. Generally the effects

are small and tend to reduce the ohmic-heating

energy requirements.

F. TPFS SWITCH DEVELOPMENT AND HVDC TEST FACILITY
1. Interrupter Facility Upgrade. The

upgrade of the HVDC Interrupter Test Facility was
completed. The upgrade was accomplished by
essentially duplicating the original facility. Tn
general, the same component design was used unless

safety and reliability considerations suggested

otherwise. S5ome  of the design improvements
incorporated were fiber-pglass laminated capacitor
racks, optical coupling for meter signals and
high-speed trigger signals, pneumatic coupling for
slower control signals, and ifiber-glass laminated
balcony to hold the charging equipment. The
original facility was alseo retrofitted where
possible to include these improvements. The
upgraded facility {s shown in Filg. XV-2.

Safety and reliability received special
attention during design and construction of the
facilities. Safety to the operator {s enhanced by
automatic

interlocks and grounding devires,

automatic control operation, and physical
separation and electrical {solation of control
et trevs high=voltare  cguipment. Pelio-
Litie i cubneed b redaction ot electrical
pirkup through the use of single-point grounding
and optiral and pnewmatic coupling of controls.
The dual facility was constructed to allow
independent operation of the two facilities with a
30-kA, 60-kV capability or combined operation with
a 60-kA, 60-kV capability. The facilities were
successfully tested to these limits and can now be
used to provide new test data for the switch

development projyram.

Fig. XV-2.

Upgraded HVDC tcst facility.
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Figure XV-3 shows a simplified
diagram of each of the {nterrupter fa
Figure XV-4 shows the current and volt

forms and contact separation, S, of

circuit
cilities.
age wave

the test
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Fig. XV-3.
Simplified circuit diapgram for the HVDC test
facility.
LV,S -
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Fig. XV~4.
Typical current and voltage waveforms from an
. interrupter test.

switch, typically a vacuum {nterrupter, V1. Also
shown are the ‘closfng times of the various
switches in the test fac!lity: S1, S2, S3, and S4.
A test sequence begius by charging storage
capacitor bank Cl and counterpulse capacitor bank
C2 to predetermined voltages of opposite polarity
while switches S1 through S4 are open. The test
current through storage coil Ll and test switch VI
is initiated by closing switch Sl. LI and Cl form
an LC circuit. When the peak current, Imax‘ is
reached, switch 52 closes automatically to crowbar
or shunt capacitor Cl. This creates an
exponentially decaying LR circuit involving L1 and
the total loop resistance. The current decays
slowly enough to allow the test switch VI to open
while its current is still a large percentage of
lnax® To achieve interruption the switch current
must be driven through zero after the switch
contacts have opened sufficiently tu withstand the
peak recovery voltage. This 1is done by closing
switch 53 to connect the counterpulse bank across
switch VI and saturable reactor L2. Closing 53
creates an LC circuit which includes C2 and the
stray 1inductance around the counterpulse loop.
The current in the interrupter is driven rapidly
toward zero until L2 comes out of saturation to
hold the current near zero. After interruption L1
and C2 form an oscillating LC circuit with the
energy stored 1in L1 being transferred to C2,
charging it to a peak voltage, Voaxe This voltage
is also the peak recovery voltage the switch must
withstands After the energy is transferred from
C2 back into L1, switch S4 is closed to dissipate
the energy 1in RI. This completes the test
sequence. Some of the test parameters which can
be varied are test and counterpulse current,
recovery voltage, event timing, saturable
reactance, and repetition rate.

One of the methods for paralleling the
facilities 1is shown in Fig. XV~5. This method
allows 1independent charging and triggering of the
storage and counterpulse capacitor banks of both
facilities. Only two connections are required.
First, the ground plates are tied together at
point 1 to achieve a common system ground.
Second , the bases of the two saturable reactors
are tied together at point 2. With this

arrangement, beth facilities feed current to the



switch independently with the total test current
being the sum of the two individual test currents.
Interruption i{s achieved when the switch current
is driven to zero and held there by the combined
action of the counterpulse banks and saturable
reactors of both facilities.

2. Parallel System Operation. System A and

its duplicate, svstem B, were operated together up
to 60 kA. The operating mode was first employed
in which the two systems were interconnected only
at the interrupter under test as in Fig. XV-5. No
problems of any sort were encountered. The
systems were then connected at the tops of the
saturable reactors, LZA and LZB' to parallel both
facilities directly. This simulates more 1ideally
the whole interrupting ‘system which might be, for
example, applied to an ohmic-heating system. 1In
this second mode interactions were seen between
the two counterpulse systems, which showed up as a
fast "ringing" of energy between them.
Modifications of the systems have been undertaken
to reduce these Iinteractions.

3. 2-MJ System. Circuit design has been
started on the 2-MJ system, which is to be used to
test interrupter systems above 100 kA- A decision

was made to construct the system by asscembling

!

2
vi
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———
Fig. XV-5.

Circuit diagram for parallel operationuéf the HVDC
test facility.

5 to 7 smaller modules in parallel. The modules
and the techniques used to parallel them would, in
most respects, be the same as those already
developed for the duplicate facilities. The
capacitors and most other components for the 2~MJ
system are already available. Some components,
such as the storage coils, have been designed and
are being purchased. The capacitor racks are
being built. System layout and faciliry
modifications are being studied.

Existing coil modules used in the switch test
facility were analyzed to determine the cause of
cracking in the epoxy potting. This analysis was
applied to the design of new colils for use with
the 2-MJ capacitor bank. The new modules will be
of similar construction to the existing double-
spiral pancakes, but will 1incorporate a more
complete magnetic force restraint system to allow
operation at currents up to 60 kA, which is twice

the rating of the original design.

4. Saturable Reactors. Tests were performed

on silicon steel, ferrite, and Permalloy saturable
reactors to determine the effect upon arc
interruption of their flux rating, tape thickness,
and air-gap size. Interruption was found to be
independent of all of these variables within wide
limits.

5. Axial Field Vacuum Interrupters Two

special 17.8-cm-diam interrupters were purchased
from Westinghouse for use with axlal magnetic
fields. One, PRI, had the field coils internal to
the bottle; the other, PRII, needed external
coils. PRI was tested to 37 kA at 38 kV without
failure. This was the limit of the test facility.
Higher current tests were postponed until the
duplicate facility became operational.

PRII was tested at various filelds to 29 kA.
At low fields the maximum interruptible current
was 14 kA, At the highest field used, about
0.05 T, the extrapolated maximum current would be
well in excess of the system’s limit.

Tests with other sizes of conventional
interrupters 1In an axfial field were also
conducted. The performance of 10=-cm-d{iam
interrupters was not significantly improved. The
12. 7=cm-diam interrupter performance improved

about 50%Z in a fileld of 0.1 T. Conventional
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17.8-cm~diam interrupters were not Investigated
pending availability of the duplicate facility.

6. Parallel Operation of Vacuum Interrupters.

Two parallel-connected 17.8-cm-diam {nterrupters
were teated for maximum Interruptible current. A
current-gsharing transformer was sometimes used.
Without the transformer a realstor as large as
1 mQ placed in series with each interrupter was
unable to force current sharing, leading to a
fallure to Interrupt at a total current well below
30 kA. With the transformer, current sharing was
usually very good and interruption at 30 kA, the
system limit, was successful.  Occasionally the
flux rating of the transformer was inadequate, the
current sharing was dmperfect, and interruption
was not successful.  With the avallability of the
duplirate fartlity, a larper transformer will be
used to test the interrupters to thelr maximum
expected rating of about 45 kA.

7. Persistent Currents In Interrupters.

Facility modifications were made ta tie in the
20-kA homopalar generator to preheat the
electrodes of the vacuum iInterrupters prior to
opening. Investigations were made of contact
heating, melting, welding, popping, and the effect
of all of these on interruption. An actuator was
modified to allow higher contact~closing forces,
which reduces the contact resistance and most of
the above undesirable effects. Tt was found (a)
that under most circumstances, i.e., whenever the
voltage across the closed interrupter was greater
t han 1/2 v, the contac*ing points on the
electrodes melt; (b) if the electrodes are not
immediately opened, such melting leads to welding;
(c) if the electrodes are opened before the
current is reduced, welding ‘loes not occur; (d)
interruption is not affected by the melting until
12 equals or exceeds 4 x 10° AZS; (e) "popping,"
a chattering of the contacts caused by the
magnetic repulsion of opposing electrodes, can
cause welding problems but does not interfere with
interruption; (f) very 1large contact~closing
forces (136 kg to 227 kg)will be needed if curremts
of 50 to 100 kA are to be carried by one device;
and (g) if welding occurs and the weld is broken
mechanically, the roughness produced interferes
with interruption until it can be smoothed away by

a series of ~ 10 arcs.
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8. Fast-Actuator Studies. There are impor~

tant advantages to be pgained {f vacuum {nter-
rupters can he opened rapidly. Fast actuatinn
provides the possibility of oprning under no-
current  conditions thus resulting in minimal
eroslion rates nf the contacts due to arcing. The
conventional mechanical actuation systems
roscinely wused achieve opening wvelocities of
1+h mm/ms, which is relatively slow.

An actuator which uses repulsion coils was
obtained and tested. At rated conditions opening
velacities of B8 mm/ms were achieved. A sccond
unit which utilizes a combination of repulsion
coils and pneumatic systems Is on order and will

be tested early in 1978.

9. Gas Breakers for Tokamak Ohmic-Heating

Duty. The current {Interrupting capacity of air
hlast and SF, breakers was reviewed for
application {n tokamak ohmic-heating circuits,.
Particnlar attentinn was paid to gencrator
breakers for their large current interrupting
capacity and suitability fnr ohmic~heating
circuits.

10. Interactions With Other Laboratories and

With Industry. Tests were performed on saturable
reactors for Westinghouse Electric Corporation and
for the 0Oak Ridge MNational Laboratory. These
entities were Involved with designing the
ohmic~heating circuit of Ormak Upgrade and nceded
help with the design of the interrupter circuit.
Tests were performed on the largest
commercially available interrupters of GE (Model
PV07) and 1TT-Jennings (Model RP-728A). Both in-
terrupters failed to perform as well as expected.
The GE sample developed a vacuum leak; the ITT
interrupter could not interrupt large currents.
New Interrupters have been procured for retests.
An extensive series of tests was performed
with GE to re-evaluate the erosion of their
special PV08 interrupter. These tests were
performed with their actuator and with their
supervision with respect to the method of mounting
and actuating the interrupter. The results were
the same as those of the earlier tests, 1i.e.,
erosion is much more rapid than for other similar

interrupters.



A continuous dialog with Ebasco-Grumman has
heen held with regard to tests of vacuum inter-
rupters for use on TFTR. Special components have
been ordered for these tests, but they have not
been started because of changes in the plans of

Ebasco-Grumman.

;. CRITICAL-CURRENT STUDIES AND LOSS MEASURFMENTS

1. DNipnle Magpet. The new 102-mm-bore, 6-T

dipnle magnet for the high-current test facility
is  almost complete. The winding has been
finished, the magnet fully asscmbled, the transfer
line and coolinp tubes installed, the eddy current
shield mounted, the shunts rconnected, and the
magnet suspended from the dewar lid. The magnet
assembly  should be  completed, tested, and
operational early in 1978,

fritical- current measurements were made on
samples of the conductor from the start of the
winding, the break between the two halves of the
dipole, and at the end of the winding. A1l
samples met the specifications.

2. Critical-Curtrent Mcasurements Below 1 kA.

Short- sample critical - current measurements were
made on a series of intermediate resistivity,
multifilament DT wires as a part of an
evaluation of the losses of the conductors. The
critical-current densities at 3 T were 1.7, 2.0,
and 2.¢ x 10° A/cm2, respectively, for wires of 0.25
mm, 0.36 mm, and 0.51 mm 1in dlameter. By
comparison, IGC mixed-matrix wire, for which this
was to be a possible substitute, had a j. of more
than 2.4 x 102 A/cm2 at 3 T.

Other miscellancous  wires were measured
including some wire for the Q-10 SMES program.

3. Critical-Current Measurements Above 1 kA.

Both sampies of the cables for the HETS test coil
were tested wup to approximately 5 T. The
extrapolation of the data to 6.4 T indicated that
both cables met their specifications of 2800 A and
5500 A.

Additional measurements were wade of SMES
conductors by Q~10 personnel with assistance of
CTR-9 personnel.

4+ Loss Measurements. Hysteretic and pulsed

energy loss measurements were made on a series of
intermediate resistivity matrix wires manufactured

by MCA. The wires had 156 NbTi filaments in a Cu

0.05 wt? Ni matrix. The matrix resistivity at
4.0 K was approximately one twentieth that of
copper at 293 K. Theoretical analysis had
indicated that the energy losses would ke similar
to equivalent

mixed-matrix conductors, but

experimentally , the dynamic losses were
significantly higher.

In line with programmatic changes,
preliminary work was begun to convert the loss
apparatus operating parameters to a maximum field
of 7T with a bipolar sweep on the order of
14 T/s. A 7-T, 60-kJ coil was designed and the
superconductor ordered. The method of swinging
the coil has not yet been decided. Tests are
under wiv tao evaluate the possibility of using
motor-generators. Initial dnvestigations indi-

cated that capacitors would be too expensive.

H. 300-kJ, 10-kA METS STORAGE COILS

1. Diagnostic Tests for the IGC Coil. In

an effort to determine the source or sources of
the failure of the Intermapnetics General Corp.
(IGC) coil to perform to specifications, two
series of tests were run, one on the 300-kJ coil
and the second on a small test coil made from the
300-kJ coil cable.

On the 300-kJ coil the terminations were
unsoldered, the 319 strands all separated and
extensive testing done on individual wires and
groups of wires. The most damaging fact which
arose was that there were many interwire shorts
within the cable. Because the shorts were
internal in a multistrand, fully transposed cable
and not turn to turn in a single strand winding;
it was not obvious that the shorts were
automatically the source of the problem. Some of
the tests did show, however, that a resistively
(rather than the normal inductively) induced
voltage drop would be established across the short
1f there also existed high-resistance contacts at
the termination and, in addition, if there were
broken wires. The broken wires were verified; it
was impossible, however, to determine termination
contact resistances at the terminations of the
individual strands. The variety of test results
made it impossible to reach any totally

unequivocal conclusions.
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A small magnet was congtructed from the
exceas ]10-kA cabled conductor uged in the original
IGC 300-kJ coil. The purpose of the coll was to
investigate, 1n particular, the effect that no
potting might have had on the 300-kJ coil. The
coll reached a maximum current of T 10 kA, about a
factor of three higher than the 300-kJ coil. It
was designed, however, to go to T 18 kA. Adding
shorted, nonbroken, low terminal resistance wires
to the cable did not degrade the coil performance.
Tt was assumed that the coil did not reach design
current because of wire motion since this coil was
not potted. Unfortunately na definitive tests
were run to establish this conclusively.

2. Fnergy Loss Measurements. The energy

lnss measurement data for the four 300-kJ coils
have heen analyzed and reported.3 Reference 3
summarizes the results and describes the loss
measurement apparatus. The losses were measured
by both electrical and czlorimetric methods to
verify the results with two independent measurinj
methods. Comparison was alyo made with short
sample measurements taken with the astatically

wound pick-up coil method.

T. ONE~COMPONENT MODULE SUPERCONDUCTING PROTOTYPE
METS SYSTEM

The fast- pulsed superconducting inductive
energy storage program was initiated to provide a
system capable of delivering 488 MJ to a
theta-pinch experiment. An optimization study led
to a modular design of superconducting coils, each
to deliver 400 kJ of energy to create a 5.5-T
field on the fusion plasma. To bring the program
to a logical conclusion in view of the de-emphasis
of theta-pinch research and to obtain a maximum
amount of information for ongoing inductive energy
Storage systems, a complete one-module or
one~component system 1s to be assewbled and
tested.

The one-cowponent system to be assembled for
the 400-kJ coil test will use a hybrid external
switch to isolate the coil from the charging power
supply, a cryogenic discomnect to withstand the
60 kV occurring during energy transfer, and a
helium-vapor -cooled coaxial lead to conduct the

current during the energy transfer. All three of
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these items are in a highly developed state and
are being designed fur final hardware fabrication.

l. METS Prototype Coil. A 400-kJ, 2,51,

25<kA superconducting coil 1is being designed and
built by Westinghouse Electric Corporation. The
coil is similar to the highly successful 300<k]
coil made by Westinghouse. The coll is to be
tested with a 0.7-ms discharge time and a 60V
voltage rige. Subsequently the coil will be
tested in a slower 1- to 2-s bipolar field and
energy transfer to simulate tokamak ohmic-heating
performance. The conceptual engineering design on
the coil is complete and detailed engineering has
started. Mixed-matrix copper, copper-nickel NhTi
superconductor has been ordered from IGC for the
coil.

2. Cryogenic Disconuect. After evaluating

several different matertals 1t was decided that
the 50-50 Pb-Sn alloy was the best suited for the
contact surfaces. Plating or coating of the Pb-Sp
alloy onto annealed OFHC copper seemed to offer
the following advantages. Although not
superconducting, the «copper has a very low
resistance at cryogenic temperatures and does not
have the abrupt transition to the normal state as
do the superconductors. The Pb-Sn alloy coating
has a very low contact resistance, especially in
the semigalling mode, and the resistance of the
copper forces current to distribute more evenly {in
a multicontact switch.

After selecting the materials, the mainp
effort was spent on the method of constructing a
semigalling switch. The testing included ways of
putting on a uniform coat of the Pb-Sn allay,
methods of controlling the galling action of the
switch without seriously dimpairing the operating
lifetime, methods of switch connection to the
superconducting coil, and switch construction thag
would minimize any motion of the connecting leads.

A switch was constructed consisting of two
cylindrical bushings connected by a 15.9-mm-
diameter pin. All parts are made of copper,
coated with Pb-Sn alloy. The two bushings are the
contacts and remain in a fixed position; the pin
is the movable element and forms the bridge
between the two contacts by sliding through ope

bushing into the other. This switch carried a



current of 1.5 kA with a total resistance of less
than 50 n after 1500 cycles of operation.

Tests on the above switch revealed the higher
resistance portions of the switch and calculations
were done to optimize the design to reduce the
resistance in these places. The final design uses
thinner fingers on the cups and a piece of
multifilament superconductor soldered into a hole
running through the length  of  each finger
(12 fingers per cup with a  1.27-mm~diam
superconducting wire 1in each finger). In the
final design, the superconductors from each cup
will pass through the mounting plate and attach
closely to the superconducting cable from the
coil.

A three-pin version of this switch was
constructed and tested. It was able to carry a
current of over 5000 A at a resistance of 15 n'.
No degradation was observed after 500 cycles of
operation. Work is under way to design and
construct a similar switch with a current
capability of 25 kA.

3. External Breaker. To allow the METS

cryogenic disconnects ta open under zero current
conditions, the current in the series charging
loop will be interrupted by a circuit breaker
placed external to the dewar. The external
breaker must carry the five-minute charging ramp
to 26 kA, interrupt it, and withstand up to 60 kV.
To meet these requirements the breaker will
consist of a vacuum interrupter and bypass switch
connected in parallel to form a hybrid switch.

A full-scale prototype of the bypass switch
has been built and tested. Figure XV-6 shows the
bypass switch and actuator in the open position.
A 6~kA, 600~V switch by ITE Imperial was modified
to withstand high voltages by using nonmetallic
structural members and immersing the unit in oil.
The switch was successfully hi-potted to 90 kV.
Tests show that the bypass switch can handle the
charging current requlirements because of the
increased heat transfer from the contacts due to
the oil. The opening time from contact break to
full open is about 30 ms. A 1.03-MPa pneumatic
actuator is used to operate the switch.

The crucial transfer and interruption steps
of the complete external breaker were tested in

the interrupter test facility. Several different

Fig. XV-6.
High - current ©bypass component of the hyvhrid
switch.

modes of operation were investigated and extensive
though preliminary data were collected. The
switch wor!"ad about as expected. About 30 kA was
carried by the bypass switch, transferred to the
vacuum interrupter, and interrupted. Recovery
voltages were as high as 51 kV.

Erosion of the copper contacts in the bypass
switch was also investigated. The contact
erosion, shown in Fig. XV-7, after 100 transfer
operations at 26 kA 1indicates that 103 to 10%
operations could probably be accomplished by the
bypass switch before maintenance would be
required. New electrodes with a silver-tungsten
surface 1instead of copper have been ordered.
These should provide 5 to 10 times better erosion
resistance.

Testing has shown that the hybrid vacuum
interrupter-bypass switch meets the requirements
of the external breaker. Engineering drawings of
the final bypass switch have been completed.

Construction of the complete external breaker will

begin soon.
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Fig, XV~7.
Contact erosion on high current component of the
hybrid switch.

4.  700-W, 4.5-K Refrigeration System.

Startup and successful operation of the Helix
Corp. refrigeration system was accomplished
during the year. Refrigeration rates of 880 W in
the experimental dewar and 924 W in the 1000-gal
dewar were achieved. As a liquefier, a rate of
250 £ /hr was measured in the 1000-gal storage
dewar.

A GHe collection system was installed along
the outside west wall of SM-253 to accommodate
boiloff from the 3800-% and 500-% storage dewars
and the LN, supply line was extended from SM~-253
to SM-322 to facilitate automation of the helium
recovery—-purification system.

Micro Nova computer components were ordered
for conversion of the refrigerator from manual to
computer control.

5. load Coils. A set of high-Q load coil
modules wound of Litz wire was designed for use in
testing the 400-kJ coil and @general switch
testing. The «coils are fully epoxy potted.
Specifications for their manufacture were
composed. A contract for the construction was let
to Elma Engineering Co. Discussions were held
with the manufacturer and minor modifications made

to ease construction and improve performance.
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J. HOMOPOLAR MACHINE DEVELOPMENT PROGRAM
l. 10-MJ HETS Machine. The detalled design
of the 10-MJ, 30-ms HETS homopolar machine was

completed by Westinghouse and preliminary copies
of the final rcpourt 1ssued. A program was begun
and pursued at Westinghouse to test brushes under
conditions of speed and electrical loading similar
to those found in the HETS machine.

Two magnetic characteristics were derived for
optimizing the magnetic circuit of the machine,
One 1is the linkage flux wvs the crosa-sectional
area of the flux return and the other the total
flux vs the coil current density. The remainder
of the program was terminated due to lack of
funding and a relevant application.

2. UETS Load Coil. As part of the design of

the HETS 30-ms machine test facility, a high-Q
1.5-MA test coil was designed. The coil was to be
capable of operation at 300 K and 80 K. Square,
insulated, No. 7 aluminum conductors were to be
formed into Roebel bars of which the coil was
formed. Tooling and model bars were made to
demonstrate the construction to potential
manufacturers. General characteristics and linear
dimensions for the coil are listed in Table XV-~I.

The program was terminated due to loss of

funding.

