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Abstracts

i. PLASMA THEORY AND COMPUTATION

Theoretical work continues to be directed mainly
toward support of the experimental programs in: (1)
magnetic-mirror confinement, (2) confinement and
heating in the ORMAK device, and (3) the new
high-beta ELMO Bumpy Torus proposal.

The linear theory of stability of finite-sizz mirror-
confined plasmas has been continuously improved,
especially with regard to realism of the plasma model.
Estimates of maximum stable plasma length, however,
remain rather short in the presence of appreciable
density gradients perpendicula: to the magnetic field.
These critical lengths have been studied for varying
electron temperature and plasma pressures to examine
the effects of varying Landau damping and the coupling
between electrostatic and electromagnetic waves.

The nonlinear evolution of “double-hump” instabili-
ties characteristic of the buildup phase of target plasma
experiments has been studied by numerical techniques
of plasma simulation. The growth of the instabilities has
been observed to saturate at very lcw levels, in
agreement with an analytic theory developed in close
conjunction with the simulation effort.

We have used numerical solution of one-dimensional
transport models to study the time evolution of
Tokamak discharges with Chmic heating and heating
from energetic neutral atom injection. Various sets of
transport coefficients have been compared with avail-
able experimental data, the most satisfactory agreement
being obtained with a somewhat modified form of the
pseudoclassical model.

In support of the ELMO Bumpy Torus (EBT)
nrogram, we Lave sought ways of optimizing single-
particle confinement in the vacuum magnetic fields,
wing compound coils rather than single concentric
current loops. Numerical techniques have been devel-
oped to permit combined theoretical and experimental
studies of the high-beta equilibria in the EBT as well as
the present-day canted-mirror device; and stability
criteria are being derived for :ncorporation into these
equilibrium studies.

vii

2. MIRROR CONFINEMENT

Experiments have begun in the superconducting
mirror-quadrupole facility, IMP. Target plasmas are
produced by electron-cyclotron heating, using up to
600W at 36 GHz (resonant at B = 125 kG) with
supplemental nonresonant power (up to 1 kW a- 55
GHz). Measurements of the maximum target density
indicate n, =~ 3 X 10"? cm™ (with an uncertainty of a
factor of 2), an order of magnitude higher than those
fo;md in INTEREM, therefore implying a scaling like
B*.

Measurements of the axial density profile of the
hot-electron plasma were madc in INTEREM based on
bremsstrahlung intensity, using an aray of collimated
Nal(T1) detectors. The components of perpendicular
and parallel pressure produced by the plasma can also
be obtained from these measurements. The observed
peaking of high-energy particles closs to the midplane
can be caused by two processes: (1) nonresonant
heating of high-energy particles and (2) influence of the
plasma -sessure to distort the vacuum magnetic field
which results in the observed equilibrium. At high beta,
we cannot yet distinguish between these possibilities.

The stabilizing influence of nonresonant heating on
the observed microinstabilities in INTEREM is inter-
preted as due to the increased population of relativistic
electrons in the distribution function. The postulate
that such heating reduces the anisotropy and therefore
improves stability is refuted by axial density measure-
ments.

3. THE ORMAK PROGRAM

ORMAK has had a period of operation ac reduced
fields and cumrents. The plasma which was produced
was not diagnosed completely before the experiments
were stopped to permit the completion of the gystems
necessary for full field operation. Construction and
installation of these systems are now complete, and
testing is proceeding for the second experimental phase
in which the machine can operate at maximum design
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yerznters. We expict soon 4o be able to answer many
Questics cowceroisig the e'fects of low collision fre-
uincy and unall aspect ratio. In the initial plasma
oxptiments, high x-ray fluxes were observed, implying
the amiztence of fast electrons. The question of whether
or not most of the curent was carried by these
slectzans fu out first experiments is not resolved. Higher
sagneiic fiedds, wplying higher density, and the
provision Sov peeionization in the second experimental
pliame reduce the wendency for operation in a regime of
mre xcay production. Sometime during the coming
yeu we wifl add energetic neutral-particle jection to
sl 3 large incresse i the power input 1o the plasma.

4. HIGH-BETA PLASMAS

The Iargest fractior. of the experimental effort during
1971 was concentrated on the canted-mirror facility.
Experimental evidence was obtained for the location
and size of the high-beta annulus, the magnitude of the
stored enerxy, anc¢ the location of the particle drift
surfeces. Mzt of this work was included in a paper
gven at the LA EA. meeting in Madison, Wisconsin,
and is presented in sbstract form.

An expanded abstract is given of a document pre-
pored om the poposed ELMO Bumpy Torus (EBT).
This report cortains experimental evidence from the
casted-mirror facility, as well as theoretical work on the
equibibrium and stability of the Bumpy Torus plasma,
the power balance in the Bumpy Torus, technological
wspects of the Bumpy Torus, and extrapolation of the
Bempy Torus to reactor conditions.

Experimental and theoretical work on the polariza-
tion of free-free bremsstrahlung from magnetically
coufised plasmax is also mentioned. Numerical studies
an off-rescnance heating, heating studies with pulsed
microwawe. power, and experiments on triggering of an
instability oy a pulsed coil in ELMO are presented.
Abstracts of other papers published in 1971 are
included.

At present, work is continuing on the canted mirror
in determining the position of the high-beta annulus,
using dizmagnetic and end-loss measurements.

The raechanical and technological design of the EBT
B8 continuing. Future diagnostics for the EBT are under

development.

5. TURBULENT HEATING

This is a final 7eport of the ORNL study of, and
experiment with, the turbulent heating of plasmas. It
ountzins the lateit revisions to the turbulent heating
throry and corroborating experimental data. There is

viii

now ample evidence that the maxiraum average velocity
to which j4asma ions may be heated is controlled by
the energy density of the turbulence, and not the lower
drift velocity difference between ions and electrons.
Final experiments on Burnout VI, scaling laws, the
extrapolation to a “‘next-generation’” experiment, and
some basic plasma physics are included.

6. ENERGETIC-PARTICLE INJECTION

Multiampere (equivalent) neutral-particle beams have
been developed for either filling or heating plasma
experiments. The duoPlGatron ion source is used with
multiaperture accel-decel electrodes up 10 S cm in
diameter for 4-A beams at 20 to 40 keV. This source is
used with a closely coupled hydrogen gas cell f. a
neutral-particle-injecior heating system for toroidal
plasma devices. Source plasma and beam studies are in
progress with a goal of 10-A beam modules.

7. ATOMIC PHYSICS AND PLASMA DIAGNOSTICS

Studies are being made to determine the feasitility of
replacing the gas stripping cell in the neutral-particle
spectrometer with 100- to 300-A carbon and aluminum
foils. Transmission through the foils of 250V protons
has been achieved with an energy loss of 170 eV. All
thin foils tested have microscopic cracks which prevent
accurate calibration of the transmission coefficient.

Experimental work concerning the physics of excited
states of hydrogen molecules has been suspended and
awaits the further theoretical development that the
effect of level crossing between the l-og ground
electronic state and the 1-ou excited state has on the
electron capture process and the high Rydberg-state
populations. Plasma diagnostics development during the
past year includes: (1) detection of total energy
ascaping a plasma, using pyroelectric crystals, (2)
neutron spectrometers, (3) feasibility studies of heavy-
ion beam and CO; laser-beam probing of plasr.as.

8. MAGNETICS AND SUPERCONDUCTIVITY

During this year the group concer.trated its efforts on
support to plasma physics programs. The IMP supercon-
dacting mirror quadrupole was installed and tested. It
has been energized routinely up to 71% of the design
current density ¢ the ruadrupoles and has required
little atter.tion from t+  : wp. A cryogenic system for
cooldown and operation v« ORMAK at liquid-nitrogen
temperatures was designed. The system was fabricated
and tested under group supervision and, although not




completely debugged, is now operated by the ORMAK
Group. Assistance in solving other cryogenic problems
was provided. Magnetic design studies for the Target
Plasma Group and the ELMO Bumpy Torus were
initiated and carried to partial completion. Thin films
of carbon and alunvinum were produced for IMP and
for general plasma diagnostic studies.

Other group activities included continuation of the
study of stabilization of superconductors, investigation
of fluctuations in boiling liquid helium, design of a
100-kG superconducting coil, tests of a 100-kG copper
ribbon coil insert magnet, feasibility studies of magnets
for fusion reactois, participation in a fusion feasibility
workshop, survey of advanced technology in power
transmission, and the layout of a cryogenic test facility.

M b et i W e e i i T B AN S ) AR Ll ot e Al RE N e S
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9. FUSION REACTOR TECHNOLOGY

Curing the past year, published work has appeared in
the areas of (1) magnet design; (2) the Blascon, an
exploding-pellet fusion reactor; and (3) environmental
ccasiderations. Work in progress includes: (1) a radia-
tion damage experiment; (2) an investigation of alter-
nate methods for recovering tritium from the breeding
blanket of a fusion reactor; (3) neutron cross-section
evaluations; (4) fusion reactor blanket benchmark cal-
culations; (5) an evaluation of fusion reactors as radio-
active-waste burne:s; (6) blanket system studies; (7) an
evaluation of the :ngineering requirements for scatter-
dominated, mimor-confined plasmas; and (8) beam
technology assessmnents.




l. Plasma Theory and Computation

1.1 CONFINEMENT IN MAGNETIC MIRRORS
1.1.1 Instabilities in a Low-Beta,

Short, Mimror-Contained Plasma®
C.0.Beasley J. E. McCune?®
W.M. Far®  Abhijit Sen*

Results from calculaticns employing a numerical
Vliasov model of a mirrorcontained, low-beta plasma
show that for a realistic aspect ratio, a drift-cone-type
microinstability will exist when the plasma density
exceeds some critical value for any plasma length, no
matter how short. To obtain these results, we have
examined the threshold of this instability for various
plasma lengths and radii. Tests for the existence of this
instability are well within the range of feasiole cxpert-
ments.

1.1.2 Coupling of Transverse Waves
to Electrostatic Modes in a Magnetized Plasma

J.D.Callen®* G.E. Guest

The following is an abstract submitted for public.tion
in Physics of Fluids.

The complete dispersion relation governing longitudi-
nal and transverse waves in an infinite, homozeneous,
magnetized plasma is discussed for arbitrary directions
of wave propagation. Various forms suitable for com-
puting modifications of the electrostatic dispersion
relztion arising from the coupling to transverse waves
when w,, 2 ck are compared. The modifications which
arise for electrostatic ion gyroharmonic instabilities are
determined in an ordering scheme appropriate for the
important unstable modes of a mirror-confined thermo-

1. Abstract of paper submitted for publication in Physical
Review Lezters.

2. Permanent address: University of Arizon::.

3. Consuitant, Massachusetts Institute of Technology.

4. Present addrc s: Physical Research Laboratory, Navrang-
pura, Ahmedabad-9, India.

nuclear plasma. The resultant effects on a number of
electrostatic modes are discussed.

1.1.3 Microinstabilities in Inhomogeneous Plasmas:
Finite Beta Effects

C.0.Beasley J.D. Callen®
Abhijit Sen

Previous investigations of ion Zyroharmonic microin-
stabilities in 2 model mirror-confined plasma, using the
model of Beasley, Farr, and Grawe,®® have been
restricted to an electrostatic analysis. For an infinite,
homogeneous plasma it has been shown?!° that the
electrostatic analysis of such modes must be modified
to include the coupling to transverse (electromagnetic)
waves when the coupling parameter, w,,*/c?k?, ap-
proaches or exceeds unity. Here, Wpe IS the electron
plasma frequency, ¢ the velocity of light, and k the
wave number. We have incorporated the appropriate
modifications into the mirror-confined plasma instabil-
ity model®'” and have investigated the influence of
these finite §; (or KT;/m,c?) effects in an inhomogene-
ous plasma.

In infinite-medium theory, the transverse wave modi-
fication of the electrostatic modes can be com-
puted®''? from perturbed currents J induced by the
oscillating potential of the electrostatic modes. The

5. Consultant, Department cf Aeronautics and Astronautics,
Massachusetts Institute of Technology.

6. C. O. Beasley, Jr., W. M. Farr, and H. Grawe, Phys. Fluids
13, 2563 (1570).

7. D. E. Baldwin, C. O. Beasley, Jr., H. L. Berk, W. M. Farr,
R. C. Ha:ding, J. E. McCune, L. D. Pearistein, and A. Sen,
“Loss-Cone Modes in Inhomogeneous Mirror Machines,” pub-
lished in Proceedings of Fourth IAEA Conference, Madison,
Wis., June 1971.

8. C. O. Beasley, W. M. Farr, J. E. McCune, and A. 5, to be
published in Physical Review Letters.

9. J. D. Callen and G. E. Guest, Phys. Fluids 14, 1588
{1971).

10. J. D. Callen and G. E. Guest, ORNL-TM-3671 (January
1972).
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transverse-wave components of the electric field, ET,
are computed from the electromagnetic wave equation

wl

> > 41
VX(VX£)=-V’£7'=—1:£J+? E. (1)

We assume this same phenomenological procedure is
valid'® for an inhomogeneous model mirror-onfined
plasma as well. Following techniques similar to those
used to determine the perturbed charge density,® we
may calculate this perturbed current, which is a result
principally of electron motion. To do so, we Fourier
analyze the electric field

E=LE," expluafr,Ly), ¢
wherc L, is the scale length of the plasma density, and

wry L, is the distance over which the Fourier decompo-
sition takes place. We finally arrive a: the equation

Ezir =§ T’l EI! =§ T’l (EZAL + Elur) ’ 3)
where

U'fz 7 Co exp {—[(n - NZ'LP}
TI =
g Ak, + Bfr,?L%)

2, [ my _w
xL 21, (bf) P (’ 2r,}) oy @

are the matrix elements. (Cq = 1 is the n = 0
combination of modified Bessel functions.)'! We may
solve Eq. (3) for £,7 and form

E, =E,'+ET
= § [, + §(1 -, " 1'”15,"- . (5)

Next we ccnsider the components of the electric field
perpendicular to the magnetic field. It has been
shown®-'® that E, (here E,) is not significantly
sffected by the transverse-wave couplings as long as
Wpe lc*k* < M/m,. However, since the ion E- X B

11. G. E Guest and R. A. Dory, Phys Fluids 8, 1853
(19¢9).

drift is inhibited by finite Larmor radius effects for ka,
2 1, the lack of cancellation of jon and electron EL X B
drift produces a cumrent which in turn induces a
(transverse) electric field in the EL X B (x) direction.
This electric field is given approximately by

2
Exrz-i-;_’. %&;3 EL. (6)

This new component of the electric field induces an ET
K B drift in the y (or k) direction and henc:: leads to a
contribution to the perturbed charge density of the
form

Wpe Wpe 20 L
4xp¢(£,")=-§!‘? g ME - n

e

Thus the basic electrostatic Fourier eigenvalue equa-
tion® may be modified to obtain a nonlinear cigenvalue
equation of the form

2 / 2 2
B M m:«) b
3 e8] &+ Pp LY

Wpi A;

2/ L z
203 + k2 )PL,?) § {R"' %t Ry

ﬂf

XE g+ B~ D™ Ty %.p,}. ®)

We solve Eq. (8) by numerically searching for an
c.;’,-’lﬂ,-2 (density) which is real and for which Eq. (8)
is satisfied.

At Jow den<ities and for ion temperatares of interest
in thermonuciear plasma, our results show little evi-
dence of stabilization of the loss-cone mode. These
results are shown in Fig 1.1. They apply to the one
residual mode which remains unstable to very short
plasma lengths in the absence of a radial density
gradient, and to all plasma lengths when the (drift cone)
term is included.

At high densities where the instability is dominated
by the drift-core mechanism, there js 2 stabilizing effect
even for ressonably low ion temperatures. This is
illustrated by the contours of constant growth rate
shown in Fig. 1.2. As ‘he density is increased beyond a
certain point, or as the plasma pressure is increased, the
mode’s growth rate decreases. ‘The overall flutelike
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Fig. 1.1. Demsity as 2 fonction of plassme § (ion temperatere).

character of the mode does not change, as shown in Fig

1.3. This stabilizing influence has also been found by
Tang etal'?

The upshot of these calculations is that there is some
stabilization of the high-growth-rate drift-cone mode
from finite beta effects. However, the mode which
dominates at short plasma lengths is not stabilized to
any appreciable extent for ion temperatures of physical
interest.

1.1.4 Nonlinear Stabifization of Single, Resonant,
Loss-Cone Flute Instabilities' °

E.C.Crume'®* Owen Eldridge’
H. K. Meier

The evolution of linearly unstable, high-frequency (w
~ nf), flutelike (k; = 0), electrostatic modes which can
occur in a multicomponent, magnetic-mirror-confined
collisionless plasma has been studied by computsr

12. W. M. Teag, L. D. Pearistein, and H. L. Berk, UCRL
preprint 73498, September 1971.

13. Abstract of ORNL-TM-367S.

14. On loan from Y-12.

15. Consultant, University of Tennesses.
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simulation. An infinite, periodic, sheet charge model
was used in which particle motion & followed in one
to a constant magnetic field. Approximately ome

e 7 e el




quarter of the particles in the initial velocity distribu-
tions formed a warm, Maxwellian background compo-
nent; the remainder belonged to a ho?, linearly stable,
loss-cone component. These velocity distributions were
coastructed in such a2 way as to provide initial states
relatively free of randomly fluctuating electric fields.
The carly evolution of single-wave (either traveling or
standing) resonant instabilities agrees well with linear
theory. A rapid, coberent heating of the warm compo-
mest occurs, and spatial harmonics of the unstable wave
appear. The electrostatic field of the wave then satu-
rates at an emergy level as much as two orders of
magnitude lower than those reported im previous
simulation studies of the same and related instabilities
or predicted from carlier nonlinear analysis The field
amplitude decreases rapidly to zer0 after saturation and
thea grows again nonlinearly. The temperature of the
warm compoacnt reaches 2 maxinum when the field
amplitude vamishes During and subsequent to this
noslincar growth period, details of the evolution of the
ficld amplitude vary from case to case. The aturation
levels and ealy postsaturation behiwior wse in agree-
ment with a2 receatly reported nonlizear amalysis which
was motivated by the results reported here.

1.1.5 Nealinesr Loss-Cone Fiute Modes' ¢

E.C.Crume'*  Owen Eldridge’ *
H. K. Meier

Achsofheuiyumm&temdas

negative-emergy iom cycloron wave with the lower
hybrid mode of a cL\d jon component. Stabilization
occurs through a rapid and efficient heating of the cold
ioms, with very little emergy appearing in electric fields.
The analytic theory & in qualitative and quantitative
agreement with the results of the ssnulation.

1.2 TOROIDAL PLASMA STUDIES

1.2.1 Simuistion of Faesgy Tramsport
in Tokammok
R.A.Dory IJ.T. Hogan
M. M. Widner'’

Results of this investigation have been described in
refs. 18 and 19. The abstract of ref. 18 is reproduced in

16. Abstzact of peper submitied for publication i Physics of
Piuids, “Reseasch Noter.”

17. Present sddmss: Seudin Laboratories, Albuguerque, N.M.

18. Prssently swilsbils as OB NL-TM-3637, to be published in
Poceedings of the Academy o) Sciences (Ukvaine) Conference
on Plesms Theory, Kisv, USS.R. (1971).

19. Dull. Amer. Phys. Soc. 16, 1262 (1971).

part here:

A timne and space depeadent comput-t caiculation was used to
mmn‘emthof&tw
Yos&mpsudochnal-odd for 1 <tandard Tokamak
Good agreement was found with the availshie T-3 data if C =
(1.1 x 10'%/m)¥2. This scaling was wsed 10 study the
dependence of ) aad T, on plasma cetreat | and demsity a
Additional plasma \cating by beains of eaergetic newtral atoms
has also been studies with the computer model Although
significant temperature increases cam “e Obtsined m smal
machines, the obsesvation by Yoshikawa that 3 plasmma ignition
demonstsstion will requive 2 very lmge machine appears valid

-launc~.-3ﬂsuh¢uns-nuwqu-
25 x 10" cm™ and wmiess this regme can be enecred

sﬂly.

The computes code is now being improved to include
effects of plasma diffusion, impurities, neutral fluxes,
to use the latest coefficients calculated by Himton and
Rosenbluth (to be published).

122 An Implicit Numgical iicthed for
Simmlating Tokamek Plasme L=chasges®!
M.M.Widaer R A Dory

A samerical model, appropriate for field penetration
and thermal diffusion, is used for time evolution studies
of Tokamek discharge plasmas. The model, which
heat coaductivity, & applied to 2 plasma cylinder,
although transport coefficients are given for a torus. An
implicit set of difference equations is derived which
includes the time changes in the nomlinear transport
coefficients. The calculations are compared with experi-
ment and found in agreement, using the appropriate
model for anomalous electron heat flow.

1.2.3 Neutral Beam injection

J.D.Callen?? J.F. Clarke
J. A. Rome

Neutral beam injection has been proposed as a means
of creating, hesting, offsetting the :adial diffusion
losses, and maintaining the Ohmic heating cunent of
plasmas in a toroidal configuration. The successful
development of 2-A, 30-keV neutral beam injectors at

20. See, for example, S. Yoshikaws and N. C. Christofilos,
paper CN-23/F-1, Fourth Internationsl Conference on Plasma
Physics aad Controlled Nuciear Fusion Research, Madison, Wis.,
June 17-23, 1971, IAEA/CN-28.

21. Abstract of ORNL-TM-3498, submitted for publication
in the Jowrnal of Computationsi Physics (1970).

22. Consultant, Department of Aeronsutics and Astromsutics,
Masachusstts Institute of Technolcgy.




ORNL will enable these injectors to be installed on
ORMAK in 1972. Theoretical work oa neutral beam
injection has concentrated on optimization of the use
of these injectors in ORMAK and a study of the effects
of injection.

To maximize the peth length for beam absorption,
imjection will be in the equatorial plane such that at
their innermost peaetration toward the axis of sym-
metry (R = Rg), the injected particles are moving cither
paraliel or antiperallel to the Ohmic heating curreat.
The optimum valwe of R, is determined by the plasma
density profile (which governs the ionization and charge
exchange rate of the neutrals) and by the devistion of
the ioa orbits from their birth flux swrface (which
determines whether ions are lost to the kimiter). For a
parabolic density profile, the optinum R, & about
halfway between the immer plasma edge and the
mageetic axis. A flatter density profile moves this point
inward, while a2 more centrally peaked profile moves it
toward the magaetic axis.