K. MISCELLANFOQUS

I. Helium Conservation. A program was

established to implement helium conservation at
LASL. Laboratory overhead funds were made

available to purchase capital equipment items such

TABLE XV-I
10-MJ LOAD COIL CHARACTERISTICS AND DIMENSIONS

Characteristic 0.060-s Swing 2.0-s Swing

Inductance, pH 5.81 10.5
Number of Turns 2 85
Registance

{(No Bus), pf 0.7

Time Constant

(No Bus), s 8.28 8.28
Inefficiency
(Yo Bus), % 0.7 24.2



as dewars and recovery compressors--$15k in 1977
and 350k in 1978. Recovery systems will be
established at large 1liquid helium user sites
within the Laboratory. The rvecovered helium will
then be transported to CTR-9 where it will be
purified and reliquefied using the Helix Corp.,
1000-W, 4.5-K refrigerator. In addition to
conserving an important natural resource, the
program will result in cost savings to those users
of 1liquid helium having recovery systems.

2. SCEPTRE. Several persons from other LASL
Divisions indicated their intercst to use the
circuit analysis code SCEPTRE for problems that
NET2 is unable to solve. SCEPTRE has been made
available in public utility files on LASL"s NOS
systems and a users guide was  written to

complement the existing AFWL. reports describing

the code.

3. TPFS Workshop. A

workshop on the
groblems of designing poloidal field coils for
tokamaks was organized by, coordinated by, and
held at LASL. Representatives of all major US
tokamak research laboratories attended.
Proceedings were prepared and submitted to DOE for

distribution.
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XVI. SYSTEMS STUDIES

R.A. Krakowski, R.L. Miller, R.L. Hagenson, R.W. Moses, G.E. Gryczkowski ,*
A.S. Tai,** G.E. Cort, R. Bartholomew, J.W. Barnes, J.0. Jacobson,
J.H. Pendergrass, K.E. Cox, D.J. Dudziak, P.D. Soran, D.W. Muir,
F.W. Clinard, Jr., J.M. Bunch, G.F. Hurley, and J.G. Hoffman

A. INTRODUCTION

The focus of all systems and design studies

of magnetically confined fusion concepts has been -

on alternative or exploratory concepts. A major

design effort on the Reversed-Field Pinch Reactor

(RFPR) concept has been completed, and is based

upon a moderately'pulsed mode of operation. On
the basis of this RFFR design, a second design

study has commenced that investigates both the

physics and technology associated with a longer,

extended-burn operating mode. Studies of both the

Fast-Liner Reactor (FLR) and Linear Magnetic

Fusion (LMF) concepts have emphasized physics and
constraints for fusion

energy-balance power,

although crucial technological issues for both the
FLR and LMF concepts have been addressed. & study
of toroidal bi-cusp confinement (Tormac) was begun

and has focused on elucidaring viable physics

operating points with total power, energy balance,
and first-wall

loading being enforced as major

constraints. studies of

hybrid

Scoping generalized

(fusion/fission) and synfuel (thermo-

chemical hydrogen) applications of fusion power

have also commenced. The results of general

studies of plasma systems analyses performed in

support of all of the above -mentioned

reactor

studies are also reported. Finally, progress in

neutronics studies and insulator research is

summarized.

B. LINEAR THETA-PINCH REACTOR (LTPR) STUDIES

The heating and (radial) confinement princi-
(LTPR)

those envisaged for the

ples for the Linear Theta-Pinch Reactor

would be similar to

toroidal Reference Theta-Pinch Reactorl'2 (RTPR)

were it not for the rapid loss of plasma energy

from the open ends of the former scheme. Hence, a

pre-ionized DT gas is heated by a fast (e~ 1-us)

implosion (~1 kV/cm azimuthal or '"O" electric

*isiting Statf Hember from the University of
Michigan, Ann Arbor, Michigan.

**Visiting Staff Member from the Swiss Federal
Institute of Technology , Lausanne, Switzerland.
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field) to temperatures of ~1 keV; this preheated
plasma is subsequently compressed adiabatically to
ignition temperatures (~5 keV), and a burn cycle
occurs along a plasma radius/temperature tra-
jectory determined primarily by the dynamics of an
energetic, high-beta plasma.

The loss of plasma particles and/or energy
would make the achievement of tinis burn cycle on a
reasonable time scale, while simultaneously meet-
ing an

energy-balance or Lawson-like criterion,

technologically difficult for an open-ended linear
device.3 First, the end-loss problem <can be
ameliorated by use of extremely long
(>10 km).

ends could be replaced by solid or

plasma

columns Second , the free-streaming

gaseous end-
plugs, which would maintain the plasma pressure
(i.e., contain the particles), but would conduct
energy too rapidly, unless the plasma column were
also very long. As shown later, this approach
leads to the following condition on the

(axial) field B(T)

confining
length % (m) for
ideal ignition (i.e.,no loss of the 3.5-MeV alpha
particles): B’y = I.S(IOf 1% m. This Lawson-like

and plasma

condition is based on classical axial electron

conduction and predicts "acceptably" suort (i.e.

reasonable power levels and lengths) devices only

for high fields and plasma densities; the instan-
taneous radiation heat flux at the first wall
ultimately

establishes an upper limit on the

allowable plasma density,4 not

to mention the
magnet design and energy transfer/storage (ETS)
constraints wiich accompany high fields.

Although ongoing research may ultimately lead

to solutions to these technology problems and

permit use of the favorable le scaling, the

approach adopted for the purposes of this study

. 3
invokes the reentrant scheme,

endplug (REP)
wherein the end-loss particles and enmergy emanating
from a LTPR are

directed by a small-radius-of-

curvature conduit to a second, parallel device.

The plasma column within the REP region may not
necessarily be in "toroidal" equilibrium, it may

contact and in part be supported by a structural



wall and, therefore, will be subject to cross-
field transport losses. On the other hand an
intermittent toroidal equilibrium may be es-
tablished in the REP region that is similar but
not as effective as that envisaged for the
RIPR;2 the end loss would correspond to a
periodic plasma dump to the. end-region  first
wall. This issue has not yet been fully
resolved. The REP is assumed to confine =1
majority of the 3.5-MeV alpha particles, which are
vital to the successful operation of ignited
devices 1like the LTPR. The issue of  alpha-

particle confinement within the

context of
ignition will be subsequently addressed.

The REP idea is sufficiently recent to pre~
clude detailed study of either the end- region
physics, a physics

operating-point  parameter

search, or a detailed LTPR design based thereon.
Many of the applicable RTPR design result:sl’2
have been used for this study,and the design point
should be viewed as interim. The major goal of
this study is to develop a self-consistent and
technologically credible design point which gives
lengihs of at most a few hundred meters, recircu-
lating power fractions below 0.25, and plasma
densities (compression fields) and confinement
times that are technologically feasible.

The interim LTPR design configuration con-
(L = 150 m)

joined at the ends by two semicircular reentrant

sists of two parallel, linear sections
sections of 5-m radius, giving a total reactor
length of 331.4 m. The reactor is segmented into
approximately 160 independent modules, mnominally
2 m in length. As depicted in Fig. XVI-1, each
module contains blanket, magnetic coil, and coolant
system components. The modules are suspended in a
vacuum/shielding trougd such that pumping and gas
fueling access to the plasma chamber is obtained
through the gaps between adjacent modules. The
modules used in the REP sections of the LTPR may
differ somewhat from this design in order to
compensate for the expected, 1increased heat
removal requirements, although details of this
aspect of the LTPR design have yet to be
resolved. Each 2-m-long blanket module 1is
composed of ~100 azimuthal segments, is 0.35 w
thick, and is structurally and electrically in-

dependent of the magnet systems. The inboard
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compression coil
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77, fo implosion

K8 ’ heating cofl
<5

4‘!.'

\/*\ Z

9. Module
1iting lugs

5. Steel-lined .
vacuum chamber/
radigtion shield

N
3. tmplosion
heating coil

4. Adiabalic
compression coil

| Plasma column

2. Lithiym-cooled bianket
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Fig. XVI-1.
Cutaway view of a 2-m long, 0.5-m- radius (first-
wall) Linear Theta-Pinch Reactor (LTPR) module.
This module is similar to that envisaged for1 §he
Toroidal Reference Theta-Pinch Reactor (RTPR).’

edges of these blanket segments provide the 0.5-m~
radius first wall. Outboard of the blanket is the
implosion heating coil, which is driven by a
capacitive energy store. The  room-temperature
adisbatic compression coil, driven by homopolar
motor generators, provides the subsequent, slower
compression to ignition with a field of 8 T.

Table XVI-I through Table XVI-III summarize

the essential plasma and engineering design
features of the LIPR as presently envisaged.
These plasma, energy-balance, and engineering

design parameters have been generated by the
three-particle (ions, electrons, alpha particles),
time-dependent, one-dimensional (axial) pressure-
1DRBURN that

computes the LTPR er_rgy balance

balance code, dynamically

(Table XVi-1II),
all plasma parameters, as well as the first-wall
thermal response. On the basis of the detailed
computation model, the merits of exchanging axial
heat-conduction losses for cross-field transport

losses in the REP are quantified.
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TABLE XVI-I1
INTERIM LTPR DESIGN FEATURES
Shock Magnetic field, BSH(T) 1.18
Maximum compression ﬁeM,BJT) 8.0
Compression field rise time, TR(ms) 30.0

Compression field flat-top time, 7 _(ms) 300.0

Fusion neutron energy worth, EN(HCV/n)(“) 15.66

ETS efficiency {(for R = 30 ms), "ETS 0.95
Thermal conversion efficiency, T 0.40
TH
Auxiliar ower fraction, f b) 0.02
uxi yp » Laux
First-wall radius, b(m) 0.50
Blanket thickness, /b{(m) 0.35
IH coil thickness, uhIHC(m)(C) 0.04
AC coil thickness, AbACC(m) 0.08
Radius of reentriant seotions, Rim) 5.0
Length of straight sections, 7(m) 150.0

(a) Based on neutronic calculations for the 0.35-m-
thick blanket. This very thin  blanket
captures 86%Z of the fusion neutron energy, the
remaining 14% or 11.84 MJ/m being removed from
the implosion and adiabatic compression coils
as low-grade (~ 300 K) heat; this compares to
7.36 MJ/m lost as low-grade heat as a result
of joule losse . Although thickening the
blanket to ~0.40 m will lead to a recovery of
nearly 100Z of the fusion energy (i.e., the
11.84 MJ/m would add to the thermal output
HT = 96.29 MJ/m), the increased coil radii
would increase the ETS transfer and loss
encrgy. An optimization of this trade-ofi is
presently in progress.

(b) Fraction of total electrical power used for

auxiliary plant needs ( pumps, lighting,
control, etc.).
(c) Tgtal volume to outer radius of ACC = 9.29

m /m.

On the basis of the 1DRBURN design calcu-
lations, alpha-particle confinement has emerged as
a crucial issue. Consequently, an analytic study
of ignition in LMF systems has been conducted,6
using a simplified alpha-particle thermalization
model described in Sec. H.2. This analytic model
integrates all reactivities across an appropriate
axial temperature profile and defines an ignition
condition (alpha-particle heating equals the sum
of radiation and axial conduction 1losses) in the
form of BZE. Treating the alpha-particle trapp-
ing efficiency fa analyticaily but consistently
(Sec. XVI H.2), results in the le versus
temperature ignition relationship depicted in Fig.

XVI-2; alpha-particle thermalization treated
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according Lo classical slowing-down theories
significantly 1limits the range of le where
ignition is to be found. The influence of
decreased thermal conduction relative to  the
classical value is also shown on Fig. Vi-2, 1t
should be noted that in operating a LTPR, a
trajectory of BZZ versus temperature that
reflects the dynamic  startup and adiabatic
compression must be foltowed  to  insure  an
ergonically acceptable burn, and thr required
(final) B%. values are generally above  those

given on Fig. XVI~2.6

C. REVERSED-FIELD PinCH REACTOR (RFPR) STUDTE3
Dynamic plasma and energy-balance mondels were
used to perform a parametric systems analysis of a
wide range of RFPR burn cycles using the engincer~
ing Q-value QE as the object function.7’8
Major system dimensions (first-wall radius, coil
sizes and configurations, blanket location and
thickness), initial plasma conditions (temperature,
DT ratio, filling pressure}, initial toroidal
bias field, magnitude and wave form of the
toroidal current,and the total burn time were
varied over a wide parameter range. The magnitude
of the first-wall temperature rise and associated
thermal stresses, both of which were also computed
as a function of time, and the total plasma beta
were continually monitored and used as major
constraints, The toroidal current Iz was  in-
creased sinusoidally with a rise time 1 (~100 ms),
which 1is consistent with a homopol%r motor/
generator supply for the poloidal coil system.
Iz was held constant (crowbarred) for a time iy
(~1 s) and then sinusoidally decreased with a
fall time equal to R The value of 1g and T
were selected to assure, conservatively, that the
poloidal beta ﬁg at the quench time (~ ZTR + TB)
did not exceed a critical value (ﬂgc = 0.5) de-
termined by detailed MHD stability computations.
The quenchad, expanded plasma and the trapped
field were assumed to rest against the first wall
and to cool over a period of a few seconds by
classical cross-field conduction. The computed
first-wall thermal history reflects all stages of
this proposed RFPR burn cycle: startup, compres-

sion, burn, expansion, and quench. As for other

fusion reactor models, notably tokamak systems,



TABLE XVI-11
THERMONUCLEAR BURN CONDITIONS FOR * = 150-m, REP LINEAR
THETA-PINCH REACTOR (LTPR) INTERIM DESIGN POINT

Initial Burn Conditions

Initial DT filling pressure (297 R), PA(merr) 10.0
Implosion-heating electric field, E (kV/cm) 1.0
Implosion-heating voltage, V(kV) 222.1
Normalized plasma radius at sheck, Xau 0.70
Imploded electron temperature, TESH(keV) 0.8
Imploded ion temperature, Ti§§(REV) 1.33 "
Imploded ion density, niSH(m ) 1.45(10)
Beta of imploded plasma, ;ia) 0.9
Postimplosion plasma energy, HINTO(MJ/m) 0.29
Implosion-hcating energy, WSH(MJ/m) 2.58
Implosion-heating efficiency, wINTO/wSH 0.11
implosion magnetic field, BSH(T) 1.18

Burn Conditions
Adiabatic compression field rise and fall times, :R(ms) 30.0
Adiabatic compression field flat-top time, TFT(ms) 300.0
Adiabatic compression field, BO(T) .0
Plasma radius at start of burn, ai(m) 0.12
Plasma radius at end of burn, af(m) 0.27
lon temperature at start of burn.lkTili(keV) 5.2
Ton temperature at end of burn.lkTi]f(kev) 26.1
Electron temperature at start of burn,lkTe]i(keV) 5.0
Electron temperature at end of burn,lkTe}f(keV) 24.4
Alpha-particle temperature at end of burn,!kT”]f(keV) 205.0
Alpha-particle confinement efficiency, £ L 0.9
Ion density at start of burn {n.[i(m_ ) 1.26(10)22
lon density at end of burn {ni]f(m-B) 2.75(10)21
Beta at start of burn, F§C) 0.81
Beta at end of burn, ﬁf 0.99
Fractional fuel burnup, EB 0.06
Integrated Lawson parameter, (nT)L(s/m3) 2.7(10)2!

(a) On the basis of pressure balance and magnetic flux conservation the
consistently

beta is allowed to vary

plasma

throughout the LTPR burn. The

dynamic burn code 1DRBURN reduces the fusion powar density accordingly.

(b) Estimated by the ratio of linear section length to

length.

total circumferential

(c) Computed after adiabatic compression when ignition has been achieved.

the physical processes associated with both the

turbulent startup and the quench phases are not

well understood.

Achieving MHD stability during the initial

startup phase seems unlikely, and turbulence

similar to that exhibited by tokamaks may result.

Pressure balance is assumed during startup,

however, and the approximate field profiles are

described by the Bessel function model. A

homopolar generator9 is applied at full voltage
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TABLE XVI-III
INTERIM LTPR ENERGY BALANCE RESULTS

LTPR length, %(m) 150.
Cycle time (for Iw =2 MH/mz), Tc(s) 12.12
Implosion-heating energy, WSH(MJ/m) 2.58
Postimplosion plasma energy, HINTO(HJ/m) 0.29
Postquench plasma energy, Wi ..(MJ/m) 5.92
Bremsstrahlung energy, HBR(MJ/m) 2.47
Recntrant section thermal loss, WEL(MJ/mfa) 1.86
Fusion neutron energy, HN(HJ/m)(b) 84.59
Fusion alpha energy, %l(HJ/m) 19.01
Direct conversion energy, HDC(H{/m)(c) 9.44
Direct conversion efficiency,rnng) 0.50
ACC transport losses, NT(MJ/m) 7.36
Blanket eddy current losses, HED(MJ/m) 0.49
Auxiliary energy needs, HA(MJ/m) 0.77
ETS losses, W, (MJ/m) 6.08
Maximum stored enetgy,WB(MJ/m) 121.6
Total recoverable thermal energy, WTH(MJ/m) 96.29
Total recirculating energy, WC(HJ/m) 7.98
Total electrical output, WET(HJ/m) 38.52
Net electrical output, WE(MJ/m) 30.54
Recirculating power fraction, * 0.21
Engineering Q-value, QE 3 (d 4.8
Thermal power density (MWt/m") 0.85
Total thermal power (MWt) 2633.
Gross power output (MWe) 1053.
Net power output (Mde) 835.
Net plant efficiency fb = F?H(I-E) 0.32

(a) Based on classical cross—field diffusion in
the reentrant sections.

(b) Based on a thin 0.35-m blanket that is B86%
efficient for capturing the fusion neutron
energy.

(c) bPerived from the expansion of the high-beta
plasma against the confining magnetic field.

(d) Based on total volume enclosed by magnets.

(4~5 kV) to the poloidal field coil (PFC), and
the toroidal current rises in ~ 0.1 g. The
toroidal field coil (TFC) is simultaneously
activated to generate the bias field B . A
tokamak startup code10 models the ini:gation
phase until the electron temperature has reached
0.1 keV. A minimum electric field of 5 V/m-mtorr,
defined by the resistive voltage produced by the
curreat in the plasma, is required for plasma

iniriarion at initial Filling pressures greater
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Dependence on the center temperature of ignition
conditions in the presence of classical axial
(electron) thermal conduction to cold endplugs for
a,Linear Magnetic Fusion (LFM) device expressed as
B2 with a consistent, classical treatment of
the fraction f; of alpha particles trapped in the
plasma column of length % (m).

than 0.5 mtorr and a plasma radius «f 1 m. An
electron runaway limit corresponds to a maximum of
20 V/m-mtorr and requires pressures above
0.1-0.2 mTorr. To minimize line-radiatiun power
at low temperatures (0.01 keV), the presscvre
typically begins at 0.5-1 mtorr and is increased
by gas injection to full density during the
~0.1-s toroidal current rise above 0.05 keV.

Above a plasma temperature of 0.1 keV a
zero-dimension plasma model computes the RFPR burn
dynamics. The toroidal current is held constant
(crowbarred) at its maximm value for a burn time
Tgs and ohmic heating rapidly leads to plasma
ignition. The vigorous burn associated with the
ignited plasma (~ 250 HWt/m3 of plasma) drives
the poloidal beta By above the B, =0.5 1limit
established by MHD requirements. 1 The  burn
must either be 'prematurely" quenched or the
reaction rate reduced by other means (cold-gas

injection, DT burnup) to maintain 8 Oc

throughout the burn cycle. Early quench is used
for a 50-50% DT fuel mixture (by decreasing the
plasma current), whereas 90%~10% DT fuel mixture
controls BO by burnout. Generally, the use of a
10Z tritium fraction achieves a near maximum QE
at a minimum burn time. Future studies will model
anomalous cross-field transport mechanisms as a

means to control the poloidal beta.



The burn-cycle parametric stulies
fixed

the

varied the

first-wall radius L the blanket thick-

ness at 0.4 m, situated room~-temperature TFC
with a
TFC was

PFC

immediately outside the blanket thickness

of 0.15 (0.2%)m,and outside the located
the 0.6- (1.0-) mthick room-temperature

for the 50%-50% (90%-107) DT

system
fuel mixture cases.
All joule losses accounted for a conductor

lead

copper

€illing fraction of 0.7 and parallel plate

losses. An example of composite
50%-50% DT

is depicted in Fig. XVI-3 in the

results for the
of

form

“oremature—quench" mode

operation

of r
w

given

vs
the maximum toroidal current density for a
Similar been

of

value of QE' have

relationships

generated for the 90%-10Z DT "burn-out" wmode

~30%

an

operation which produced QE values above

those given on Fig. XVI-3.  Selecting experi-

mentally achieved toroidal current density11 of
20 MA/m2 and limiting the first-wall temperature

rise to 100-150 K, the interim design points for
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Fig. XvI-3.

Dependence of first-wall radius on the
(maximum) toroidal current density for a fixed
engineering Q-value (inverse of recirculating
power fraction) for the Reversed-Field Pinch
Reactor (RFPR-1). The dashed curves represent
lines of constant first-wall surface temperature
rise.

average

the 50%-50Z and 90Z-10%Z DT
in Table XVI-IV.

cases are summarized
Burn times for the more
502-50% DT
compared to the 6-s values found for
90%Z-10% case given in Table XVI-IV.

The RFPR-I design uses a

conven-
ls

specific

tional operating wmode are as

the

lithium-sodium-steam
heat transport system with a thermal

750 MWe

cycle effi-

ciency of 40% to proeduce at an overall

plant efficiency of 30-33%. Tne design summarized

fuel
A

herein is based primarily on the 50%~50% DT
mixture case, although both cases are similar.
plan view of the

RFPR

reactor system containing

Fig. XVI-4.

key

subsystems is given in

heat-removal and thermal conversion systems
Ref. 12.

heat

thosé
1250-MWt coolant

similar to described in

loops transport the from

the reactor to the single turbine/generator
of
810 ¥

The remainder

set.

A lithium exit temperature 820 K produces a

sodium exit temperature of from the Li-Na

heat exchangers. of the plant is

similar to that envisaged for the Liquid-Metal
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Plan and elevation views of a 750 MWe
Reversed-Field Pinch Reactor (RFPR-I).
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TABELE XVI-IV
SUMMARY OF TYPICAL RFPR PARAMETERS

Symbol Definition 50%-50% DT 90%-10%Z D1
r, first-wall radius (m) 2.0 2.0
X, minimum plasma compression 0.4 0.4
L, peak toroidal plasma current (MA) 40.0 30.0
’j average toroidal current dcgsity at 20.0 15.0
“ minimum compression (MA/m")
P, ambient D-T filling pressure (mtorr) 2.0 1.35
: 2 20
n, ion density at ignition (llmj) 8.52(1n) ! 5.82(1n) !
) y
nt time-integrated Lawson parameter 8.&](!'))“0 2.614(](1')“]
(s/m’)
f,], initial tritium atom fraction 0.5 0.1
f!’ fractional burnup 0.109 0.184
T., ion temperature prior to quench 14.4 23.8
’ (keV)
T ¢ electron temperature prior to 16.3 15.3
quench (keV)
(dT/dt)() post-burn plasma reactivity 18.5 -0.41
: (keV/s)
T thermal conversion efficiency 0.4 0.4
. energy transfer/storage 0.95 0.95
o efficiency
Wiy initial plasma energy (MJ/m) 0.086 0.058
Wy final plasma energy (MJ/m) 18.9 11.0
Won bremsstrahlung energy (MJ/m) 5.38 19.9
W cyclotron energy into first wall 1.72 16.9
e (non-reflecting) (MJ/m)
W fusion neutron energy (18 MeV/n) 27%.6 317.7
) (MJ/m)
L total alpha-particle energy 54.7 62.1
(MI/m)
LT plasma ohmic-heating energy 5.11 5.85
o (MJ/m)
Weonn thermal conduction energy 0.036 0.24
: (MJ/m)
Wy direct-conversion energy (MJ/m) 34.7 21.3
W energy requirements of toroidal 13.3 7.3
) field system (MJ/m)
W) energy requirements of poloidal 345.4 205.0
field system (MJ/m)
Yo total magnetic energy in ETS 358.7 212.3
system (MJ/m)
Wi transport losses in coil and 6.23 11.5
leads (MJ/m)
Wep eddy current losses in coil, 0.67 0.79
leads, and blanket (MJ/m)
w}I}N field in plasma at end of burn 37.1 19.6
(MI/m)
HFTS ETS transfer losses 17.9 10.6
- (l-nETS)wBO (M3 /m)
Wrn total recoverable thermal energy 342.7 385.5
(MJ/m)
13} gross electric energy n_ W 137.1 154.2
ET (M3/m) TH TH
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TABLE XVI-IV cont'd.