The orbits of injected particies have beea studied in
some detail When a neuwtral is ionized (usually via
charge exchange), the electron is coafimed to its birth
flux surface due to its low mass and small gyro orbit
The ion will deviate from this surface by about 2¢u;,
where g; is the gyroradius in the toroidal maguetic field
aad ¢ = 2u/c This s about S cm in ORMAK for 30-keV
H* ions. The deviation is svwend for coimjected ions and
outward for counter-injected ions (coimjected and
counter injected refer to direction of Ohmic heaticg
current). Thus the countei-injected jons which are born
n the outer ~5 cm of plasma are lost to the limiter or
liner. If Ry s within about 5 cm of the imner plasma
edge, coinjected ions are also lost. For this reason the
beam should not be injected close to the inner plasma
edge. It is also clear that there is no way to avoid the
loss of countes-injected ions; hence counter injection
will Jead to a net charge buildup in the plasma.

Even if there is no mer charge buildup in the plasma
due to ion loss, injection will cause local charge
imbalances in the piasma due to the sepanation of the
ion and electron orbits. Since the injection current is
constant, this charge (unless relaxed by the plasma) will
increase linearly with time and will generate bsge (and
increasing) electric fields. The buidup of these fields
and the aniso.ropic velocity space distribution of the
bot ions might lead to microscopic and/or magnetohy-
drodvnamic instabilities. Since the effects of these
instabilities are presently unclear, they have been
ignored in our work so far.

Specific results for the charge distribution calculation
are complicated, so that only an outline of the methods

Thuss the net resuit of acutral beam injection is to set
wp a radial electric field. This field will imcrease with
time, since the oaly relaxation mechanizm is perpendic-
ular iom viscosity, which is a very slow effect.

The radial electric ficld s intimately related to the
momentum tramsfer from the ncwtral beam to the
plasms. Part of this mocaentum comes from the direct
dowing dowa of the ioms. Afier sowing down to the
jon thermal velocity, the imjected ion resides om a flax
ssrface which is about halfway between the isnermost
and outermost flux serfaces which were reaches by the
of the momestem.

The radial electric field, due to local charge buildup,
cauxs a nosssiform poloidal E X B/A? rotation. The
parallel ion viscosity of the plassm induces flow along
the magaetic field which cancels the poloidal E X WB*
flow and leaves only a toroidal flow. This renders the
intal plasma flow dvergence free and incompressible.
The toroidal velocity is the fimal repository for the
injecied be- 1 momentum.

To =void shock ccaditions and an undoing of the
beneficial rotational tramsform effects by the radial
velocity be less than the sound speed, and it is this
condition which uitimately limits the p ~duct of the
scale of about 25 sex, a preliminary estimate gives about
6.4 A-sec in ORMAK, which i no problem.

1.2.4 BDootstzap Cwrrents in Tokamek

J. T. Hogan
Although Tokamaks can compete favorably as seactor
candidates in their present pulsed mode of operation,
there is a feeling that matters would be helped if a way



were found to run them in a steady state. The discovery
that the neoclassicz! theory allowed a steady “boot-
strap” equilibrium came as welcome news.??:2* This
equilibrium excludes poloidal flux to the boundary and
requires a2 mass source and an injected “seed” current
which is then amplified by the plasma. It needs no
externally supplied electric fieid. We describe he-e some
resmaining questions of approach 0 a steady state and
ctiteria for experitaental observation.

Some clarification is required first for the eventual
equilibrium which, as reported in refs. 23 and 24, is the
resalt of a “bamama theary™ of particle transport. This
theovy takes its namre from the bamana orbits traced out
I a minor cross section of the torus by particles
trapped i the “toroidal mirors™: B, /By, = (R +
(R — 7). The calculated diffusion coefTicients diverge
at the magaetic axis as 7~ 3/2 (r s the torus mimor
radius coordimate), aa obvioudy unphysical result
Since the toroidal mirror ratio is unity on the magnetic
axis, pasticles im the socalled “platean™ regime con-
tribute to the diffesion. (The “platean” is the tramsition
from a collision-free to a collision-dominated regime.)
Several methods yield finite results a1 the magnetic axis
and modify the bootstrap equilibrium: (1) mtroduction
of am arbitrary cwtoff to limit tae divergence, (2) 2
smooth amalytical fit of existing bamanz and plateau
coefficients, and (3) a re-derivation of the tramsport
rates using an ordering which allows the whole tramsi-
tion regime to be treated 2% The density profile given in
ref. 23 was singular at the origin, for 2o obvious reason.
The wew result is finite, as it should be. The seed
cwireat s no longer required; a2 smple mass source
suffices to give the needed diffesion cumrent.

The guestion of time depeadence arises next and has
scheme was chosen, and results are compared with
exact similarity solutions of the equations. A linear
amalysis showed that the relaxation rates of the similas-
ity solutions were representative, since an acbitrary
imitial distribution approached them as 1/, where A >
1.

The perticle diffusion equilibrium is reached as the
last in a series of equilibration proceses in the plasma,
and 30 the calculations were performed at constant
electron and ion temperature and with fixed total

23. R. ). Bickeston et al Nenwe Phys Sci 229,110 (1971).

24. B.B.Kadomtsevand V.S Shetranov, Fourth Internstional
Conference on Plasma Physics aad Controlied Nuclear Fusion
Resemrch, Madison, Wis_, June 17-23, 1971, IAEA/CN-28.

25. F. Hinton, Buil Amer. Phys. Soc. 16, 1276 (1971).

plasma current. The result is that evolution occurs on a
time scale, 7 = 7%\/A/B,, where 1* is the resistive skin
diffusion time which varies as the square of the plasma
size and inversely as *he resistivity, 4 is the aspect ratio
(the major radius of the torus Zivided by its minor
radius), and f§, is the ratio of plasma pressure to the
magnetic pressure of the field of the heating current.
The resstivity is computed at clevated temperature,
because of the time ordering of heating and diffusion
processes, and hence the relaxation tame is guite long. It
is improbable that this equilibrium bootstrap cusrent
wili be observed in ORMAK.

This long approach to the bootstrap state may be
helpful. Simce the poloidal field is excluded, the current
demsity is peaked at the boundary. This profile is
e.ecially susceptible to local interchange and resistive
tearing modes. Either a close-fitting conducting shell or
feedback stabilization might prevent catastrophe, but
there secems to be no place for a conducting shell in 2
reactor, and feedback stabilization seems to be im-
ml‘

1.2.5 Neutral Atom Distribution in Tokamek
J.F.Clwke J.T.Hogn

We have computed the distribution fusction of
scutral atoms in an Ohmically heated Tokamak dis-
charge. The distribution fuaction is used io calculate:

1. The magnitude and shape of the charge-exchange
energy spectrum. Significant effects of plasma spa-
tial variations are found on the shape and position of
the breakpoint of this spectrum.

2. The Doppler broadening of spectral lines, to be
compared with the deuterium pulse experiment.?”’

3. The radial profiles of neutral atom density and
energy, for use in the Tokamak samulation code
(described in Sect. 1.2.1).

The numerical results agree well with analytical
solutions, which can be obtained when plasma prop-
etties are asumed uniform in space and the ions are
asumed to have a deita function distribution.

The results agree as well with experimental data,?®
althougls only relative fluxes are available for the energy
spectrum, and the density values are obtained by an

26. J. F. Chske and R. A. Doy, in Feedback end Dynamic
Conwol of Plasmus, ¢d. 5y T. K Cm and H. W. Headel,
Ametican Institete of Physics, New Yosk, 1970.

27. S. V. Mirnov and 1. 5. Semenov, Sov. At. Enevgy 28, 129
(1970).

18. E. Hinnov and H. P. Eubank (private communication).
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Abel inversion of an annular function and are thus
somewhat inaccurate.

13 COMPUTATIONAL SERVICES

13.1 Equilibria in the Canted Mirvor
and ELMO Bumpy Tores

C. L. Hedrick

The purpose of this investigation was to calculate
(numerically) self-comsistent, finite beta equilibria for
both the canted mirror and the ELMO Bumpy Torus.
From these equilibria. single-particle drift trajectories

can be caiculated and various magnetchydrodynamic
(MHD) stability criteria can be examined.

It appears that finite beta can eliminate a loss
mechanism which exists for particles in the vacuum
fields alone. Calculation of drift trajectories in the
vacuum field shows that there is 2 small ciass of poorly
confined particles whose drift ssrfaces are not topoiogi-
cally equivalent to comceatric circles bwt have a
benana-like structure. The uaderlying reason for this
structure becomes appasent if omse examines 5] m 2
planc perpendiculy t0 the magnetic axis, this plame
betweea a2 midplane and the plane of 2 cod. In this
plane, contours of coanstamt |B] exhibit the same
banana-like structure that the drift surfaces have. If the
plasma pressure is sufficiestly high near this region, the
topology of these |B! contours can te changed s0 that
the bamama-like structure mo longer exists, and hence
the joss mechanism ceases 10 exist. A major objective of
this invesligation was to put this qualitative argament
on a quantitative footing.

One objective of the calculation of MHD stability &
to dewermine the importance of lkine-tying from a
theoretical standpoint. It is posmible that finite beta
equilibria exist which are stable against interchanges. If
this is the case, one can have greater confidznce in
omitting limiters from the ELMO Bumpy Torus. Even if
such a situation does not exist, one can determine how
much of the apnular plasma must be line-tied *o provide
stability and design limit .rs accordingly.

We now review the present and projecied statws of
this project. We have developed a three-dimensional
code whick calculaes thse self-comsisicnt equilibria and
driii surfaces for the carted minor. This code produces
piscsible results. In order to verify these results in the
limit of zero cant angle, a two-dimensional code has
libris. When the three-dimensional code is fully opera-
tional, we will begin to explore the question of pearticie
trajectories.

s o Cm et TET sk e el e

The two-dimensional code has proved to be useful in
its own right. It is just now being modified tc caiculate
various stability criteria for interchanges and to provide
values of B vhich can be compared with experimentally
determined values. This modificetion s nearly com-
plete, and we can expect to undertake various param-
eter studies in a matter of days.

The present three-divensional code for the casted
minor is readily modified to calculate equilibria for the
ELMO Bumpy Torus. This will be dome as soom as
results for the canted mirror begia to flow in.

The algorithms for the present three-dimensional code
wert seggesied 1o us bV H. Grad. it s assusmed ihat the
pressure can be writtem as a function of B and 2
single-flux line coordinate. It appears that 2 move
geaeral formmlation in which the pressure i a fusction
of B aad two-flux lime coordimates is practical This
formuluion will allow us to compute equilibria consist-
eat with the microscopic distributions which can be
wafolded from cxperimental dats 2*

132 Interchange Stability in Anisstvopic Flanmss
D. B. Nelsoa

Magnetic field structure and heating mechaniams in
ELMO, Canted Mirror, and the Bumpy Tores lead to
addressed withi: the - alar presware framework, and we
tum mstead to the more general guiding ceater theory.
In Jow-pressure plasmas the domimant low-frequency
imstabilities are the interchsage modes. At higher
pressure, modes which compress ficdd limes withomt
altering their shape (generalized interchanges) become
energetically favorable as well. However, in: this amalysis
we treat exclusively the simple imterchoage in which
magnetic ficld streagth it 20t vasied.

Within the scalar pressyre theory, the necessary and .
sefficient comdition for variatiomal stability to imter-
changes is that

P@+we>0, ¢=fas.

Among the properties of this comdition are the
stabilizing effect of increasing bets and the requirement
of aa averzge magnetic well st the plesms cdgr [p'(9) >
0]. The added flex.iiility of the peiding cemter formnb-
tion does not allow such a simple stsbiity condition.
Dif ferent criteria result from each choice of distribstion

29. G.E.Guent, C. L. Hedick, and J. T. Rogan, Jor-Electron
Equilitrium in the Canted Miver, ORNL-TM-3473 (Juas
1971).



functivn. We here consider distribution functions of the
form fie.u.0f) = fle.u) g(a.B), where ¢ is the energy, p
the magnetic moment, and (a,8) are flux coordinates.
This functional form produces reasonable agreement of
the calculated equilibria with experimental data. For
axisymmetry (a.8) can be replaced by the flux function
¥. The results reported here use this simpler formula-
tion, but the generalization to nonmaxisymmetky is
mmediate.

We also require local stability, which is equivalent to

e <0,
6>0,0=1+(p, - p)B*,
1>0,r=1+3p,/0B(B)™" .

Siace mageetic energy demsity is imvariant uader an
interchange, we consider oaly the variational charac-
teristics of the plazma eneigy, ¢. The first variation
leads to the equations of equilibrivm; the second
variation (for intevchanges) is*®

2= LA 4
5% -fui(“) L

f Y 3&

The condition for stability s $2¢ > 0.

The first term is manifestly positive if 3ffoe < 0. A
ssfficient condition for stability is then positivity of the
second term, which cza be reduced to the requirement
*iaat on each flux surface

%[iﬁl v,B+p, x] &&/B* <0,

-b:epsthemltoff(e #), 9, is the compoinent
of the gradient perpeadicular io the flux sarface, and x
s the curvature vector. Since the magnetic field is
depressed in the interior of the plasma, VB can ve
reversed and the interior rendered more stable by this
aicmﬂmun&fﬁuﬂttomuthemofx
stability favcrs p, > p,. However, at the plasma edge
this criterion cannot be satisfied unless the vacuum field
is an average magnetic well.

30. H. Gead, Plasms Mhysics and Controlled Nuclesr Fusion
Revearch (Culham Conference), vol 11, p. 161, IAEA, 1966.

Since the first term in our expression for §2¢ is
stabilizing, its contribution should give a more opiimis-
tic criterion. The derivative, d¢/dy at constant J, is
difficult to evaluate, because it ‘nvolves an integral over
particle trajectories. An overestimate of the first term,
leading to a necessary condition for interchange stabil-
ity (and therefore a necessary condition for absolute
stability), is obtained by approximating V,B and x by a
constant over the particle tiajectory. For ELMO thisis
not unseasonable, beca:se most of the electrons mirror
near the midplane. ‘The necessary condition is then

» 3p,
I[Cz(vls)i*‘a?l v,B .‘+_B-‘1] ds

‘%fﬁh v, B+ p,x] &s/B* >0,

where C; = —m [ i* 3fJde dv du is a positive quantity.
it 5 related to pressure anmisotropy becawse C, >
P’ 13pB.

Simce the stabilizing term is pressure dependent, its
contribution i greatest in the plasma interior. However.
increasing ; up to the limit set by the mirror stability
criterion should extend the stability boundary closer to
the plasma surface.

Thas interchange stability of the guiding center
plasma is smilar to that of the scalar pressure plasma in
being favored by high beta and an average magnetic
well. A qualitatively new result is the advantage of large
p, compaed with p,. It appears that interch>age
stability is enhanced in a plasma on the verge uf the
mirror instabdlity. This observation is conmsistent with
experimental data from ELMO, which in its stable state
does exhibit 7 = 0, very nearly mirror unstable.

133 Double Adinbatic Theory of the Interchonge
Instability in 3 Closed-Line, Figh-Beta Systew

E. G. Harris®!

Ths wellknown ¢ dI/B ciiterivn for hydromagnetic
interchange imstabilities in a closed-linz system has been
extended to anisotropic, high-beta plasmas. The double
adiabatic (Chew-Gold-Berger-Low) theory is used. Since
the formulas are rather cumbersome in their gcneral
form, we are investigating some special cases.

31. Coasultant, Physics Department, University of Temnessee,
Knoxville.
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1.4 DATA ACQUISITION COMPUTERS AND

REMOTE TERMINAL SYSTEM
Nancy A Betz??  R.A Dory
J. E. Francs 0. <. Yonts

A compter system was desigred and proposed’  for
ensuring rapid data sampling. siorage. and analysis for
the Thermonuclear Division exper'mental devices. Each
large experiment (ORMAK, IMP, Bumpy Torus) is to
have 2 small autonomous computer attached to a'low
independent (noninterfering) operation o the experi-
ments. However. to permit use of the mors powerfu!
computer facilities ai the computer center, these wil! be
connected through a central “pooling” computer and a
phone line to the computer center. The pooing
computer will serve to handle the encoding transmis-
sion, and switching of data between the experiments
and the large computer, and also very mmportantly, it
will provide on-site (Building 9201-Z, Y-12 Area) access
to the computer center (Building 4500, X-10 Area) for
computer users needing rapid job submission and data
retrieval

Detaied technical specifications have been prepared
and submitted for competitive bids. The system i
expected to be on hand by Jul; 1972, and in routine
operation by December 1972

1.S GENERAL THEORY; ABSTRACTS
OF PUBLISHED ARTICLES

15.1 Fiute Sabiization via Electzostatically
Confimed Cold Flectrons>*

G.E.Guest E.G. Harris*!

Flute instabdities driven by unfavorabk: magnetic
field curvature can be stabilized by a positive anbipolar

32. Mathematics Division.

33. N. Bet;, R. A. Dory, ). E. Francs, and O. C. Yonts,
Proposel for Computer Assisted Data Acquisition for ORNL
Fusio: Experiments, ORNL-TM-3593 (October 1971).

34. Abstra-t of published paper: Miys. Rev. Letr. 27. 1500
(1971).

sotential which confines coN clectzons ehctrostati-
cally. This mechanisn: does not depend or Ere-tving in
ihe conventional sen<e. We derive stability cntena and
hiscuss their relation to experitnental obse:vations.

152 Enmergy Tramsfer to loms from aa
Unmneutralized Electron Beam’*

M. M_Widrer'~ G.E_Gurst
R. A. Dory

Siasilaion studies of ihe response of an inhomogene-
ous plauma to an unneutralized electron beam have led
to an analytic theory of the energy transfer from the
beam 0 ambient ions. Energy s transferred to the
plasma by the ion-hybrid resonance and 15 retained
because of phase muxing

1.53 On the Desivation of the Quasiinesr Equations’ ¢
Janichiro Fukai®” E.G. Harris®!

A derivation of the quasilinear equations is given
hich is sufficiently general t¢ include damped waves.
The origin of some difficulties in previous derivations.
the conservation of momentum and energy, and the
origin of iireversibility are discussed.

35. Abstract of publinhed paper: Phys Fhuids 14, 2547
(1971).

3€. Abstract oi paper accepted for peblication in the Joswne!
of Plasme Physics.

37. Present address: Department of Physics, University of
Tennessee, Knoxville.
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2.1 INTRODUCTION

The idca that a plasma, consisting of energetic
elecirons hut cold ions, produced by electron-cyclotron
heating can be wused as a target for trapping of an
inj>cted, euergetic atcinic beam of hydrogen particles
(primarily by charge exchange) has been discussed in
previous annuai reports and elsewnere. Our objective, in
the past several months, has been the study of target
plasmas, their stability and corfinement, and particu-
larly the attainable density and target quality (n,/n,) as
a function of mac-oscopic parameters: magnetic field,

1. Instrumentation and Controls Division

0.C. Yonts

neutral pressure, applied if power, and, to a limited
extent, field shape.

Experiments have been caried out in two facilit.es:
INTEREM, described earlier, and «he new deep well
facility, IMP. A companson of the macroscopic param-
eters in the two facilities is given in Table 2.1. Eadier
experiments have shown n, ~ 1-3 X 10’! cm™ in
INTEREM with,

n,iftglmax =10

The initial experiments at the higher fields in IMP
indicate n_|___ scales as By>. Comparison of experi-
ments in simple mirrors at much higher pressure, in the
PTF and ELMO facilities, had previously shown a
similar parametric behavior.

Table 2.1. omperison of IMP and INTEREM Parameters

INTEREM MP

Magnetic field
Bo ~3kG ~10kG
K, 2 2
R, 1.2 .75
B, , 3.78 kG 121G

Heating power
Resonant 10.6 GHz (<15 kW) 36 GHz (<1 kW)

Nonsesonant 36 GHz (<1kW) 55 GHz (<10 kW)

Neutral density )
Base $x 10" Tom (1.8 x 10° em™?) <5%x 10~ Torr (1.8 x 10® em™?)
Operating no > 1.5x 10'® em™

Electron density
For wpp/wpe = | 1.3x 10'* em 1.4x10' em™
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A density scaling as B* is necessary if an electron-
cyclotron heated (ECH) plasma is to be used as a target
plasms. This is because shielding and beam trapping
considerations require densities of the order of 10'3.
about 100 times the density of the early experiments.
Miziowave power sources wore available at ten times
higher frequencies, corresponding to a tenfold increase
in B. Thus, from the first, the target plasma concept
was based on the assumption n o B2. The required
densities imply wp,?/w.,? 2 '5 at 10-20 kG. The
early experiments :n IMP show wpez lwe? =4 at10
kG.

In addition to the experiments in IMP, a series of
studies has beer carried on in the INTEREM facility to
determine the plasma shape and vclume when using
ECH in 4 magnet.c well. The motivation for these
studies is: (1)to establish quantitative comparisons
between total stored energy (nT;¥) and alternate
measu;ezuents of density and mean energy, (2)to
detennine if the plasma pressure influences the equilib-
rium distribution, and (3) to determine if the heating
process can be better understood with more complete
spatial distribution information. The results of the
experiments gave information on all three of these
points. Most illuminating is the evidence that resonant
heating, that is, heating of particles in the “resonant
zone,” has greatest effect when the particles are below
~100 keV. When low resonant power is applied, the
density profile, when unfolded, shows a strong peak in
P, corresponding to low-energy particles reflecting near
the resonant zone. When the power is raised, higher-
energy particles appear, in general clcser to the mud-
plane, that is, with larger p/L’. This increase in u/E
results only when particles are heated inside their
mérror reflection points; that is, when v; # 0. It is not
yet possible to determine if the spatial distributions are
strongly influenced by finite plasma pressure; nor can
we mal-e quantitative comparisons between predictions
from the taeory of “mirror” instabilities, since a
determination of the self-consistent equilibria, including
the proper influence of plasma pressure, has not been
completed. More detailed cal:lations of this type are
being undertaken.

2.2 TARGET PLASMA EXPERIMENTS IN IMP

The superconducting mirror-quadrupole facility IMP
became operational at midyear. OQur principal experi-
mental interest to date has been to secure data for
comparison with the hot-electron plasma in the IN-
TEREM facility, also a mirror quadrupole. We antici-
pate that the major differences will result from the

difference in magnetic fieid strengtas, or correspond-
ingly the microwave hezting fiequencies. INTEREM
operates with B, = 3 kG, a vactor of abcut % that used
thus far ia IMP.

Figure 2.1 shows a magnetic field corfiguration
typical of thoss we have employed in IMP. An 8-mm
microv ave supplv provides resonant heating at the
12.5-kG contour for nonrelativistic electrons. In addi-
tion, many expeiiments have made use of 5.5-mm
mic.owaves for off-resonance heating. The iwo mic.o-
wave supplies are continuous wave, sach nominally 1
kW.

The experiments are done either with steacy-state
plasmas or with those decaying from steady state. Base
pressures in the microwave cavity were usually in the
range 1-2 X 107% torr. An automatically zoatrolled
leak of hydrogen gas established the operating pressure
level.

Discussion of the four basic diagnostics follows:

1. A measure of hot-electron density n, is provided by
ionization current flow to a small positively biased
probe mcunted on the Z axis in the high field region
of one mirror coil. Measurements are made during
the decay of the microwave plasma, which has a
time constant of about 1 sec. Density is related to
the ionization rate by assuming that the hot elec-
trons are uniformly distributed along the £ axis
between the limits of the resonant contour.