Symbol
Q

W
c

ul

Fast-Breeder Reactor.

maximum steam temperature which is similar to

design

temperatures

Definition
engineering Q-value
total circulating energy (MJ/m)
recirculating power fraction 1/QE
net electric energy
(1-2) W, (MI/m)
i1 ET t effici o (1=4)
overall plant efficiemcy 1.y
major radius (m)
cycle time (s)
burn time (s)
14-MeV neutron wall loading
(MW/m=)
total thermal power (MWt)
system gross electric power (MWe)
system circulating electric
power (MWe)
net system electric power (MWe)
blanket thickness (m)
poloidal (toroidal) coil
thickness (m)
thermal power densit¥ in the
the blanket (MWt/m~)
thermal power density averaged

over total volume_encompassed
by the PFC (MWt/m”)

The plant operates at 755 K
the
of many fossil-fuel plants

presently in operation.

As shown 1in

comp--sed of thirty
resulting in a torus

isometric view of a RFPR

XVI-5, shows the

components. The

vacuum wall where the flanges at the

2.1-m-long modules are

seal. The

encircled by a structural ring which is

1ift the

assembly and vacuum ducting for

mechanically separate and supported by

core structure.

the 4-m-long poloidal

Fig. XVI-4,

lithium-cooled blanket

2.1-m module.

the reactor is

2.1-m-long toroidal sections,

of 10-m major radius. An

segment, given in Fig.
placement of major reactor
first wall also acts as the

ends of the

welded to form a vacuum
and TFC are
used to
The blanket/first-wall

each module 1is

the iron-
Outside the modules are located
field coils and the 1iron

50Z-50Z DT 90%-10% DT
4.06 5.39
33.8 28.6
0.25 0.19
103.3 125.6
0.30 0.33
10.0 10.0
8.65 10.5
1.14 6.44
2.00 1.87
2490. 2300.
995. 921.
245. 171.
750. 750.
0.4 0.4

0.60 (0.15) 1.00 (0.25)
7.18 6.63

2.71 1.66

cores, which are divided into top and bottom semi-—

circular sections.

Referring to Fig. XVI-5, a and

vacuum pump
associated ducting is provided for each 2.1-m-long
module with the vacuum

The

tunnel 1located under the

reactor floor. inlet and outlet lithium

coolant pipes encircle the torus at the reactor

floor level, and separate connections are made to

each module. The TFC is connected in parallel to

a bus which also encircles the machine and is

energized by two center—-grounded fiomopolar

machines. The PFC consists of wedge-shaped seg-

ments, where 1/15 of the conductors in each wedge

are energized at each 4~m-long section, resulting

the 15
Each of the PFC 1leads is

in a single -turn transformer coil when

sections are connected.

then connected to two center-grounded homopolar

machines.

The 20-30 homopolar generators used to

energize the coils would be mounted on rails and

137



2-m MODULE AND
LIFTING LUG

RFPR

Fig. XVI-5.
Isometric view of 2-m- long Reverse-Field Pinch
Reactor (RFPR-I) modules (six modules are shown)
and associated poloidal field coil assemblies and
iron-core pieces.

could easily be decoupled from the massive but
permanent lead structure. A similar arrangement
is envisaged for the banks of vacuum pumps with
the additional difficulty of remote maintenance.
The technology associated with the large number of
remote manipulations of massive equipment will
require considerable development . Other required

reactor subsystems such as tritium handling/
processing, He-gas cuolant system for the coils,
cryogenic facili.y for the superconducting homo-
polar energy stores, plant control system, and
associated mairtenance machinery will be addressed
in future RFPR design studies. The balance of
plant appears "standard” except for the Na/Li
primary heat exchangers and Li pumps.

The 0.4-m-thick lithium-cooled (99% enriched

7Li), Nb-1Zr

blanket system12 with 1- to
2-mm-thick niobium structural walls uses stagnant
lead for neutron multiplication in the  hard-

6

spectrum regions, stagnant ~Li (95%Z enriched)

for tritium production, leadimg to &an overall
tritium breeding ratio of 1.10, and a combination
of iron and boron carbide for artenvationm oi pamma
rays and slow neutrons. The efficiency of the
blanket in capturing neutron emergy is to be near
1002 resulting in a total thermal energy of
18 MeV/neutron. Division of the blanket into 30
azimuthal sections reduces the eddy-current losses.

The electrical circuit for both the TFC and
the PFC is a basic LC or tank circuit wherein the

homopolar machine acts as a capacitor. Closure of

a switch (homopslar brushes) in the TFC circuit at
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time -TR/Z connects the homopolar machine at
full speed and voltage to the TFC. The current
rises to a maximum, producing the initial toroidal
bias field Bzo' The plasma is preionized, and
the analagous switch on the PFC system is closed.
The toroidal current Iz rises to a maximum value
as the toroidal field continues to '"ring" induc-
tively, ultimately yielding the desired reversed

toroidal field. At time T, a "crowbar" switch

is closed, and the current ﬁz and reverse field
aremaintained at a near constant value during the
burn period, g The homopolar machine remains
at rest during this period. Following the burn
the "crowbar'" switch is opened, and the respective
TFC and PFC currents are transferred back to the
homopolar machine, which motors up to’ 100% speed
and voltage (neglecting losses) at which time the
brushes are lifted. The above cycle is repeated
at the desired pulse rate. Losses incurred during
the transfer are made up by bringing the homopolar
generators up to full speed, using plant recircu~
lating power.

Solid-state switching may be used for both
TFC and PFC systems. The rating of commercially
available solid-state devices is about 200 kA at
4-6 kV, and many such switches must be paralleled
to give the desired current rating. The cost of
this kind of switching element, however, is pro-
hibitively high today. The present price esti-
matesl3 are 104 $/MYA with total requirements
on the order of 5(10)4 MVA. This problem may be
alleviated by using hydraulic (oil) breakersla
which cap interrupt ~100 kA and may cost
< $2000. This approach is favorable considering
that ~300-500 switches are needed; the reli-
ability of these switches must ultimately be
resolved.

An iron core ideally couples the PFC current
and plasma current, although requirements of
920(690)Wb for the 50%-50%(90%-10%) DT fuel
mixture cases results in 230(170)n®> of iron and
represents 8 large economic penalty. Using an
sir-core system is most attractive when the PFC
current is changed symmetrically from minus to
plus during startup and returned to a minus value
during the quench period. In this case the coil
current cannot be extracted until after the quench

(2-3 s) and should be left in the coil; using the



homopolar generator as a transfer capacitor to
symmetrically swing the current from plus to minus
would require an energy store equal to half that
needed by the iron-core case. Operating in this
mode greatly increases the ohmic losses in the
coil when compared to an iron-core system, because
of current flow during the reactor dwell time.
These considerations have lead to future studies
of iron-core and air-core systems using super-
conducting coils. In

addition to altering

significantly the RFPR burn cycle, ongoing design
studies are based upon economic/cost oriented
system optima. Generally, future RFPR counceptual
studies will focus onto this long-pulse (-~ 30 s)

mode of operation.

D. FAST-LINER REACTOR (FLR) STUDIES

The fast-liner concept was subject to prelim-
inary examination as a potential source of fusion
power. 15 This approach o plasma heating and
confinement is shown schematically in Fig. XVI-6.
An axial current is driven through a thin (~ 3-mm)
metal cylindrical shell to produce a large exter-
nal magnetic field. For reactor applications the
magnetic field would implode the liner at high
speed (~10% m/s) onto a warm (250-500 eV), dense
(~10% ,=02m 2=02m). The

compressed plasma would reach thermonuclear tem~

) plasma(r1

peratures in ~20 s and release 2-4 GJ of D-T

fusion energy during a ~2-pys burn period. The
plasma particle pressure would be supported
directly by the 1liner surface and material

I
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Fig. XVI-6.

Schematic diagram of essential elements of a Fast-
Liner Reactor (FLR).

endplugs; thermal conduction to the liner and
endplugs would be inhibited by an azimuthal field
embedded in the plasma.

The FLR would provide a rctelatively small

(~2.5-m-radius spherical containment vessel), high

overall power density (~ 5-10 HWt/m3) energy
source. A recirculating power fraction of
0.20-0.30 1is anticipated. Major engineering

problems and/or uncertainties are i) plasma
preparation and injection into the liner, 1ii)
economical recycling and/or replacement of
destroyed components, iii) blast confinement, iv)
pulsed energy switching and transfer to the liner
(reversible recovery of pulsed energy is not
envisaged), and v) rapid liner and leads replace-
went. These problem areas are being assessed and

quantified.

1. Plasma-Liner Simulation. The FLR thermo-

nuclear burn code described in Section H.3 was
used for this analysis. Thermal conduction and
field diffusion are computed for the radial
direction using an implicit Lagrangian method. A
simple analytical model approximates axial thermal
cooduction to the liner endplugs. An  azimuthal
magnetic field embedded in the plasma substan-
tially reduces thermal losses when the global beta
at the wall is ~ 0.5. Bremsstrahlung radiation
losses are included, and an approximate liner

compressibility model16 is employed.

Coupling
to the driving circuit is not yet considered.
Figure XVI-7 illustrates the computation of
scientific Q values (fusion energy relative to the
initial liner energy) for a variety of plasma and
liner parameters. The initial liner velocity,
Vig® is treated as an independent variable,
and the initial 1iner thickness becomes a variable
proportional to v10’ in this way the initial
liner energy is held constant along each curve in
Fig. XVI-7.

resistivity.

The liner material is copper without

The data in Fig XVI-7 represent initial

liner/plasma conditions of

=1.7 GJ/m
¥kRo :
=1.25 x 100>, ana 3N
13 T, where th15 choice of field corresponds to
810 = 0.5.

produce a Q greater than 10 for a cumpressib1e~

LT 0.2 m, n,

These parameters were selected to

liner model, including plasma losses, and Vip =

4
10" w/s. Two models are

other plasma/liner
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Fig. XVI-7.
Effects of various loss processes on FLR Q-value
(neutron energy/liner kinetic energy) using single-
fluid MHD model and analytic approximation for
liner compression.

represented here: the lossless plasma with both
compressible and incompressible lincr.
To understand qualitatively the velocity
dependence, the curve for a lossless plasma and
incompressible liner in Fig. XVI~7 is first comsid-
ered.  For this case the kinetic encrgy of the
liner can only be transferred to the plasma.
Since WKRO and the initial plasma conditions are
independent of Vip? the plasma radius, temper-
ature,and density are also independent of Yio
maximum
2z 2
LEREC Y
1w B
defining a liner "dwell time" Td = r10/v10' it is

at peak compression (v1 = 0).* The
fusion power per meter of liner P = w4 r

(EN + Ea)’ therefore, is independent of v

possible to approximate the energy per meter pro-

duced, NF:hPF.%’ and to estimate the gain,

Q WF/WKRO“~1/vlo. The 1/v10 dependence

of Q 1is clearly seen in Fig. XVI-7 for
4 s

Vio 210 m/s. Although Q monotonically decreases as

Vip increases in  all  cases, the 1/v10

proportionality is not followed for low Yio

because of thick liner effects.

*The plasma radius at peak Sompression gncreases
by 1Z as v goes from 10 m/s to 10° m/s asg
a result of "a change in the fractional DT buraup
from 20% to 3%.
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The compressible liner and lossless plasma

modal exhibits three interesting features. First,
when the liner has a low velocity and is rela-

tively thick, a large fraction of W is

KRGO
consumed in liner compression. Here, the reduced
plasma energy is not compensated by the large

dwell time (i.e., high burnup) and Q 1is reduced,

Second, in the region of maximum Q approximately
30Z of Wepg 15 used to compress the liner,
increasing the average liner demsity by a factor

of 2.5. Although the final plasma energy and peak
fusion power are reduced as compared to the in-
compressible case, the increased dwell time is
sufficient to raise Q. Third, the compressible
liner model approaches the incompressible case at
high velocities.

Plasma losses are considered in the last
example; these include thermal conduction to the
wall in both the radial and axial direcfions,
bremsstrahlung and magnetic diffusion. At high
velocities the dwell time is relatively short and
only a small fraction of plasma energy is lost.
Consequently little effect on Q results. As Yio
is reduced Tq increases and losses substantially
reduce the plasma energy at peak compression.
This accounts for the large reduction of @ by
losses at low velocities.

Many physical effects must stilt be incorpo-
rated into the FLR plasma model, such as joule
losses in the limer, alpha pressurc, and turbulence.
An interim reactor example is taken from Fig.
WVI-7: W = L7Gim,  n, = L2 x 1024 o3,
T,=500ev, B =13T, Tp=02m 2 =0.2m,
vip=1-2x10% /s, and A =2m, leading to
Q = 11. For an energy transfer efficiency to
the liner of 80%, a thermal-to-electrical energy
conversion efficiency of 40%, and a neutron energy
multiplication of 1.25 the liner Q-value of @ = 11
leads to a plant recirculating power fraction of
0.24.

2. Blast Containment. Approximately 207 of

the fusion energy from the ~ 2-iys burn would be

deposited in and near the liner by alpha

particles, and this energy coupled with the
initial kinetic energy of the liner would produce
an explosion equivalent to

several hundred

kilograms of high explosive;17 blast data are



being used with theoretical analyses to predict
the containment requirements for the FLR.

In the simplest contaimment model the last
energy W is assumed to be thermalized in an ideal
gas. The circumferential stress that would result
in a spherical pressure vessel is computed using a

thin-shell approximation

¢ = W/GTRTR . m

where R is the she!l radius and 'R 1its thickness.

The corresponding strain is

o= -2 - x }/E , (2)
r

where E is Young's modulus, is Peissen's ratio

and is the radial stress. These expressions

agree well with experimental data for vessels with
R = 0.5 m that have elastically responded in
vacuum to detonation equivalent to 1 kg of high
explosive.l In the presence of air at atmo-
spheric pressure, the blast-induced stresses wore
about four times the analveic predictions.

The computer program PAD18 is being wused to
model shock spectra rvsulting from energy rzleases
of the magnitude expected for the FLR. This code
system is based upon a one-dimensional Lagrangian
model that computes motion of the explosive gas
and the response of the spherical container.
Radiative heat transfer and thermal <conduction,
however, are not yet considered.

The  preliminary FLR point15

operating
served as input to PAD for computations of the

vacuum blast contaimment. The blast energy,
W = 1.42 GJ, was initially deposited in a sphere

of wass M with the density of solid

copper
situated at the vessel center; M represents
destroyed liner and leads material. Based upon
blast scaling with experimental data, the radius

of the containment sphere equals 2.6 m, and the
vessel wall thickness equals 0.15 m. The density
and wodulus for the contaimment vessel was that
for 304 stainless steel, but the vessel was not
allowed to yield. When the yield stress is
exceeded in a computational result, AR can be
appropriately scaled to reduce the stress—-to-
acceptable 1levels. Results of the PAD compu-

tations are shown in Fig. XVI-8, where the gas

pressure at the inner wall and circumferential

M=25 kg
T T
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20._
1ol
— o 1 !
. 6 [ 2 o
s M=200ky =
- T T T @® T T T
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20l 4 400} SU
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Fig. XVI-8.

One-dimensional Lagrangian hydrocode (PAD)IH anal-
ysis of FLR blast containment in a 2.6-m- radius
0.15-m-thick evacuated sphere made of 304 stain-
less steel. Hydrostatic pressure 1is given as a
function of time at the inner surface of the
vessel, 7 _(t), for explosive energy (1.42 GJ)
depositionrinto liner and leads masses of 25 and
200 kg, respectively. Circumferential stress,
€. (t), is given at the inner and outer vessel
sur faces.

stress at the inner and outer walls are plotted as

functions of time. Figures XVI-8A and XVI-8B
represent M = 25 and 200 kG, respectively. The
vessel oscillates at a frequency of fv = 475 Hz,
that is independent of AR wunder the thin-shell
approximation. The reverberating gas oscillates
at a frequency of fg“ Mllz.

The maximum vessel strain 1is plotted as a
function of explosive mass M in Fig. XVI-9. It is
observed that the maximum

stress is nearly

constant for small wvalues of M where
fg >> fv. For this situation the gas pressure
at the vessel wall oscillates about and is
ultimately damped to the pressure of quiescent gas
with energy W. Meanwhile, the vessel moves nearly
as a harmonic oscillator from a coundition of zero
hoop stress to a maximum stress. Tihe average hoop
stress will support the pressure of a quiescent
gas of energy W as given above. Since the shell
oscillates harmonically from zero to a maximum,

the peak stress is approximately twice the average
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Maximum circumferential stress in a 2.6-m-radius
0.15-m-thick sphere and minimum thiskness required
to limit strain to 1.02 x 10 ~. The explo~
sive energy (1.42 GJ) is deposited in a mass M,
representing a combined mass of destroyed leads
and liner.

stress. This

approximation fails when the

explosive gas and shell come into rcsonance at
fg:*fv, as observed in Fig. XVI-8B. In  this
case the maximum stress is 77% higher than the

value given by the above-mentioned approximation.

Based on fatigue data,19 as

interpreted for
liner blast containment,17 a
1016 is acceptable for a 10-ycar

shots) at 800 K.

peak microstrain of
life (2.5(10)7

V- 0.29, u =20 MPa

By taking .

and E = 160 GPa, the maximum allowable stress and
minimum thickness as functions of M can be com-
puted; this dependence is shown in Fig. XVI-9.

This work provides a preliminary estimate of
the contaimnment requirements for a FLR operating

in an evacuated sphere. The computer program PAD
has been modified to operate in the FLR regime,
and analytic comparisons have checked the

of PAD.

accuracy
It would be preferable to operate a FLR

with a mitigating and tritium-breeding material in

5

the blast chamber! ; the newly modified version

of PAD is now being used to improve on previous
studies of mitigators.17
Two basic concepts are under consideration

for blast mitigation in addition to contaimment in

a vacuum. First is the possibility of immersing

the liner assembly in a fluidized bed of 1lithium—

bearing pellets or flakes.17

It has been shown
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experimentally that some solids (vermiculite) can

reduce the effect of a blast by a factor of 2 or
15

more. If a

LiAlO2

fluidized bed of Liy0 or

could function similarly, the  added

benefits of tritium breeding and using the

fluidizing gas for heat transfer would be accrued.

Another mitigating concept would fill the

blast chamber with a mixture of gas (probably

helium) and a lithium-bearing liquid such as

Pb Li . This approach has  been studied
0.9 70.1 17

with simple shock models that show great

amplification of the blast effects. It s

believed that an improved

and proper model that

perhaps includes a (mechanical) shock absorption

mechanism at the wall reduce the

could greatly
contaimment requirements predicted thus far.
3. Current Leads. The FLR may

~ 200 MA at a voltage of 250

require a

driving current of

kV. Any structure within 1-2 m cf the liner would

be destroyed each shot. Hence, the 1leads and

liner must be manufactured from material that can

be easly recycled.17

A preliminary optimization study was made of
coaxial current leads for use in the FLR. A gen-
eralized, coaxial lead configuration for wuse in
the FLR which was subjected toa simultaneous con-

figuration, cos~ and energy optimization. Costs

were assigned to both metal and insulator lead
components, and energy losses resulting from joule
heating of the conductor, inductive energy storage
in the leads, and mechanical energy transfer to the
conductor by magnetic forces were included in this
optimization program. It was found that 20-30% of

the leads cost could be associated with the me-
chanical energy imparted to the conductor and that
generally the coaxial 1lead structure yielded an
optimized configuratinn that may be too expensiva.
To reduce this alternative lead
XVI-10.

In this leads configuration, currents flow alter-

cost, an

arrangement was devised as shown in Fig.

nately to and from the lines on adjacent conduc-

tors, and insulation is woven between conductors of

opposite polarity. The impulse momentum imparted

to this structure is typically 5% of that encoun-

tered for coaxial conductors. The kinetic energy

lost to the interwoven leads structure is negli-

gible. This and other 1leads concepts are being

studied in an effort to reduce the overall
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interleaved conductor lead
structure. Current alternates to and from the
liner in alternate conductors. Magnetic forces
react on these conductors radially outward with
only 5 to 10%Z - the momentum transferred to
coaxial leads.

Cross section of

operating costs while maintaining an acceptable
level of simplicity.
(LNRBRN). The

program LNRBRN was developed to model

4. Liner Burn Code computer

FLR plasma

Thermal conduction and field

and liner processes.

diffusion are computed numerically for the radial

direction wsing an implicit Lagrangian method and

20

resistivity coefficients from Braginskii. A

simple analytic model approximates axial thermal
conduction to the endplugs of a liner. An azi-
muthal magnetie field embedded in the

substantially reduces

plasma
thermal losses when the
global beta approaches unity at the wall initially.

Radiation losses by bremsstrahlung are also

considered. At peak compression plasma pressures
are high enough to increase the liner demsity by a
factor of 2 or more. The impulse momentum approx—

. . 16 R .
mation was used”” to give an analytic model of

liner compression and dynamics as related to the

plasma. The liner electrical resistivity is not

considered, but eventually will be incorporated.

tne approximations described -above provide a
simple and rapid FLR modeling code. Comparison of
CHAM1SA

limits of the

LNRBRN to the detailed hydrodynamic code:1
shows good agreement. Within the
physics model, the LNRBRN code provides a pood
description of the FLR, will continue to be used
for reactor model inyy, and will be subjected to
continued evaluation against the CHAMISA  code

system as refinements are made.

E. OTHER NON-MAINLINE REACTOR STUDIES

1. Fusion Burner Studies. Hasegawa, et

31.,22 have presented a challenging idea for the
operation of a steady-flow reactor that does not
rely on magnetic field shaping or compression
its operation. An ignited reactor has bcen pro-
posed to operate in a steady-state condition, much
like a gas burner. The concept is very simple;
cold fuel would be 1njected at the end of a linear
solenoid. Somewhere along the machine the plasma
is somehow ignited, and approximately aone-half of
the alpha

particles fusion would

generated by
travel "upstream'" along the magnetic field and
heat the incoming, cocler plasma.

No flow limitations exist along any section
of the plasma where the nct heating is zero. This
condition can be insured after the point where the
plasma reaches ignition by increased radiation or
reduced alpha-energy deposition. From the point
of view of reactor feasibility, it is of interest

to determine the length of the ignited region
required to insure that the plasma wmay indeed be
self-heated and sustained at ignition. The choke-
flow conditions are determined by the 1laws of
conservation of mass and momentum. Numerical
solutio s to the energy equation have been
obtained and used to assess the reactor potential
of a steady-state fusion burner. Figure XVI-11
depicts the fusion burner of length £, wass flow
M, specified inlet and exit conditions, and

spatially dependent energy releases.

Figure XVI-12 gives the numerically deter-
mined relationship between the exit Mach qumber
steady-state wmass flow rate M for
(y=0)

increased, the

Mao and the
the zero-gradient condition at the exit
end. As the exit Mach number 1is
increased

convective transport can be supplied

only by increasing the source strength by means of
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Schematic diagram used to examine the steady-state
solenoidal fusion burner. The normalized axial
coordinate system is located at the (hot) exit
end (y = 0) and the total alpha particle, brems-

strahlung, radial diffusion, conduction, and flow

(convection) losses are expressed per unit cross-
section§1 area ma” as J,, Jpp JDF’ Jp, and Jo,

respectively.

increased M? values. For Ma°> 0.5 the con—
vective loss represents the major energy demand on
for Ma <0.2

o

the alpha-particle source, whereas

conduction loss through the cold end dominates.
For Mach numbers below ~0.04 the burnup of D-T

fuel along the device length becomes so great that

the zero-gradient condition at the hot end cannot
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Dependence exit mach number Ma_ on the product

of fusio& burner length 2(m) and mass flow rate
M(kg/s m”) necessary to achieve a =zero-gradient

exit condition (no heat input). The associated
fusion power, expressed as total alpha-particle
power per unit cross -sectional area J (W/m“)
times the device length L(m) is also shown. The
curves denoted by "y=" indicate the Ma - ML
relationship for the condition when the electron-
electron collision time equals the conduction
time, which is a criterion where classical
conduction is expected to break dowm at the

designated axial position y (re: Fig. XVI-11).

144

be maintained, and a steady-state solution without

external heat addition and/or refueling is not

possible.

Figure XVI-12 also shows the dependence of

the output power as measured by Jal(wlm). As
expected, increasing Mao demands more fusion
power to compensate for the increased convective

loss from the hot end. As the exit Mach number

drops below ~ 0.2,

the major 1loss becomes con-

duction at the cold end, whick 1is roughly in-

dependent of the flow condition. When burnup

effects become important for very low Ma

values, the fusion rate needed to maintain the
zero~gradient condition at y = 0 must increase
again, showing the minimum Jal value. As Ma

falls below ~0.04, mno

possible to keep the net

amount of fusion is

source positive, and a

steady-state operation is not possible without

external heat addition or DT refueling. The

Mao value of 0.1 appears to represent a minimum

power output at To = 10 KeV.

Although the steady-state "fusion burner"
offers possibilities for a stable, very simple
fusion reactor, classical thermal conduction along

the axis of the device leads to large devices that
develop enormous thermal powers. Unless a reduc-

tion in thermal conductivity relative to the

classical value amounts to a few orders of magni-
tude, the self-sustained fusion burner will more

than likely remain a large power producer.

2. Tormac Reactor Studies. The first
phase23 of a systems study of the toroidal
bi-cusp Tormac24 commenced in the last quarter
of 1977. The simple reactor model and energy

balance differs little from that used by Brown and

Kunkel25 for the DOE/DMFE

purposes of the

Evaluation Concepts.26

of Alternative Fusion

Fmphasis is placed upon the sensitivity of the

Tormac reactor performance to the cusp confine-

ment, electron-to-ion temperature ratio and plasma

beta. The algorithm used in this study is more

general and the parameter variations are more

extensive than those presented in Ref. 25. Also

included were all major energy terms in the

steady-state Tormac plasma energy balance,

although some of these terms may be negligible in

certain parameter ranges. More  important,

however, explicit and self-consistent expressions



are given for all aspects of the plasma energy
balance, in order that differences in results can
be more readily explained. Whenever possible, less
sensitive parameters are chosen to agree with
those used in Ref. 25. The questions of startup,
steady-state operation, and radial profiles are
the subject of ongoing study.

Figure XVI-13 depicts the steady-state Tormac
Although the

reactor model.

steady-state,
Maxwellian D-T plasma was described by one
component (ions), the effect of differences in
electron and ion temperatures on pressur2 balance
and radiation losses was included by the parameter

= Te/Ti' The plasma was assumed to have no
internal structure, but was described by an effec-
tive minor radius rD(m) and major radius R(m).
Ion and electron cusp losses PQ(Wt) and the
fraction 1-f of the total alpha-particle power
P (Wt) lost from the plasma (primarily through the
cusps) were assumed to be deposited to the thermal
cycle, as were the neutron (18.9 MeV/fusion) power
PN(Nt), the bremsstrahlung radiation PBR(Nt)
and the cyclotron radiation PCY(Wt). The total
thermal power,

PTH(Wt) =P, + (1-£ )P + P+ Py + P

k]
N BR cY ° £
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Fig. XVI-13.
Schematic diagram of idealized,

steady-state
Tormac reactor energy balance.

was assumed to be converted with efficiency Ny

Po (we) = NPy Only

INJ/'&NJ needed to
drive an unspecified energy injector (e.g., neutral

to electrical power

the total electrical power

beams) at efficiency NNy vas assumed (o con-
tribute the recirculating power needs; the power
PINJ(Wt) is simply that neszded to wmaintain the

Tormac p.asma in a thermal steady state. That is,

P NJ(Wt) R TIRE T Py - £y By s (4)
which is identical to the plasma energy balance
used in Ref. 25. Hence, the fraciion of the total
electrical power generated by the Tormac reactor
that must be recirculated to assure a thermal

steady state is given by

e =(p _./n

/" s’/ Per : (5)

All results are expressed either in terms of an

engineering Q-value, Q = 1/£, or the net elec-

trical power P_ = PET(I—E).

E
PE(We) have been parametrically evaluated as a

Either QE or

fuction of ion temperature T(keV), with the first-

wall  14.1-MeV Iw(MW/mz)

Designating

neutron current

serving as a mwajor counstraint.

rw(m) as an effective first-wall radius, rp(m)
as an effective plasma radius,and M equal to the
blanket energy multiplication relative to the
14.1-MeV fusion neutron (M = 18.9/14.1 = 1.34 for
the cases considered),

1M/ = (MY M TR (6)

and x = rp/rw. No attempt was made to distin-
guish between the inner vs outer neutron wall
= R/rp)
cusp can differ appreciably from the averaged

value, IW’ used here.

current, which for a small aspect ratio

Reference 23 presents a complete parameter
study of the Tormac reactor concept based wupon
this simple model, The semsitivity of the Tormac
reactor performance {e.g., size and efficiency) to
the sheath phvsicg is noted, and future studies
will explore more this aspect.  Additionally, the
question of startup, transport within the closed-
field plasma, heating, and steady-state operation
will be addressed.
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F. HYBRID (FUSION-FISSION) ECONOMICS STUDIES

A majority of fusion-fission design studies
generally have focused onto either detailed
blanket studies or specific fusion-driven con-
cepts. The economic performance of a given hybrid
system, therefore, is based upon relatively
detailed plasma, neutronic, and engineering models
of a specific, rather narrow class of systems. In
order to examine more generally the dependence of
fusion-driver performance (as measired by the
engineering Q-value, QE) on the characteristics

of the hybrid blanket (as measured by the con-

version ratio, [CV], and the in situ energy
multiplication, M, and generalized economic

parameters _energy cost cP, fuel cost Cps

capital costs of hybrid and burner reactors C
*

*
and CP’ fuel handling costs C and CF’

F
stc.) a simple but comprehensive expression has
been derived that relates [CV] and M for a given

. - 27
economic constraint.

Figure XVI-14 depicts
schematically the flow of fissile fuel and elec-
trical energy upon which the simple economic model
is based.

The return on investment over the time
periods T and T* are Aand A¥*, respectively, for
the hybrid and burner reactors. This cost/revenue
derived relationship between [CV] and M was
evaluated parametrically,27 and the neutronic
constraints imposed upon [CV] vs M for unenriched
blankets have been taken into account.

Figure XVI-15 illustrates graphically the

relation between [CV] and M for the range of

T ] e o T
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Fig. XVI-14.
Schematic representation of fusion-fission/burner-
converter model used to =2valuate cost-constrained
flow of fissile fuel and energy. Quantities with
(*) superscripts refer to burner—converter para-
meters, whereas quantities without superscript
refer to the fusion-fission system.
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Cost-constrained relationship between the fusion~
fission conversion ratio [CV] and energy multipli-
cation M for a range of fusion-driven engineering
Q-values Q. with the converter-burner conversion
ratio [CV]* = 0.6 and a fuel-to-power cost ratio
cf/cp = 0.3.

parameters indicated. On the basis of this and
similar27 evaluations, the following conclusions
have been made.

a) TFusion-fission systems which must be driven
by external power sources (i.e.,Q = QE M< 1) are
economically possible only for very large values
of [CV] and p = Cf/cp. For a relatively wide
range of fusion-fission blankets subjected to
neutronic analysis28 the required ([CV] and M
values have not been found, and the high p wvalues
required appear unrealistic. Hence, exterrnally
driven symbiotes (Q<1, M=1) appear economically
unacceptable for the assumed conditions.

b) The curves of constant Qp shown on Fig.
XVI-15, as expected, converge ta the [CV] =0,
M =1 point as QE increases, the rate of
collapse to this pure-fusion operating point
depending st:ongly on the magnitude of p = cf/
o and [CV] . Generally, for QEZ.3 the pure-
fusion system becomes attractive and preferable.
Given that R(kg/MWt y).< 1 at best, symbiotes (i.e.,
M = 1) are feasible only for {CV] values that are



fusion-driver
(QE> 2).

Unless the burner-converter syitem has a very low

considerbly below unity and for

systems of reasonable rfficiency

conversion ratio [CV]* and the fuel cost becomes
an appreciable fraction of the total energy cost,
and in view of conclusion a), pure symbiotes do
not appear feasible for this combination of neu-
tronic and economic reasons.

c¢) For the same values of [CV]

and M, either

increasing [CV]* or decreasing 0 forces the
required fusion~fission system efficiency QE to
higher and higher values. Low-efficiency fusion
drivers are economic only if the fissile fuel cost
becomes high and the burner-converters in them-
selves are poor generators of fissile fuel. In
other words, for high values of [CV]* and low
values of p, economic considerations force the
fusion-fission system to generate more electrical
power in order to remain competitive (a constraint
imposed throughout this analysis).

d) Fissile fuel produced by the fusion-fission
system would be attractive, according to the
fissile fuel costs expected for the coming years,
if the fuel-to-energy cost ratio is sufficiently
low (< 0.3). The realization of this condition
depends on technology advancement (high QE and
M) and the difficult requirement o capital cost

(c /C <1.3).

e) G1ven that R(kg/MWt y)¢ 1 and that a kilogram

of fissile fuel represents a potential thermal

energy of 2.5 MWt y, the fusion-fission system

will generate a quantity of in situ  energy
comparable to the energy coatent of the fissile
fuel produced. For the more likely value28 of

= 0.4 kg/Mit y, the in situ '"real" energy

generation equals the “virtual"” energy production
of the bred fissi 1. = 2.

e *r fissile fue PTH/PTH 2.5 R/
(1-[cv] ), however, the power PTH(HWt) accompany—
TH(kg/y) of
by the fusion-fission system is wmultiplied or

amplified by a factor of 2.5 RB/(1-[cV]™) when

Since

ing the production of RP fissile fuel

this fuel is consumed by a burner-comverter system

I3 » . » - . *
with an intrinsic conversion ratio [CV] In effect

the cost of the fusion~-fission system is spread over

*
the cost of N = PTH/PTH burner-converter systems.

G. SYNTHETIC FUEL PRODUCTION BY FUSION POWER

A study of the feasibility of wutilizing the
umique features of D-T fusion power for the
generation of hydrogen gas by means of a high-
temperature (~ 1500 K) thermochemical cycle and a
(~ 300 K)

in the last quarter of 1977. The

lowu~temperature electrolysis commenced

general ground
rules for this study include a) a generalized
cylindrical blanket geometry will be wused (i.e.,

the constraints imposed by a specific  fusion

driver will not be specified), b) the llanket must
[BR] > 1, ¢) the plant
capacity will be in the range 2-5 GWt, d) no net

have a breeding ratio

electricity will be generated, =) a pure dc hybrid

(i.e., low-temperature electro’ssis) thermo-
chemical cycle will be used that has some basis in

experimental fact. This synfuel study is divided

into four tasks: a) overall energy balance and

economics, b) neutronics analysis (tritium breed-

ing, delineate low- and high-temperature regions,
etc.), c)

thermal/mechanical design of blanket,

and d) (chemical) process design for the (ex-core)
thermochemical cycle.
1. Energy Balance and Economics. A simpli-

fied but

general fusion/thermochemiczl hydrogen

model has been developed to examine the trade-offs
between tritium breeding (assumed
(~ 800-900 K)

blanket), electricity production,

to occur in a

low-temperature region of the

and production
of high-temperature (~ 1500 K) process heat in an
outer blanket region. Figure XVI-16 schematically

depicts this model, which examines the economic

trade-offs associated with overall system perfor-
mance (i.e., fusion-driver efficiency 1-g¢, frac-
tion £ of fusion energy deposited in the outer
high-temperature blanket versus tritium-breeding
ratio [BR], thermochemical efficiency Yf, high- to
low -~ temperature heat leaks €1 etc,) and the
market prices associated with tritium, hydrogen,

and electricity markets. In view of ground rule
d) cited above, the parameter k in Fig. XVI-16 is
set to zero (i.e., no electricity production). In
conjunction with specified capital costs indicated
on Fig. XVI-16,

mix between P (high-temperature),

the energy "spectrum" (i.e., the

P (low-temper—
ature), P (electrolys1s) and P (rec1rcu1ated)) of

a given blanket design and the match of this
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Pow ¢ flow diagram used to model the energy split
for a fusion-driven thermochemical hydrogen
plant. The inner blanket produces tritium and
low-temperature (~ 800 K) process heat, whereas
the outer blarket  produces high-temperature
(~ 1500 K) process heat. This system interacts
econc—ically with tritium, energy, and hydrogen
markets as indicated.

"spectrum" to the load line of specific thermo-
chemical cycles is examined.

2. Neutronics. The relationship between the
fraction f of the total fusion energy passed
through the low-temperature breeder region to the
high~temperature process-heat blanket region and
the tritium-breeding ratio represents a crucial
parameter for the energy/economics balance task
described above. Figure XVI-17 depicts a simple
neutronics model used to examine numerically the
relationship between f and [BR]. The effect of
varying both the (neutron) multiplier thickness
and composition on the energy EN deposited in
the outer blanket and [BR] was computed fora range
of blanket compositions. Figure XVI-18 gives the
dependence of f on (BR] for a more favorable
Pb-multiplier case. The trend indicated on Fig.
XVI-18 is similar for the other blanket systems

studied; increased [BR] can be obtained only at
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Schematic diagram of synfuel fusion blanket used
to scudy neutronics  associated with  high-
temperature process heat generation and tritium
breeding. Generally, only the "multiplier" region
was varied both in composition and dimension.

the expense of less fusion energy deposited into
the outer, high-temperature regions of the
blanket. Relationships similar to that depicted
on Fig. XVI-18 are wused by the ecnergy/economics
balance task. The power density in the outer
graphite region is used to perform thermal/
mechanical design studies.

3. Thermochemical Blanket Concepts. As

previously noted all thermochemical blanket models
assume a simple one-dimensional (radial) cylindri-
cal geometry with a low-temperature (-~ 800-300 K)
tritium-breeding inner region and a high~temper-
ature (~ 1500 K) outer region (typically graph-
ite). Either Li(metal), Li20, or Li A102 was
considered for the tritium breeder, and in some
cases Pb was proposed for a neutron multiplier.
Cooled structural first walls and thermal insula-
tion represent essential elements for all blanket
configurations, as illustrated schematically in
Figs. XVI~19. Although direct neutron heating of
key products in the thermochemical cycle was
considered, all blankets depicted in Figs.
XVI-19A-D ultimately generate a high-temperature
(1400-1500 K) helium process heat stream. The



v

T T
Pb MULTIPLIER (VARIABLE) I
100% Li BREEDER (0.2-m)

N
LAN
o
q
T
/

/

f20.9-0.49 [BR]

N
RB
o
s

T
OUTE
o
o
T

10
OSITE
o
n
T

Lo L
0 0f 02 03 O; 05 06 0T 08 09 10 1.1 12
[BR], TRITIUM BREEDING RATIO

Fip. MVI-18.
Interrelationship between the fraction of the
total fusion neutron energy deposited into the
high-temperature (~1500 K) outer blanket region
on the tritium breeding ratio [BR) for a Pb-
Multiplier/100%-Li-breeder case.

fusion encrgy deposited in the cooled first-wall
and inner tritiuim-breeding regions is used to
generate electricity for in-plant use, although a

portion of the lower temperature heat may be used

to complete the thermochemical-cycle 1load line

(energy requirement versus temperature); the

possibility of a high~temperature topping cycle

for electricity generation by the high-temperature

process heat stream is also considered an option.
Generally, vacuum tritium barriers are used
between the process heat regions and the tritium

regions, energy transport occurring betwcen the
two primarily by thermal radiation.
4. Thermochemical cycles.

the blanket

Specification of

“energy spectrum” (e.g., the splis

between thermal energy versus temperature and the

fraction tiwreof used for electrical energy

production) cannot be made until a specific

thermochemical cycle is adopted, Since detailed

neutronic, thermal-hydraulic, mechanical, and

materials engineering of the blanket cannot

proceed until a thermochemical cycle 1is selected,

an interim or preliminary cycle was chosen, even

though the experimental basis for this

not fully established. The
29,30

cycle is

following H2504/

Bi203.x 504 cycle is usad:
S0, + 2H,0 = H,S0, + H, (conventional 300 K (74)
2 2 2574 2 .
electrolysis)

H,50,(aq) + 1/3 Bi 0

05 = 1/3 Bi203.3803 + H,0(350 K)

2 (78)

1/3 Bi,05.3503= 1/3 Bi,04 + S0, (750-1200 K} (7C)

S0, = S0, + 1/2 0

3 9 9 (1200-1500 K) (7D)

Figure XVI-20 depicts a preliminary process

flow diagram proposed for the HZSOA/BiZO»}.:’.SO3

thermochemical cycle. Pechonskii's

Based on

31,32

experimental results, as

reported by
Krikorian,33 for the decomposition of =zinc
sulfate in air, the

should be

sulfate decomposition rate

governed by heat transfer to the

decomposing particles. The dominant mode of heat

transfer at temperatures above 1000 K is thermal
radiation. If bismuth sulfate (Bi,0,.350,) parti-
cles were adequately dispersed, heat transfer

might not be a limiting factor, and, assuming the

decomposition to take place in times less than one

minute, a decomposer might operate in a '"falling
bed"  mode. The bismuth sulfate particles
(100-200 um in size and preheated to 700 K) would

be dropped through a decomposer. The Biq03.3502

particles emerge from the bismuth

decomposer as
oxide (31203).
The SO}, 80_, and 02 product gases might then

be passed through a catalyst bed to ensure that

all the SO3 is decomposed. Equilibrium con-
versions of the SO3 to 502 and 02 should be
achieved at 1500 K to within 99.8% at wmoderate
pressures. The bismuth oxide is physically
separated from the product gases and is returned
to a (chemical) reactor in which contact with
fresh HZSOA solution from the clectrolyzer
occurs te  form bismuth sulfate. The gaseous

products are separated, the SOz is recycled, and

the 02 is discarded after purification. A major
unknown in the above process is the rate at which
bismuth sulfate decomposes at elevated temper-

atures; experiments are planned at LASL to obtain

these data, but the synfuel studies will treat the

decomposition reaction rate as a major system

parameter.

H. PLASMA SYSTEMS ANALYSIS

A number of computational and modeling activ-

ities associated with the magnetic confinement

systems studies are not specifically associated

with a given concept, but instead are more general

and supportive of most design studies. This area
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A) Simple radiation blanket with bank of process heat tubes
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C) Lithium reflux blanket, with radiation—heated process heat tubes located

external to the blankeot

D) Packet (fixed) or fluidizad-bed blanket
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Flow diagram for a hypothetical Bi;05.xS03 thermo-
chemical hydrogen cycle that is to be matched with
a given synfuel fusion blanket design.

of activity is termed ™Plasma Systems Analysis,"
and items which fall into this category are
summarized.

1. D-T Fusion Reactivity Data. Averaging of

the microscopic D-T fusion cross section over the
Maxwellian ion velocity distribution expected 1in
magnetically confined plasmas yields the well-
known reactivity <cv>. Incorporation of the
ion temperature dependence of <cv> into fusion
reactor computer codes is generally accomplished
by either 1) numerical interpolation of <cv>(T)
using a finite table of discrete values, or 2)
using an analytic representation to give a best
least squares fit to the table of discrete <cv>
values.

As an example of the former approach, Table
XVI-V provides the reactivity table used in the
LASL fusion reactor design codes. This table is a
modification, in tgz sense that temperatures below

,35

1 keV are included, of an ORNL table span-

ning the range 1-1000 keV, which has been provided
to the US fusion research community on the
National Magnetic Fusion Energy (MFE)
3 The ORNL table is

similar reactivity compilations,

computer

network. representative of

37,38 and its
general (US) availability makes it a standard.
The ORNL table uses values of T incremented by
0.2 keV for 1<T<10, 2 keV for 10<T<100, and 20 keV
for 100<T<1000. A linear interpolation scheme is

employed in the ORNL subroutine package. Table
XVI-V is less finely resolved, requiring fewer
values for the same range, but uses a cubic spline

interpolation scheme to give a smoother functional

dependence.
For some applications, the analytic represen-—
tation is preferred. Considered here are expres-

sions of the form

covs = ar 23 [ 1+ ar?/3 exp(BT'1/3) , (&)
for three fitting coefficients A, B, C. Several
expressions which are two-parameter versions
(C =0) of Eq. (8) have been identified. Three

such expressions came from the published liter-
ature, and a fourth was derived indpendently and
is introduced here. Table XVI-VI presents the
values of the coefficients and an indication of
the temperature ranges for which the discrepancy
le] between the analytic expressions and the
standard Table XVI-V values is less than a chosen
maXimum allowed, expressed as a nominal percentage
(here 10% and 25%) of the standard value.