2. A measure of the mean energy of the hot electrons
and a second measure of their density are provided
by bremsstrahlung resulting from ion-electron colli-
sions in the plasma. We use a single scintillation
spectrometer and reduce the data with an on-line
computer. The collimator is arranged to view across
the plasma through the B, point, at a very slight
inclination to the median plane. For reduction to n,,
we assume that the hot-electron density is uniform
across the resonant mod-B contour.

3. Diamagnetic pickup loops registcr total stored Wy
upon plasma decay. Calibrations fo: this diagnostic
weie provided by a driving coil of dimensions
comparable with the resonant volume, and the
calibrations were performed with the facility at
operating temperatures.

4. The background neutral denmsity, the ratio n,/n,,
and hence n, itself are determined by use of an
injected fast H® beam. The technique iuvolves
measuring charge-exchange signals from the ducay of
an injected fast-proton component and comparing
signals for trapping on the hot-electron plasma with
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Fig. 2.1. Typical IMP field configunation. By, the central field value, is 105 kG, and the compensation natio is 2.0. The broken
line indicates the outline of the micxowave cavity. The field lines and modulus B contours are for a plane midway between the
quadrupole “bars.” The field Iries are identified by their distance from the ceatral field line at Z = 20 cm, at the converging end. The
marginally dosed contour, B/Bo ~ 1.45, has an enclosed volume of about 2 liters; the resonant heating contour, B/Bg ~ 1.2, hasa
volume of about 0.5 fLiter.
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those for gas ionization trapping at the same cavity
pressure, that is. trapping with and without the
target. In principle, two estimates of target density
may be obtained: (1) from comparison of the
trapping rates as deduced from the initial amplitudes
of the decayinz charge-exchange signals and (2) from
comparison of the decay times, since the target acts
as an ionizing shiela to reduce the density of
charge-exchange centers in its inierior relative to its
exterior. Low signal-to-noise is the basic prcblem
with this technique, and this experiment is done

8,=100 \G
CR=25 .
500 watts 5 mm

+ e

u.ozdno"’uﬁ’

s nou.zuo"ms
ongx 2x10%em3

100 200 300 400 3500

200 300 400 500 O
8-mm POWER (wotis)

o 0

13

under computer control to average up to 10* decays
for a single experimental point.

Figures 2.2-27 indicate the nature of results ob-
tained with these diagnostics. Systematic variations of
target density with power levels of the two microwave
frequencies are reproduced by different methods of
measurement (Figs. 2.2, 2.3, and 2.5). Figure 2.6 shows
evidence for target shielding that also implies these
same systematic variations. Figure 2.7 is a quantitative
comparison of target densities obtained by different
methods. (The shielding effect indicated by Fig. 2.6
implies densities comparable with those obtained from
ionization current data, Fig. 2.7.) We hsve a spread in
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density deter=dnations of a factor of 7. At this stage of
our investigations, there are additional correction fac-
tors, easily of the order of a factor of 2, that are
required for each of the diagnostics. These factors arise
both from the basic mechanics of the n..asurements
and from their sensitivities to the plasma’s spatial
distributions in density and mean energy, distributions
which we have not defined in IMP.

Although we canaot definitively assign a density to
the plasma, the convergence seems headed to the order
of 3 X 10'2 cm™3, an order of magnitude higher than
in INTEREM and therefore implying a scaling like B2.
Additional support for this conclusion is found in other
have been in use for a2 much longer time. The systematic
wriainoss with resonant and nonresonant pow 3r levels
shown here are observed at both facilities. The spread in
quantitative density determimations by the different
diagnostics also appears at each facility, and a diagnos-
ticby-disgnostic comparison of the plasma densities
shows values higher in IMP by about an order of
magnitude.

The emphasis of work in progress is directed at
convergence of the density determinations and at
systematic studies of the plasma with wider ranges of
field configuration and ambient hydrogen gas density.
In this last connection, we are encouraged that brief
studies at lower ng values, down to ~3 X 10'® cm 3,
have indicated plasmas not very different than at ngy =
iX10'" em™.

2.3 TARGET PLASMA STUDIES IN INTEREM

We have continued the bremsstrahlung measurements
of the axial distribution of the hot-electron density in
INTEREM. These measurements are made with an array
of collimated detectors distributed along the axis
arranged to view the plasma at various Z positions. The
bremsstrahlung spectra obtained from each detector are
analyzed by an on-line computer to give the electron
distribution function at the corresponding Z location.
Although changes in the shape of the distribution
function may be noted, as a first step we use only the
integral information, that is, density and mean energy.
We have measured the profiles of density and mean
energy as a3 function of magnetic field, neutral gas
pressure, and inicrowave power level.

The variation with magnetic field is shown in Fig 2.3.
The position of the resonant field was varied by
increasing the strength of the mirror component of the
magnetic field; the power level was varied to give
approximately the same density for the three cases. It is
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seen that the peak of the density profile occurs nesr the
resonant field position in each case.

The varistion of the profiles with neutral gas pressure
is shown in Fig. 2.9. At the highest pressure, Fig. 2.9s,
the profile is peaked near the resonant field position. As
the pressure is reduced, Fig. 2.9b and ¢, the peak moves
toward Z = 0. At the lowest pressure, Fig. 2.9d, the
peak of the profile occurs at Z = 0.

The variation of the demsity profile with microwave
power level is shown in Fig. 2.10. This variation i
similar to that seen with neutral gas pressure. At the
lowest power level, Fig. 2.10s, the profile is peaked
near the resonant position. At the highest power level,
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Fig. 2.10d, the pesk is at the midplane. The profiles of
mean eneigy shown in Fig 2.11 behave similasty. At
the lowest power level, Fig. 2.11¢, the mesn caorgy i
low and relstively uniform along the axis. As the power
level is raised, the mean energy increases and the profile
shows a peak on the midplane.

It is possible to obtain profiles of the plasms presswre
components from the demsity profiles. The present
technique involves assuming the plasms perticles exe-
cute simple harmonic motion along the Z axis :nd then
finding the mean v)? and wy? for the distribution at each
point. The profiles of the pressure components, P) and
Py, as: shown ia Fig 2.12 for the dats of Fig 2.10.
These profiles sre sormulized to a pesk smplitude of
0.25. Also shown ia the figure is the ratio Pg/P; which
is a measure of the plasms anisotropy.

These resulis lead to several conchusions. It appesrs
that red cing the newtral gas pressure is equivalent to
raising the heating power, in thet they have similer
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effects on the gross plasma properties (plasma density,
energy, and volume). It seems plausible that the
effective heaiing rate should increase cither with in-
creased power or with reduced pressure. The increased
heating rate with power is a nstursl consequence of the
increased electric field, but the reason for the increased
heating rate resulting from lower pressure is less
tramsparent. As the pressure is lowered, the ionization
rate is reduced and thus less power escapes the plasma
volume in the form of low-energy pacticles. For a given
power input, the net power supplied to the plasma is
increased, thus increasing the heating rate per particle.
Another conclusion is that at the highest effective
hesting rate the plasams is confined near the midpiane.
Two explanations for this effect are possible. First,

there is apprecisble plasma diaw.'agnetism in some cases,
0 the plasma magnetic field may influence the equilib-
rium configuration. Sec~nd, if the particles gain perpen-
dicular energy at positions where vy # O, then their
pitch angle diminishes as their energy increases. Thus
the highestenergy particles would be nearest the
midplane, as otserved.

We have exanined the electron energy distribution
function when using upper off-resonance heating. In the
previous annusl report,? we stated that adding power at
8 mm (36 GHz) resulted in stable plasmas. The electron
distribution functions are shown in Fig. 2.13 for two

cases. The solid curve corresponds to a high-dessity

2. Thermonuciesr Div. Anmu. Progr. Rep. Dec. 31, 1970,
ORNL4688, p. 24.



plasma obtained with single-frequency heating at 10.6
GHz. This plasma is highly unstable. The dotted curve is
the distribution function obtained when using both
heating frequencies. This plasma is stable: that is, no rf
activity can be detected nor can low-frequency fluctus-
tions in the ionization current be seen. The principal
difference in the distributions is the increase in the
population of relativistic electrons when nonresonant
heating is applied. In the case of whistler instabilities,

e A n ok a
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Hedrick? has shown that refativistic particles in the
distribution tend to stabilize the mode, because the
spread of cyclotron frequencies coatributes to damping.
One might reasonably expect similar effects for the
other observed instabilities, the double distribution
mode, and negaiive mass.

3. C. L Hedrick, ibid., p. 6.




3. The ORMAK Program

3.1 INTRODUCTION

The most exciting thing about Tokamak devices® is
that they produce relatively hot plasmas in which the
jon thermal losses are not essentially greater than those
predicted for classical processes. So far, the plasmas
have not been hot enough to allow the ion orbits to be
affected, between collisions, by the gross shape of the
magnetic field. The qualitatively different regime in
which the ions are sufficiently hot to be affected by the
magnetic field is called the collisionless regime. This is
the regime in which a fusion reactor will opente.
Scaling considerations indicate that the ion temperature
in an Ohmically heated ORMAK will be sufficiently
high to put the plasma well into this regime. We are
particularly anxious 1o get a high-temperature plasma,
because there are some reasons (thermal conductivity is
~T-3/2 in the collisionless regime) to believe that the
thermal insulation will be greater at higher tempera-
tures, and on the other hand some reasons (the
possibility of instabilities caused by trapped particles)
to believe that things will get worse. We need the
experiment to find out. ORMAK is unique among
Tokamaks in its combination of low plasma aspect ratio
(A = R[r = 3.4), its relatively large minor diameter, its
high plasma current, moderate toroidal magnetic field,
and long pulse duration. The Russian Tokamak T-6
experiment,' which is now operational, has a very

1. lastrumentation and Controls Division.

2. General Engineering Division.

3. L. A. Artsimovich et al., paper CN-28/C-8, IAEA Confer-
ence on Plasme Physics aad Controlled Nuclear Fusion Re-
ssarch, "ladison, Wis., Juse 1971.

4. V. S. Viassnkov, E. P. Gorbunov, V. S. Mukhovatov, M. P.
Petrov, and L. D. Sinitsyms, paper CN-28/F-8, IAEA Conference
on Plesms Physics and Comtrolied Nuclear Fusion Ressarch,
Madison, Wis., Juse 1971.
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similar configuration but is presently limited to lower
design magnetic felds and shorter experiment times.
Other experiments in operation in this country, the
model ST* at the Princeton Plasma Physics Laboratory
and Doublet 11° at Guif General Atomic, have different
configurations but operate in the same range of
magnetic fields.

At present, Tokamsk plasmas are heated by the
toroidal current. This method of heating does not put
as much power into the plasma as we would like. We
expect in the future to increase ion temperaturss
further by energetic neutral particle injection — as will
be described in Sects. 1.2.3,3.4,and 6.

3.2 THE ORMAK DEVICE

Figure 3.1 is a cutaway \iew of the device. The
plasma fills a toroidal region having a minor radius 7 of
235 cm and a major radius R of 79.5 cm, giving the
p'asma aspect ratio A of 3.4. The toroidal magnetic
field is provided by 56 generator-driven coils held in
aluminum frames. Currents .;p to about 450 kA can be
induced in the plasma by conductors wound parallel to
the major circumference of the torus on the outside of
a surrounding 1-in.-thick aluminum shell. The combina-
tion of the imposed toroidal magnetic field and the
poloidal field produced by the plasma current itself
contributes to the equilibrium aid stability properties
of this kind of discharge. A small, nearly uniform
vertical field, necessary for controlling the position of
the plasma, is provided by conductors wound inside the
aluminum shell. The plasma region is surrounded by a
0.25-mm-thick stainless steel liner which is continuous,

S. R.P. Furth, Bull. Amer. Phys. Soc. 16, 1231 (1971).

6. T. H. Jemmn, A. A. Schupp, Jr., and T. oihn,u
Amer. Phys. Soc. 16, 1231 (1971).
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Fig. 3.1. Cutaway view of ORMAK device lllustsating major compontnts snd scces.

and separately pumped. A solid tungsten, azimuthally
segmented aperture (limiter) determines the minor
diameter of the plasma. The entire device is in an outer
vacuum region, and all parts will be operated at
liquid-nitrogen temperature. This low temperature re-
duces the resistivity of copper by sbout a factor of 8
and permits the use of coils with smaller cross sections.
To increase the inductance of the plasma driving
transformer, there is an iron core which with back bias
has a flux change capsbility of 055 V-sec. The
maximum design toroidal magnetic field is 25 kG and
can be held flat for more than 0.2 sec.

The mechanical construction of ORMAK was finished
in January 1971, and at thet time shakedown of the
components was begun. There were difficulties with the
vacuum system, with e generator control circuitry,
and with electrical breakdowrns, which kept us from
beginning operation until sbout mid-June. In addition,
the minimal-cost liquid-nitrogen cooling system actually
was unsatisfactory and had to be redesigned; so the first

phase of operation was st room temperature and
therefore at sbout a third of the design magnetic field.

We set as our objectives for this phase the checkout of
all the electrical systems and the diagnostics, with a
quick look at the properties of the plasma on the
philosophy that more significant resuits would be
obtained at full field. This limited phase was ended in
late summer with most of the objectives attained. All
the diagnostics were tested, but the Thomson scatter
Iaser, the soft x-ray analyzer, the optical spectrometer,
data because of interference from hard x rays in their
detectors. The complete generator regulator system was
not needed for room-temperature operation and was
not tested

By the end of the year the new liquid-nitrogen
cooling system was operational (Sect. 8.2 discusses the
character of the system in some detsil), the coils had
been cooled, and the vacuum was sbout 2 X 1077 ton
in the outer vacuum region. Testiag of the complete
toroidal field supply has begun, and at yearend,
regulated currents (~'% design level) have been passed
through the coils.



3.3 EXPERIMENTAL RESULTS

During the summer. approximately 100 plasma dis-
charges were made for which we recorded ioop voitage
and phsma cuwrent (by Rogowski loop) and x-ray
emission. On a few shots we have microwave inter-
ferometer data and 2 measurement of H, and H, light,
both of which are obscured by x-ray interference. In
addition. there is an indication of plasma positior: from
magnetic probe measurements. We were able to record
photographically hydrogen ;pectra and first ionization
levels of impurities that are probably indicative of the
initial breakdown phase of the discharge.

Fig. 3.2 shows one of our typical shots. In this case a
potential difference of 44 V was applied around the
loop at ¢t = 0, using a 20k} capacitor bark. No
preionization was used during these experiments, and in
this particular shot, breakdown did not occur until 1.4
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esec. (There i~ an initial step in current due to
conduction of the liner.) Tke plasma current rose tc a
peak of 84 kA in 34 msec. The voltage at peak current
was 0.31 V, implying a Spitzer conductivity tempera-
ture . 350 e\ . At about 10 msec the voltage had fallen
to less than ¢ V. This is the voltage at which a
transistor-controjled storage battery supply begins to
share the plasma current load. This supply was pro-
viding ali the cumrent during the latter part of the
discharge. When it was turned off at avout 95 msec, the
voltage swung negative where it was clamped by diodes.
There are small, positive, irregular step fluctuations in
the voltage trace and small, correlated negative steps in
the current signal. Frequency rexponse is limited in
both channels, however, to about 10 kHz, since
measurements are made outside the stainless steel liner.
There is considerable x-ray emission early and late in
the discharge but very little during most of the pulse.
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Typical dischasge conditions in easly ORMAK experiments. Plasms cutrent, voltage, and cur- sat derivative as a function




Some shots such as in Fig. 3.3 show a more regular
and marked pattern of fluctuations. The steps here
occur with a repetition frequency of ! to 1.5 kHz. We
have microwave interferometer scans but only in this
regime. These data show the line density rising abruptly
during a burst and then falling more than a factor of 2
along an exponentiallike curve. We infer from the
interferoineter data an average density of about § X
10'2 ¢cm ™. The voltage steps and sudden increase in
density were accompanied by bursts of very hard x
rays. The x-ray emission may be very great during a
burst, but the average level was of the order of 100
mR/sec — through 0.25 mm of lead and at a distance of
1.5 m from the source. Fivx centimeters of lead gave 2
film dose reduction of a factor of between 4 and 5. A
shadow experiment showed two sources of x rays — the
tungsten limiter and a 0.25-mm stainless steel electrode,
which is supposedly in the shadow of the limiter. The
initially sharp limiter edges showed a rounding at the
outer edge of the plasma of approximately 0.75 mm
radius extending a few centimeters about the center
line. Compared with this damage, the rest of the limiter
showed negligible effects. About 20% of the hard x rays
came from the stainless steel. This very thin electrode
showed almost no damage, implying that very little
average power is in relativistic electrons. In fact, only
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Fig. 3.3. Another early discharge comdition in ORMAK,
showing rapid carrent fluctwstions. Shot No. 87.
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Tablk 3.1. Comparison between ORMAK 2ad T-6 devices

ORMAK 1€
Major radius 5= MPcm
Shell inner radius 28Sm 25cm
Shell thickness 25 cm Al 0.8 cmCu
Limniter radizs 235m 1Sto28 cm
Toroidal magnetic ficld 7 kG warm Data 3t 7 kG
25 kG cold 15 kG design
Plasma current 90 kA warm 45 kA
400 kA cold
Pulse duration >0.1 sec 1S meec im
present
experiments

hundreds of microamperes of 1- to 3-MeV electrons are
required to account for the observed average x-ray flux.
and if all of the charge represented by these fast
electrons were circulating simultaneously, it would
account for less than 5% of the total current. The
possibility that a much larger fraction of the current
was carried by not-so-energetic rirawry electrons can-
not, however, be ruled out.

The same behavior as has been seen in ORMAY has
been observed in the T-6 experiment, which has about
the same configuration. In addition the T-6 magnetic
field is the same as in our first experiments. Table 3.1
presents a comparison of the two devices. There is an
even greater similarity in results when we use only the
capacitor bank. The T-6 group made poloidal beta
(poloidal beta = §, = rativ of kinetic pressure to
poloidal magnetic field pressure) measurements® which
showed that along with the x rays, there was a svdden
increase in transverse plasma pressure accompanying 2
burst. The T-6 data also showed the discharge shrinking
in minor diameter with time. We infer, however, from
inductance measurements at turnoff tiiat the currest-
carrying cross section in ORMAK is at leadt two-thinds
of the aperture size at this time in some cases, Also,
position measurements showed only small outward
shifts of about 1 cm along with smaller oscillating
movements with amplitudes of ~2 mm. The quantity
Bp + 12 (; = plasma internal inductance) was calcu-
lated from the equilibrium condition of the plasma,
chowing an increase toward the end of this discharge
which may imply a shrinkage of the plasma curres?
channel. Figure 3.4 illustrates the outward shift and the
quantity Bp+l,12 for a discharge whose characteristics |
and V are also shown. We are unable to reconcile thess
observations with the interferometer results which show
large fluctuations in line density slong a vertical minor
diameter. The ORMAK and T-6 both operate in sbeut
the same pressure range. ORMAK gives good results
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Fg 34. Plasma column shift measurements. (¢) Discharge
cmreat and cwrent derivative. (5) Discharge loop voltage. (¢)
Measwred radial outward shift. (d) Calculated g, + €,/2. By = 17
G for this discharge condition.
only for filling pressures below about 2 X 10™* torr of
H;. At higher pressure there is a breakdown, but the
discharge goes out as soon as the capacitor voltage has
fallen slightiy.

At picaont, the procass responsible for the burst
phenomena is not understood. The question is whether
or not the fast electrons carrv the bulk of the current.
On the one hand, there is sufficient time early in the
discharge, when the loop voltage is high, for electrons
to be accelerated to relativistic encrgies. It seems
unlikely (but not impossible) that some roughly con-
stant fraction of these electrons is lost in each insta-
bility burst. The evidence from the T-6 experiment.
which showed a suddenly increased transverse plasma
pressure, might indicate some instability which transfers

energy from the relativistic electron population to the
rest of the plasma. Again. one would not expect this
process to invoive just a2 small fraction of the total
population of the fast eiectrons in each burst. Unfor-
tunately, ve do not have reliable time-resolved x-fay
intensity information which would show a dump of
rema‘ning celativistic electrons, if any, at the time of
turmoff of the pubse. On the other hand, the electric
fields present on the average during the main part of the
discharge are much too small to accelerate cold elec-
tron.. to relativistic energy berween bursts. These Istter
fields sre orders of agnitude below the critical electric
field for production of runaway electrozs. The possi-
bility of very large electric fields within the plasma due
to sudden change. in the current-carrying capability of
a region in the plizma cannot be ruled out. This effect
would not be seen outside of the liner. Another
remarkable feature is th: small fluctuation in loop
voltage from burst to burst. If an electron temperature
is responsible for the resistivity. one would expect
rather iarge changes, Lut if mcst of the current is
carried by iast electrons, the loop voitage might be low
and nearly independent of the burst process. So the
picture is obscure. There should be jess tendency for
this tvpe of behavior at the higher magnetic fields and
with the use of preionization. Some of our experiments
did not show large x-ray emission during the main pant
of the discharge, and also, the Sovie! T-6 team reports®
that there is an operating regime, dependent upon
chamber conditions, in which these bursts do not occur.

34 RELATED THEORY

The effect of the electric fields on the ions produced
by fast neutral injection has been of some interest this
year. The radial electric fields produced by separation
of the fast ion from its electron have been evaluated
and are discussed in Sect. 1.3.3. The effect of the
electric field driving the plasma current has also been
investigated. We found that it could affect the slowing-
down process significantly. Aside from the direct effect
of accelerating or decelerating the fast ions, it also
produces an electron drift (J/en) along the magnetic
field which leads to an enhanced friction between :he
electrons and fast jons.”"* In addition we found that
the existence of a bootstrap current Jg in the plasma
driven by density and tempersture gradients also
contributes to the electron—fast ion friction. We have

7. A. V. Gurevich, Sov. Phys. JETP 13, 1282 (1961).
8. H. P. Furth sad 7. H. Rutherford, to bn nublished in
Physics of Fluids.
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Fig. 3.5. Contowr piot in veiociiy spece for voritent distribution function /o £ = 30 keV, E® = 0.8 V/m.

shown that ali three effects can be included i the
calculation of fast-ion slowing down by introducing
into the kinetic equation an effective electric field:

=1:[ (1-:95/ +tngdy . (1)

where from Rosenbiuth et al.?

Ti\w

ZT,)n

nT, /rl /
Jy= B, E;-M&(H

T, 7]
.._‘.99_"2_5. )
Tt Zl' TCJ
and n, is the Spitzer resistivity. The fast ions have
charge Z,. while the plasma 10ns are assumed (0 have
charge Z;> 1. If Z; = | the coefficients of #', T, and T;

9. M. N. Rossnbluth. R. D. Hazeltime, snd . L. Hinton, to0
be published in Physics of Fluids.

in Eq. (2) become 2.44, 0.69, and 0.42, respectively,
since electron-clectron ¢Sl sions become significant.
We have solved the equation

E* 9f,
eza rral 3; ’afa-fg")" a{.-ff) .

a

where (U, fy/ is the Landau collision operator and
!“isahlaxwe!lnn all non-Maxwellian effects are
inchded in E®* A contour plot of the resultant
distribution function f, is shown in Fig. 3.5, showing
the pesking around «he injection velocity ve. This
pesking is very much enhanced by the action of £°.
Figure 3.6 shows one inieremiing consequence of the
peaking of f,. The plot shows the power deposited in
the plasma by the fast ions relaive 1o the injection
power /o W, as 2 function of £%/n.

The total current [a the plasma incresses because of
the fast-ion current J. Since these fast jons ase held in
equilibrium mainly by the dectron friction. the excess
power is deposited in the electrons. At moderate
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Costreaxing refers to injection in the direction of the plasma

anzest; conMsrsteaming o injection opposite lo the dissction
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densities this could lead 10 electron thermsal runaway.
in addition, if we reduce the plasma current in ovder to
keep the towl current consiant, we will create a peaked
current distribution in the plasma, since we can only
sffect the external layers of plasma current because of
the skin effect. £° inside the plasms is relatively fixed,
especially that portion given by n/,. The net come-
quence of these effects is n A clear. but logether with
the radis! £ field effects described in Sect. 1.3.3, they
indicate the need for a vigorous and thorough experi-
wental investigation of neutral injection heating.

3.5 DIAGNOSTICS
3.5.1 Thomeon Scatter Experiment

During the “w-magnetic-field experiments an attempt
was mei¢ \0 measure the density and temperature of

the electrons with a sisaplified version of the Thomson
scaner experiment previously described.'® Unfortu-
nately, the high level of x rays emitted during 2
discharge produced noise sigrals which swamped any
possible Thomson scatter signal. The ratio of x-ray-
broasdened signel 10 expecied signal was in excess 5f

100 to 1. A lead shield structure has been constructed
and installed to screen the detector system against both
direct and scattered x rays.

The original design was simplified 10 a single spatial
point measurement. This was done (o permit alignment
under vacuum at liquid-nitiogen temmneratures, using a
reiraciadie alignmeni prove.

Under optimum conditions, Rayleigh scatter measure-
ments, using nitrogen, have been made with a unity
ratio of Rayleigh scattered signal 1o stray sca:tered
signal for a (illing pressure of 30 tocr. For the current
experimental configuration, which has no input baffles,
this ratio is unity for a nitrogen pressure of about 450
torr. A recvaluation of expected scattered light in-
tensity for this experiment suggests that for a plasma
with a 500-eV electron temperature snd a demsity in
excess of 2 X 10'? cm™>, the mesmwements of
\emperature and éensity can be made with sbout 10
and SO% accuracy respectively.

An entirely new apparatus for Themson scattering is
now being designed which will permit alignment at
liquid-nitrogen temperatures and movement (o different
spatial points between discharges. This new system &
slso expected to give 3 fivefold increase in scaltered
signal sessitivity.

3.5.2 Other [xagnostics and Plasme Production

The neutral-particle spectrometer device could not be

tested during the first series of experiments becanse of
very sewere detecior background produced by the x rays
from the discharge.

The 2-mm Zebrasiripe microwaw aderferometer is
instalied and operational.

The optical spectroxcopy equipment is installed,
operational, sad ready for plasma diagnostics.

The dssic magaetic and dlectric pissma diagrostics
were tested during low-field operation. and no major
problems were encountered. A duplicaie set of inputs
has been interfaced into the PDP3 computer. This
sddition is expecied 10 improve the reliability of dsta
acquisition.

10. Thovmonuciesr Div. Ansn. Proy. Rep. Dec. 3. 19N,
ORNL 4GS, soct. 3.5.1. pp. 57 -60.
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Three additional schemes of prejonization have been
added 10 the existing loop voltage breskdowns forv

sttempied operation at {illing pressures higher then 2 X
107 toir. These three methods include applying a

pulse of up 1o 40 kW of 8-xum microwave power 10 the

gas. shining 2 low-powet, dc uliraviolet light onto the
gas. and exposing heated filaments 1o the gas.

353 Compmter-Diagnestics imterfacing

The Linc$ computrr has Leen interfaced to ORMAK
10 measure and record the following parameters as 2
function of time during machine pulses:

1. toroidal megnetic field.
2. toroidsi magneric field coll current,

3. vertical plasme position,
4. horizontal plasma position,

5. wrtical magnetic field.
6. toroidal loop voltage.

The meximum time difference far corresponding values
of *wo variables is 0.% meec. The raw data are displayed
of the Linc¥ oscilloscope.

Software has been developad 10 record the dsta on
megnetic tape and sho recad the dats from tape.
Provision has been made for ‘asasuring eight additional

varisbles. nsing the computer A/D converter when
sensors become available. Charge-exchange dats ac-
cumuisied by the lHuclear Deta model 180 muhti-
channel anslyzer can be recorded. Al data sre recorded
with an identifying shol number and the date to
provide correlation of data. Figure 3.7 illustrates the
basic system. The use of this system: climinater one
osclloscope for easch veriabl: measured. Hardware is
under development to add the beer scatter expertment
to the computer interface. In add.ition. software is being
ssembled tc permit on-line/ofTline analysis of the
stured data.

3.6 ENGINEERING
3.6.1 Toveidel Field Cod Power Supply

The primary problems in the initis! gemerator rege-
istor were electrical noises chenging the siate of the

flip-Nops in the logic circuitty and cros talk between
turm-on snd turn-ofl commends in the SCR switching
amucisied with the generaicy fields. The first problem
was corrected by adding pukic janerating circuits thet
are level sensitive rather than trigger pulse time sensitive
and then filteving the voltage levels hefore letting themn
into the reguistor chassis. The second problem. how-
ever, required s complete reworking of the electronics
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in parts of the generator field driving sunroly and
switches. Closed-core pulse transformers were wound
and used in the firing circuits for the SCR’s, removing
the cross takk.

Since ORMAK uses four times the rated drive voltage
on the generator fields to achieve the necessary rate of
current rise, the existing overvoliage protection relays
were toc iww 1o offer definite protection to the
gevenator against flashover. A fast electronic sensor was
built and installed and is to be checked out. The
overcurrent protection circuit breakers were modified,
calibrated, and set 10 trip 2t approximately 1%} 'ires
the design current.

The piimaiy cifcuii breaskers beiween the generator
and ORMAK were rebuilt twice, and adjustments were
made several tlimes to try to get them to close
changed 10 get the breakers to close more nearly
together, which necessitated changes .i: the experi-
ment-finish circuitry in the genziator regulator.

An instrument has beer built and is now used to
monitor the current throvgh, and the voltage across, the
six bus-bar pairs at the iocations where each enters the
vacuum, tank. The primary purpose of the instrumen-
tation is fault analysis. vhich is applied to the Ohmic
hesting and the vertical 1,%ld as well as to the four
generator systems.

Following the resolution of these difficulties, the set
of four generators was successfully current regulated
(eacls individual genierator current is compared with the
average) ai sbout one-third the design current leveh.

3.6.2 Control of Transistor-Bettery Power Supplics

Lange transistor-controlled storage battery supplies
are used for inducizg plasma current and for the

production of the vertical magnetic fleld. We have bad a
higher failure rate of transistors in these supplies than
we had hoped, but ik trays in which these transistors
are mounted are ¢.sily replaced inaividuaily, and from a
practical poiat of view, the problem has not been a
serious onc. in the present arrargement the circuits are
protected in such a way that failure of one componeat
cannot cause other components (o fall. These two
systems were opersiad in open-loop fashion during the
summer. We are prepsred now to operale in a closed-
loop mode which will permit thr. current wave shupe to
be controlled in an arbitrery manner within the
limitations of the voitage available from the battery
supplies. The capebility for incressing the current from
the plasma current supply is 107 AJsec.

3.6.3 Electrical Insulation

Two distinct schemes of insulation were used to
isolate the various coil systems from adjacent conduc-
tors. The toroidal field coils (essentially 56 identical
pieces) were wrapped with glass tape and coated with
vacuum-impregnated ¢poxy applied with a precise
mold. The plasma primary and vertical field coils
(essentially 54 different shapes) were wrapped with
glass tape and then hand coated with epoxy which was
heat cured without any molds.

In practice. there have been no electrical breakdowns
associated with the toroidal field coil insulation and
nany individuai, iocaiized breakdowns with the plasna
primary coil insulation. Momt of these latter coil
difficulties have been associated with a breskdown from
coil to torus through the epoxy insulation or near one
of the joint areas where the coil insulation, of necessity,
stops. Each of these individual breakdowns has been
fixed by inserting insulation (Mylar or Nomex) at the
proper place. In sddition, the general occurrence of new
breakdowns has been virtually eliminated by using the
9:1 tums ratio connection on the plasma primary coil
rather than the highe:-voltage 18:1 connection. The 9:1
ratio will be used until an improved insulation can be
installed.

During initial cxcitation tests of all coils in combina-
tion, it was found that there were frequent occurrences
of bus-tc-bus shorts on the toroidal field coll feeders
within the vacuum system. These high-energy shorts
fortunately onty damaged the cooling-line insulators on
the bus feeder and not the coil leads themselves. The
cxtent of the damage to the insulators was frequently
enhanced by the bouncing of the main circuit beeakers
applying finite generator voltage to the low-level short.
The shorts were apparently caused either by localized
pressure bursts up into the critical range for voltage
breakdowas around the insulators, or more likely by a
reduction in insulation integrity by earlier plasma
current coil breskdowns which faintly copper plated
much of the surrounding insulation. In any case,
removal of most of the possible gas sources, recoating
the epoxy insulation, using Nomex sheet insulation at
all critical locations. and carefully bresking vp any
breakdown peths resulted in a complets cessation of
bus-to-bus breakdown.

3.6.4 Cooling

Vacuum lesks in the electrical insulatz:z (~300 t0tal)
on the cooling lines inside the vacuum tank have been a
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source of constant diificulty. The original insuiator
used 2 compression joint applied to a2 Lexan tube; this
joint appears to require very precise instaliation and is
susceptible to flexing. Following a considerable number
of leaks and repairs, a copper-to-copper fitting with a
cast epoxy insulator was tried as an answer to the
vacuum leak. This insulator. unfortunately, was more
susceptible to the electrical difficulties described above
and was replaced with a standard giass-to-metal seal
insulator. The glass insulator satisfied the electrical
requirement and seemed to satisfy the vacuum required
but was susceptible to breakage. A standard ceramic-to-
metal seal was then tried, and it satisfied all the
requirements, with the aggravating exception of ocsa-
sional vactum leaks at the metal-to-metal joint made at
installation. All insulators are now the ceramic-to-metal
seal type, and the last remaining difficulty appears to be
associated solely with the procedure ‘or making the
joint and is being remedied with improved techniques
and materials.

36.5 Injection-Relsted Changes

Design efforts have been concentrated in three areas:
the neutral beam injectors and adaptations to the
injectors to fit ORMAK ; modifications to ORMAK to
accept the injectors; and basic improvements to
ORMAK that can best be accomplished at the time of

Although the basic injector has existed in the labora-
tory for some time, it was necessary to begin design
studies aimed at sapyorting the injector in the hori-
zontal plane, at providing a small amount of flexibility
in the angle of inject.on, and at providiig the necessary
jannping to prevent excess gas from encering the plasma
chambt-er. The injection angle flexiility should allow a
test of the theoretical model (Sect. 1.2.3), which
suggests varying degices of success with injecion as 2
function of the injection trajectory in ORMAK.

The primary modification to the machine is the
remodeling of eight toroidal field coils to allov. tan-
gential access for the four 8.8-cm-diam neutral particle
beams. Each of these modified coil pairs produces a
maximum error field of about 100 G near the surface of
the plasma with an extent comparable with the coil-to-
coil spaces, that is, 2 few centimeters. Auxiliary coil
compensation is being considered. Leser modifications
to the plasma primary and vertical field coils, torus, and
vacuum tank ports are also necessary.

Since installation of the injectors necessitates de-
mounting of all the toroidal field coils from the torus

and the removal of the liner, a few basic improvements
to the machine are made feasible. One of the improve-
ments is the building of a plasma liner with additional
clearances, tighter tolerances on fabrication and assem-
bly, and an improved, tested method fo: making the
many demouniable vacuum seals for diagnostic entry,
in addition to the necessary changes for injection entry.
A second change is in the scheme of insulation usea to
separate electricaliy the plasma primary and vertical
field coils from the iorus; an improved method of
insulation oased on experiences with the preseat
epoxy-glass tape procedure is being investigated. A third
item is the movement of many of the cooling pipes and
electrical buses to positions sHiowing essier personnel
movemer:t and machine access.

3.6.6 Back Bis

The initial plan for back biasing the core of the
plasmadriving trausformer relied om remamesce. In
practice, air gaps in the core were too large for thir
system to work. A system which provides a steady
supply is inductively isolated so tnat the bias current
does not change during a discharge. The 0.72-Vsec
capacity of the core was determined with an induction
of 360 Oe. Using the steady-current system, a more
practical back-biss level becomes 5 Oe, yielding a
volt-second capability of 0.2 V-sec from the negative
(back-bias) direction and 0.35 V-sec from the positive
direction for a total flux change of about 0.55 V-sec.

3.7 FUTURE PLANS

We icel that we are close to having an operating
device at full design levels and can begin experiments
looking at some crucial questions concerning
Tokamaks. Questions such as the effects cf jow aspeci
ratio and of operation in the regime of relatively low
collision frequency can be investigated, :nd, perhaps,
because of the relatively large bore and high tempera-
ture, we will begin to see the effect of finite penetration
time of current changes in the plasma. We expect to be
occupied with these questions until late 1972, at which
time we intend 2 major shutdown for instalistion of
two and perhaps four of the newtral-particle injectors
developed by the EP1 Group. The additional energy
input from these sources will allow us to move fusther
into the region of low collision frequency and should
indicate the usefulness of neutral injection as a tech-
nique for heating still larger devices.
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4. High-Beta Plasmas

4.1 HIGH-BETA RELATIVISTIC ELECTRON
PLASMAS IN AXISYMMETXIC
AND NONAXISYMMETRIC MIRRORS'

R.A.Dendi®  G.E.Guest
H.O.Easson  C.L. Hedrick
P.H.Edmonds J.T. Hogan
A.C. England

Plasmas with AT, ~ | MeV,n ~ 10'? cm™, and
stored enecrgies a5 high as 360 J in a volume of 2 liters
bave been produced and confined in a 2:1 mizror trap
(E1M0) winmg simuitancous resonant (35-GHz) and
off-resomant (55-GHz) continuous-wave microwaves.
The stuble, steady-state, relativistic electron plasma is
confined in an axisymmetric mnular region near the
midplane of the mirror trap.

The self-consistent magnetic fielt has a minimum in
the snmular region, 50 that the main body of the plasma
is in 2 magnetic well. The outer surface of the plasma is
in a region of unfavorable curvature and is stabilized by
ine tying to condus' ‘ng end walls. The amount of cold
plasma required for particle equilibrium exceeds by two
ovders of magnitude that required for stability.

A new machine (the canted mirror) has been con-
structed to study the limitations on equilibriur) and
stsbility of a high-bets plasma ring resulting from
deformation of the initially axisymmetric mirror trap
into one sector of a “bumpy torus™ geometry. In these
experiments the mirror coils are mechsnically rotated
through equal magles in opposite directions about
perallel axes which are perpendicular 10 the original axis
of symmetry of the mirror. The effects of the high-beta
plassm equilibriun: on the nonaxisymmetric confire-
ment geometry are being ascertained. This experiment
is the first step in a program whose eventual goal is a
wroidally confined plassma incorporating 2 set of

1. R. A. Dendl et al., sbstract of Paper CN-28/G4, IAEA
Confevence on Plasma Physics and Controlied Nucisssr Fusion
Remurch, Madison, Wis., June 1971,

2. Imstrumentation and Controls Division.

4.2 THE ELMO BUMPY-TORUS EXPERIMENT?

R. A. Dandi? G. E. Guest

H. O. Eason C. L. Hedrick

A.C.Englnd  J.C.Sprott
4.2.1 Introduction

For mmy yeass, toroidal magnetic traps have been
sttractive from a fusion reactor standpoint because
classical confinement in closed traps would permit an
advantageous scaling of plasma loss rates with size, a
scaling which is not possible in open-ended traps. The
ﬁctthtﬁ\demdummtmﬁmdiam

modeled after exm stable, sicady-state, high-beta,

required for amemment of the bumpy-torus approach.

3. Expandod sbstract of ORNL-TM-3694,




in advance of such 2 study, we cite experimental and
theoretical evidence to support our expectation of an
optimistic conclusion. These arguments are summasized
briefly in the body of this report. They do not permit a
unique prediction of the outcome of the proposed
experiment, but they do make plausible the expectation
of adequaie control for meaningful experiments. In this
regard we shall discuss single-particle confinement on
the drift time scale as well as joss rates on the longer
scattering time scale. It i not posible to predict
uniquely the high-beta equilibrium resulting from the
interplay between particle creation, heating, and loss;
but we do indicate the type of study being undertaken
0 {acilitate a combined oxperimnental snd theoretical
analysis and coantrol of these obeerved equilibria.
Similarly, stabuity cannot be discussed in depth until
details of realistic equilibria are known, aithough several
heuristic guidelines are presented here.

The key stability feature is interchange stability of
the hot-electron shell, mistor confined in each sector of

and W
S
S. W. 8. Ard, R. A. Dendi, A.C. England, G. M. Haes, and N.
H. Lazas, p. 153 in Mesme Physics and Owwrolicd Nuckew
Ressarch (Proc, Couf., Cullem, 196S), vol. 11, JAEA,

6. W. B Ard, M. C. Decker, R. A. Dandl, . O. Esson, A.C.
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and W. B. Pardos, ods.) (Benjamin, New York, 1968); alee, R.
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Oucilianis ¢t ks Pimwss (Sacky. Feance, 1968), vol. ), p. 161
(T. Conesll, ed).

8. R. A. Dendt, ). L. Duninp. H. O. Essen, P. H. Cdmonds. A.
C. Engand, V. ). Hevmann, and N. H. Lazes, p. 43S in Flesne
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energy belance, ard the estimated plasma parameters to
be achieved in the proposed device.

The key equilibrium feature is a aecoclassically com-
fined toroidal composent whoset existence is Lased
primarily on theoretical studies, and therefore is 2
central experimental objective of the oresent proposal.
We bring to bear on this objective several aportaat
resources: a steady-state heating technology, tested
diagnostic techniques, and several semsitive coxtrol
parameters.

4.2.2 High-Beta Experiments in Open Traps

Misror-confined, high-beta, hot-electron plasmas have
been studied extemsively in openended traps, both
straight (i.c., with szimuthsl symmetry) and canted
s o model ome sector of a bumpy torws. The
conciusions of this work are:

I. stchility agaimst flute modes is obtaimed if the
-!‘ieatpmmdndﬁdvﬁtdm
10™° tom,

2. high-beta equilibrium resuits if the mitror ratio
between resomant surfaces exceeds a critical valwe

around 1.2,

3. high-frequency stability i« achisved by off-resonent
heating if the cff-resonemt power exceeds a value
sround 10% of the resonant power,

4. maximum values of § obtained experimentally ase

weakly dependent on the cant angle and §2> 0.5 for
the 15° cant chosen 10 model a 24-gector torus.

4.2.3 Pasticle Coufinonmnt snd Equillisiom

1959), vol. 1N, p. 340, snd vel. IV, n. 417; C. Gibwss ot al.,
Phys. Fluids 7. 548 1 i964Y; A. ). Movecov snd L. $. Sebov ¢,

® Arviews of Pleswm Physics (M. A. Leomavich, od), 2 267 W,
(196X B B. Ksdomisev, op. cis.. 170,
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These effects must be studied in close conjunction with
the experimeats, since there is no unique pressar
profile which can be comfined i the device. Our
program is therefore to optimize the vacuum field at
preseat, rud (o develop the anslytical and experimental
techmiques for study aad control of the equilibrium.

The most significmt feature of the guidingcenter
drift aurfaces is their inward shift, that is, toward the
mgjor axis of the torus. This shift is partially character-
ized by the ratio of the two radial points at which the

depend on the particle pitch angle, given, for example,
will b lost (e.g. by siriking the inner wall) depends

anisotropy approaching that obtsined in open-ended
traps and select a misror ratio of 2:1 to avoid loss of

oquilibrium 3t high beta from the socalled “wisror
instability.”
in addition, we have attempied 10 select a coll design

no current along the magnetic field, kink modes are not
a problem a5 in the Tokamak. The microinstability
problem should be less severe tham in the open-ended
device, since the pressure anisotropy is lessened and the
loss come is at least partially filled. Thus the ofl-
resomait hesting techniques which gave microstability
in open 1008 should be more than udequate (o stabilize
the toroidsl plasmaes.

A verticularly sensitive question in these studies is the
coatinved stability of the hotelectron plasma. The
observed stability has been ascribed to various forms of
“line-tying,” although there is evidence 10 indicate that
condur.ting end plates are aot necessary fo- stability. In
fact, there is considerable evidence suggesting that the
stabilization stems from the sleciiostatic confimement
of a cold-electron component produced by ionization
of the ambient backgrowad gas. We propose to investi-
gate, theoretically and experimentally. the conditions
necessary for stability of the plasma surface. At present
we are encouraged Yy the mamy obeervations of
stability in straight and canted mirrors 20 long a5 the
presmure exceeds its critical value.

4.2.S Masma Hesting and Corfinement

Owr iwmediste proposal is 0 heat the plasma with
microwave power, just a8 in the ELMO sad earlier
experiments; although additional hesting techniques
such 23 newtral injectioz might merit serious considera-
on at 3 later date. With microweve heating, the
steady-state plasma parameters ase determined by the
competition between heating and loss, the electrons
being heated divectly by the microwave power, the ions
indivectly vis Coulomb collisions with the electroms,
just as in Tokamaks. The los processes are not yet well
wnderstood, since no definitive confinement experi-
ments have yet beem performed in siomilar toroidel
devices. Heve we shall asname the electrons 10 be jost at
the neoclessical rate (ie., at the rate inherent with
salistic toroidel geometry and clamical collisions with
»n0 trbulent enhancement). lons ness the surface of the
plasme ase lost mainly by charge exchange, while the
inmes ions mey exhibit the asoclassical los rate. With
microwave power densily asound | W/cm?®, 2 toroidel
plosms of 10 cm™® with 7, 2 | keV and T; ~ 0.5
BV can be sustained. A significant festure of the
microws~e technology is the degree of control pomible
by the wse of sesomant and off-resomant frequencies,
since the off-resonant power is sheorbed almost entively
by the high-energy eloctrons.



iven afTirmative answers to the questions of stability
Mm'mlbhwhﬁemmm'“
is important 10 consider the eventual extension of this
scheme 10 higher magnetic fields capeble of confining
stely asise: (1) will synchrotron radistion from the
selativistic electron annulus become prohibitive from an
i mic standpoint, and (2)can ome realistically
surface cwrent. Calculations have shown that the
synciwotron radistion remaias a negligible energy bur-
den in plasmes sbove the Lawson criterion. in response
1o the second question. wi advance a supplementary
in which charged reaction products could
provide the surface cwivent, should fields beyond the
existing microwave technclogy be desirable. The com-
trol required for shaping the swiace current via an &y
of scimwner probes is being developed in comjunction
with the study of the high-beta equilibrium.