2. Alpha-Particle Thermalization Model. D-T

fusion-product alpha particles, born at U =

o
3.52 MeV, will thermalize by Coulombic drag with
the plasma electrons and to a lesser extent with

the plasma ions, and thus should provide a plasma

heating mechanism which may lead to ignition. To
determine the rate of energy deposition, a Fokker-
Planck model39 is  used. The  alpha-particle

range-energy relation for a plasma of thermo-

(T = 10 keV) with
23 m—3

nuc lear interest

several
: 21

spanning 107" -10

in Fig. XVI-21.

densities is shown

The alpha-particle ranges exceed
the length of any acceptable linear device, and to
reduce the range to a few kilometers by increasing
the plasma density requires large confining fields.
A possible solution to this problem involves
magnetic mirrors to reflect alpha particles at the
ends of the linear reactor to allow multiple
passes. For a mirror ratio RH the probability
that an alpha particle will be reflected PR is
\/T:I7§;140 Hence, the effective path length
of an alpha particle born at the center of a
mirrored linear reactor of 1length §, may be
approximated by the ipfinite series represen-
tation, &/2 + EPR + EP; + ..., which converges
to A= (U/2) [1/(-R) + B/(1-P) 1. An effec-
tive alpha-particle energy confinement efficiency
can be defined, where Aa is alpha-particle range;
R ~1 - exp (1~A/A)). R, is calculated dynami-
cally by the 1DRBURN code and is used to estimate
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TABLE XVI-V

D-T FUSION REACTIVITY TABLE

Maxwellian Ion Temper- D-T Reactivity Maxwellian Ion Temper- D-T Reactivity
ature T, (keV) <cv> (m’/s) ature T; (keV) <ov> (m3/s)

0.05 7.00 (-4 40.0 7.93(~22)
0.1 3.00 (-36) 50.0 8.54

0.5 6.00 (-29) 60.0 8.76

0.8 2.00 (~27) 70.0 8.76
0.9 4,00 80.0 8.64

1.0 6.27 90.0 8.46

2.0 2.83 (-25) 100.0 8.24

3.0 1.81 (-24) 200.0 6.16
4.0 5.86 300.0 4.90

5.0 1.35(-23) 400.0 4.13

6.0 2.53 500.0 3.63

7.0 4.14 600.0 3.28
8.0 6.17 700.0 3.02

9.0 8.57 800.0 2.83
10.0 1.13 (-22) 900.0 2.68
20.0 4.31 1000.0 2.55
30.0 6.65

(2) To be read as 7.00(10) !
TABLE XVI-VI

ANALYTIC D-T FUSION REACTIVITY EXPRESSIONS OF THE FORM:

2/3 4/ 1/3

31 exp (BT

covr= AT 71+ CT )
EXPRESSION FITTING COEFFICIENTS T(keV) RANGE
A B C le:]<10% |e]<25%
1 3.68(-18) -19.94 0.0 2-3 and 2-6 and
28-37  20-43
11 5.00(-18) -19.94 0.0 5-24 4-29
111 7.80(-18) -20.70 0.0 5-16 3-21
v 9.43(-18) -21.11 0.0 1-15 1-20
v 9.46(-18) -20.94 -4.55(-3) 5-38 3-44
the fraction of all alpha particles that are 1lost reversed-field pinch plasma. Bremsstrahlung and
as a function of burn time, whether the alpha- cyclotron radiations as well as radial diffusion
particle thermalization model is analytic or based and anomalous losses are included. Full engi-
on a Fokker-Planck model. neering energy balance, first-wall heat transfer,
3. Burn Code Development. An integral and economics models are included in RFPR. The
activity of magnetic confinement systems studies alpha thermalization is treated by a Fokker-Planck
is the development and use of a variety of model.
time-dependent thermonuclear burn  codes. The b. DTBURN. This code system is an adapta-
major code systems that have been developed and tion of an earlier approach41 and is the theta-
used to model the dynamics of reactor-like plasmas pinch counterpart of the RFPR code. End-loss ener-
are briefly described. gy/particle losses can be modeled by introduction
a. RFPR. This pressure-balance code uses of an ad hoc loss term to this zero-dimensional,
analytic field profiles to model the dynamics of a pressure-balance code. Alpha-particle thermal-
three-species (electrons, ions, alpha particles) ization is modeled by a Fokker-Planck computatiomn.
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Alpha-particle (3.5-MeV) range-energy
for a D-T background plasma. Pressure balance for
a given beta value gives the required confining
field B for the various densities.

relationship

c. 1DRBURN. This time-dependent, three-

species code models the dynamics of a limear DT

plasma in both the radial and axial dimensioms.

Since radial effects are generally averaged,

1DRBURN is used primarily as an axial burn code to
compute the plasma energetics, first-wall response

and overall energy balance of 1linear devices

reactors) that are

(solid

(primarily linear theta-pinch
subject to various end - stoppering schemes

endplugs, reentrant endplugs, etc.). An analytic
which

has been previously calibrated by separate Fokker-

alpha~particle thermalization model is used,

Planck computations.

d. MHSBRN. This code system (actually two
separate, but nearly identical systems) computes

the burn dynamics of either a theta-pinch or a

Z-pinch plasma in the radial direction using a
full magnetohydrostatic (i.e.,MHD with no
MHSBRN 1is a

time~-dependent code with

inertial
terms) prccedure. single - particle
alpha~particle heating
back fitted to simulate,on the

basis of separate

Fokker-Planck computations, the associated dynam-
ies. This code is used to examine the effects of
radial profiles and field diffusion on the results
obtained from the previously described pressure-
The MHSBRN

presently being modified to include

balance, zero-dimensional burn codes.
system is
ion-electon-alpha interactions as well as to join
both theta- and Z-field profiles in order to model

more accurately high-beta with helical

systems

fields (RFPR,
Tokamak) .
e. LNBURN. The coupled dynamics of a high-

screw pinches, Tormac, high-field

beta plasma and an imploding, liner

is modeled with the LNBURN

compressible

system (Sec. XVI.D.)

The Lagrangian MHS code treats only simple parti-

cles, has all major loss terms (radiation, axial

and radial conduction, etc.), and uses an analytic

model16 to compute the liner compression. This

fast-runmming code is calibrated

16

continually
against a complex MHD physics code, CHAMISA.

f. NGBD. Both the transient and quasi-

steady~state behavior of a neutral DT gas with

the edge of a thermonuclear theta-pinch plasma is

modeled by the neutral-gas-blanket code NGBD.L"‘?’Z‘3

This MHS code system treats a wide spectrum of

charged and neutral particles interacting with a

three-particle (ions, electroms, alpha-particles)

theta-pinch plasma. This code ,system will be

modified to model neutral-gas blanket phenomena

associated with the RFPR studies.

4. Neutral-Gas Blanket Theory. Research into

the use of a neutral gas to cool a quenched RTPR

plasma was concluded,l'2 and produced a

code, NGBD, that models both the

numercial
transient for-
mation and quasi-steady operation of a neutral- gas
blanket. The transient formation of a neutral-gas

blanket at the plasma perimeter is examined to

determine the conditions under which a neutral-gas

layer can be stably formed. The main concern for

formation is that the neutral gas together with

the cold plasma adjacent to the wall can

acquire
sufficient density and thickness to shield the
wall from energetic charge-exchange neutral

species; during the formation wall damage is to be
minimized. The penetration

"slabs"

of monoenergetic,

neutral-gas into the plasma and the

reaction rate of incoming diatomic and monoatomic

gas with the plasma ions, electrons,and alphas are

dynamically modeled. Hydrodynamic and radiation

processes are simultaneously calculated, and

first-wall (physical) sputtering and evaporation

rates are computed on the basis of the computed

particle and energy fluxes.

After the transient formation of the neutral-

gas blanket a quasi~steady analysis determines

whether or not the plasma energy can be extracted

with minimal wall damage. Since heat flow through
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the neutral gas and enhanced bremsstrahlung radi-

ation are dominant cooling mechanisms during the

quasi-steady-state stage, the rate of plasma ener-

gy loss should be determined primarily by the rate

of neutral penetration into the plasma. This

trai penetration is determined by the two

neu-
compet-

ing processes of neutral diffusion and neutral-

plasma interaction. Control of the plasma energy

loss rate by controlling the neutral diffusion

rate, which in turn is determined by the diatomic
ncutral density in the

should be

neutral-gas reservoir,

possible. Figure XVI-22

monoatomic neutral particle spectral

gives the

flux at the
first wall 35 us afrer

injection for a diatomic
neutra! density  of lO21 m_3. The  particle
flux for energies less than 5 x 10~4 keV results
from diatomic neutral charge-exchange with the low-
temperature plasma adjacent to the wall.  Between
5
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Fig. XVI-22.

A typical first-wall particle energy spectrum com-
puted at 35—ua_3fter the admittance of neutral gas
at n, = 10 I'n adjacent to an energetic plasma.
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10"2 and 5(10)—4 keV neutrals from the dissoci~

ation of diatomic ions primarily contribute to
the spectrum. The diatemic neutral charge-
exchange with the hoi plasms in the core con-

tributes to the spectrum above 10-2 keV.

Figure XVI-23 illustrates the sputtering

A1203 as a

givei in

yield and sputtering rate for

function of

XVI-22.

time for the case Fig.

The sputtering rate peaks at 25 ps, after

which the neutral-gas blanket begins to moderate

the outwardly directed monoatomic neutrals. Figure

XVI-23 also gives the first-wall evaporation rate,

which is small compared to physical sputtering,

for a diatomic 1021 m_a.

The first

neutral density of

0.3~mm

layer of

wall consists of a

layer of

alumina, backed by a 1-mm niobium and

cooled by liquid lithium at 1100 K. The wall

dose

and integrated loss for both charge exchange and

4 20
10 T I T T 10
—_ — —— SPUTTERING -
N — EVAPORATION ISNE
—I07 <
»
=
e
otk

EVAPORATION AND SPUTTERING YIELD (ATOMS/m

J
o
EVAPORATION AND SPUTTERING RATE

_4(f4
10°
12
ICP I ] | | 10
0 10 20 30 40 50
A TIME (ﬁLS)
Fig. XVI-23.
Wall erosion rates and integrated yields computed

as a f“Efti9§ of time after the admittance of
ny = 10" m ~ of neutral gas adjacent to an

ener-
getic plasma.



evaporation are shown on Fig. XVI-24 as a function
of neutral-gas density no. Wall erasion by
sputtering increases rapidly for ng less than
22 3
107" m ™ a

pen=tration into the hot

s a result of increased neutral atom

plasma core. The
bremsstrahlung energy dose dominates at high
values of nos whereas sputtering dominates at
low density. The composite evaporation curve
indicates sputrfering and evaporationare very small
(for A1203, 1014 corresponds to
4.5(10)715 m or 1.1(10)_2 ym/y at a 0.1-Hz pulse

rate and an 80% duty factor). The major concern,

atoms/m2

instead, becomes one of thermal cyclic fatigue

which generally will require that n, be kept

21 -
below ~10"] m 3.

5. Modeling of Plasma/First-Wall Inter-
actions in High-Field LMF Reactors. A wide range

of Linear Magnetic Fusion (LMF) concepts exhibit
the significant advantages of plasma stability,

simple geometry, a high level of physics under-

standing and high  power density.hh Classical
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Fig. ZVI-24,
Energy dose and integrated erosion yields at the
first wall as a function of initial geutral gas
density.

scaling on the basis of either free-streaming

particle loss or axial (parallel-field) thermal
conduction predicts device lengths and total
fusion powers that generally are excessive from
the reactor viewpoint. It 1is possible, however,
to reduce the size of machines while simulta-
neously maintaining a favorable overall energy
balance, by exploiting the 822 scaling predicted
by classical theories of end flow, where B is the
canfining field and % is the total 1length of the
plasma column. In order to achieve ignition
conditions with total alpha-particle confinement,

sl must exceed (10)6 2o at

plasma temper—

atures of ~ 7 keV when axial thermal conduction
determines the energy containment time. Hence, if
% = 1000 m, then fields in excess of 30 T will be
required. The resulting high plasma densities
will cause a high bremsstrahlung radiation flux at

the first wall, and a first-wall constraint is

imposed. One approach to this problem is to relax

the first-wall

thermal-mechanical corstraints,
permitting evaporative ablation of impurity
material into the plasma chamber. This  work

examines the interaction between a burning D-T
plasma and an evaporating (liquid-lithium) first
wall.

Although  evaporation would -provide the
first-wall cooling during the short, intense burn,
the evaporated lithium will also cool the ignited

plasma, and the between

dynamic  interaction
evaporating first-wall and the burning thermo-
nuclear plasma, therefore, becomes a major
question. The penetration of evaporated lithium
into the high-beta, dense plasma will occur by the
complex and coupled

processes of diffusion,

ionization, and charge-exchange; these processes
occur on a time scale which may be comparable to
the ttermonuclear burn time. The questiom,
therefore, becomes one of competing reaction and
diffusion rates and the rapidity of the inevitable
plasma quench relative to the burn time required
to achieve a net energy balance. A simple surface
evaporation model is coupled with a detailed,
transient description of the (lithium) neutral-
gas/plasma interaction to form the basis of a
simple LMF reactor model with which to examine the
viability of the evaporating first-wall scheme.

The computational model and techniques are similar
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to those used to describe neutral-gas blanket
phenomenaaz’43 (Sec.XVI H.4).

As illustrated in Fig. XVI-25, the reactor
performance, as measured by the space-time inte~
grated Lawson parameter, n7t, increases to a
maximum of 6(10)21 s/m3 at about 45 T. After
this point nT gradually begins to decrease. The
increase in nt with B is considerably below that
expected withour lithium evaporation but neverthe-

less an appreciable gain in n1 is observed.

[. FUSION REACTOR NUCLEONICS

Several tasks are included in the category of
Fusion Reactor Nucleonics, including two-
dimensional transport code development and appli-
cations, quantitative nuclear data assessment,

computer code and data file standardization,

deterministic streaming methods, and fusion
reactor systems studies. These efforts support
8
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Dependence of time- and space-integrated Lawson
parameter as a function of peak compression field
applied to dense Linear Magnetic Fusion (LMF)
device with an evaporating liquid-lithium first
wall,
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the national fusion energy development program.
In addition, shielding and blanket analysis for
the Intense Neutron Source Facility and consul-
tation on other programs are provided. Blanket
system nucleonics calculations for an  ohmie-
heated, small tokamak rea.tor concept (RIGGATRON)
have continued in support of an INESCO Corporation
conceptual study. Progress in each of these tasks
is summarized below.

1. TRIDENT-CTR.  TRIDENT-CTR*> is a two-
dimensional (rectangular and cylindrical geometry)
triangular spatial mesh, neutron transport code,
is designed specifically for the fusion community,
and was written and partially tested during 1977.
TRIDENT-CTR was developed from a previous code,46
which was written for wuse in fission reactor
design. The following modifications have been
made to TRIDENT for use as a fusion reactor design
tool.

a) The storage structure has bLeen modified so
that on a2 CDC 7600 computing system only the
information required to solve one finite-element
(triangular) band at a time is in small core
memory. This modification increases the maximum
allowable problem size from about 3000 triangles
in TRIDENT to 10-15 000 triangles in TR1DENT-CTR.
b}  The TRIDENT restriction that six triangles
share each interior vertex has been relaxed; this
modification has made the specification of spatial
mesh less rigid and easier to establish.

c) An automatic mesh generator that performs
triangulations of the spatial mesh is available in
TRIDENT-CTR as an option. The option takes as
input on a per-band basis the number of zones in
the band, the number of triangles per zone, and
the zone boundary coordinates. A zone is defined
as a region of constant material specification,
constant source, and constant starting flux
estimate.

d) A group-dependent Sy order may be specified
and used in TRIDENT-CTR. The SN constants can
be generated by the code (EQN set547), read
in, or a combination of both.

©) Options to allow interior boundary sources
(right, left, vop, and bottom) have been included
in TRIDENT-CTR. This option allows the replace-
ment of a distributed neutron source, isolated in

a central vacuum region, and a deterministically



calculated boundary source at the first material related work, sets of one-dimensional scoping cal-
surface (i.e., first wall). culations for possible plasma, coil, and blanket

configurations were performed, and two-dimensional

The changes embodied in items a) and b) have cor putations were initiated. Following correction
increased the flexibility amnd scope of TRIDENT-CTR of errors in the MATXS (30 x 12) 1library, predic-
over TRIDENT with a minimal cost in increased com- tions of the MATXS, CTR <{collapsed) VITAMIN—CSO
putational time. The code has been tested on a (101 x 12) and NJOY51 (30 x 12) libraries for
large tokamak probleml'8 (RIGGATRON). The solu- various one-dimensional RIGGATRON configurations
tion of the RIGGATRON involved the calculations were compared. Results of that comparison are
and storage of over 3 million flux moments and compiled in Table XVI-VII, which lists breeding
provided a realistic, large-scale test of TRIDENT- ratios (T) and leakages (L) for various plasma,
CTR. coil, and blanket thicknesses. Agreement between

2. RIGGATRON Blanket Nucleonics Study. One- the three cross-section sets is + 5%. In subse-
and two-dimensional neutron/gamma-ray transport quent analysis, the MATXS (30 x 12) neutron/gamma-
calculations have been performed for the INESCO ray cross-section set will be used.

RIGGATRON, a tokamak device using ohmic heating to Additional one-dimensional calculations wera
induce deuterium-tritium fusion. Earlier efforts performed on the RIGGATRON assuming a void between
tested and evaluated various cross-section sets coil and blanket in order to increase the tritium
for consistency and accuracy and finally settled breeding. The results of these computations are
upon use of the (30 x 12) MAT)(SI‘9 coupled given in Table XVI-VIIT for a plasma of radius
neutron/gamma-ray set for future analysis. In 0.225 m, coil of thickness 0.10 m, void thickness

TABLE XVI-VII

CROSS-SECTION COMPARTSONS' ™)

r(plasma) frlew)  Ar(Li) T (Li® T (L") T L T+ L
- - CTR
22.5 10 100 0.640 0.138 0.778 0.182 0.960 101 x 21
MATXS
0.637 0.132 0.769 0.182 0.951 30 x 12
NJOY
0.638 0.135 0.773 0.182 0.955 30 x 12
7% HZO
CTR Coil
22.5 10 0 - - - 0.932 - 101 x 21
MATXS
- - - 0.914 - 30 x 12
NJOY
- - - 0.884 - 30 x 12
CTR
22.5 10 100 0.760 0.128 0.888 0.257 1.145 101 x 21
MATXS
0,757 0.123 0.880 0.249 1.129 30 x 12
NJOY
0.801 0.126 0.927 0.252 1.17¢9 30 x 12
. no HZO
CTR Coil
22.5 10 0 - - - 1.119 - 101 x 21
MATXS
- - - 1.096 - 30 x 12
NJOY
- - - 1.081 - 30 x 12
{a)

all dimensions in centimeters

Li tritium breeding ratio

T =

6 . Lo . .
T7 = "Li tritium breeding ratio
T = T6 + T
L = leakage per fusion neutron
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TABLE XVI-VIII

COMPARATIVE. BREEDING AND LEAKAGE FOR RIGGATRON WITH H,0 (7%) (a)
AND FULLY DENSE COILS WITH/WITHOUT VOID BETWEEN COIL AﬁD BLANKET
r(plasma) Ar{coil) prvoid) Ar(blanket) T I, T L T+ 1L
22.5 10 0 100 0.643 0.135 0.778 0.182 0.960
300 100 0.739 0.139 0.878 0.159 1.037 7% H20
0 0 - - - 0.884 - coil
22.5 10 0 100 0.757 0.123 0.830 0.248 1.129
300 100 0.874 0.129 1.003 0.205 1.20 no HZO
0 . 0 - -- - 1.096 —— coil
(a) all démensions in centimeters .
T6 = 7Li tritium breeding ratio *
T, = 'Li tritium breeding ratio
7
T = T6 + T.
L = leakage per fusion neutron
of 2.0 m, and blanket thickness of 1.0 m. An S8 comparison includes errors associated with the
quadrature set and P3 cross—-section expansion discrete-ordinates approximation and the statis-
were employed. It is seen that the addition of tical error in the Monte Carlo results. In all
the void between coil and blanket produces cases agreement is to within 4% for both tritium

approximately 7%-9% increases in breeding ratios

for the two cases considered.

For a more realistic one-dimensional model a
graphite refiector (0.25 m) was placed outside the
blanket, similar to the two-dimensional mockup of
the RIGGATRON shown in Fig. XVI-26. Neutron and

gamma-ray heating was also computed using the

MATXS kerma factors with 7% D20 coolant in the

copper coils. The results of these

calculations
for coil thicknesses of 0.07 m

in Table XVI-IX. The Q

and 0.10 m appear
values for neutrons and

gammas in the copper, lithium, and graphite are

given in MeV.
As an additional check on the

as well as the

cross sections

discrete-ordinates calculational
model, a continuous energy Monte Carlo calculation

(MCNP code) was performed. This Monte Carlo cal-

culation duplicated the

one-dimensional discrete-

ordinates calculation for a §.225-m-radius plasma,
0.07-m-thick copper coil, and a 1-m- thick natural
Li blanket. All calculations of tritium breeding

and neutron leakage were performed to a

Table XVI-X

results of comparisons among various

relative
standard deviation of 1%. shows
cross—section
sets, where the MATXS library was

ENDF-1V.

processed from

These calculations show direct compar-
ison of the MATXS library with a calculation using

its progenitor ENDF-IV point-wise library. The
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breeding and leakage. The higher breeding value
from the Monte Carlo calculation is inferred to be
caused by the resonance self-shielding effect, and

further study of this effect is being undertaken.

3. Committee on Computer Code Coordination
(CCCC). During the past year neutron and photon

multigroup cross sections in the
called MATXS were

(TRANSX) for processing the

proposed CCCC
format produced. A
MATXS

With this code,neutron,

code
libraries was
also provided. photon, or

coupled cross—section sets can be easily generated
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Fig. XVI-26.
Two-dimensional RIGGATRON blanket model used for
neutronics computatioms.



TABLE AV1-1IX

COMPARATIVE BREEDING AND HEATING FOR RIGGATRON WITH 7Z D)0 COILS
(200-cm VOID AND 75-cm GRAPHITE REFLECTORN®)

rlplasma) &4rlcsil) Orlveid) Ar{blanker) Ar(graphite) T, T

n n
Y 7 T L TrL Q9 Qe Y W % &
22.5 7 200 100 25 1081 0.229 1.31 ©0.006 1.314 1.09 6.11 7.69 1.05 0.03 0.16
22.5 10 200 100 25 0.969 ©0.139 1.108 0.003 1.111 1.3 8.55 6.22 0.75 0.02 0.13

ta) all dimensions in centimeters
'l'6 = 6LA tritium breeding ratio
]‘7 = 7Li tritium breeding ratio

T = T6 + T7

L = leakage per fusion neutron

Q in units of MeV

TABLE XVI-X
COMPARISON OF MONTE CARLO RESULTS WITH DISCRETE-ORDINATES . ALCULATIONS FOR
.07-m COIL, 7 vol% DZO and 1-m BLANKET ("Li)

ZDifference 7 Difference
Calculational Method Cross-Section Set Leakage from Monte Carlo T from Monte Carlo
Monte Carlo, MCNP ENDF-1IV 0.267 - 1.097 4 -
Pointwise
Sq Py, ONETRAN LASL/TD 0.277 3.74 1.054 5 -3.91
30-Group
S8 Py, ONETRAN MATXS 0.275 3.00 1.056 5 -3.73
30-Grouyp

to user specifications. Individual reaction cross
sections, such as tritium production and gas pro-
duction (if present in the ENDF source library),
are readily available through the TRANSX-MATXS
link. These reaction cross sections can be in-
cluded in the cross-section tables that are used
in various transport codes, or they <can be
extracted from TRANSX as individual response
vectors.

Considerable testing of the  TRANSX-MATXS
system has occurred. MATXS cross—-section sets,
such as those used in the RIGGATRON studies,52
have been geivvrated and are being used for
CTR-related analyses.

4. Adoption of LA>. Codes to the Magnetic

Fusion Energy Computer Network. Progress in
linking LASL/LTSS with the Lawrence Livermore

Laboratory (LLL) MFE network has been signifi-

cant. An introductory manual to LISS at LLL,
which is aimed at the beginning user, has been

relzased in final form. The document is intended

for users who have had sc: - contact with FORTRAN,
but who do not wunders:and complex computer
systems. A tape conversion process for wmoving
files back and forth from LASL/LTSS to LLL/LTSS
has been formalized, and a document explaining how
to do that has been circulated within LASL. Using
the tape procedure, the MCNP Monte Carlo code has
been standardized to be identical both on LLL/LTSS
and LASL/LTSS, allowing updates to be made more
easily.

The standardization of graphics routines,
which allows switching from one machine to another
with a minimum of difficulty, has also been made.
Toward this end the TRIDENT-CTR code on LASL/LTSS
has been modified to use system-independent,
machine-independent, device~independent, sub-
routines that can easily be wmodified for the
particular system or machine in question. This
change should make the graphics transportable with
a minimum of effort. At LASL these routines were

written using the Common Graphics System {CGS)
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routines with respect to the SENSIT code; a
similar scheme was used on LLL/LTSS using the
TVBOLIB graphics package.

S. Use of Monte Carlo Computations In the

Study of Deep Penetration Problems. A Monte Carlo

method was developed to generate correlation
information on the forward and adjoint  flux,
providing a means to calculate contributon density
via forward Monte Carlo. A simple transformation
between surface integrals of the contributon
current and the volume integral of the current
provides a new approach to detector response
calculations. This approach proves useful in
deep-penetration problems. Calculations made for
such problems in the analog Monte Carlo mode
indicated up to 90% time saving for the contribu-
tion method as compared to the regular analog
method. The two methods are now being tested with
various biasing schemes. Biasing considerations
for the contributon Monte Carlo are very different
than those used in regular Monte Carlo. Prelim-
inary results indicate that advantages similar to
those for the analog case may be obtained for the
biased case, especially for highly scattering
media.

6. Sensitivity Profiles for Secondary Energy

and Angular Distributions. Ian wmany deep-pene-

tration transport calculations the integral-design
or response parameter of interest 1is determined
mainly by secondary particles which are produced
by interactions of the primary radiation with the
material. 1If the primary radiation consists of
neutrons in the MeV range, then the secondary
neutrons from inelastic scattering events or
(n,2n) reactions, and the gamma rays from (n,Y)
reactions are of primary concern in most fusion

reactor blanket/shield

calculations. These
secondaries can be considered additionmal radiation
sources within the blanket or shield. In most
reactor shielding calculations the biological dose
rate at a given point of interest is dominated by
the contribution from secondary gamma rays, and in
fusion reactor nucleonics calculations important
design parameters (tritium breeding, radiation
damage, and induced radiocactivity) depend strongly
on (n,2n) and (n,3n) reactions in the blanket and
shield. The methods of standard cross-section

sensitivity analysis can be used to calculate the

160

sensitivities to the production cross sections of
such secondaries. A sensitivity to either the
energy or angular distribution of these secondary
particles, however, could not be given.

An extension of the classical sensitivity
theory, which allows one to calculate sensitivity
profiles for secondary energy and angular distri-
butions, has been developed and is being incorpo-
rated in the LASL sensitivity and uncertainty
analysis code system (LASS).53

7. Quantitative Data Assessment. The

adequacy of existing neutron and gamma-ray cross
sections needed to perform the nuclear design
calculations for TNS have been assessed. This
assessment was performed quantitatively using
established sensitivity and uncertainty analysis
techniques as demonstrated in previous conceptual
designs of TFTR and EPR. The ERRLIB cross-section
error data base developed for the TFTR and EPR
studies was expanded and used extensively to
assess the data accuracy requirements for TNS
applications. The sources of error estimates for
ERRLIB include: (1) local assessments, (2)
nuclear systematics, and (3) the rapidly develop-
ing ENDF/B formatted “error files." Considerable
effort has been devoted to a collaborative effort
with ORNL to improve and generalize the ENDF/B
errcr formats. Parallel developments have also
occurred in the error processing capabilities of
the LASL~developed NJOY cross-section processing

code. Multigroup error estiwates for 6Li and

108 from the ENDF/B-V library were

processed
into the ERRLIB format for test purposes. ‘ The
first TNS design considered was provided by
General Atomic Company and is being updated
continually through close cooperation with the
design team.

An attempt was made to scope the uncer-
tainties in secondary energy by performing a

statistical analysis of the

14-MeV  neutron
inelastic-scattering spectra for all important
structural metals. Large differences (typically

50%) are found between materials that should have

similar spectra. These large discrepancies
indicate that for some design calculations un—
certainties in spectra will be as important as

uncertainties in the cross sections themselves.
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8. Gas-Production Cross Sections. In cross sections for “Be has been completed and
support of the LASL materials program for the incorporated into the ENDF/B-V evaluation from
development of radiation-damage-resistant in- LLL. Particular emphasis was placed on accurately
sulators for fusion applications, the neutron representing the neutron emission spectra from
cross sections for 27 hydrogen- and  helium- (n,2n) reactions, as measured recently at LASL.54
production reactions have been evaluated and In addition, the total cross section was updated
spectrum-averaged. These data are needed to above 500 keV to include new measurements from the
analyze planned fission reactor irradiation NBS55 and LASLSB.
experiments and are summarized in Table XVI-XI. A The ENDF/B formats are presently not suited
fast-neutron energy spectrum typical of the Oak for accurate representation of energy-angle
Ridge Reactor (ORR) was wused to perform the correlations in neutron-emission spectra from
spectrum-averaging. ?3e reactions. For this reason a special format

9. Cross-Section Evaluation and Calcu- was used to incorporate the 9Be(n,2n) data.
lation. An evaluation of selected neutron-induced Cross sections and angular distributions for a

TABLE XVI-XI
GAS-PRODUCTION CROSS SECTIONS FOR C, N, O, Mg, Al and Si
Thermal Spectrum Aver- (a)

Reaction Cross Section (b) aged Cross Section (b) Method
12C(n,d.) 1.27(-3)“’) ENDF/B
Be(a,u) 8.59(-3) Estimated
Yn(n,p) 1.81 + 0.5 3.58(-2) ENDE /B
YN(n, ) 9.65(-2) ENDF/B
16O(n,')L) 1.10(-2) ENDF /B
17O(n,’l) 2235 + .01 1.05(-1) Calculated
17

0(n,nx) 1.59(-3) Calculated
Natye(n,p) 1.35(-3) ENDF/B
Natye (n,1) 3.48(-3) ENDF/B
24 .

Mg(n,p) 1.47(~3) Experimental
25

Mg(n,p) 1.39(-3) Estimated
25

Mg(n,w) 2.83(~2) Estimated
27 from ENDF/B

Al(n,p) 4.94(-3) ENDF /B
Natg; (n,p) 8.07(-3) ENDF/B
Nat .

si(n,a) 3.46(-3) ENDF/B
28 -( -

Si(n,p) 6.68 + .08(-3) Experimental
28 . Spectrum

Si{npn) 4.70(-3) Experimental
29,

Si(n,p) 2.9 + .1(-3) Experimental
29 . Spectrum

Si(n, ) 6.24(-3) Estimated

(a) Cross sections estimateg3to be less than 10—3 barn are deleted.
(b) To be read as 1.27 x 10 ~.
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series of (n,n') level excitation energy bins that

54

suitably represent the LASL experimental data

at 5.9, 10.1, and 14.2 MeV were derived. Because
the evaluated excitation data actually represent
(n,2n) reactions, a multiplicity factor of 2 is
specified in the evaluation. The level excitation
functions were smoothly interpolated and extra-
polated to other incident neutron energies, so
that the energy from threshold to 20 MeV is
covered.

Because of the special data format wused, it
was necessary to modify the NJOY code to permit
multigroup processing. This modification is
complete, and the new evaluation has been
processed into the LASL 30-neutron by 12-gamma
group structure.

Under funding from the Division of Physical
Research (DPR) of DnOE, development of the nuclear
theory code GNASH57 was continued, and a variety
of cross-section calculations were performed that
are of fusion reactor interest. Neutron-induced
charged-particle emission spectra were calculated
for 15-MeV neutrons on stainless steel 316,58
and reaction cross sections, including (n,y),

(n,n*), (n,p), (n,a), f(a,pn), (n,2n), (n,np),
(n,n), and (n,un) reactions, were calculated up
to 20 MeV for all five isotopes of titanium and
for several zirconium isotopes. These results
wiil be incorporated in ENDF/B-V  evaluations.
Reviews of calculations and capabilities of the
GNASH code and general data needs were  pre-

59-61 between 10 and 40 MeV.

sented

Also under DPR funding, development of the
EDA R-matrix code progressed, and analyses of
several mass systems that included reactions of
fusion reactor interest were continued. These

studies include

analyses of the important
p(d,n)He, D(d,p)T, T(d,n)4He, 3He(d,p)4He, and

6Li(n,u)T reactions.

J. INSULATOR AND CERAMICS RESEARCH

Activities during 1977 included studies of
structural effects (swelling, thermal diffusivity,
microhardness, and fracture toughness) and elec-
trical effects (multiple-pulse dielectric break-
down strength) in unirradiateg and irradiated

ceramics. Transmission electron microscopy

studies have been conducted to evaluate the nature
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of radiation damage in order to assist in inter-
pretation of radiation-induced changes in physical
properties. In response to a request from OFE/
DOE, an irradiatic:: test plan was developed to
study concurrent displacement-damage and gas=-
generation effects in a model ceramic. To suppert
the OFE Fusion Materials planning effort reports
were prepared assessing insulator and ceramic
problems and describing a program plan for their
solution.

1. Structural

Effects. Nine candidate

refractory ceramics (six oxides and three ni-
trides) were irradiated to doses of 1-2 xlO22 n/
cm? (E > 0.1 MeV) at 925 and 1100 K in EBR-II.
Swelling measuvements have been made on these
materials, with results which may be summarized as
follows:

*+Mgal,0,, Y,41,0,,, Si,ON,, and SiAlON exhib-
ited low swelling (less than 0.5 volZ)

-Si3N4, Y203,Y203--IZZI:02 showed moderate swell-
ing (0.5 to 1.5 vol?Z)

s Only A1203 and Be0O swelled more than 1.5
volZ (in the 3-10% range).

With the exception of the last two materials, the
tested ceramics behaved well compared to the
swelling criterion at high damage levels under the
conditions utilized.

Thermal diffusivity tests have been completed
on samples irradiated earlier in EBR-II to a dose
of 2.8 x 102 n/cn’ (E_> 0.1 MeV) at 1015 K.
Earlier work showed significant degradation (8 to
68%) at room temperature for eleven ceramics after
this moderr:e-dose irradiation. The measurements
have been concluded by determining the change in

thermal diffusivity for polycrystalline Y,O

273
and Y203—IZZr02. These materials showed a
reduction in this property of 252 and 33%,

respectively.

Temperature dependence of the degradation in

thermal diffusivity was measured for single-

crystal A1203, which showed a 45%Z reduction at
300 K, and compared with the temperature depen-

dence for unirradiated A1203. Thermal

diffusivity for both materials decreased with

increasing temperature, consistent with phonon

scattering theory, and the irradiation decrement



also decreased, in agreement with temperature-
dependence of scattering from defect sites (Fig.
XVI-27). The observed reduction in degradation to
15% at 723 K indicates that problems associated
with an irradiation-induced decrease in thermal
diffusivity should be lessened at higher operating
temperatures.

Thermal diffusivity of unirradiated plasma-
sprayed A1203 was also investigated in a
cooperative project with the LASL Materials
Technolgy group. This material has been proposed
for applications where peutron flux is low but
thermal throughput is significant. It was found
that ‘“as-sprayed" A1203 has a thermal diffu-
sivity equal to approximately one-tenth that of
conventional alumina, because of the presence of
transition phases and porosity. Isochronal and

isothermal anneals up to 1925 K showed that
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Relative thermal diffusivity as a function of
temperature for unirradiated amd irradiated TYCO
and LINDE sapphire:
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Thermal diffusivity, volume shrinkage, and

occurrence of phases plotted as a function of
isochronal annealing temperature (1 h). All
points are the average of two samples except where
1 is indicated. Scatter fell within circles
except where error bars are shown.

restoration of the alpha phase and closure of the
pores result in large improvements in thermal
diffusivity (Figs. XVI-28 and XVI-29), but that
microcracking accompanying the phase transfor-
mations retards this recovery until very high

temperatures are reached. Changes in density
during annealing would probably result in failure

of the ceramic/metal bond 1in fusion reactor
applications. The use of such a materials system

in high thermal flux applications will require
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Fig. XVI-29.
Thermal diffusivity and volume shrinkage plotted
versus annealing time at 1625 K. Symbols have the
same significance as in previous figure.
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development of special techniques, such as spray-
ing onto a heated substrate to optimize the
as-sprayed ceramic structure.

Microhardness and indentation fracture test-
ing of ceramics irradiated to moderate doses in
EBR-II has begun. In this work room—-temperature
microhardness is obtained from dimensions of the
indent, and fracture toughness is determined by
applying fracture mechanics techniques to inter-
pretatior of crack patterns around the indenta-
tion. Preliminary results for YAG (Y3Al50y,),
spinel (MgAl,04), and (A1,04)  are
in Figs. XVI-30 and XVI-31.

sapphire
presented Figure
XVI~-30 shows room -temperature hardness for the
three ceramics in unirradiated and irradiated
form. This parameter is an indicator of the
resistance to plastic flow. Figure XVI-31
presents values of fracture toughness, which is
directly related to brittle fracture strength and
which allows strength comparisons if the flaw size
distribution is known. These data show that both
hardness and fracture toughness of sapphire
incrcased upon irradiation, while the properties
remained nearly unchanged in YAG and spinel. The
slopes of the hardness curves increased in a

negative  sense following irradiation; large
indents gave lower hardness readings for each
material, with the effect being more marked after
irradiation. This behavior may indicate that

yield stress is affected more by radiaticn damage
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Fig. XVI-30.

Microhardness as a function of diagonal dimension
of indentation for three single-crystal ceramics
in the unirradiated and irradiated condition.
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than is flow stress, a phenomenon observed in

metals.62

Table XVI-XII compares changes 1in thermal
diffusivity, hardness, and fracture toughness at
200-g load, and volume changes for spinel, YAG,
and sapphire. These changes are 1interrelated and

can be associated with the

defect structure
observed in transmission electron microscopy
(TEM). TEM studies have shown that irradiated

sapphire contains a fine dispersion of small pores
with possibly a background dislocation network
which is presumed at least partly to result from
intersecting loops caused by radiation damage.
Calculations based on the thermal conductivity
change have shown that large concentrations of
point defects must also be present. YAG crystals
investigated by TEM also show evidence of
radiation damage in the form of damage clusters.
The exact nature of these clusters is not known,
but they may consist of small loops or point
defect aggregates. It could also be speculated

that local atomic rearrangements (e.g., cations on

the wrong sites) or metamictized regions make up

the damage clusters. The large decrease in
thermal conductivity (Table XVI-XII) further
suggests a significant concentration of point

defects.

The small changes in properties of spinel are
mutually consistent. No evidence of substantial
concentrations of defects from either TEM or

thermal conductivity measurements could be found.



TABLE XVI-XII

PROPERTY CHANGES FOR SINGLE-CRYSTQ& SPINEL, YAG, AND SAPPHIRE AFTER

IRRADJATION TO 2.8 x 10

n/em” at 1015 K

Hardness Fracture Toughness
Thermal Diffusivity Change/StartEng Value Change/Sta57£ng Value Volume
Change/Stq;tiTg Value %/GN m™ Z/MN m Change
Material (Z/cm~5"") (at 200 g) (at 200 g) (%)
MgAl,0, - 8/0.056 + 2/14.6 - 4/1.3 + 0.1
(111)
{ - . + 6/1. 0
Y3A15012 62/0.028 + 2/15.3 /1.0
(111)
A1203 - 45/0.11 + +17/2.3 + 2.5
(0001)

Interpretation of the behavior of YAG is not as
straightforward. Hardness and fracture toughness
changes were small, and only a slight change in
indentation size dependence of these parameters
was noted. The lack of substantial hardness
change argues against damage which could affect
dislocation motion. Studies of the effect of
vacancies on yielding in copper63 have shown
that the unagglomerated vacancies did not affect
yielding while vacancy clusters did cause harden-
ing. The present results are consistent with the
precence of point defects in the substructure
(accounting for the thermal conductivity decrease)
but not consistent with the presence of agglom~
erated vacancy clusters or small loops. The small
change of fracture toughness would follow the
similar absence of change in hardness.

The behavior of sapphire was very different
from either YAG or spinel, since for A1203 all
properties changed and considerable visible and
inferred damage is available to account for the
property changes. The large increase imn hardness
may be accounted for by the background dislocation
tangles alone (or possibly by the combined effect
of tangles and pore array). The latter may act to
impede dislocation movement by pianing the dis~
location line once it has reached a pore. Pro-
blems with this model exist, since if the pores
are considered to act as obstacles, not only the
yield stress but also the rate of strain hardening
should be increased; this expectation may be in-

consistent with the increase in the indentatiomn

size dependence of microhardness with irradiation.

Changes in fracture toughness may also occur
in more than one way. Decreasing plasticity would
be expected to decrease fracture toughness by
reducing the plastic work term. Changing the
elastic modulus would change the fracture tough-

ness in the same sense. Modulus decreases, how-

ever, are generally associated with irradia-
64 .

tion; hence, neither of these effects could

account for the observed 1increase. The most

likely cause for increased fracture toughness is
the pore lattice, which could effectively increase
fracture toughness by blunting and/or lengthening
the crack.

2. Electrical Effects. Studies are under way

to determine whether repeated application of

sub-breakdown voltage pulses to a ceramic

insulator will lead to a decrease in dielectric
streagth  (an

"electrical effect).

Measurements to date have been made at room

fatigue"

temperature along the c-axis of single-crystal
A1203, using pulses of a few ~ microseconds
duration. Tests on twelve unirradiated samples
showed a gradual decrease in dielectric strength
from a one-pulse value of ~ 1.8 MV/cm to ~ 1.4 MV/
cm at 104 pulses (Fig. XVI-32). Three samples,
however, exhibited no fatigue effect up to ~10°
pulses. Statistical calculations based on dis-
location density, as revealed by etch-pit tech-
niques, indicate that the likelihood of a sample
not showing electrical fatigue correlates roughly
with the likelihood of dislocations being absent

from the breakdown area of a dimpled sample.
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Dielectric strength of sapphire at room temper-
ature as a function of effective number of voltage
pulses to breakdown. Arrowed data points repre-
sent samples which did not break down at the indi-
cated electric field.

Breakdown measurements have also been made on
A120 after EBR-1I irradiation to 1-2 x 1022
n/em”, a dose which resulted in 3 to 6 vol%
swelling. Two samples irradiated at 925 K showed
pulsed dielectric strengths of 1.8 and 2.8 MV/cm;
two irradiated at 1100 K broke down at 1.6 and
1.9 MV/cm, while two samples could not be broken
down at fields of 2.2 and 2.3 MV/cm (Fig.
XVI-32). The number of pulses for these tests
varied between 102 and 103. Results to date
show considerable scatter but indicate a signifi-

cant electrical fatigue effect at room temperature

for this ceramic; however, no obvious degradation
could be attributed to radiation damage under the
test conditions utilized.

3. Nature of Radiation Damage in Ceramics.

Emphasis has beern placed on TEM examination of

ceramics irradiated to 2.8 x 102] n/cm2

(En> 0.1
MeV) at 1015 K. These «tudies have been carried
out in conjunction with Prof. L. W. Hobbs,
consultant. Results obtained may be added to
those from earlier studies at similar doses but
different temperatures give  an overall picture
of the aggregated defects formed in ceramics irra-
diated at elevated temperature. In Table XVI-X1II
the defects and the observed macroscopic swelling
are described. TEM results obtained to date may
be summarized as follows:

svoids are formed in Al,0; at several elevated
temperatures and in Zr0,-6% Y,07 over a narros
temperature range.

*MgAl,0, shows no resolvable defect aggregates.

eaggregated damage in all other ceramics takes

the form of dislocation loops or defect clusters.

Unlike metals, ceramics may contain a high concen-

tration of point defects after irradiation at

TABLE XVI-XIII

DEFECT STRUCTURES AND SWELLING VALUES FOR IRRADIATED CERAMICS

Irradiation

Ceramic Temp., K
I\1203 650
(single cry. 875
and polycry.) 1015

1025
2r0,-6%Z Y, 0 650
(po%ycry.; 3 875
1025
Y,0 650
(%o?ycry.) 875
1025
Y20 ~10%Z Zr0 875
(po%ycry.) 1025
MgAlZOA 1015
(single ery.)
Y3§15012 1015
(Bingly“cry.)
Si.N 1015
(pglgcry.)
SiAION 1015
(polycry.)
5i,0N 1015
272
(polycry.)

(a} "At Iimit of detectability
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elevated temperarures. This behavior can lead to
lattice dilation and significant swelling and may
account for the 1.3 volZ change in A1203 after
irradiation at 650 K.

4. Fission Reactor Irradiation Testing. All

neutron irradiation tests conducted to date by
this project have made use of the EBR-II reactor.
Samples thus irradiated suffer displacement
damage, but the absence of high-energy neutrons
such as those produced in a D-T reaction, prevents
the concurrent transmutation-induced formation of
H and He pgases. Since these gases can affect the
nature of radiation damage, their presence is
required in order to simulate more closely fusion
reactor damage effects.

Certain isotopes of elements common to
ceramics will undergo (n,p) and (n,:) reactions
with thermai neutrons to produce the gases of
interest. An irradiation program plan has becen
developed to use the mixed-spectrum Oak Ridge
Reactor (ORR) to induce concurrently displacement
damage and gas formation 1in a model ceramic,
SiAlON. This material is known to have high
strength in the unirradiated condition  snd LASL
measurements on ARL SiAlON have shown a jgood di-
electric strength (~330 kV/cm at room temperature
and ~240 k¥/cm at 875 K for pulsed voltages).
1015 K to 3 x IOZln/cm2

results in a modest 22% reduction in thermal dif-

EBR-II i radiation at
fusivity. Swelling after EBR-I1 exposure is low
(an average of 0.5 volZ under the above condi-
tions, 0.7 vol%Z when irradiated to 2 x IO22 n/rm2
at 925 K, and 0.2 vol% when irradiated to the same
dose at 1100 K).