4.2.7 ELMO Bumpy-Torus {EBT) Tocknology

The proposed experiment has been desigaed 10 take
ment a5 possible. EBT wili wse existing microwave
sysiems ai 3 grest cost saving and Nitle corepromise in
the experimental objective. The same is true of hollow
copper magnetic-ficld coils, 10 MW of dc gemerator
“‘"”'I room and waau.mm“

The hotelectron plaama diagnostic cape-

bility and the microwsve plasma production technol
developed over the last Jecade are in themseives distinct

cavy-over asuets. in gemeral we fel that we can mount
3 program (o imvestigate a very interesting toroidal
confinement regime with a rather impressive exgeri-
mental vehicle achievable st modest comt and smal

extension of our existing technological capsbility.
4.3 MACROSCOFIC INSTABLITY STBSULATION

F.R. Scon?'3 R—A—M

Becywse of the large emergy storage in reletivistic
clections wndey MMW.M.'
rmpid but controlied method of releasing this energy
whw-‘d.'.hmm” i
methods. Previowsly seported work!4 de

13. Consultant, University of Tennsssse, Knoxville.
14. R. A. Dondl ot o, Plaswss Phys. 12. 235 (19M9).
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acceleration of electrons © at least 10 MeV and
deuterons 10 at least several hundred kilo-¢lectron volts
when the high-beta ring went violently unstable as the
base pressure in the svstem was Jowered. Recently we
have been able to imitiate several types of amomalous
hotelectron ejections by pulsing a curreat through 2
single-turn water-cooled coil 6 cm in diameter placed on
axis ot the midplane of the ELMO cavity. Preliminar
data on x mys detected on am axially collimsted
detector indicate thet 2 rapid increase in the loss of
high-energy electrons cccurs axially during the first 3
pssc of the 10ysec curent pulse. The amplitude of
these x-ray signals increnses faster than ncarly with the
inisiating cusrent pulse, indicating that with a2 modast
increase in the cusrent amplitude 3 much larger wxial
loss of electrons can be triggered. So far, omly mimor
encrgy icess heve been observed.

decay of this instability the relotivistic eloctroms scatter
off the coid-plssma fuctustions. in addition 10 this

4.4 PULSED MICROWAVE HEATING
EXPERIMENTS IN ELMO

RA.Dend? R L Livessy
H. O. Easos M. W. McGuflin

A.C.Eagand J.C.Sprott

A high-power (200&W), pulsed (~] psec at 1000
pulses/sec), 93751z (3-cm) sdicrowsve sowsce was

R




4.5 NUMERICAL CALCULATIONS
OF OFF-RESONANCE HEATING! §

1.C. Sprott

The off-resonance heating that is observed in hot-
clectron plasmas at Oak Ridge and elsewhere is ex-
plsined in terms of harmonic resouances, appropriately
modified to include refativistic and Doppler effects. A
theoretical expression for the heating rate is proposed
and is found to agree with the results of a computer
smulation over a range of parameters. The theoretical
heating rate is evaluated numerically for several special
cases, including a umiform magpetic field, a mirror field
with 2 2:) mirror ratic, and s lage-aspeci-raiio bumpy
torus. The enhanced axial loss observed experimeatally
with heating below the cyclotron frequency is ex-
plsinec by sbsorption at hammoaics of the electron-
bovace frequency.

4.6 POLARIZATION OF FREE-FREE
BREMSSTRAHLUNG FROM MAGNETICALLY

CONFINED PLASMAS
R.A.Dasndi? R L Livesey
4. 0. Eason M. W. McGuffin
A C.England J.C. Sprott

The bremusrcahlung radistion arising from electron-
jon collisions a not emitted isotropically and is polar-
ized. In 3 magmetically comfined plasma, where an
smisotropic electron distribution is found, there can be
a net polarizatin of the radistion emitted mormal to
the fiedd Measwerments made on ELMO at several
photon encrgics between 10G and 400 keV have shown
a polerization of less them 1%. Subsequent numerical
calculations, based e the theoretical calculations of
Gluckstern and Hull,’ ¢ have shown that the expected
polesization from a Righ-tempenature (7, ~ 1 MeV)
pliome in a 2:1 miror showld be less than %,
congistent with the meamurements. This & 0 be
contrasted with the large polarization expected at lower
tempenatures, a5 has been observed by Greene et al.}?
for 7, ~ 20 keV in a 1.2:1 mitvor field and by Vou
Goeler et al.'® for 2 !00keV plasma in the ST
Tokamsk. Theoretical calculations besed on the Ghuck-

IS. Absteact of peper sbrmitied for publication i the
Physics of Piuids.

16. R L. Glackstern and M. H. Hull Piys Rev. 90, 1030
(1953).

17. D.G.S. Greeme et al.. PRyx Rev. Lest. 27. 90 (1971).

18. S. Voa Goeler et ad., Bll. Amer. Phys. soc. 16, 1231
(1)
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stern and Hull formulation qualitatively confirm the
high polarization observed in these cascs. The technique
could easily be applied to ORMAK and possibly to the
target plasma experiments where the mimror ratio is
smaller.

4.7 OFF-RESONANCE EFFECTS ON ELECTRONS
IN MERROR-CONTAINED PLASMAS!®

R.A.Dandi? P.H. Edmonds
H. O. Eason A. C. England

Resonant heating by microwave power has been used
to produce high-beta plasmas with electron tempers.
tures near | MeV. Typically. plasmas are produced with
Wpe ~ .. Further experimental heating studies
described here have shown that a large increase in
stored plasma energy is produced by microwave power
with 2 frequency higher than the cold<¢lectron reso-
nance frequency. This increase, caused by off-resonance
heating, is attributzd both to stochastic heating and to
the control of an instability through changes in the
electron distribution function. Alternatively, 2 decrease
in the stored plasma energy is produced by microwave
power at a frequency below the cold-electron resonance
frequency. This effect is attributed m part to enhanced
diffusion into the loss cone. However, a small fraction
of the plasma is heated to high energies.

43 COMPUTER CALCULATIONS
OF ELECTRON-CYCLOTRON HEATING
IN A NONUNIPORM MAGNETIC FIELD2®

J.C.Sprott  P.H. Edmonds

A computer is used to calculate the trajectories of a
collection of nomimteracting, moarelativistic electrons
near the axis of x spatially sinuscidal, dc magnetic field
in the preseace of a spetially homogemeous, perpeadic-
br 1f electric field. The compuied heating rate is in
good agrecment with the prediction of various equiva-
leat stochastic models for a wide variation of param-
eters. The distribution is approximately Maxwellian,
and the perticies tead to tum 22 the resonance swrface.
Departure from the stochastic theory is observed for
surface, and 2 condition for stochasticity is derived.

19. Asstzact of published paper: Nwcl Fusion 1], 411
(1971).

20. Abstract o« pbilished pager: Miys. Fleids 14. 2703
(1971).




5. Turbulent Heating

Igor Alexeff
L. A. Berry

K. G. Estabrook!

5.1 INTRODUCTION

Turbulent heating is a means of heating plasma ions
or electrons to many kilovolt average energies via
plasma-generated radio-frequency oscillations from a dc
input. Theoretical studies and basic experiments in
turbulent heating, and the operztion of the large,
successful, ion-heating device, Bumout VI, were termi-
nated in June 1971. All equipment, except the magnet
coils, has since been cither transferred to other devices
or salvaged, and the personnel have dispersed. This is a
final report and includes an extrapolation to a “next-
genenation” turbulent heating device.

5.2 REVISIONS TO TURBULENT
HEATING THEORY

S.2.1 Intreduction

Our most advanced theory of the turbulent heating of
plasma clectrons and ions had been accepted for
publication in Nuclewr Fusion.? This introduction
contains only 2 summary paragraph of that paper. The
theory i this report is an advanced version of that
which appeared in the previous annual report ¢

The plasmas of turbulent ion-heating experiments are
chasacterized by the presence of strong, high-frequency
electric fields driven by a dc electric 1ield applied, in the
Bumout experiments, perpendicular 0 the magnetic
axis. This E X B configuration would normally make

1. Osk Ridge Associsted Universities Fellow from the Usiver-
sity of Teamessee,

<. Osk Ridge Associeted Universities Fellow from the Unives-
sity o lows.

3. A. Hiwose and 1. Alexefl, “Theory of Turbulent Heating,”
paper v be published in Nuclesr Fusion.

4. Thermonuciesr Div. Anwwn. Progy. Rep. Dec. 31, 1970,
ORNL 4688, pp. 77-89.

A. Hirose
R. V. Neidigh
W. R. Wing?

the plasma rotate azimuthally with a velocity cE/B
However, sincz the plasma has a finitz mass, the
centrifugal force acting on the plasma must be counter-
balanced by a centripetal force. This centripetal force is
created by an azimuthal current, j, , which is generated
by the retarded ion drift with respect to electron drift.

5.2.2 Advanced Theery

Three ionheating mechanisins are depicted in Fig.
5.1. The welocity difference between jom drift amd
clectron drift is about 107 cm/sec. It is mot great
enough to trigger electrostatic instabilities in a homoge-
neous plssma, 3o imitial ion heating is by the collisional
instability. This is the first stage in the heating. Ja the
now warm plasia, the preseace of a demsity gradient
makes the lower hybrid oscillation wstable, with a
gowth nate having a e-folding time shorter *han 10~°
sec. In the plasmas of Bumout V and Burmout V1. the
heating rate was then on the order of 10° eV/.ax.
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As the ion temperature increases, the cold-plasma
model ceases to be valid. but as we have seen
experimentally, the lower-hybrid instability still per-
sists. Theoretically, we understand that ths is due to
finite jon Landau damping. Experimentally. we have
observed average ion velocities six times greater than
the relative drift velocity. The relative drift veloci ; is
therefore not an upper limi' on the achievaole ion
temperaiure, as suggested by Mikhaillovskii and
Tsypin.’ but the achievable ion temperature is related
to the turbulence energy demsity and is numerically
proportional to the square of the relative drift velocity.
So we find that, for a giver relative azimutial-drift
velocity, ions are heated through three instabilities, and
the temperature is limited only by the turbulence
ene.gy density.

5.3 DIAGNOSTICS ON BURNOUT Vi

5.3.1 Comelatur Studies on Bumout V1

Use of a correlator on Bumout VI was prompted by
the well-knovn faci that the Fourier transform of a
correfation function recovers the spectral density of the
carrelator input. By using signals from probes sensitive
to the fluctuating electric field in the Bumout plass a,
the spectral density tonsor of this fluctuating electric
field, Sg(k,w), could be recovered. Since this fluctuat-
ing (turbulent) elecuic field was respomsible for the
heating, knowledge of its spectral density (which
cntains the dispersion relations of the waves) would
allow the physical mechanism of the neating to be
veritied.

The correlation function cf the electric field has been
measured at selected points thrcsghout the accessible
volume of Burnout V1. The measurements show the
heating instability to be strongly confined :S the plasma
volume neai the core W ifee machine (7 < 2.0 cm} in the
region of stecpest Jensity gradient and strongest racdial
electric field.

Lirnited experimental data prevented direc) recovery
of the spectral density: therefore. the problem was
inverted. The predicted dispcrsion relations «nd power
spectra’ were used to generaie specteal densities which
in tum were computer trasaformed to vieid computer-
generated corréiation functions. The process and the
results are illustrated in Figs. 5.2 and 5.3. The figures
illustrate the two dispersion relations® which were the
most Bkely candidates for the heating instability, the

S. A. B. Mikhailowskii and V. S. Tsypin. Zh. Eksp. Teor. Fiz.
Pis’ma Re daki. 3. 247 (198R); JETP lctt. 5. 158 (1966).

Fig. 5.2. Dispasion relation for the high-fregacacy dimipe-
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Fig. 5.3. Disparsion sistion of collisions! mode.

high-frequency dissipative &ift mode, and the colli-
sional mode. As can be seen. both predict very broad
power spectrums. Figure 5.4 compares the results of the
cotputer transforms of thes dispersion relations (spec-
tral densities) with the measured cirelation function.
Suice the correlator measures the correlation function
a a function of time for iixe probe spacing. the
program was written to display dve computed ransform
the same¢ way. The figure siso dows the messured
correlation function fos three azimuthal probe sepera-
ons: 0, +0.13, —-C.13 mm. The 10p two photographs
dlustrate the compuied tansforms. As can be seen. the
agreement Letween 1he measured function and the one
computed on the bezis of the dissipative drift mode is
quite good.

5.3.2 Off-Axis Fizame Seurce on Bumivt VI

It has been very difficult 10 memsare pantice ifetime
in the Burnout exoerimerts. Turmofl experiments rov-
tinely gave e-folding times of ks than 100 pes for

ke e et bt e




COMPLTED DISSIPATIVE DRIFT MODE

ORNL-0OWG 72- 3970

MEASURED CORRELATION FUNCTION

Fig $A. Comelation functions. The measursd function fer theee wiues of azisnuthel probs separstion: 0, +0.13. --0.13 mm, s
compared with two computed functions. The Swe cales in the computed fun-tions heve been chemnn v allow dissct comparisen

with the | teec/cm scale of the experimental traces.

decay of the plasme demsity. Yet. ersrgy bolance and
estimatcs of heating efficiency slways seemed to indl-
cate that the dynamic-particke lifetime in the plasme
core was much longe:.¢ The iom energy distsibution slso

but the dets can be wnfolded. Our resuits ave shown in

Fig. $.5.
Positive o aclusions ey not be desww from this

swcant éata. We note (1) lifetiones were more than twice
thore obtained from tumofl messwrements; (2) st radli
gester than 2 cm the relstion of perticie lifetime %o
oneryy shows the typical chergo-exchenge dependence
t/ov, md (3) 2t less then 2 cm for particiss below |
keV, charge exchangs agin dominstes. From | 10 3
eV, howover, the disection of the cusw changss. The
collisions! dependence, 72/2, s shown by the deshed
iine for comperison. The only cleim here is that the
purtick Netime &d incresse with energy near the axis
n this energy intesval, gving the exparimental indics-
Uon thet e interior of s lerger or denser plasems can be
shizided from cherge sxchangs in » Burmout devics.

e n e e e
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Fg 5.5. Dyssmic particie Bistims. The two 7 > 2 Cm curves
we different runs. Etvor in this data may bs 28 guat a8 a facke
of 2, but the change in disection of the 7 < 2 e cwrve is wal.

$.3.3 Power Puking of the Plasns Sewsce Bins

Power input w0 Bumout VI s adjusied for the
correlation measurements and off-axis asc experiments
described abowe is typically 40 kW (10 kV/4 A). lon
temperatuse is about 2 keV.* Atomic beamn attenuation
and an observed decrease of spectral light emicsion from
neutral atoms on axis lead ome to believe that the
maximum density is 4 X 10’2 cm™® 10 10°® am 3.
Particle lifetime in this stable ion-heating mode is
mostly Emited by charge exchange on molecular deute-
vium. It is possible to raise the power input to 80 kW
for a few seconds before anode overheating, by simply
hand-switching the plasma source bias supplies.

We find that doubling the inpr-* power nearly doubles
the ion temperature. Anslysis was by velocity selectson
of the chage-exchanged deuterons. Analyzer readout is
shown in Fig 5.6. Note that there is an increase in
neutral current as well as a shift to higher energy. Since
there was no change in gas fzed rate, an increase in the
density of the higher-energy deuterons is indicated.

it & necessary to unfold the velocity-analyzed neutral
fux Knvog;0,4) to Obtain Kn) andwboeqemly n(e).
Further, the analyzer resolution is energy dependent
(sesolution ~1/v3). This additional v* dependence,
however, is pertially compensated for by the stripping
cross section which i7 cresses steeply with energy. To
arvive at the values {or the density vs energy plot of Fig.
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g $.6. Velnelty sslacoar snalysss seadout. The epper curve
with awo x ths ©p is the veitags spplied o We velocity
ssiector amalyass. The two lower caves ase analyss: “uments &
functisns of ensegy for: (s) 40 kV/ input steedy stete s d (b) 80
kYW input of sswecal soconds ucation. Mot the incyense in
axvemt of deusevons with enervy > 10 InV. Hesvy impurity lons
miss the collecior snd thewsfure do not contribute 1o the sheve

won. -DEG 72-%972
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Pig. 5.7. Enmgy donsity diskibution. The powsr-puised
distribution (80 kW) has nearly twice the ‘smpozatuse of the
stsady-state plasma. Note that the total particls count under the
low-tsmpenature cwrve is sbout twice the high-tempenats r¢
curve if one asumes the cwves extrapolats to zevo. However,
dewterons above 4.5 keV ase more sbundstit in the power-

puleod mode.

5.7, we divided the analyzer current by v?0,00,;,
where 0, is the cros section for charge exchange on



moleculsr devteriam. and 04, s the itripping crom
section or moleculw deuterium. That we have chosen
the appropriste corapenssting dependences is altestcd
by the semilogaritlanic relation which persists over two
orders of magnitude in demsily fof one in energy.

This experiment indicates that we have not yet
experimentally obe:rved any ion temperature limits 1)
this wrbulent heating process. The experimental lisnit
was one of anode heat dissipation and wbsequent
electiical breakdowna.

$.3.4 Scushilization by Inhennt
Pesitive Plasme Potential

Measurements concerning the behavior of the Bur-
oat V1 plswa sflter power turnofl have demonstrated
thet some plasma survives for quite long peiods of tise
(3 msec) before an instability, tentatively identified 25
the Nute instabBity, dumps i.* Thus the plasms scems
inherently stable against the flute instability. A possible
explanstion of this anexpected stability is thet the
plson s expedmentally cbeerved 10 be everywhere
positive with sespect to the sowrce, a5 demonstrated in
Fig. 5.3. Thus the stabiiizing mechwmism predicted for a
misrorconfined phuma with a positive plasma potentid
is pomsibly at work hcre. The positive potentisl” would
be expected 0 dissppess late in the sftcrgiow, due o
electron cuoling. md e stsbilization mechmmiem
would disappesr.

5.3.5 Misver Stoppesing by Plasms Rotath. .

Meassrements made dwring the past year have demon-
strated that cemtrifugal force in a machine such =
Bumnout provides a comsidersble force which tends to
ald in closing the miror. Alternately, it provides an
effective mirvor ratic greater than B, /By iy That is,
for a plasma (in 2 simple mirror) undergoing solid body
rotation (under the influence, say, of sn E > B drift),
thers is an additionsl confining force

muir -;_.-F!!

directed towzd the midplane. Adding this to the usua
force i, 7B, and solving the equations of motion, we
get an enhanced mirror ratio:

6. Tacrmonuclesr Div. Anwu. Progr. Rep. Dec. 31, 1970,
ORNL4688, p. 83, vect. 5.2.3.5.

7. G. ©. Guest snd E. G. Hamis, Phys. Rev. Lett. 27, 1500
(1971).
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For typicsl Bumout parameters, v,,, ~ 4 X 107 caysec
amd v, & 2 X 107 cmyfsec, which yields an enhance-
ment of 2°%.

54 EXTRAPOLATION TO A NEXT-GENERATION
EXPFRIMENT

$.4.1 lon Temperatuse Excoeds Contrifagel Splitting

We have discovered, both experimentally and theoret-
ically, that the conventionally expected limit to turbu-
lent jon hesting in machines like Bumout VI can be
greatly exceeded. Conventionslly, ome expects the
heating process to cezee when the ion thermal velocity




becomes compersble with the vekiity difference be-
tween the arimuthally precessing iiis and electrons $-8
However, as pointed out in our paper at the Fourth
Intermational Conference on Masma Physics and Con-
trolled Nuclear Fut 'on Research,? the instability merely
changes its form a8 the ion therma! velocity exceeds the
relative ion-electron motion. Landau damping, instead
of guenching the imstability, is theoretically found to
eahance it! Experimentally, the average ion velocity is
found w0 be over six times higher than the reletive
jon-clectron velocity. In addition, our theory peedicts
that the factor of 6 is mot an intrinsic hemit. The lmit s
desermined by the rate of power input into the plsama.

$.4.2 Next-Genesation Turbulent-Hesting Experiment

54.21 lntvoducties. This projection of a mext-
generation turbuient-heating experiment is extrapolated
from experimental experience. local magnet techaol-
ogy, aad with scaling besed upon an understanding of
the heating mechanism. It is intended 10 describe, in
terms of n, 7;, 7, what sort of plasme may be atisincd
with the coils and source biss power supplies that
remsia of the Bumout V1 apperstus. The goal, of
course, is a “classical plasma ™ (mirror-contained loms-
cone distribution).

8. L. 1. Rudakov, Discuasion in the Autumm School of Plesms
Physics, Tollsl, USSR, 1970; E. Out, et al. Phys. Rev. Len.
28.88 (1972).

9. Madicon, Wisconsin, Juse 17-23, 1971.

$.4.2.2 Magnetic ficld strength. If the Bumout VI
coils, capsble of S0-25-50 kC dc fielas at 8500 A, were
relocated 30 that the ORMAK generator coatrol system
for naising and bowering the curreat could be used, and
the mirror ratio reduced 10 1.6, by moving he coils
closer together, they would provide a field strength of
80-50-80 kG for a l-sec rise, l-eec hold, and 1-eec fall
time. Circuit breaking, as it is dome on ORMAK, would
sot be accessaty since cooling is less of a problem. The
50-kC midplane field strength should permit a demsity
of 2 X 10" am™ (wpe < W), Fig 5.9; and the
sbout 2 liters.

5.4.2.3 Power pulse. Let ws assume that the voltage
svailsble in the fowr calutron supplies can, with some
modification, bias a nest of seven plasma sowrces
ouiside each mirror 1o SO kV. Bias will, of course, have
to be held acw maximmm with capecitors during the
power pulse. Charging can be duwring a period of low
field strength when the sousce biss cumreat is less than
1 A. We smticipste that four phases will complete the
power pulse cyde. (1) Cheping: ~30 sec, midplane
field stremgth ~10 kG, maximum capacitor charging
curreat ~10 A, plasma current | A, weakly turbulent
plesmsa, capecitors charge to S0 kV; (2) Power up: |
sec, magnetic field increases to SO kG in midplace, gas
pulse 10 sources, biss current and turbulence increase to
maximum; (3)Hold: |1 sec, magnetic field steady
80-50-80 kG, bies voitage and current drop ss capaci-
tors discharge, gas pulse off; (4) Power down: | sec,
magnetic field lowers, biss current falls, veady for
charging phase to hegin.

g,

:
|
=
£ E
of - I
910’% e ]
w& re 3
6 £ =
8§ D T2 ]
s —
o’ F— SIS N U I W R T
0" 1o? 0P 0" Wo°

DENSITY (em~3)

Pig { 9. Magnetization requirement. Twsbulerst heating of ions requires thet in the region of contained plasma, the electrons be

magnetized, that is, weg ™ Wy lime.




5.4.2.4 Predicted iom emerry. Our s¥perience gives us

confidence that the radio-frequency electric field will
be proportional to the applied bias voltage. No violation
of this was found in Bumout V or Bumout V1. The 50
kV used in this extrapolation is the upper imit of the
available calutron supplies. We scale the azimuthal driit
velod’y by vy = cE/B, and the density by the electron
magnetization kmitation, w,, = wp,, and get an ion
energy as 2 function of density and the applied bias
voluage,

Here, m and M are the elecuion and ion inasses_ If n =2
X 10" cm™. ad E= SOkV cm ™', then T;=12.5 keV.
The family of curves is displaired in Fig. 5.10.

Centrifugal splitting gives a m.iative velocity propor-
tional to £2/B. The maximum average particle energy
cbezrved on Bumout V1 was 4 keV with a 10-kV/cm
electric field and 25-kG midplane magnetic field. If we
extrapolate this to S0 kVjcm and 50 kG, we get an ion
energy of about 12.5 keV. This family of curves is
displayed m Fig S5.11. This extrapolation must be
considered a lower limit, since, experimentally, ion
energy has always exceeded this splitting velocity.

We would like to know how ion energy will scale with
perticle lifetime. A iarger volume of trapped plasma will
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Pig. 5.10. lon tempesstwre scaling, varisble n. These cx .es
assume that the 1f electric fields which heat ions will be

poportion.d io the applied plasma arce bis” voltage, and that
Wee * Wpe.
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Fg 5.1). lon tempesshan scaling, wrishle B. These curves
assume thet the of clectric fickds which heat ioms will be
proportional 0 the applicd slasme sowrce bivs voltage, and that
the “centrifugal splitting™ velocity weries as £3/8°.

increase the petticle lifetime i its core by shiclding
against charg™ “a hvmge. lon heating rates are ample to
provide a Bnear dependence with lifetime twough amy
clamical scattering time we can imagine for an open-
ended system.

About all we can ssy from experience is that a3 the
applied plasma-scurce bias was increased, the aversge
jon energy increased more steeply than the square of
the increase in ion source bias (sce Fig. 5.12).

54.2.5 Plmma veleme. Using a single source in
Bumout V1, the volume of the hot trapped plasma in
the midplsre was about 150 cm®. In the proposed
system, the w<ide diameter of the coils will permit 2
nest of seven sources with a plasma radius of 6 cm and a
trapped plasms length of 20 cm due to the lower mimror
ratio. The trapped plasma volume will have a footbell
shape and be abeut 2 liters. This plasma would be well
shiclded in all directions from Franck-Condon neuirals.
The Franck-Condon mean free path is 0.6 cm whenn =
2X10'* cm 2 and 7, = 100 eV.

Impurity density (mainly coppe: and titanium in
Bumout V and Bumout VI) wouid be much lower. The
3-sec total “on time” would not give the wulls
opportunity to heat, and sputtering by 12.5keV,
charge-exchanged fast neutrals wouldd be reduced.

5.42.6 Stability ageimet flmtes. The piesma in a
Bumout device has dways been everywhere posstive
with respect to the walls which it sees alcng magnetic
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Fig. 5.12. Extmpolation of the ion enseyy. The wide rangs of
puomster waiucs mmkes nerrow lmitz in the extapohtion
impomible. The ounly thing thst ssems obwiows in a mext-
gouenation experiment s that avesage ion encrgy will be
sumsyically greater than the square of the source bims.

field lines (sce Fig. 5.8). In the proposed plasma 7; >
10 T,, and thewziore it is not likely that there will be
groms energy dumping by flutelike wstabilities.”
$.4.2.7 Power requirznent. The power required for
plasma heating will come from the source bias supply
aad is, of course, unrealistic for this extrapolation
unless one restricts the experiment to a few scattering
times. Using 7 26 X 107 sec, T; = 125 keV, ¥V =2X
10 om®, md 10% efficiency, the power required
equals

wk7;V
ﬁt 1.3 mJ/sec.

If the bias were constan! for 30 meec, the total energy
would be 40 kJ. Of course, the biss will not be constant
but wil fdl continuoudy during the “‘hold” phase.
Capacity required at SO kV is 33 uF. Divided between
sever. sources, this would be sbout 5 uF per source. A
33-uF, SOKV capacitor bank is reascnable. One calutron

1Y) 10 r.) 3 0 %0 60 L)

supply for each source could be used to keep the
plasma dlive during the charging phase and 10 charge the
capacitors.

Experiments and an umderstanding of the heating
mechanism have allowed one to predict with confidence
that an experimental 2-liter plasma, with demsity >10'¢
cm™?, composed of >10-keV deuterons, having at least
a clamical Efetime, is obtainable in an ORNL mirror
machice for which nearly all of the most expemsive
perts are alveady in hand.

5.5 BASIC PLASMA FHYSICS

5.5.1 Siomistion of Pscudovwaves
and lon Acoustic Waves

The experimental study of iom acoustic waves in 2
laborstary plasma imvolves a very noalinesr bowndary
value problem if the plasma disturbences to be studird
we lsuached by electrodes. Linear theory falls to
describe the inherent sheath effects about an electrode.
We approech the problem by aumerically solving the
nonlinear Viasov-Poisson equations by a fimite differ-
ence technique.'®-!2 The electrons are assumed to be
in therma equilibrium. An example of the results is
shown in Fig 5.13. In this example, 2 transparent grid
at the position marked “grid” had a negative sinesoidel
potentisl applied of biss —1S AT/ e, amplitude 15
kT /e, and frequency of one-fourth of the ion plasma
frequency. The initisl plasms was 3 Maxwellisn. From
time zero to the moment of this ssapshot, the potential
oacillated from zero to —30 T; three times. As the grid
mﬁdm&hnmm,m%p
volume about the grid to sbout M; n
velocity space and " in position space. As
the potential is made increasingly positive, the fast ions
in the sheath are relrmed to form ihe fast ion bursts.
The tails of the first two bursts and the head of thn:
third (at about 10 A) may be seen in Fig. 5.13. An ion
acoustic wave may be seen in the central parts of the
velocity distributions. Numerical plots of nifixed x.¢)
have been made snd are in gnod agreement with
oscillograms of both ion acoustic waves and peeudo-
waves taken in the lsboratory 3

For these parameters of frequency and amplitude, the
ion acoustic waves marginally dominate the peeudo-

10. K. Estabrook, Ph.D. Thesis, University of Teansssee,
Aupaet 1971,

11. K. Estabrook and 1. Alexefl, paper to be swbmitted to
Miysics of Phdds.

12, K. Estabrook, M. Widner, |. Alexeff, snd W. D. Jowes,
Phys. Fiuids 14, 1792 (1972).
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Fg. 5.13. Pham spece plot of the ion distDution function ot
8 single point in time. The ordirste messuses the divwnnre frm
ths grid in Deby: The abicisss messures the welocity in
wnits v4 = VAT /M;. Each Une is 3 velocity distribution o 2
Sxed distance from the grid. The height of the line sbove the
distance intercept i» the normalized ghase-spacs density.

waves (ion hursts). Howevey, for frequencies abow f,,.
pseudowaves may beat with the ien acoustic waves to

produce what msy ersoneously appear to be regrowth
due t0 nonlinexr Landau damping.

$.5.2 Pecndowaves — Cerenkov Radistion Form

Some time ago we demonstratrd that a grid placed in

a plaum and pulsed strongly nzgative produced fast
bursts of ions.!? These ion bursts produced results that

13. 1. Alexeff, W. D. Jomes, and K. Lonngren, Phys. Rev.
Len, 21, 878 (19689).

appessed 10 be waves, and 30 were called “petudc-
waves.” Swbscquent experiments showed that psewdo-
waves were almost alvays associated with grid excits-
tion of waves, cousing asnbiguities in wave propegation
cxperiments.

We hove now found that the {2t ion burst cam itself
lsunch ion acowstic weves.'® without the confusing
effects due 0 grids The fas: ion burst corresponds to 2
positive test particle moving through the plasma ot 2
velocity well sbove the iom-acuvestic velocity, and 30
generaies a cone of jom-acoustic Cerenkov radiation.

5.5.3 iselape Separaier Ssudlles

We have consulted with J. M. Googin in an attempt to
find if there exists some fundamewtal lmit 1o the
thoughput of uwranium in a calutron (conventional mas
spectrograph) type of isctope seperator. We have, in
fact, found thet such a lmit exists. It is due simply to
the particuiste watwre of the ion beam, snd does mot
depend v avy plasma imstabilities or waves whatever.
Essentially. we find thet, slthough the ion beam of 2
calutron is extracted from the jos sowrce st some tens
of kilovolts, the relative energy cf the 223U° joms to
the 22%U° joms is onty 2 fraction of | eV. This small
relative encrgy produces the slow radial refstive drift of

335U 10 22%U that results in isotope separstion.
However, when one charged perticle drifts very slowly
through an envisomment of other charged particles, it is
extremely susceptible t0 suitiple :-wtrering Thus the
divected relative velocity is essily lost. Reducing the
beam voltage rediasces this reiative velocity and increases
the undesiced scattering. Incresiing the beam current
increases the number of scattering centers and also in-
creases the undesired scattering We can casily show that
for a fixed, toleralile degree of multiple sostiering, the
minimum extractor voltage (volts) and the maxiarsm
beam current density /(amperes/cm? ) are related by the

following equation:
V3/j = a constant .

Thus, reducing the voltage a factor cf 2 means that the
current density must be reduced by a factor of 4 to
keep the scattering tolerable. The exac: value of the
constant s difficult to compute, snd my own (I,
Alexefl) value may be in error, but | find a value of 3 X
10'® (an essy number to remsmber) for ursaium in a
typical calutron field of ~5 kG. We wiih to acknow-
ledge several heipful discussions with the Isotopes

4, K. Estabrook and 1. Alexefl, Mhys. Letr. J6A. 98 (1971),




Obvision of ORNL. A publication on this work is in
prepanation.

5.5.4 HighZ len Sowsce

We have produced theoretical and experimental evi-
dence'$ that high-Z heavy ioms can be produced im 2

1S. I. Aleefligmnd W. D. Jouss, paper presemied &t the
lntrastionsl Coafessace oa Muhipy Charged, Heavy-dom
Sewess snd Accehiwating Systems, Riverside Motor Lodge,
Gotinbusg, Tema., Oct. 25-28, 1971, and to bs published in
the JEEE Transections on Nuclesr Science.
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hot-clectron plssma. The ioms appaseatly are produced
by meshiple imprcts, which enhance the yield of high-Z
ioms selative 10 low-Z ioms. The piasma is produced by
team-plasma imteraction, and special techmiques are
used to segregate the desised high-Z ioms from the more
aumerous ow-Z ions produced drectly by the electron
beam.




6. Energetic-Particle Injection

Producing and heating a plasma are essential both for
present plasma confinement studies and futuse reactor
systems. Present muitiampere (equivalem) neutral
particle injectozs can be used either for injection filling
of open-endeu devices or for injection heaving of
toroidal devices.

The multiampere beams used for these injectors are
obtained from the duoPiGatron ion source. Detaiied
discussions of this ion source have been published.>*
The source consists of a duoplasmatron ion source
feeding 2 PIG discharge system. The extraction elec-
trodzs are multiaperture and are placed in an accel-decel
arrangement with up to 5 cm diameter. The source is
simple, flexible, and efficient.

Hydrogen ion beams of ~1 A are extracted with
steady-state operation with ion energies of from 1.5 to
5 keV. These sources are now being utilized as injection
diagnostic devices for target plasma studies in the

magnetic mirror experiments INTEREM and IMP. The
sources will also be used to fill these devices with hot
ions in the energy range 2 to 10 keV. Experiments are
continuing in an effort to more optimally match the
beam divergence and gas 2nd beam efficiency of the
source to these particular plasma experiments. It has
been shown that by changing the electrodes ot the
duoPiGatron ion source one can easily shift the
performance over a broad range of beam parameters.

1. Consultant, Uaiversity of Wisconsin, Madison.

2. On leave from the Institute for Plasma Physics, Garching,
Munich, Germany.

3. R. C. Davis et al, to be published in Review of Scientific
Instrumentation, Februaty 1972,

4. O. B. Morgan, Proc. Symp. ot lon Sources and Formation
of lon Beams, Brookhaven National Labovatory, Oct. 19-21,
1971, BNL-50310, p. 129.

S. W. L. Stirling et al., ibid., p. 167.
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Source electrodes are being buiht based on previous
plasma and ion optical studies>* for evaluation that
should correspond more closely to the future IMP
injection requirements.

The second major application of the duoP1Gatron ion
source is to create multiampere ion beams for energetic-
particle injection heating of plasmas in toroidal devices.
A detailed discussion of this newhutingtechniquehas
been accepted for publication.® The motivation for this
work is to attain ion temperatures corresponding to the
collisionless regime where reactors will operate. This is
essential for extending the encouraging confinement
results in Tokamak devices and to further establish
scaling laws. Ohmic heating used in the present devices
is self-limiting, since the plasma resistance drops as the
temperature incresces. Neutral injection is a supple-
mental heating scheme thai is efficient and not self-
limiting. This heating technique could not make a
significant contribution to Tokamak plasma research
until injectors capable of adding energy comparable to
the energy gained from Ohmic heatii.g we.c developed.
These injectors have now been developed, and detailed
discussions of their performance have been pub-
lished.*® Two or four of these injectors will be
installed on the ORMAK experiment during 1972.

These injectors also used the duoP1Gatron ion source
from which 4-A beams are extracted for 0.1 sec and
10% duty cycle at ion energies of 20 to 40 keV. In the
energy range of 30 to 40 k2V, ~60% of the ion beam is
within a half-angular divergence of 1.2° with no
magnetic lens. The source is used with a hydrogen gas
cell, as indicated in Fig. 6.1, and produces 2.6 A
(equivalent) of 17.5- and 35-keV H® particles within a

6. G. G. Kelley et al, t0 be published ia Nuclesr Fusion,
February 1972.
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Fig. 6.1. ORMAK injection heatimg system.

half-angular divergence of 1.2°. The majority of the
parameters essential to utilizing these injectors on
ORMAK have been studied.>*

The efforts of the Energetic-Particle Injection Group
during the next year will be to further understand and
increase the capability of either the present or new
sources of particles for doing pertinent plasma research.
The 4-A, 100KV test stand is being used to determine
the impurity content of these multiampere ion beams.
This test stand will also be used for ion optical studies
based partially on computer studies now in progress.
There will simultaneously be a continuous program to
scale these injectors to the 10-A module level relevant
for future large-scale devices. The primary limitation in
this scaling has been the 3.5-A, 100-kV power supply.
Two new 5-A, 80-kV power supplies are being pur-
chased and are scheduled to be delivered by March
1972. Studies arc also in progress to improve the
voltage stability, pulse length, and possibly the duty
cycle of thesz sources.

A second test stand has been modified, Fig. 6.2, and
is now eauippped with a 4-A, 20-kV power supply.

Initial work on this device is conceatrating on plasma
studies on the duoPIiGatron ion source. The densitv
uniformity of this plasma has been shown to be
essential to good source performance.*® Present
studies include examining the plasma density, uni-
formity, and oscillations, and determining the role that
these parameters play in the resulting ion beam. Based
on the results obtained, modifications of this plasma
source or new plasma sources will be studied. This test
stand has also been equipped with a series high-voltage
tube that will be used for switching and energy
regulation of multiampere ion beams. The 4-A, 20-kV
power supply can also be isolated to ~80 kY, which
will allow studies of two-stage-multiampers, ion-beam
accelerators.

The effort of this group during 1972 will also include
participating in the design, installation, and utilization
of these injectors on both the IMP and ORMAK
devices.
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Fig. 6.2. New ion bsam test stand.
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C. F. Bamnett

7.1 HIGHLY EXCITED STATES OF
HYDROGEN MOLECULES?

Highly excited states of hydrogen molecules have
been formed by electron capture collisions of 50- to
450keV diatomic ions in hydrogen gas. Populations of
the excited states (n = 10) have been determined by
passing the molecules through an intense electric field
which strips the excited electron from the molecule.
The fraction of molecules in states n = 10 was
approximately 107>, with D,* being a factor of 2
greater than H,*. The fractional yield of H, * varied as
the stripping electric field to the three-fourths power.
Results are presented for molecular autoionization,
excited-state population dependence ¢n ion-source elec-
tron energy, and state-mixing measurements.

Present theory fails to explain these measurements. A.
Russek (Consultant, University of Connecticut) has
uncovered a levelcrossing phenomenon between the
1-og ground electronic state and the 1-ou excited state
which has a profound effect on the electron capture
process for H,*, the detection of H, in high Rydberg
states, and on the autoionization lifetimes. Further
experimenta; work is dependent on theoretical develop-
ments.

7.2 ENERGY LOSS IN CARBON AND
ALUMINUM FOILS

The conventional method to measure energy disper-
sion of energetic hydrogen atoms escaping a plasma
entails stripping the electron from the hydrogen :om
by passing it througn a gas cell and then electrostat-
ically analyzing the proton. Plasma contaminaticn
results from the stripping gas streaming from the gas

i. Solid State Division.

2. Abstract of paper accepted for publication in Physical
Revriew.
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R. Berisch!

. Atomic Physics and Plasma Diagnostics

J. A. Ray
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Fig. 7.1. Enezrgy loss of protons pussing through a 75-A
carbon foil.

cell to the plasma region. Ideally, the gas cell could be
replaced with a thin metallic foil such that particles
would be transmitted through the foil in the 100-eV
energy range. A series of measurements have been made
to determine the energy loss of protons through carbon
and aluminum foils. The proton energy, after passing
through the foil, was determined by an electrostatic-
pa-abolic analyzer Figure 7.1 shows the most probable
energy loss in kilc-electron volis as a funciion of the
incident proton energy for a 75-A carbon foil. The
behavior was as expected, with the energy loss de-
creasing with particle energy down to 250 eV, where
the energy loss was 170 eV.

The most serious problem encountered in using the
75- to 100-A foils is illustrated in Fig. 7.2, where the
particle energy spectrum is plotted for protons after
passing through the foil. The lower broad peak A arises
from the protons interacting with the carbon lattice,
resulting in energy loss whose most probable value was
plotted in Fig. 7.1. The higher energy p2ak B results
from 4-keV protons passing through the foii without
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Fig. 7.2. Energy spectrum of protons after passing through a
75-A carbon foil. Peak A results from particle energy loss in the
foil; peak B results from particles passing through “cracks”
without energy loss. Incident energy, 4 keV.

ORNL-DWG 72-5966

120 —~—

NI(EYoE

ENERGY (kev}

Fig. 7 °. Encrgy loss of protoas after passing theough a 300-A
alumin ;) foil. Peak A resvits from particle energy loss with
latticc. peak B results from particie energy loss in which
partii:«:s are channeled; peak C is energv spectrum of incident
4%’y proton beam,

cotlisior... During the preliminary work it was believed
thi.« th, peak was due to pinholes in the foil. However,
+.ual and 200-power microscopic observations failed to
1.ow any evidence of pinholes. Examination of the foils
ny electron microscopy revealed microscopic cracks. At
present we have been unable to obtain foils free of
cracks.

A spectrum obtained by passing 4-keV protons
through a 300-A aluminum foil is shown in Fig. 7.3.
The lower }cak 4 again arises from particle interaction
with the aluminum lattice. The full energy peak was
absent for this foil. Removing the foil gave the upper
trace C for the specirum of incident protons. The
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interpretec as the phenomenon of ch nreling. I the
lower trace represents energy luss tiym a 300-A foil,
then the effeciive thickness ot e foil for the energy
loss observed in the centcr trace is 100 A. The
amplitudes of pcaks 4 and 3 may be compared directly,
but normalization has not beep made for the upper
trace. Work is continuing to develop foils that are
umform and free of delects.

7.3 HYDROGEN PARTICLE INTERACTION
WITH SURFACES

Measurements have been initiated to obtain quanti-
tative data tor hydrogen atoms or ions colliding with
metallic surfaces. Attempts will be made to deternine
the energy and angular dependence of reflected H and
H*, the ratio of H/H,, and the reflection coefficient in
the ener, 'y range 10 eV to 50 keV for various angles of
incie>r.e. Shown in Fig. 7.4 are preliminary data
obtained for 50-keV protons refiected from copper.
Two curves are shown, the number of particles retlected
plotted on a linear scale and the other on a logarithmic
scale. The upper and lower limits of the abscissa are 50
and 10 keV respectively. The lower limit was deter-
mined by the noise of the solid-state dcicuior used in
determining the spectrum. The linear curve indicates
that most of the particles are reflected at low energies;
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ihe logarithrtic curve indicates a considerablc fraction
reflected at aear-incident energies. In the energy range 1
to 10 keV, we plan to use foil stripping and an
electrostatic energy analyzer to obtain the reflected
energy spectrum. A quadrupole spectrometer «ill be
used to obtain energy and mass spectia at lower
energies. Presertly. . .arge scattering chamber pumped
by turbo and titanium-gettering pumps has achieved an
ultimate vacuum of 6 X 107'% torr. Targets and
detection systems that can be rotated are now being
installed.

7.4 DIAGNOSTICS

In plasmas such as those in ORMAK it is desirable to
have a neutron counter capable of differentiating
neutrons arising from the D-D reaction and those from
disintegration of the deuterons by runaway electrons.
The characteristics of 2.5- and 10-cm-diam, 30-cm-long
3He counters have been investigated using the neutrons
produced by 400keV D' impinging on a deuterium
target. A solid-state detector, movated in the vacuum
chamber which also contains the deuterium target, is
used to determine the proton recoil from the proton-
triton branch of the D-D reactions. The *He cou :ter
outside the vacuum system measures the neutron from
the (n,He) branch of the D-D reaction. By knowing the
solid angle subtended by the two detectors, the
branching ratio of the D-D reaction, and the angular
distribution of the neutrons and protons, the absolute
efficiency for Z.5MeV neutrons can te determined.
Preliminary measurcinents with the *ile counters indi-
cate that (1) the counting efficiency was low .or
energetic neutrons, (2) the counter was essentially
“black™ for thermalized neutrons, and (3) great diffi-
culty was eacountered when trying to separate the
thermal and the energetic neutron spectrum. Since the
counter is “black” for thermal neutrons, it will be used
to determine the time history of plasma ion tempera-

tures by surrounding the *He counier with a moder-
ator. Measurements are continuing using an organic
scintitlator with pulse-shape discrimination techniques.