A -‘gnificant advantage of this ceramic for
ORR studies is that four different damage states
can be achieved, depending on isotopic content.
Calculations shew the following:

SiAlON wirbh a

nitrogen content of 99.5

isotopic percent 15y (the maximum attainable)
in a year will sustain a damage dose of 6 dpa
with low concur:ent gas formatiom.

With a 1l‘N content of 6 isotopic percent,
394 ppm of H will be generated, primarily from
the 14N(nth,p)wc reaction, thus achieving the
dpa/H ratio expected at the first wall of a fuasion

reactor.

With a 170 content of 50 isotopic percent
(the maximum attainable), roughly two-thirds of

the desired He level (also 394 appm) will be

attained, v O(nthﬂl)lac

primarily  from  the
reaction.
The last two conditions can be achieved

simul taneously.

Thus such a study will allow H and He generation

with the two gases of interest added

being
separately or together.

5. Other Activities. As a contribution to

the effort by the Materials and Radiation Effects
Branch of OFE to create an overall plan for fusion
reactor materials development, an assessment was

made of insulator and ceramic problems and a

program plan was proposed. The resulting reports
contain input from ceramic workers at LASL, BNWL,
GA, LLL, and ORNL, and represent a consensus from
the field and the fusion materials community. The
plan is intended to serve as a guide and basis for

future activities.
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A. ZT-40 SYSTEM DESIGN

The design, slmulation, and development of
the ZT-40 system and components continued during
1977. The basic system consiats of 12 identical
circuits, one of which is shown 1in Fig. XVII-l.
All of the circults arc connected in parallel at
the clrcular mixer structure that surrounds the
plasma torus. The toroldal plasma experiment has
12 poloidal current feed slots and 12 sets of
toroidal field coils. Fach of the poloidal cur-
rent  feed slots and each of the 12 sets of
toroidal field colls will Initlally be connccted
in parallel at the mixer output. However, the
system Is designed to permit many seriles-paraliel
combinations of the poloidal current feed slots or
the toroidal fleld coils, all of which are to be
driven from the wmizer output.

The 1load flexibility permits the current
risetimes to he varled over a very large range,
and thus permits a large range of conditions in
the vxperiment.  The rapacitor bank paramcters for
the ZT-40 system are listed in Table XVII-L.

The continuing design of the ZT-40 system iu
1977 included the design of the transient "snub-~

ber™  circults, the mizxer system clrcult and
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Fig. XVII-1.
ZT-40 circuit-one feedslot.
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TABLE XVII-1
ZT~40 EXPERIMENT
CAPACITOR BANX PARAMETERS

Poloidal Bi{as Bank

Energy 1.5 MJ

Voltage 10 kV

No. capacitors 180-170 uF

No. start switches 36 Size D

No. craowhar switches 36 Size D
Poloidal Main Bank

Energy 0.67 MJ

Voltage 50 kV

No. capacitors 288~185 uF

No. start switches
No. crowbar switches
Poloidal Power Crowbar Bank

288-Fig. XVII-11
144-Fig. XVII-12

Energy I.0MJ

Voltage i0 kV

No. transformers 12-20:2

No. capacitors 120-170 pr

No. start ipgnitrons 24-Size D

No. crowbar ignitrons 24-Size D
Toroidal Preionization Bank 1

Energy 275 J

Voltage 5 kV

No. capacitors 12-1.85 wF

No. start ignitrons 12-Sjze A
Toroidal Prelonization Bank 2

Fnergy 227 kJ

Voltage (two stage Marx) 30 kV

No. capacitors 144-14 uF @ 20 kV

No. Marx ignitrons 48-S1ze D
Toroidal Main Bank

Energy 0.67 MJ

Voltage 50 kV

No. capacitors

No. start switches

No. crowbar switches
Toroidal Power Crowbar Bank

288-1.85 uF
288-Fip. XVII-11
144-Fig. XVIL-12

Energy 3.1 MJ
Voltage 10 kV

No. transformers 12-14:2
No. capacitors 480-170 uF
No. start ignitrons 36-51ze D
No. crowbar ignitrons 36~Size D

hardware, and the power crowbar circuits, all of
which are i1llustrated in Fig. XVII-i.

The snubber circuit was designed to limit the
switching transients due to impedance mismatch at
the coaxial cable terminations. The basic snubber
electrical circuit is shown in Fig. XVII-l1. The
cables are terminated in their composite charac-

teristic impedance by the snubber resistance,



Roe A series capacitor, C is used to prevent

g
large energy drain after the first few hundred
nanoseconds. The inductance, LS, shown 1in Fig.
XV11-1 is Inherent in the system and is minimized
by paralleling many RLC circuits. The value of CS
is determined by simulation and by experimental
teats on a prototype system. The simulation of
the system using NET-2 indicated that the optimum
location for the snubber circuit was at the mixer
output. The transients from the cable between the
mixer output and the load are not suppressed, but
there 1s insufficient room at the load for addi-
tional RLC units.

The mixer system for ZT-40 was designed to
"mix" or to average the individual load currents
and voltages when a portlon of the capacitor bank
malfunctions. The mixer prevents excessive
voltages at any feed slot and minimizes current
differences 1in the parallel loads. The wmixer
system was designed using a scale model mixer
structure and SCR-switched capacitors to simulate
the «apacitor banks. The final design was a
compromlse bLetween reliable collector plate
fabrication techniques and mixing performance.
The model tests indlcate that only a 5% maximum
difference 1 load currents will occur for a
localized malfunction of 1/12 of the capacitor
bank. A cross section of the mixer is shown 1in
Fig. XVIl-1. Essentially, the mixer system
consists of twon, parallel flat-plate transmission
lines that encircle the load torus. The load cur-
rent traverses the mixer structure radially when
the capacitrr banks operate normally. In the
event of a capacitor bank malfunction, the current
can travel circumferentially to equalize the
individual load currents and voltages.

The power crowbar (PCB) system for ZT-40 was
designed to sustain the initial load currents of
lO7A within *7% for 250 us, as shown in Fig.
XVII-2. 1In general, the 1¢ and the Ie systems are
very similar, and thus a basic PCB circuit for
both systems is shown in Fig. XV11-3. The S50-kV
capacitor bank establishes the desired initial
current in the load and 1s shorted out with the
crowbar switche A low-leakage inductance trans—-
former in series with the load supplies a voltage

to cancel the circulating current voltage drop and

sustain the current. The-low leakage transformer

was chosen to supply the sustalning voltage of
about 1000-1500 V  because economical 10-kV,
high-density capacitors could be wused via a
step-down transformer. Electrolytic capacitors
were too cosily and bulky because of their voltage
and current limitations. The transformer must
have low totali leakage inductance as seen from the

secondary terminals in order to maximize the

energy delivered to the low~inductance load.
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Fig. XV11-2.
General ZT-40 current waveforms.
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Fig. XVII-3.
Basic ZT-40 power crowbar circuit.
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The low-leakage transformer and the crowbar
switch are the main components to be developed for
the 2T-40 PCB system. Computer circuit-plasma
simulation was used to determine the required pa-
rameters for these components. The parameters for
the PCB system and the required parameters for the
PCB transformers and the PCB crowbar switches are
listed in Table XVII-II.

B. 2T-U40 CIRCUIT-PLASMA SIMULATION

Computer simulation of the entire 2ZT-40
eircuit, including plasma dynamies, was a major
activity in 1977. The plasma-circuit interaction
has a great influence on the overall system. The
simulation provided circuit component requirements
as well as information about the possible
operating modes and physics-related results.
Basically, four operating modes were simu-
lzted: the Matched Mode (MM), the Padua Mode
(PM), Slow Mode I (SMI), and Slow Mode II (SMII).
Tnese modes are compared in Table XVII-III with
respect to their basic time constants and maximum
currents.

The circuits for the Matched Mode, the Padua
Mode, and Slow Mode II are shown in Fig. XVII-A4

and representative Matched Mode waveforms are

TABLE XVII-II
ZT-40 POWER CROWBAR SYSTEM
AND COMPONENT REQUIREMENTS

Component Requirements i Ia
Capacitor Bank
Energy 3 MJ 1 MJ
Voltage 10 kv 10 kv

Power Crowbar Bank Switches
No. required

Start-size D 3 x 12 2 x 12
CB-size D 3 x 12 2 x 12
High Voltage Crowbar
- Switches
Peak current 200 kA 200 kA
Average current 50 kA 50 kA
Inductances 30 nH 50 nH
Coulomb capacity 50 C 50 C
No. required 14y 144
Low-Leakage Transformer
No. required 12 12
Leakage inductance 4 nH 4 nH
Secondary current 750 kA 500 kA
Pulse duration 1 ms 1 ms
Primary voltage 10 kv 10 kv
Turns ratio W2 20:2
Core flux 0.187 vs 0.125 Vs
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shown in Fig. XVII-5. The Matched Mode utilizes
the separate bias bank of Fig. XVII-1 to provide
a slow-rising initial toroidal field.

The Padua Mode circuits arz2 shown in Fig.
XVII-4 and representative waveforms are shown in
Fig. XVII-6. The Padua Mode can use the main I
bank to provide an additional fast-rising bias
field. The main bias bank is not used in the
representative waveforms of Fig. XVII-6.

The Slow Mode I method of operation is also
termed the Self-Reversal Mode. The 50-kV capaci-
tor banks are not used in either ecircuit. The I,
circuit PCB system is also shorted and the bias
bank is now used for reversing the field. The I
circuit utilizes the preionization (PI) eircuit to
initiate the plasma and the I, PCB system to drive
the plasma current. The Slow Mode I circuits are
shewn in Fig. XVII-T, and a typical waveform is
shown in Fig. XVII-8.

Slow Mode II is similar to the Matched Mode
and is also termed the Aided Self-Reversal Mode,
The basic¢ ecircuit that is used for Slow Mode II
operation is shown in Fig. ¥VII-4.
Representative waveforms for Slow Mode II are
shown in Fig. XVII-9. The I; and the Iy loads,
respectively, are arranged in several possible
series-parallel combinations to produce very large
load inductances for SMI and SMII operation.

The plasma was modeled using a snow-plow
formulation for the majority of the simulations to
date. A more appropriate, diffuse boundary plasma
formulation is being progranmed and will be used
in future simulations.

The power crowbar transformer utilizes an
iron core to increase the transfer efficiency.
The transformer operation using the flux model
shown in Fig. XVII-10 was simulated to determine
the required core flux and the circuit effect of
core saturation.

In all the circuit-plasma ZT-40 simulation
studies, the Poynting flux of the rlasma system
was studied. The computer simulation program used
the Poynting flux to determine possible and
optimum bank switching times and to correlate

future ZT-40 operation with other experiments.




TABLY XVII-III

ZT-40 MODE CHARACTERISTICS FOR NOMINAL TRAPPED FIELD OF 0.6 TESLA
MarcheDp Mope Papua Mope Suow Mope [ Stow Mope 11

Bias
B, (oPERATING POINT) 0.6 T 00T 0.6 T 0.6 T
Tarse 77, us 77, wus 435, us 840. us
lg Bank (8%) 3.44 WA - 0.353 MA 0,344 MA
gt 65 T 0.6 T-0.5 T 0.0 T 05 T
Trise - 3.4 ws o T
TRevERSAL 2.3 us 4.0 us - 20.3  ws
LopBrng (MAX) 26, Ma 7.0 MA --- 3, MA
L ~300. ws ~300. s --- ~1500. us
P
86 thax 0.6 T 0.6 T 0.54 T 0.6 T
Taise 1.9 ws 2.6 ws 1160.  ws 18.3 s
1 (Max) 12.5 MA 8.2 M 0.59 MA 3.7 MA
2z Banx
Tear ~200. ws ~200. ws >3000. ws  ~4000.  ms
CoMpuTING Runs 65 37 56 uz7
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Fig. XVII-4, n o4
Matched Mode, Padua Mode, and Slow Mode II '2
ecircuits. 2 o
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Qo 00
£
C. COMPONENT DEVELOPMENT %.o,
2 -0
The component development program for ZT-40 =
-0a
was another major activity during 1977. The
. -0. | 1 1
following paragraphs indicate the wide area 0650 70 80 90 100 "o 120
encompassed by this development program. TIME (us)
1, 2ZT-U0 Field Distertion Start-Ga The
start switch of Fig. XJ%E-11 was chosen for the Fig. XVII-5,
ZT-40 applicaticn becal wide voltage operating Representative Matched Mode waveforms.
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range of 10-50 kV was desired. The field
distortion switch was tested and evaluated
thoroughly with the following results: (a) the
main electrodes with press-formed moly caps
operate about 5000 shots at a current of 100 kA
before destruction; (b) the nylon insulators are
viable wuntil :0 000 shots when they begin to
track; (c) spun moly electrode caps can extend the
electrode life to 20 000 shots; (d) the optimum
spacing for a voltage range 10-50 kV and
reasonable air pressures is 0.635 em; (e) the best
switching performance occurs with negative capaci-
tor charge and a negative trigger pulse; (f) the
3 kV/ns, 100-kV trigger pulse planned for ZT=-40
start switch produces an average delay of 50 ns
and an average jitter of 5 ns for nominal
operating conditions; (g) the prefire rate 1is
between 0.l and 0.4%; (h) a brass modification of
the electrode geometry has since reduced the

prefire rate to less than 0.1Z up to 25 000 shots.
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Fig. XVIl-11.
2T-40 f1eld distortion start switch.

2. ZT-£0_ Passive CH Switche Life  test and
modification studies of the ferrite~loaded ZT-40
passive crowbar spark gap shown in Fig. XViI-12
were completed In June 1977.  The passive erawbar
switch was tested at voltages of 60 kV with a peak
current over 200 kA, an averape maximum current of
140 kA, and a € load of 17 C. After the initial
test, the average maximum current was reduced Lo
60 kA and the voltage reduced to 50 kV for life
test. The results of the development test are as
follows. (a) The electrode spacing that permits
operation from 10 to 50 kV at reasonable air
pressures and minimizes erosion and spark plug
damage is 1.25 em« (b) The average operational
lifetime of the passive crowbar gap is
approximately 4000 shots at 50 kV, 60 kA, 7.2 C,
with the 1.25-cm spacing and a trigger ecircuit
modification. ‘

3. ZT-40 Power Crowbar Transformer. The

initial tests of the first prototype power crowbar
transformer were completed in 1977. A schematic
indicating the transformer winding geometry is
shown 1in Fig. XVII~-13. The {initial results
indicate that a transformer with a total leakage
inductance of about 1 uH, measured in the
secondary with the primary shorted, is possible
with a siungle-turn secondary. In addition, the
initial primary to secondary insulation scheme
seem8 to function satisfactorily. The winding

interconnect scheme and the primary winding
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Fig. XVII-12.
2T-40 passive crowbar switch.

insulation technique need to be wmodified to
prevent tolerance build-up problems and voltage
tracking. Further transformer desfign was
restricted by limited personnel availability in

1977.
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Fig. ¥V1i-13.
ZT-40 power crowbar trausformer winding geometry.
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Lo  ZT-40 Power Crowhar Sparv Gap. The {irst
prototype of a high-vnltage, high-Loulomb wpark
wap for ZT-40 power rcrowbar duty wis procured in
1977, The tent arrangement for the awitel was
fabricated and the gap installed. Inftial tenry
will begin {n 1%7&. The power rrowbar spar¥ gap
fn nhown fn Flig. XVII-l4,

5. _2T-40 Trigper Initdation Hystem. The
trigper fnitiation system for ZT-40 {4 diagrammed
in Fig. XVII-15%  The digital time-delay system
in the screern room contro.y the timing of various
events In the ZT-40 rcfircuft.  The pulser gystem
translates the timing pula: from the drreen room
tn the experimental area using an injection Jaser
and  fiher-optic  cahlie  for {solatlon  and FEMI
suppression. The alr--powered, light-pulse
receiver-ampl [ fier generates a 9-kV pulse that in
turn triggers a 200-kV pulse penerator, which
fnitiates the various high-voltage systems of
2T-40. The fiber-optic cable and the alr-powered
receiver permit the pulser system to be completely
decoupled from ground, thus affording complete
isnlation.

The 200-kV pulse penerator is  a small,
eight-stage, Marx circuit, termed a micromarx.
The Marx stage switches are coupled by the
ultravinlet iight from the first-stage triggered

switch. The Marx circult incorporates barium

titanate capacitors for a total stored energy at

TRIGGER Id
CaBLE

THROUGHBOLT, 10F 3

SHIELD, TO SHADOW
INSULATOR FROM ARG

AR INLET
PORT

A

SFg PORT

Fig. XVII-14.
ZT-40 power crowbar switch.
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Fig. XVII-15,
ZT-40 tripper inftiation system.

3N=k¥V charge of 9 jouless  The micromarx output
rises to appraximately 200 kv in I ns  with a
jitter of *10 ns.  The risctime can be reduced to
16 na with an internal serfes pulse sharpening
spark gaps The Mary electrical circuit 1s showna
in Fig. XVIi-16, and the generator is shown in
Fig. XVII-17. The fiber~optic coupled pulser
svstem and the micromarx generator were operated

for 15 000 shots durinyg the crowbar switeh test.

TRIGGER VOLTAGE
INPUT £ 30 kV,30ns

=5 -
‘ > | CHARGE VOLTAGE
QUTPUT INPUT, £ 30 kV
VOLTAGE
200 kv,
20 ns

RESISTORS : 10 MSL
CAPACITORS: 2500 pF
40 kv

AIR PRESSURE : 50 psig

“~_ | OPTIONAL PEAKING GAP

Fig. XVII-it.
ZT=-40 micromarx electrical circuit.

Fig. XVII-17.
77-40 micromarx 200-kV pu.se ge.-rator.

e ZT-40 ENGINEERING PROTOTYPE

A major effort in hardware evaluation was
Initiated in 1977. A prototype was constructed
consisting of 1/246 of the ZT-40 circuit. This
system was installed, a control system was
fabricated, and checkout began in December 1977.
The prototype will be used to test the following
subsystems or components: (1) mixer assembly
insulation and cable stripback, (2) snubber
circuit hardware and components, (3) trigger
system performance, (4) master trigger spark gap
operation, (5) fiber-optic spark gap monitor

system, and (6) power crowbar system.

E. ZT-40 MACHINE CONTROL AND DATA ACQUISITION
FACILITIES

The ZT-40 experiment will be contreclled and
data will be accumulated with a Prime 400 computer
via standard CAMAC 1interface equipment. The
arrangement of the computer control system is a
major concern requiring very careful specification
and placement of the screen room, the signal
conduits, the screen~room penetrations, the con-
trol and monitoring interface hardware, and the
system components. The ZT-40 experiment has been
very thoroughly planned as a system to minimize
ground loops and to reduce the noise level to a
value determined by the signal-to-noise ratio

required in the screen room.
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The acreen rooe  i8  a  Acuble-wall  room
manufactured bty Erlk A. Lindgren. Farh  wall
conaistas of a layer of 24-gaure galvanized nteel
and a layer of glh-gauge =nilison atee], The
location of all Atagnaestle rcondults, charge leads,
control leadsn, and ground  planes  nas been
carefully determined to minimize grountd inops andg
aazociated nolae, Ground loopa were also mini-
mized in the acreen room by decoupling individual
control rack power with shielded taolatinn trann-
formern.  Ia addition, the electrical input power
ta filtered and the alr-conditioning asystem 1in
tanlated and conducted thrcugh the 3creen room
walla via wave-gulde-below-cutoff atrurcturen,

The control functicn of the computer located
fn the aereen room i3 accomplished via an
{B-channel "byte parallel, serial highway" fiber-
optic link. Thnis type of flber-optlec control
stheme wan choaen becauzse it will permit asyzstem
ashutdown in a 200-ms cycle time and still be cost
effective. The fiber-cptic highway is required to
operate at 5 megabtaud over a #0-m path, The
system developed at LASL operates at 22 megabaud
with a signal-to-noise ratio of about 70 for a bit
error rate of 10732 over the required distance.
The fiber-optic system can also be used as an
analog link with a 3-dB vandwidth of B MHz.

A ftiber-optic spark gap moniter aystem was
also developed to detsimine the firing time of the
system's 288 crowbar spark gaps. The system looks
at the spark gap light via a fiber-optic cabie.
The electronic system records a current pulse
corresponding to the spark gap light time in a
givrn window with a duration of 25-100 ns. The
data are stored and read out at a later time by
the computer system. A block diagram of the ZT=U40
system is shown in Fig. XVII-18.

F. PULSE-POWER
DEVELOPMENT

TECHNOLOGY AND COMPONENT

The pulse-power engineering development group
at LASL was involved in the following four major
areas in 1977: ZT-40 system and component
development, high-density Z-pineh system and
component development, capacitor and ignitron
switch life testing, and advanced pulse-power
technology development.
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Fig. XV1I-1&.
ZT-40 contrnl and data acaquinitinn syatem tlnck
diagram,

1. ZT-40 System and Componept Development,

The pulse-power engineering development for the

ZT-U0 system is detailed in the ZT-40 engineering
section of this report. The development effort
included the following areas:
ZT-U0 System Development
a. Basic System Circuit
b. Power Crowbar Circuit Desimn
c. Snubber Circuit Design
d. Mixer System
2T-40 Circuit-Plasma Simulation
a. Matched Mode study
b. Padua Mode study
c. Slow Mode I study
d. Slow Mode IT study
e. Plasma Model
f. Poynting Flux studies
g. Transformer Core Model
2T-40 Component Development
a. Field distortion start switch
b. Passive crowbar switch
¢, Power crowbar transformer
d. Power crowbar switch
e. Trigger initiation system
(1) digital time delay
(2) fiber-optic air-powered pulser
(3) 200~kV micromarx pulse generator
f. Prototype facility



2.  High-Denwity Z-Pinch System and Component

The High-Density Z-Pinch (HDZP) ex-
periment at LASL was destgned to produce a time-
varving current waveform greater than that shown
in Fig. ¥VI1I~-19 at any time in a small,
high-pressure gas load. The experimental load is
a small-diameter (100-um) current filament between
two  electrodes spaced 10 :cme-apart with a
20-ca~diameter coaxial return conductor. The cur-
rent filament is to be inittated with & 20-J,
20-ns  Q-switched Nd:plass laser through one
e¢lectrode.  One version of the load peometry is
shown {n Fig. XVII-20. The load inductance is on
the order of 100 nH and the initjal I from Fig.
XV1I-19 is on the order of ° x 10l? A/s. Thus the
toad voltage ar t=0 must be o1 the order of 500
kV. When the pulse-power source indoctance is
ronsidered, the power supply voltage mist bhe on
the nrder of 1 MV and the resulting maxfimum cur-
rent {s on the order of 1 MA.

A study was undertaken in July 1977 to deter-
mine the system mnst suited for the desired HDZP
power supply. A low~inductance Marx system, a
Marx-charged water-capacitor system, and a low-in-
ductance Marx-charged water transmission line

system were investigated and evaluated. All of

the systems were simulated using NET-Z to deter-

mine realistic operating parameters and
I
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Fig. XVII-19.
HDZP minimum current waveform.
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Fig. XVII-20.
HDZP load geometry.

performance. The low-inductance Marx system
requires a 1-MV

Marx output voltage for a 100-nH source in-~
ductance. In order to achieve the required induc-
tance, many Marx circuits must be paralleled and
triggered with very low jitter into an initially
open circuit. The other two schemes use
water-insulated intermediate energy-storage
systems, require less Marx voltage and triggering
simultaneity, and permit more Marx inductance.
The system using the water-insulated transmission
line produced the best waveform with respect to
Fig. XVII-19; but because of space
considerations, the Marx-charged water-capacitor
circuit shown in Fig. XVI1-21 was chosen for
HDZP. The water capacitor system produces a
voltage risetime across the gas load that is
approximately four times slower than the water
load system using the same Marx bank.