Further developments have been made to determine
the feasibility of using a pyroelectric detector to
measure the total (particle and photon) ener sy escaping
a plasma. A strontium-barium-niobate crystal has given
a responsivity of 60 V/W_ using a low-power He-Ne laser
beam. Further tests will be made to determine the
responsivity for neutral beam impact.

Preliminary design and calculations have been made
for the use of a high-power CO, laser beam and a
high-energy heavy-ion beam in measuring the poloidal
field produced by the discharge current in ORMAK.

7.5 CONTROLLED FUSION ATOMIC
DATA CENTER

During the past ycar three books or monographs have
been sent to John Wiley and Sons for publication.
Theory of Clurge Exchange by R. A. Mapleton has
been completed and will appear in February 1972.
Dissocation by Heavy Particles has gone through the
galley and page-proof stage and wil. appear in April
1972. Excitation by Heavy Particles has gone through
the galley-proof stage and will appear in June 1972.
Two other books, Jonization by Heavy Particles and
Experimental Charge Exchange, are in the stages of data
extraction and evaluation.

Literature searching was resumed during 1971. The
1970 bibliography has been completed and will be
published soon. Composite bit liographies for particular
reactions, such as charge exchange, are being prepard
for the interval 1950 to 1970. Plans are to have these
published by July 1972. Extra effort is being expended
in updating and reissuing the compilation, Cross Sec-
tions of Interest to Thermonuclear Research.



8. Magnetics and Superconductivity
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8.1 SUPERCONDUCTING COILS FOR IMP 8.2 ORMAK CRYOGENICS

Performan.e tests of the IMP superconducting coil The ORMAK cryogenic system is required to accom-
system were completed on January 7, 1971. These tests  plish the three tasks shown in Table & '. The expected
demonstrated that the Nb,Sn qu: drupole coils could be  liquiG-nitrogen requirements for these tasks are shown
operated simultaneocusly with the NbTi mirror coils to  in Table 8.2. Liquid nitrogen for these tasks is obtained
at least (/ = 605 A) 74% of their design value through a building supply system serviced by iwo
[lquads(design) = 815 A, Hg,q4s(design) = 85 kG at  17,000-liter trailers from the central Y-12 supply.
windings, /. . (design) = 383 A, H ... (design) =

69 kG at windings]. Upon reaching 605 A the Table 8.1. ORMAK cooling requirement

automatic energy dump engaged and discharged the | cLoldown

coils. No attempt has been made to exceed 605 A since 10,000 kg Iron 773 x 10° J
this tect. it is not known whether a normal-s.ate 4500 kg Stainless steel 348 x 10% J
transition occurred in the coils (in which case we think 4000 kg Aluminum 844 x 10° ¥
it would have been due to conductor movement) or 1800 kg Copper 132x10°5
whether the automatic dump circuit was activated by a 2097 x 10° J
line transient (the susceptibility of this circuit to line Operation
transients was discovered later). 107 J per pulse at 10-min intervals 16.7 xW

At the completion of these tests, the coils were Internal radiation from lir 2s 1.0 kW
turncd over to the .agineering staff for installation in External heat leak 1.5 kW
the IMP system. The system was completed, and coil 19.2 kW
checkout began on May 28, 1971. During the checkoui, 3. Standby
prc.)blen?s were encoun.tere_d with a power s.upply, a External heat leak L5 kW
switch in the current circuit, and an auiomatic energy
dump circuit which triggered when subjected to line
transients. These probléms were corrected, and the coils Table 8.2. ORMAK liquid-nitrogen requirement
have been operated routinely by members of the IMP
Group to 71% of design values (coils were energized 32 1. Cooldown
times during 1971). The coils will be charged to higher 2.1x 10° J = 9700 kg = 12,000 liters,
currents as required by plasma experiments. At present, considering 50% recovery of enthalpy
we see no reason why the coils should not reach their 2. Puised mode
desigr values. However, if the normal transition which 19.2 kW = 116 g/sec = 517 liters/hr,
occurred at 605 A was due to conductor movement, considering 85% recovery of heat of vaporization
then a series of *“training” transitions may be en- 3. Standby
countered as the conductor settles due to the increasing 1.5 kW = 9 g/sec = 40 liters/hr,
forces with increasing ficids. considering 85% recovery of heat of vaporization

1. Consultant.
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The initial sizing of the cryogenic system was set by
the requirement to remove the operational heat of 19.2
kW by circulating fiquid nitrogen in a closed circuit
comprised of the internal cooling passages in ORMAK
and an external heat exchanger, where the heat i
transferred to boiling liquid nitrogen. The internal
cooling passes in ORMAK consist of:

Primary coils 56 coils with 0.635-cr: bore and 26.4-m
length, all in parallel

Pulse coils 18 coils with 0.762-cm bore and 10-m
average length arranged in 36 parallel
cooling paths

Vertical fieid couls 8 coils with 1.118 X 0.610 cm elliptical

bore and 10 m average length
arrarged in 16 paraliel coling paths

10 leads traced with 0.483-cm bore
tubing 22.9 m long in two paraliel

Bus connectors

paths
Aluminum ring 8 tubes with 0.622-cm bore and
and plate 6.1-m length in parallel

The pulse energy of 107 J is deposited in 1.5 sec ia
the primary coils, resulting in a temperature rise of 30
K in the copper conductors filled with ritrogen. Since
this energy could cause rapid boiling of the nitrogen
and possible uncontrollable high pressuzes or liquid
discharge from the coils, the nitrogen is pressurized
above 14.6 atm (the vapor pressure at 11¢ K) to
prevent vaporization.

This requirement of a single liquid phase in the
ORMAK coils dictated that all flow controlling valves
be plac.d downstream from the coils, since throttling
through the valves could produce two-phase mixtures.
This also alleviated any maldistribution of flow between
the parallel paths due to two-phase flow.

The earlier calculations by Luton (documented in
ORMAK design memorandum) showed that all of the
coils were of sufficient length that liquid nitrogen
flowing in the turbulent regime would thermally equili-
brate with the metal so that the liquid nitrogen leaving
the primary coils after a pulse would be at 110 K. The
centrifuga! pump, purchased for an earlier system, was
capable of circulating 450 liters/min of nitrogen against
a back pressure of 2.85 atm — sufficient flow to ensure
turbulence. The problem in design was to size a heat
exchanger to reduce the temperature of the flowing
nitrogen from 110 to 80 K so that the copper coils
would be cooled back to 80 K in a 10-min period, while
at the same time coping with the aaditional heat loads
from the liner and external heat leaks — a total heat
load of 19.2 kW.

To be sure that the centrifugal »ump remained
primed, it was necessary to maintaili 2 net positive
suction head >f 3 m at the inlet. A survey of several
possible arrangements indicated that the most favorable
one placed the heat exchanger in the inlet line to the
centrifugal pump, since this would maintain a ncarly
constant temperature at the suction, and simple pressur-
ization could be used to r-oduce the net positive
suction pressure, provided that the pressure drap
through the heat exchanger was not too great.

The boiling side of the heat exchanger requires
sufficient area .0 ensure that the surface remains wetted
with liquid at all times. Since the peak nucieate heat
flux for liquid nitrogen is 20 W/cm?, this theoretically
requires only 1000 cm?; but since the temperature
diffexence for this heat flux is 10 K, leading to a base
temn:iature of 88 K, a much larger area is needed if the
fina. temperature of the circulating liquid is to ap-
proiach closely to 78 K, the normal boiling temperature
of liquid nitrogen.

In the final design, a total boiling surface of 61,000
cm? is rrovided, yielding a boiling heat flux of 0.300
W/cm? and a temperature difference of about 2 K. The
boiling nitrogen is on the shell side of the heat
exchanger to allow the aigh-pressure circula..ng liquid
to be inside seven parallel tubes which are 3.8 cm in
diameter by 7.6 m long. Since it was desirable to keep
the space around ORMAK as clear as possible, the heat
exchanger was installed vertically, with the centrifugal
pump located on the ground floor 6.1 m below
ORMAK. The liquid feed and the vapor discharge for
the boiling side were connected via a vapor/liquid-phase
se,.arator to provide recirculation (reflux;} of the liquid
in an arrangement known as a vertical thermosyphon
reboiler, as shown in Fig. 8.1. The system is designed
for a reflux ratio of 5, and the average density of the
liquid vapor mixture is 0.027 g/cc (about ‘44 liquid),
giving a static pressure of 0.05 atm at the bottom of the
heat exchanger, equivalent to a boiling temperature
increase of 0.2 K.

Having sized the heat exchanger for the desired pulsed
operation, the other modes were considered. For
standby operation, the total heat exchanger duty is 1.5
kW, leading to a boiling heat flux of 0.025 W/cm? and a
temperature difference of less than 1 K. For this mode
of operation the pump is operated at the low speed of
1750 rpm, the flow rate is reduced to 100 iiters/min,
and the head is reduced to about 0.2 atm. The overall
heat loss from the system is kept at a tolerably low level
with foam-in-place-urethane insulation on the cold box
and the external piping and with aluminized Mylar
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Fig. 8.1. Pulsed operating mode for ORMAK.

muitilayer insulaiion on the interior surface of the
vacuum vessel. Without this insulation, the standby
refrigeration loss would be nearly 9 kW.

For cooldown, a stream of gaseous nitrogen is
required at temperatures varying from just below room
temperature to liquid-nitrogen temperature. This is
achieved by mixing liquid with a fiow of dry nitrogen
gas from the building supply. The mixture is produced
by flowing the gas upward through liquid falling down
the casing side of the heat exchanger, as shown in Fig.
8.2. For this mode the flow through ORMAK is
reversed, and the spent nitrogen is discharged to the
atmosphere.

During the cooldown the overall rate is set by the
requirement that internal temperature differences be-
tween major components must be no greater than 30 K
in order to avoid mechanical interference which would
crush insulation ur stresses which would rupture sup-
ports. The rate for each component is controlled by
adjusting the flow through that component by setting
the pneumatically controlled valves in the circuit. Since
much of the structure is cooled indirectly from other
components, there is a complex interrel~tion which
defies precise analysis, and operating settings, flows,
and cooling rates must be set by trial and error. A
cooldown rate of S K per hour was achieved in an early
cooldown, but since there was evidence of insulation

Si
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damage after warmup, the latest cooldown rate was
held to 2.5 K per hour.

The aluminum ring and plate cooling passes were not
initially provided in the ORMAK design, but were
added after the first cooldown tests when this cryogenic
system showed that the heat transfer to these relatively
large structures was insufficient to provide adequate
rate of cooldown and control of temperature differ-
ences betweer the various components of ORMAK. The
cooling passes were made from 0.95-cm-OD ccoper
tubing welded to 5-cm-square copper lugs which were
bolted to the aluminum ring and plate at each primary
coil location, giving 112 lugs altogether. A bench test of
heat transfer in vacuum between a pair of lugs bolted
together showed that for the expected range of nitrogen
flow, the heat transfer was 14 W per degree Kelvin for
bare joints and 18 W per degree Kelvin for joints with
0.005-cm indium foil. The ORMAK lugs were installed
with indium foil, and thus in total should provide
cooling of vp to 2 kW per degree Kelvin.

The system is operated from a panel in the ORMAK
console, where the pneumatically operated valve con-
trollers and solenoid switches are located. During the
pulsed operation and standby modes with continuous
nitrogen circulation, the supply to the phase separator
is automatically controlled by liquid-level sensors in the
phase separator. Liquid makeup to the pressurizer vessel




is automaticaily controlled from level sersors in the
pressunzers.

Provision has been made for future installation to
reduce the temperature to “4 K by using a heat
exchanger 2fter the pump. A higher-pressure pump will,
however, be required, and the iiquid in the heat
exchanger shell will have to boil at a reduced pressure.

The system has generzlly operated satistacteiily to
date. During shakedows. trouble was encountered with
several ball valves whicl. were delivered by the manu-
facturer with incorrect gaskets and seats. Some diffi-
culty has occurred with the original ultrasonic level
sensors. In fact, we have not had the pressurizer sensors
working properly. Substitute thermistor level sensors
have been selected an ordered.

While the operation hus been satisfactory, the system
has not been called upon to operate in a pulsed mode to
cool the primary coiis afier a pulse, and the nitrogen
consumption appears to be high. We cannot be sure of
the latter point, however, since we do not have means
to separate ORMAK consumption from that in the rest
of the building.

In addition to the design of thie cryogenic system, the
group has investigated solutions to the high-vacuum—
low-temperature leaks encountered during shakedown
of ORMAK. A gcid “O’-ring seal was designed to
correct leakage in the Varian copper gauket flanges used
on the liquid-nitrogen headers, and an epoxy-to-
copper-insulated connector was designed to replace the
Lexan connectors in the cooling line to coil assemblies.
Bench tests of ruggedness and leak-tightness under
repeated thermal shocking and vacuum-pressure cycling
were conducted prior to installation in ORMAK.
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Subsequently, the Varian flanges were welded together
to provide a permanent seal, and the epoxy-insulated
connectors were replaced by either glass-Kovar or
ceramic-Kovar connectors which were bench tested to
the same specifications as the epoxy fittings.

8.3 COILS WITH AZIMUTHALLY VARIABLE
CURRENT DENSITY FOR EBT

In the course of the coil design work ¢cn the ELMO
Bumpy Torus (EBT),? it became clear that the require-
ments on field shape might be better met by coils which
were not perfectly symmetrical but had a winding cross
seciion which, on the side nearest the torus axis, was
compact and carried high-current density, while iis
opposite side was radially expanded with a low-current
density. In particular, the flux iines nearest the torus
axis will be lengthened and thus more nearly equalized
with those at the extremity of the midplane. The
configuration mentioned above can be approximated by
providing an adjacent coil of la-szr bore at each end of
the main coil, the auxiliary coil axis being shifted
outward from the torus axis so that the windirg cross
sections nearest the axis are as close together as
possible. This latter arrangement will probably be used
for the EBT because of its simplicity and use of
proven-design features, even though it is somewhat
wasteful of space and, therefore, power. However, since
a coil with azimuthally variable current density would
consume Jess power, and power will be an important
limiv. n for EBT as it is for ORMAK, an effort has
been commenced to develop such a coil.

2. SeeSect. 4.2 of this report.
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Fig. 8.3. Test coil with azimuthally varying winding depth.



Figure 8.3 shows a successful model coil cut along its
symmetry plane, that is, the torus midplane. The
hollow ex:ruded conductor is uniformly 0.635 cm ('
in.) square. but panial-turn filler bars of solid copper
have been wound along with the conductor. giving
nearly step variations in the total conductor section.
The filler bars have tapered ends. and their lengths are
chosen so that bars at successively larger radii span
successively larger azimuths, and the cross-sectional area
of the winding thus changes smocthly with azimuth. In
a test coil, the soft-solaer joints between the filler bars
and the hollow conductors were made by ncaiing the
entire coil after the pretinned condjuctor and fillers
were insulated 2nd wound, thus reducing the labor
involved. One test coil successfully carried 4000 A, even
though subsequent destructive inspection showed that
the solder joints were not well made. The later coil of
Fig. 8.3 was soldered at a higher temperature, and the
joints appeared satisfactory.

8.4 COILS FOR THE TARGET PLASMA GROUP
LONG-FIELD EXPERIMENT

A design of coils for the Long-Field Experiment
(LFX), based on the extensive earlier work of the
Target Piasma Group, has been made. In the schematic
of Fig. 8.4 a central pair of disk coils are used to extend
the distance between the racetrack-shaped mirrors
(while maintzining a mirror ratio of 2) and to provide
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Fig. 8.4. Coil amangement for the Long-Field Experiment.
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operational control of the field shape. The mirror coils
are shown elongated and rotated so that the flux lines,
as distorted int» fans by the loffe bars, will still exit
through their throats. The mirrors are to be composed
of three “pancakes,” each wound of hollow conductors
arranged in ten parallel water paths. All electric and
hydraulic terminations are at the U-bends so that they
will not intertere with the loffe bars or the enclosed
double fan-shaped vacuum chamber. Half the termina-
tions are inside the bore, thus giving each more room
and eliminating the troublesome hydraulic “cross-
overs. " The loffe bars are to be assembled in place. one
turn at a time, by means of bolted joints which need
not carry cooling water. The bars are thus expected to
be easy to install or modify. They are shown skewed in
order that they will remain cicse to the flux lines of
interest and so require a smaii current.

8.5 THIN FILM TARGETS

Thin, self-supporting foils have been made for use in
determining the energy ct charged particles by meas-
uring their energy loss through the foils. Such films are
being used in IMP and are being investigated for
possible diagnostic use in ORMAK. Despite many
difficulties encountered in this work, some progress has
been made.

Both carbon and aluminum films have been used in
IMP. and, at present, carbon filins having a thickness of
500 A are favoirzd. The films need to be pinhole free
and homogeneous with a known and reproducible
thickness. The qualifications are being met in carbon
filims having a thickness of 500 A or more. The most
serious problem remaining unsolved is that of mount-
ing. since the film must cover a 1.27-cm-diam hole.
Various grid-supporting structures have been tried, but
most have been unsuccessful, since almost all grids
cause the films to stretch severely and crack. Recently,
a film was successfully supported on 100-mesh electron
microscope screening.

The diagnostics group has obtained encouraging re-
sults with aluminum foils. These films also must be
absolutely pinhole free and the thickness known pre-
cisely. Microcracks have been a serious problem, but an
aluminum film with a thickness of 300 A showed no
cracks. Island tormations which occur during an early
phase of film growth, just before the film becomes
continuous, are believed tc be the source of the
microcracks, and thus thesz crr-ks should occur in all
films below some minimum thickness. We are attemr.-
ing to find this minimum value for aluminum films and




will attempt to produce reproducible {ilm having only a
slightly greater thickness.

Coatings of tantalum and mwlybdenum have been
sputterzd ontoe copper electrodes for use in ion sources.
These coatings are being tested to determine their
ability to minimize secondary electron emissions.

The vacuum tank which was used to coat the first
ORMAK vacuum liner is being modified for ion plating.
This modification will include the installation of two
10kW electron-bezm evaporation sources in order that
the new ORMAK liner can be plated with both
platinum and gold during one vacuum run. The under-
coat of platinum is intended to prevent diffusion from
the stainless steel liner through the gold film. After the
new ORMAK liner is completed, this facility may be
used to produce very adherent coatings of various
metals having thicknesses of up to a few tenths of a
millimeter.

8.6 SUPERCONDUCTOR STABILIZATION STUDIES

The central question which had to be answered prior
to final design of the IMP superconducting quadrupole
coils was how to cope with the dynamic instabilities
created by the magnetic-field component peipendicular
to the surface of the Nb;Sn ribbon superconductor.
This question was answered by testing various stabiliza-
tion schemes with relatively large pairs of coils operated
with opposing fields and in a variable ackground field.
These “cusp-coil” tests showed that stabilization could
be achieved by co-winding aluminum ribbon along with
the Nb; St ribbon.

Similar instabilities can be directly observed in mag-
netization experiments on small cylindrical samples (1
cm in diameter by 7 cm long) which require only a few
feet of conductor (albeit in the form of small disks). We
have performed experiments on samples of Nb;Sn
rbbon used in IMP with the obizct of determining
whether or not the number of large cusp-coil tests
might be minimized by performing the smaller-scale
magnetization experiments. We are looking for corre-
lation between magnetization measurements and the
IMP cusp-coil tests.

8.7 INVESTIGATION OF FLUCTUATIONS
OF LIQUID-HELIUM SURFACES

The availability of a continuous, fast-respcnding,
linear, liquid-helium ievel iadicator® has made possible

3. K. R. Efferson, “A “uperconducting (Nb-Ti) Liquid
Helium Level Detector,” p. 124 in Advances in Cryogenic

Engineering, ed. by K. D. Timmerhaus, vol. 15, Plenum, New
York, 1970.
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the measurement of fluctuations of the surface of a
liquid helium bath. Liquid-level fluctuations can be
caused by such things as mechanical vibrztions, thermo-
acoustic oscillations, boiling eftects due to constant and
nonconstant heat leaks, and Dewar pressure changes.
The uvbservation of changes in ¢he liquid ‘“urface is
important, particularly in large superconducting magnet
Dewars, where one need- as many clues as possibls to
indicate the state of the system.

To aid in intelligently interpreting the reason for the
fluctuations occurring at the liquid-helium surface,
experiments have been performed to det:rmine the
speed with which one can expect the detector to
respond to a disturbance, and the size and nature of the
surface mcvemient caused by various amounts of heat
dissipated within the buik of the liquid. Preliminary
resul:s indicate that the supercorducting detecter re-
sponds to a rising liquid surfzce at rates up to 25 cm/sec
and to falling surfaces at rates up to 4 cm/sec. This 1s
more than adequate to detect the usual disturbances
occurring ia helium systems.

The effect of sudden constant heat input below the
helium surface has been found to result in an initial
linear rise of the helium surface due to the volume of
bubbles formed within the bulk liquid. The surface rise
rate is directly proportional to the heater power. The
licear region is followed by a random series of
fluctuations starting wher. the bubbles reach the sur-
face. The size of the random fluctuations depends on
heater powar and depth. Quartitative measurements
have shown fluctuations of 1 to 2 mm at 1 W and ~7
mm at 16 W for a heater depth c¢f 32 cm ina 10-cm-ID
Dewar.

8.8 A 7.6-cm-DIAMETER, 100-kG COIL

In the final de<ign of the IMP quadrupole coils, the
superconductor packing factor A was reduced from 0.7
to 0.43 in order to accommodate the aluminum ribbon
required to stabilize the General Electric Nb,Sn super-
conductor purchased for the coils. Thus a large quantity
of the conductor (1.27 by 0.02 ¢cm of Nb,Sn) was left
over. While much of this material was in short pieces
(less than 60 m) and in used lengths from various test
cvils, there was considerabie usable material in lengths
areater than 150 m. After reviewing various possibil-
ities, we decided to use the bulk of the material to build
a 7.6-cm clear-bere sclenoid. This size of magnet has
the advantage of being a useful laboratory device while
serving as a reservoir for materia! in the event that
major repairs are ever needed in IMP.

An outside diameter of 24.1 cin was chosen so that
the coil would fit inside our two largest Dewars. The
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clear bore of 7.6 cm was chosen to give us ti'e iargest
possible access while still allowing the possibility of
achieving 100 kG. A 100-kG coii is rather common
these days: however. the largest field now available in
our laboratory is 80 kG. and 100 kG is considered a
logical first step to higher tields. The solencid will
consist of 16 pancakes containing n:ore than 2750 m ot
Nb;Sn ribbon. Turn-to-turn insulaiion will be an Al, 0,
and grapkite mixture such as was used in IMP.
Pancake-to-pancake insulation will be a specially de-
signed lattice of G-10 epoxy fiber glass formed into
0.02-cm-thick disks. Aluminun- ribbon will be added to
the end pancakes for stabilization °. regions of high
radial magnetic field. The amount and position of the
stabilizing aluminum will be based on our experience in
designing the IMP coils as well as our recent magneti-
zation experiments. This coil will be a good tzst of the
efficacy of using small-sample magnetization measure-
ments to grade material for stabilization.