The six-stage, 600-kV Marx system was
designed using commercial componments. The HLZP
Marx system consists of 12 parallel Marx circuit
modules that are to be triggered with *20 ns
jitter. The Marx module circuit diagram is shown

in Fig. XVII-22 and a side view of the module is
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MARX SWITCHES
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Fig. XVIT1~-22.
HDZP Marx module circuit diagram.

shown in Fig. XVitT-23. Two, 0.1-pF, 20-nH,
100-kv, S50%-reversal capacitors are uvsed for each
module stage. At 1 MA total output current, each
capacitor is required to yield 42 kA. A capacitor
reversal of 50% was required to prevent excessive
capacitor damage due to fault modes. Physics
International T670 10n-kV, 100-kA, 60-nH spark gap
switches are used between capacitor stages. Both
components, the spark gap switch and the capaci-
tors, will be operated near their maximum ratings.

Future systems of similar nature will require the
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decelopnent of hatter componentea.  The parametors
of  the HDZP Marx svyvster are listed  in Table
YVII-1v.

The intermediate, wiater—insulated enerey
atarage line was designed, as {llustrated in Fip.
YVIT-24, nsing flat aluminum plates hecause the
capacitance ran  he  varied easilv. The  larpe
diameter of comparabhle coaxial water capacitor was
incompatible with the extremely small size nf the
gas load. The energv can he stored close to the
Toad when a flat-plate rapacitor is used and thus
reduce the source inductance.  The maximum value
of the water capacitance was made equal to the

Marx  capacltance in  oarder to  achieve
efficient Marx energy transfer. The capacitor in-
ductance 1is approximately 40 nH, which 1s only a
factor of 2 hetter than the Marx system alnne, bhut

different operating modes can he obtained by

TABLE XVII-IV.
HDZP MARX PARAMETERS

Parameter

Energy 72 kJ
Voltage 600 kv
Current 1 MA
Tnductance 75 nH
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Thio Mary trigeer svstem mst ineure proct fon
ot atl Mary merdnles githidn H'0ons. The water ra-
paciter appears as A cery low impedance to the
parallel tary medules and facflitates trippering.
Several metaed s for trippering the Marx svgrem
were  evalnated with the NFT=2 rircait analvsis
caodes The rripper evarem shown” ir Fip. YUTi~29
was then selected, decipned and fabricated, and
tested {in 1977. The trigpering srheme is g
modification nof thase suggested  hy Fitch.!
Rasicallv, a fast-erecting trigger Marx is used to
initiate shorted cable tripger zenerators at each
stage wvoltape level. The 12-parallel, 36~-W
cables, are charged tn 100 kV, and when shorted by
the Marx stage switch, provide a 200-kV
open=~circuit voltage pulse for triggering the main
Marx switches. The peaking gaps on Fig. XVII-25
isolate the spark gap trigger electrode potential
from the cahle potential until the fast-rising
trigger pulse bresks down the gap. The peaking
gap also serves to decrease the trigger pulse
risetime seen by the Marx switch trigper
electrode. Only two stages of the trigger Marx
will be used because prototype tests of ome Marx
module indicate very little delay and jitter 1in

Marx erection time after the second Marx switch is
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HIBWZV Mary tripper svstenm.

rrivecred. The first tripper Marx switeh is trig-
pered by an  external  200-¥V  micromarx; then,
switching cransient of the first gap 1> used to
tripper the second trigger Marx gap with a delay
of 15 ns. The second trigger Marx stage switch
rannot overvolt hecause transient nvervoltages are
severely damped by the composite cnaxial cable im—
pedance (3 W) across the switch. Thus, the two-
stage trigper Marx erects sequentially'and very
reliably. The 12 coaxial cables from trigger Marx
Switch 2 can be shortened with respect to those
attached to trigger Marx Switch 1 such that the
trigper pulses arrive at the first two main Marx
stages simultaneously. Initially, the trigger
cables will be the same length producing 2 15-ns
delay between Stage 1 and Stage 2 switches. The
trigger Marx system also provides isclation from
greund for the shorted cable pulse generators
through the trigger Marx stage capacitors.
Evaluation of the high-voltage components and
geometries using computer solutions of Laplace’s
equation was a major activity during the last
quarter of 1977. The voltage stress of many parts

of the HDZP system were evaluated, and mechanical
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deatgnn mndified tn redure dlelectric atrean ro
acreptahle leveln,

A prototype HDZP avatem ronafsting of one
Marx mndule and a AN-na, h-W warer line wan
ronstructed during the lant quartsr of 1977, A
rantrnl and power asupplv aystem was deaigned and
fahrirated, and initial nperatinp has hegun.

The prototype HDZP avarem will permit fall
snitage aimulation of the final HNZP ayatem at
1/1? the peab current. High-presaure hvdrogen pas
hreakdowr  studles  and  laser channel  formaticn
atudies will he carrfed out an the protatype
GYatem. From an enginrering viewpaint, the Marx
module aperation can he monftored, evaluated, and
mod{fied to produre a reliable anit for the larper
Ayatem.

3. fapacitor and Tgnitron Switeh Life Test-
tng.  The test program for caparftors,
high-vnltage roazial rahle, and {gnitrons at LASL
fs unique nationally. The teat program i{nvolves
11fe teating of components and examination and
evnluarion of the malfunctioning unfts tn deter-
mine the reasnon for fatlure. Tn many 1instances,
the fatlure mode ran he eliminated hy changing the
design or the manufacturing process. New units
are then again 1ife tested tn determine the next
fatlure monde. The test program reaquires a
constant effort over manv months and even vears.
Many capacitors that have heen developed and
tested at LASL are the basic components of many
pulse-power systems natlonwide, {ncluding those
used for laser fusion, FE-beam fusion, laser
isotope separation, and weapons simulation.

During calendar year 1977, the TLASL test
program continued the evaluation of 10-kv
high-density capacitors, 60-kV high-~density ca-
pacltors, size D ignitrons, and a 160-kV low-
inductance capacitor.

The 10-kV test bay is used to life test size
D ignitrons and 10-kV high-density capacitors
simultaneously. The 10-kV, 170-uyF, 20%Z-reversal
capacitors were developed because the lowest cost
per joule (0.03 cents/joule) in a capacitor occurs
at 10 kV. The test bay operated for 180 000 shots
in 1077 during which two of the ten test capaci-
tors failede During the same test period, five of
the size D ignitrons used to switch and crowbar

the capacitors failed. In addition, the test load
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entl, whirh han accuymulated 40 0000 ghots at a
atored energy of A5 kI, falled and was repaired
and reinutalled, causing a two-month delay in
tenting. The temt program alan evaluated methods
nf making reliable, high-current connectinna tn
the {gznitrang and headers.

The ANO-kY, 2.8-uF, 2NX-reversal high-density
teat bay was operated a total of only 14 0N shots
diue ta a persopnel  shortage. Nne capacitnr
reached end-of-l1ife at 49 000 total shots. Most
of the test shots were used to test a spark gap
trigger circuit modification.

The  1RO-kV  low—indurtance  rcaparitnr  was
deaigned for high-vnltage fmplonsinon  heating
aystema. The standard AN-VV, 1.R85-uF eaparitor
has a series indurtance nf approximately 24 nH, nf
whirh approximately 20 nH js the header. Twn ra-
pacitor windings for this capacitor were
fahrirated by Maxwell uaing a ponlypropylene paper
syastem and a standard paper system. During 1977
the capacitor was assemhled and the Indurtance
measured at approximately 12 nH. The rnpar:’l\l;'r‘“
will he impregnated hy Maxwell [Lahoratnries and a
l1ife test will he initiated in 197R.

The parameter and test data for the ahove

components are 1isted 1n Table XVII-V.

. ADVANCED PULSF-POWER TFECHNOLOGY

The pulge-power group at TASL. sgeeks to
evaluate technology applicable to magnetic fusion
experiments. DNuring 1977, several concepts were
investigated for future applications.

LASL-CTR has ploneered the 60-kV, Scyllac-
type capacitor bank technology. The trigger
systems for a 60-kV capacitor bank are a major
portion of the overall system and are respousible
for most of the system malfunctions. New concepts
for both the start trigger system and the crowbar
trigger system were investigated.

Triggering spar}. gap switches with a laser
pulse is a well-developed technology pioneered by
the Air Force Weapons Laboratoz‘y.2 However, the
number of optic components and the beam transport
system required to switch many gaps simultaneously
become exceasive and expensive. The continuing
development of fiber-optic cables for communica-
tion has presented another method of transporting

high-power laser pulses to trigger many parallel



TARLF NVIT-V
COMPANERNT TFCT NATA

fComponent/Parameter
10 kV HD Capaciter

Velrage 1N kv
Current 5 kA
Reversal 5%
Capac{tance 170 wF
average llfe 120 0no!
Maximum 1ife 50 nana!
Inductance 40 nH
St{ze¢ D Ignitron
Veltage 10 kv
Peak current 100 kA
Coulombhs man ¢
Average life 3n non!
Maximum 1ife 1an nan!

A0-kY HD Caparitor

Voltage Al kV
Current a0 kA
Reversal 207
Caparitance 2.R5 uF
Aserage life 32 non!
Maximum life 49 non!
Inductance 3N nH
160 kV L1 Capacitor not 1ife tested
Voltage 160 kV
Reversal 85%
Capacitance 0.3 uF
Inductance 12 nH
“Tests still in progpress,

or manv series (Marx) spark gaps. A laser fiber
optir for a spark gap trigger [(LFOTS) system is
dtagrammed in Fig. XVII-26. 1In order to trigper a
spark gap operating close to self-breakdown, only
0.1 to 1 mJ of energy is required at the spark
gap.2 The power density when focused on the spark
gap target electrode is the major parameter to be
maximized, and thus, the power density in the
fiber-optic cable 1is the 1limiting factor 1in
determining the amount of energy transferred using
the fiber cable. The laser pilse 1is focused on
the target elactrode with a lens after leaving the
fiber cable. The empirical power density
threshold for low jitter and delay switching 1is
0.33 GW/emZ.3 The power density in the fiber is
limited by stimulated Raman and Brillouin
scattering to a maximum of about 0.8 Gw/cm2 in
short cab1e9.4'5 Previous fiber~optic cable
studies and laser triggered spark-gap work thus
indicate that a laser fiber-optic trigger system
is very feasible. This concept will be tested

eu'Ly in 1978.
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laser fiber-optiec spark gap tripper systoem.

The AO=-F¥V  rapacitor-bhank ecrowhar gaps are
reguired to short out the capacitors ar peak cur-
rent or switeh at  zero voltape. The present
svstem requires a verv complex tripger svstem that
supplies ahout 300-500 jonles to erach gap. The
trigger svstem components have a limited lifetime
and thus limit the crowhar system lifetime.

The technology of solid-state dindes has
advanced in recent years into the ranpge of cur-
rents required of the 60-kV capacitor crowbar
switch. For example, a 7.5-cm silicon diode wafer
has a one-half cycle (60~Hz) surge current of 30
kA with a reverse holdoff voltage of 2000 V. The
AN-kV crowbar switch operates with a duty cycle of
1 pulse per 5 minutes in a transformer oil medium.

A new package arrangement for low-duty cycle
operation and cooling in oil will be investigated
in 1978. The current industrial package is made
for air operation and repetitive duty, and thus is
too bulky and expensive for 60-kV crowbar duty,.
The 60-~kV crowbar diode must withstand a 60-kV
reverse voltage for several microseconds and then
conduct a peak current of 60 kA for several
hundred microseconds- The reverse voltage parame~
ter requires stacking many diode wafers. This
concept was initiated in 1977, and a preliminary
conceptual design of a 60-kV crowbar diode will be
completed in 1978 if manpower permits.
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The technalgiral rchallenge of sudataining aor
power rrowbarring faut-rtaing magnetic fieldns for
many  hundred microneconda {ntog  the milliasecand
range haa heed a mator activfty {n 197/ A baair
pover craowhar elreate {u Alaygrammed in

Flg. ¥VI1=27. The aevyelopment of a high-Coulomh,

Wlgh-Trage, low-tnductance cravhar auwitch qhnun

ftn Fip. ¥VII-2/ %“aa heen of mator roncern. A

loa~{ndurtance apark pap {4 helnp deselnped aa the
aveier crowhar awlteh for 2T-40.  Howevser, upar®
gapa are probakly Viafted ta abhour 100%C 4 100
kA, or l-ma canductloa time. I'n arder tn uatain
fieldy {ntay the many millldqecand range, a
mechanteal awlteh muat he rloged {n parallel wirh
the fant-awitching prwer crowhar awitcehe It {a
deafrahls to uae aimple mechanical awitehes (foe.,
hydraulic ar pacumatfe), which claae In ahaut 3=5
ma, hecause fast-eclosing mechanteal sawltrehes (o7
ma) are complex, require large amounta af power,
and must be timed aceurately.

In arder to use simple mechanfeal awitches, a
erowhar switrh with a  conduction time of
approximately 5 ma at 100 kA muat be develaped tao
bridge the Coulomb repfon  hetween  spark  gap
switches and simple mechanfeal awitebes.  Spark

paps operate at hiph voltapes with low {nductance
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Fig. XVII-27.
Basiec power crowbar circuit.
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and large ! ar ra Lyr have a Coglamhs 1mit dye to
elertrnde eraninn. Nn the nther hand, {enitrerasg
have larpe Couinmh rapacfry due to the renewable
mevrenry electrndes hat  have rather high  indae-
tante, aperate st anly moderate vnltapes, and 1 o{y
reastricted ar re=fl, Thus a arngram tn combine the
desirahle characteristica nf a apark gap and an
fgnitron {rta a mercary-wetted gpark  gap  was
fnttiared {n 1G77. TInfrfallv, a research contract
taoa unlreraity was propnacd to determine  rthe
awitrhing and wvaltage hold=nff phennmena of a com-
poafte uwiteh, Hnwever, hudget Hmitatinns
drlayed the prepram and finglly regutred that the
fnrestigatfons be done 1n house.  Thede {nvegt {ga-
tions will start in 1972, A conceptual desipn nf
a mercinry-wel ted spark gap is shown in

Fig. ¥VII-28,

Purfng 1977, the radiallvy  fed implasinon

‘h(-nrinn, rafl (RFIHC)Y, nr Marshall eafl, was

recefyed from (MR-f. The RFIEC was manufactared
using techniques applicable tn a ceramie substrate
for a fusinn-type reactnor. The RFIHC was tn he
nser far {mplnsion heating fn a futnre

Seyllar—type  experiment, hnt hecanse  nf  the
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Fig. XVII-28.
Conceptual mercury-wetted switch.



Ccyllac program termination, it will not be used.
Measurepents of the cnil parameters and nperatinn
were conducted usine small signals to verifvy {(n-
ductance caleularions and to wrap up the RFIHC
develnpment  pregram. The RFIHC 1{s shown in
Fig. ¥VII-26,

The trigper svstexs used in fusion power
supplies routinely use series, peaking spark paps
tn i{anlate various circuir valtages and to reduce
trigger pulae welrage risetimes.  The peaking caps
are  frradiated with an fnfitial arec to reduce
jirter. VPawever, the fnitial arc nas heen created
with a small center pin tricatron confliguration as
shown in Fig. X¥VII-MN(a). The triggper pin assem-
hlv distrrts the electric field hetween the main
electrodes, reducing the nmain pap self-breakdoun
waltage and alan wearing out prematurelw. A new
"{nside-out" trigatron ronfipuration shown in Fig.
XVIT=-30(h) was desipgned to overcome the pronlems
with the standard trigatron. The new peaking gap,
shown In Fig. XVII-21, reduraes a 200-kY pulge
rise time of 30 ns te 7 ns with less than ?-ns
jitrer fnto a 50-W  1nad. The frradiating
electrode is now more massive to redure wear, and

the desired interelectrode capacitances required
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Fig. XVIiI-29.
Radially fed implcsion heating coil.

IRRADIATION
GAP

ouTeuT
LGAD

{a)
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Peaking pap svstems.

to provide the correct hreakdown characteristics

are {aherent in the destipr.
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Another area of iInterest 1in all fusion ex-
periments {8 monitoring spark gap operation and
switching timegs. A small development program was
initiated in 1977 to use the spark gap arc light
as a monitor signal and transport this signal via
fiber-optic bundles to the sdgcreen room for
analysis. The basic development was a window in

the spark pap to observe the light.
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XVIII. TRITIUM SYSTEM TEST ASSEMBLY

James L. Anderson

A. INTRGDUCTION

The Tritium System Test Assembly (TSTA),
project was initiated at LASL 1in February 1977.
This project 1is funded by the Office of Fusion
Energy as a Major Device Fabrication (MDF)
projecr. A detalled proposal,1 including cost and
schedule projections was generated during the
February-May 1977 period. In June 1977 the re-
sults of this study were presented at a MDF review
at DOE Headquarters. The project was recommended
for approval by the DOE appointed review panel at
that tim.. The Offfce of Fusion Energy acting on
this recommendsation approved the TSTA project in
early July 1977. The TSTA project was approved
with a baseline Total Estimated Cost (TEC) of
$13.2 M. Of this, $4.8 M is for LASL operations,
$6.9 M for hardware and equipment procurement and
installation and $1.5 M 1is contingency funding.
The baseline schedule projection calls for TSTA to
be on-line and operating by FY-1981.

B. TSTA FUNCTION

The Tritium Systems Test Assembly (TSTA),
Fig. XV1II-1, is dedicated to the development, de-
monstration, and interfacing of technologies re-
lated to the deuterium-tritium fuel cycle for
fusicon reactor systems. The first such system to
be bullt will be a tokamak TNS (The Next Step)
deuterium~tritium burning & .i{ne. This TNS will
be followed by a TNS-upgrade or an Experimental
Power Reactor (EPR). Either of these later
devices will build and expand on the tritium
handling system used in TNS. The principal
program objectives for TSTA can be stated as:

1. demonstrate the fuel cycle for fusion

power reactors;
2, develop and test environmental and

personnel protective systems;

3. develop, test, and quelify equioment for
tritium service in the fusion program;

4. provide a final facility that can be used

for demonstration and as an example that could be

directly copied by industry;

S. demonstrate long-term reliability of
components;

6. demonstrate long-term safe handling of
tritium with no major releases or incidents; and

7. 1investigate and evaluate the response of
the fuel cycle and environmental packages to
normal, off-normal, and emergency situations.

The objectives of the TSTA Project are to
design, fabricate, construct, and bring 1into
operation the Tritium Systems Test Assembly at
LASL within approved envelopes of technical
schedule and cost baselines.

The TSTA will consist of a large gas loop,
Fig. XVIII-2, which can simulate the proposed fuel
cycle for a fusion facility. The loop, as shown,
does not 1include any specific fuel injection
system, but will be sufficiently versatile so that
such systems can be added as the design require-
ments are better defined. The gas loop will be
designed to handle up to 360 moles of DT per day.
This flow will provide cycle operating experience
on a scale that is equal to or preater than the
full-scale fuel cycles currently being addressed
for TNS and EPR systems. To accomplish this at
TSTA will require an on-site tritium inventory of
approximately 150 g.

The assembly to do this will consist of a
number of integrated subsystems as follows:

Vacuum pumping
Transfer pumping
Fuel cleanup (ash and impurity removal)

Hydrogen isotope separation

® Fuel mixing and injection (including
impurity simulation)

® Interfaces with external systems (neutral
beam, coolant breeding blanket systems)

® Fuel storage
Essential functions associated with the overall
assembly include:

® Tritium waste treatment

® Emergency rocm cleanup and effluent

controls
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Fig. XVIII-1
Artists concept of TSTA.

® Personnel safety
® System maintenance
® Instrumentation
® Computer control and simulation
EXPERIMENTAL TRITIUM ® Analytical system (i.e., gas analysis),
IMPURITIES CONTAMINATION  [—0=1 WASTE [—
STUDIES TRTATMENT and quality assurance procedures.

!

N L vonus | ot vaews | b el L C. PROJECT INTERFACE WITH THE U.S. FUSION PROGRAM
INTEKFACE MOCK-up SYSTEM CLEAN-UP
The development of TSTA at this time will
A
{ ‘ permit design and evaluation of the required fuel
STORAGE N . cycle well in advance of the iinal design of a TNS

tritium system. This timely accumulation of data

will insure that the design and development of the

MASTER DATA ACQUISITION & CONTROL
MERGENCY TRITIUN EAN~
iu ANALYSIS cuemLp tritium system will not be a pacing item in the
WASTE QISPOSAL
TRITIUM MONITORING design of TNS. The development of the tritium
INVENTORY CONTROL

technology required at TSTA for the fuel cycle en-

vironmental packages will not require any large

scientific or technical breakthroughs. There cur-

Fig. XVILI-2 rently exists within DOE, and specifically within

) Main process loop and auxiliary systems. the Los Alamos Scientific Laboratory, a consider-
7 able amount of experience and expertise in tritium
i ® Waste disposal technology. This experience and expertise will be
® Radiation monitoring used at TSTA to 1nsure that the design of the
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facility will reflect the most current information
and philosophy pertaining to tritium technology.

While the design of any specific subsystem
may not require a significant technology advance-
ment, the integrattion of all of these subsystems
into one package 1s a significant advaunce. There
currently exists nowhere within the DOE complex a
facility which integrates all of these subsystems
into a continuously operating computer controlled
system. The flow rate and the total quantity of
tritium to be handled in a fusion reactor on a
routine basis necessitate the establishment of
TSTA as a demonstration facility. Table XVIII-I
gives a comparison of the projected tritium
inventories and release pgoals for five fusion
facilities. This comparison serves to emphasize
the need for the timely development of TSTA. The
Tokamak Fusion Test Reactor, TFTR, is currently in
the earlv stages of construction at Princeton, NJ.
All of the other projected facilities in the table
will follow TSTA and will utilize the information
obtained at TSTA.

A very significant pgoal at TSTA will be to
demonstrate that these large quantities of tritfum
can be handled safely on a routine basis. The es-
tablishment of environmental and safety packages

for tritium systems within the Office of Fusion

TABLE XVIII-I
TRITIUM INVENTORIES IN FUSION FACILITIES

T, Ty Release
Inventory Fuel Feed Goal
Facility (kg) (kg /day) (Ci/day)

TFTR 0.005 0.001 1
TSTA 0.2 0.5-1.5 1
TNS 0.25 0.25-C. 5 1-10
EPR 4=6 1-2 5
2pEMO 6-12 2-6 5-10

3DEMO = 1000-MWe net output

Energy (ETM) program, will be a significant
milestone. The TSTA will serve as a base-line fa-
cility that will provide a large data base that
can be used to establish future guidelines and re-

quirements for fusion facilities.
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