The probability of this coil reaching its design point is
heavily dependent on extrapolation of our short-sample
data from fields below 80 to 100 kG. We used data
furniched by General Electric for this extrapclation and
have no way of verifying its accuracy at this time.

8.9 RIBBON CCIL ENDURANCE TESTING

Previous reports* have described the development of
water-cooled magnet coiis consisting of a grooved strip
conductor interleaved with an insulating abbon. Such
coils are capable of overall current densities of 30
kA/cm® (200 kA/in.?). Because of the high power
densities involved and the possible weakness of the coils
due to the possible movement of the conductor and the
exposure of wetted insulator to eiectrical and mechan-
ical stress, endurance testing of prototype ccils was
considered necessary. Several coils were fabricated for
testing. “Transverse Ribbon Coil No. 4 has been
installed in the bore of another coil in the Magnet
Laboratory and tested at full current for nearly 200 hr,
as indicated in Table 8.3. The total field with both coils
energized was 101.5 kG in a 4.8-cm (1.9-in.) bore. The
coil was disassembled «nd inspected twice during the
course of the testing: after the second inspection a
fatigue-cracked end segment of the conductor was
replaced, and the mating surfaces of a joint outside the
winding were repolished. This protiotype coil has been
sufficiently tested to illustrate its ruggedness. and
therefore it has been released for routine operation for

4. Thermonuclear Div. Serionnu. Progr. Rep. Apr. 30, 1966,
ORNL-3989. pp. 1106-113.
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Table 8.3. Traasverse ribboa cod No. 4 endurance testing

Inside dumeter 48 m
Outside diameter 122 ¢em
Length 38¢cm
Current §000 A
Voltage nyv
Power 0.57 MW
Self-ficld H kG
Ambient fieid 57kG
Total feld 101 kG
Overall current density 22.000 A/cm?
Cooling water velocity ~86 fps
Coolant pre sure d-op ~160 psi
Time at { > 7000 191 hr

Number of ¢ ~les to full current 15

Additional time in flowing wat:r ~250 hr

Time in stagnan. water ~4 months

Test penied 196€ to September 1971
tincludes dry storage.

1967 througn 1970)

those experiments which will fit in its restricted bore.
Other ribbon coils will be i-uilt should their use be
advantageous.

8.10 FUSION FEASIBILITY

We participated in the International Working Session
on Fusion Reactor Technology which was held at the
Oak Ridge Mational Laboratory from June 28 to July 2.
Talks were given in the session on Engineering Design of
Magnet Systems on (1) The State-of-the-Art of Super-
conducting Magnet Technology. which included a de-
tailed discussion on the latest results in high-field
superconducting materials research, a fairly detailed
summary of all high-tield and largc-magnet develop-
ments. an analysis of the overail magnet current density
compatible with very large completely stabilized coils, a
summary of the available experimental information on
radiation damage. and a discussion of some strength of
materials properties useful for superconducting mag-
nets: (2) the testing and performance of the IMP
superconducting quadrupoles (Sect. 8.1): (3) the engi-
neering design study of a superconducting magnet
system for a power reactor (see the details in Sect.
9.1.1): (4) tae cryogenic problems associated with large
superconducting magnet systems — tii¢ very useful
empirical data and curves or Strowbridge pertaining io
cryogenic refrigerators were shown to be still valid. In
addition, the session on Engineering Design of Magnet
Systems was reviewed in the summary session of the
conference. Two main features of superconducting
magnet technology pertinent to fusion reactor tech-
nology emphasized in the summary are that 210 magnet
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built or even being considered for constrection comes
anywhere near the sizes and fields which will be
required for a fullscale fusion plant, and that a
complete magnet system for the presently envisioned
fusion reactors will be expensive. For example, in the
ORNL study, the preliminary design of a magnet
system with the maximum field less than 80 kG
indicated that the magnet would contribute approxi-
mately $30/kW(e) to the cost of a 2500-MW(e) fusion
power reactor. Other reactors discussed at the meeting
required magnets of comparable size operating at higher
fields, with some requiring fields not yet achieved in
supercenducting magnets. Although detailed cost esti-
mates were not made for these magnet systems, their
cost at present would be higher than $30/kW(e).

8.11 CRYOGENIC TEST FACILITY

The vacuum tank rabricated to test the IMP coils has
been modified to be used as a cryogenic test facility to
obtain electiical, mechanical, and heat transfer data in
high vacuum at teruperatures down to 4.5 K.

The 1.37-m-diam by 0.91-m-deep tank has been
outfitted with a *10-in.” trapped diffusion pump to
provide rapid pumpdown. Liquid nitrogen from the
building supply is available at the test site, and liquid
helium is available from Dewars or possibly from the
IMP helium liquefier/refrigerator. The output from two
dc generators may be series connected to give 7000 A at
7000 V, or paralleled to give 14000 A at 350 V. The
exciters of these generators are driven by amplidynes to

give good regulation and rapid ramping from zero to
full load in 3 sec.

Initial tests on nitrogencooled copper coils such as
used in ORMAK are being planned. The facility will
also be used to provide the required high-vacuum
bakeout for the new ORMAK J)ner prior to the
successive platinum-gold plating.

8.12 POWER-TRANSMISSION TECHNOLOGY

Cryociectrical power transmission systems are under
development in the US. and several foreign countries.
A review® of these programs and other nonconventional
means for power transmission in the US. was under-
taken to provide background information for possible
ORNL programs in this area. In the review the present
status of the electric power transmission in this country
is summarized, and conventional, semiconventional, and
unconventional electric power transnission systems are
characterized. The development of UHV and HVDC
overhead power transmission is reviewed, z:nd a short
discussion of the varicus underground power trans-
mission systems is presented. Compressed-gas-insulated
cables and cryoresistive and superconducting electric
power transmission are considered. As a result of this
study and a review of the facilitics and capabilities in
the Thermonuclear Division, a program for the investi-
gation of dielectric breakdown in cryogenic fluids and
solids was developed. If tundir;g can be secured, this
program will be implemented during the coming year.

5. Technical memorandum in preparation, Unconventional
Electric Power Transmission in the US.A.
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9.1 PUBLISHED WORK

9.1.1 Magnet Desigm
K R.Efferson M.S. Lubell
A.P.Fraas J. N. Luton
W. F. Gauster C. E. Parker
H. M. Long Don Steiner
W.C.T. Stoddart

The magnet design group has completed an engi-
neering study on a superconducting toroidal field
system for a S000-MW(t) Tokanak fusion reactor.® The
study is based upon (1) a conservative value for the
reactor power density (3.5 MW/m? at the vacuum wall)
and (2) commercially availzble superconducting
material (NbTi operating at a3 maximum field strength
of 80 kG in the windings). Cost estimate, were made
for the entire magnet system, and the economic effects
of vary...z reactor power density were investigated. The
results of this study are presented in the foliowing
abstract.

A detailed engineering study has been made of a supercon-
ducting magnet system fer a full-scale tokamak fusion reactor.
For economic rezsons, the main toroidal field must be produced
by supercordiucting coils. We decided to employ compound
conductcis with twisted, thin filaments and a sufficiently high

Reacto’ Division.

Gereral Engineering Division.

Chemical Technology Division.

Metals and Ceramics Division.

. M. S. Lubell et al., “Engineering Design Stud:es on the
Superconducting Magnet System of a Tokamak Fusion Reac-
tor,”” paper presented at the 4th IAEA Conference on Plasma
Physics and Controlled Nuclear Fusion Research, Madison, Wis.,
June 1971.
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W.C. T. Stoddart?

F. W. Wiffen®
0.0 Yarbro®

copper-to-superconductor ratio tc provide both static and
dynamic stability. Commercial superconductors which satisfy
these criteria are NbTi compound conductors. The use of this
material :estricts for cur design the maximum magnetic field
strength (which results from the d.c. main toroidal field and the
pulsed poloidal fieid) to about 80 kG.
We assumed 2 total power Py = S000-MW(1), a wall loading
= 3.5-MW/m?, 2 vacuum chamber minor radius £, =3.5-m, a
plmuut-oao~3 and a stability margin q = 1.4. These
values and the maximum field strength By, = 8N-kG yield a
toroidal magnetic field B, = 37-kG, 2 major radiusR = 10.5-m,
ammorcovlndmsr=:59-m. and a plasma aspect ratio A =
3.75, if we consider a blanket thicknessw=mand s natioy =
0.8 between plasma and vacuum chamber radii The stored
magnetic energy is about 40,000-MJ and about 1.45 X 10%-m of
compound conductor is required. The desigr of the mechanical
structure is based or detaited force and stress cak-zlstions. The
net radial force on each of the 48 coils is 10,580 tons, requiring
massive reinforcement ¢ the bobbins. The cryogenic calculs-
tions consider all sources +f heat loads, and in the worst case
about 75% of the total loss is due to the nuclear radiation. The
structural design takes into consideration the assembly as well
as mainicnance and repair difficulties arising from radiation
damage and neutron activation. Detailed cost estimates were
made. We summarized the kind of major technological research
and development work which is necessary for optimized
realistic designs. Finally, an economic comparison s given
between a S000-MW(t) and a 1000-MW(t) reactor with the
result that while the magnet system for the latter would cost
only 43% as much, the unit cost in $/kW(e) would be avbout
double.

9.1.2 The Blascon — An Exploding-Pellet
Fusion Reactor®

A. P. Fraas

A fusion reaction can be initiated by directing an
intense laser beam with a short puise duration at a

6. Abstract of ORNL-TM-3231 (July 1971).



pellet of a frozen deuterium-tritium mixture. A study
of the application of this approach to a series of
conceptual designs has yielded some surprisingly aiirac-
tive systems. Analyses and tests indicate that the
explosion can be contained in a pressure vessel, and
that, if pellets can be exploded at about 10-sec
intervals, a reactor and pressure vessel assembly can be
obtained at a modest unit cost for central stations cr
ship power plants having outputs as low as 100 MW( ).
A reactor of this type would require no large magnets,
activation of the structure would be negligibie, thus
easing afterheai and hazard problems, and the problems
of fast-neution damage to the reactor structure would
be avoided. The expioding-pellet concept mighi also be
appiied to give a spacecraft propulsion system tha
might reduce the propellant weight requirements for an
Earth-Mars-Earth mission to about 10% of tnat for a
Rouver-type nuclear rocket.

An examination of the principal problems of these
systems indicates that the major uncertainty in each
case is the feasibility of obtaining a practical laser that
will ignite D-T pellets of the required size to yield a
much greater energy output than the laser energy input.
An analysis of the _-oblem of laser ignition indicates
that there is a reasonably good chance that this problem
can be solved, and that analysis has been supported
by an experiment that appears to have given 10*
neutrons from a 130-u-diam D-D pellet heated with a
40-J laser beam. The report concludes that, in view of
the t.emendous potential payoff and the relatively low
cost of some definitive experiments, a small experi-
mental program to investigate this type of reactcr
deserves a high priority.

9.1.3 Environmental Considerations’
Don Steiner

The emergency cooling 2nd radioactive waste-disposal
requirements anticipated for fusion reactors are com-
pared with those requirements posed by fission re-
actors. A reference fusion reactor is used as the basis for
comparison. This reactor is based on the D-T fuel cycle
and employs a blanket consisting of niobium as the
structural material, lithium as the coolant, and graphite
as the neutron moderator and reflector.

Relative to fission reactors, the rcicicnce fusion
reactor exhibits the following advantages with respect
to emergency cooling requirements: (1) a lower hazard

7. Abstract of “Emergency Cooling aini Radwoactive Waste-
Disposal Requirements for Fusion Reactors,” paper presented
at the 4th 1AEA Conference on Plasma Physics and Controlled
Nuclear Fusion Research, Madison, Wis., June 1971.

potential associated with radioactive inventories, (2)
lower nuclear power densities during operation and for
many hours following shutdown, (3) no potential for
nucle~: energy insertions resulting from loss of coolant
or neltdown, and (4) a more favorable coolant passage
geometry. The management of radioactive wastes
should require fewer operations for fusion reactors than
for fission reactors, and therefore the associaicd eco-
nomic peralty should be less.

The effects of alternate fusion fuel cycles and
alternate blanket structural materials are summarized.
Fusion reactors operating on the D->He fuel cycle
wouid exhdit fess-stringent emergency ccoling and
radioactive-waste disposal requirements than would
reactors operating on either the D-T or D-D fuel cycles.
Of the several blanket structural materials considered,
vanadium has the most desirable characteristics with
regard to erwergency cooling and radioactive-warte

disposal.
9.2 WORK IN PROGRESS

9.2.1 Radiation Damage Experiment
F. W. Wiffen

Tensile specimens and microscopy disks were placed
in the HFIR during the early part of October 1971. The
purpose of this experiment (conducted by the Metals
and Ceramics Division) is to evaluate the effects of
iluence, temperature, and helium concentration on the
properties of niobjum and niobium—1% zirconium.
Fluence values will approach ~2 X 10*? neutrons/cm?
(>0.1 M2V), and temperatures will vary between 450 to
950°C. The helium production anticipated under fusion
reactor conditions will be simulated by alpha injection
and by ! °B(n,a)” Li \ ar smutation. Irradiation time will
be betwesn six month; to nne year, and postirradiation
examination will inchde microscopy, immersion den-
sity measurements, ar.d some tensile tests to evaluate
ductility.

9.2.2 Tritium Handling and Recovery
J.S.Watson 0O.0. Yarbio

The Thermonuclear Division in cooperation with the
Chemical Technology Division has initiated a detailed
paper investigation of alternate methods for recovering
trittum from the breeding blanket of a fusion reactor.
The methods under investigation include (1) cold
trapping, (2) distillation, (3) gas stripping, (4) chemical
gettering, and (5) permeable membranes. In evaluating
the alternate methods, consideration is being given to




(1) economics, (2) recovery effectiveness, and (3) the
extent to which tritium diffuses into the st--un system
of the fusion power plant. The results -t this paper
study wili bc the basis on which we shall build an
experimental prograni.

9.2.3 Neutron Cross-Section K »quirements
for Fusion Reactor I’:sign

M. L. Tobia

In order to calculate the neut:onic behavior of fusion
reactcss with a high degree of coniidence, it is necessary
that accuraie nuclear data be availabie.®* To ensure that
the neutron cross-section needs for fusion reactor
design are met, the Thermonuclear Division in coopera-
tion with the Reactor Division has initiated 2 compre-
hensiv: program consisting of the following com-
ponents:

1. Evaluation. Existing data will be critically evaluated
over the entire energy range of interest.

2. Preparation. Evaluated data will be put into a form
which is useful and easily available.

3. Recommendation. Sensitivity tests will be per-
formed in order to recommend to data-measuring
groups our critical cross-section needs and accuracy
requirements. This input is most essential, since, in
many instances, existing data are no’ adequate for
meaningful calculations.

9.2.4 Fusion Reactor Blanket
Benchmark Calculations

Don Steiner

At the Neui:onics Session of the International We.rk-
ing Sessions on Fusion Reactor Teclinology (Oak Ridge
Nationa! Laboratory, June 1971) it was noted that the
TLi(n,an’t) reaction rate calculated by a discrete-
ordinates transport-theory method was ~18% lower
than that calculated by a Monte Carlo method. In order
to identify the source of this discrepancy, it was agreed
that the neutronics of a standard fusion reactor blanket
model be evaluaied by several groups, that is, that a
benchmark calculation be undertaken. It was hoped
that all groups could employ the same cross-section
data so that the only variable in the calculations would
be the method, either discrete ordinates or Monte

8. D. steiner, “Neutron Cross Section Requirements for
Fusion Reactor Design,” paper presented at the Third Confer-
ence on Neutron Cross Sections and Technology, University of
Tennessee, Knorville, March 1971.
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Cario. Ten neutronics groups are participating in this
exercise (including groups both in the United States and
abroad). This effort is being coordinated by the groups
ar CRNL and at Harwell, England.

9.2.5 Fusion Reactors as Radioactive-Waste
Bumers (RWB’s)

Don Steiner

The management and control of the long-lived radio-
active wastes assaciated with a fully developed fissicn
power economy will oresent a formidable problewm.
These radioactive wastcs must be stored for centuries 10
permit longlived ficsion products such as *°Sr and
137Cs tc decay to nontoxic levels. Long-lived fission
products such as > °T¢ and some of the actinides require
thousands of centuries to decay to nontoxic levels.
Present schemes for the managemens: and control of the
long-lived radioactive wastes include conversion of the
aqueous wastes to solids, followed by long-term storage
in man-made vauvlts or disposal in deep geological
formations such as salt mines. Although the economic
penalty associated with such schemes is not great, that
is, estimated to be about 1% of the total electrical
power cost, public opposition to the establishment of a
long-term radioactive legacy could limit the growth of
fission power. A possible solution to this dilemma may
be the use of excess neutrons from fusion reactors to
burn out longlived radioisotopes by neutron-induced
reactions, that is, to employ fusion reactois as RWB’s.

The strategy of the RWB would be (1) to transmute
the long-lived fission products to short-lived radio-
nuclides which decay to stable isotopes and (2) to
induce fission in the actinides and then handle the
resulting long-lived fission products as in (1). Such a
scheme would require extremely efficient chemical
processing to separate the desired radionuclides and a
cheap and abundant source of neutrons. ORNL’s
interest in the concept of an RWB is largely motivated
by the expectation that fusion reactors will provide a
cheap and abundant source of neutrons. Curmrently we
are assessing the requirements imposed on th: RWD
concept by neutronic considerations.

9.2.6 Blanket-System Studies

A.P. rraas

These studies include: (1) an assessment of the
problems associated with 2n:ploying a direct-cycle gas
turbine as a topping cycle in a fusion reactor, (2) an
analytical study of the heat transfer limitations imposed
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on liquid lithium by magnetic field effects, and (3) the
evolution of a lithium circulation scheme which appears
to require much less pumping powsr than earlier
schemes.

9.2.7 Engineering Requirements for Scatter-Dominated,
MirrorConfined Plasmas

J. R. McNally

Various parametric requirements for atiaining high-
beta, scatter-dominated, mirror-confined plasmas have
been developed. The demsn:dc an injected current, gas
loading, and pumping speed vary as £°/2, and bezm
power varies as E~“/2_ Thus it appears that the
engineering requirements for generatiny interesting
mirror-confined plasmas 7ire most easily met by utilizing
very high-energy (raulti-MeV) injection, a point first
made by Budker in 1954.°

9.28 Beam Technology
0. B. Morgan

As part of their effort, the injeciion group has been
considering (1) the developmental effort necessary to
bring present beam technology up to the requirements
of fusion reactors and (2) the usefulness of present
beam capabilities for producing detectable 14-MeV
neutron damage. The latter effort is being pursued
together with memi-ers of the Solid State Division.

9. G. L. Budker, p. 111 i- Plasma Physics and the Problems of
Controlled Thermonuciear P.esctions, ed. by M. A. Leontovich,

Pergamon, New York, 1959.

9.2.9 Use of Synchrotron Radiation to Provide
lonization of Wall-Originated Impurities
in a Thermonuclear Rexcior'®
H. K. Forsen'!

A method is proposed for shielding a thermonuclear
plasma from neutral wall reflux by filling the region
between the plasma and wall with a warm tenuous
nlasma which ionizes the neutrals and allows them to be
collecied by a divertor. "t is shown that the synchrotron
radiation from the plasma core is adequate to sustain
«uch a plasma against ionization losses.

9.3 INTERNATIONAL WORKING SESSIONS ON
FUSION REACTOR TECHNOLOGY

Several members of the ORML staff were involved in
the organization of the International Working Sessions
on Fusion Reactor Technology held at ORNL June 28
to July 7, 1971. This reeting was jointly sponsored by
ORNL and the ANS Technical Group cn Centrolled
Nuclear Fusion. There were about 150 attendees,
including representatives from Canada, France, Ger-
many, Italy, Yapan, Russia, the United Kingdom, and
the United States. The Proceedings of the Working
Sessions have 1:een edited and typed at ORNL and will
be distributed early in 1972.

10. Abstract of paper to be published in Nuclear Fusion.
11. Consuitant, University of Wisconsin, Madison.

Jonm |




Publications, Papers, and ORNL Reports

Author(s)

1. Alexeff, L. A. Berry,
J. M. Dudley,! K. G. Estabrook.?
A. Hirose.3 W. D. Jores*
R. V. Neidigh, J. N. Olsen,’
F. R. Scott,® W. L. Stirling,
M. M. Widner.5 and W. R. Wing’

W.B. Ard, R. A. Blanken,?
R. J. Coichin, J. L. Dunlap,
G. E. Guest, G. R. aste,
C. L. Hedrick, N. H. Lazar.

and D. J. Sigmar®

W.B. Ard, W. A. Hogan,? and
R. F. Stetson®

D. E. Baldwin,'© C. O. Beasley, Jr.,

H. L. Berk,'® W. M. Fam,!!
R. C. Harding,!9 J. E. McCune,®
. D. Pearistein,!9 and A. Sen!2

amnett, J. F. Clarke,

Davis, R. A. Dory,
dmonds, J. T. Hogan,
Kelley M. J. Lubin,!3
McNally, O. B. Morgan,
M Murakarm M. Roberts,

L. D. Stewart, W. L. Stirling,
M. M. Widner,5 H. K. Forsen,14
and J. M. Soures!3

R. J. Colchin

C.

"c'a:n,,
oo

OPEN LITERATURE

Title of Article

Understanding Turbulent lon Heating in the
Oak Ridge Mi:ror Machine, “Burnout V™

Use o “ 1 Hot-Electron Target Plasma for
Accu. ' tion of Energetic lons in
Stabiliz¢. fagnetic Mirror Traps

Electron Distribution Measurements in a
Hot-Electron, Mirror Contained Plasma

Loss-Cone Modes in Inhomogeneous Mirror
Machines

Oak Ridge Tokamak Research

Target Plasma Trapping

Colby College.

University of Saskatchewan.
University of South Florida.
Sandia Laboratories.

ORAU Fellow, University of Tennessee.

WRNANEWUN -~

Consultant, University of Tennessee.

ORAU Fellow, University of lowa.

Consultant, Massachusetts Institute of Technology.
Florida Atlantic University.

Lawrence Radiation Laboratory.

. University of Arizona.
. University of Tennessee.
. University of Rochester.

Consultant, University of Wisconsin.

61

Jouraal (or Book)

P. 221 (vol. II) in Proceedings Fourth
Conference on Plasma Physics and
Controlled Nuclear Fusion Research,
1971, 1AEA, Vienna, 1971

P. 619 (vol. I1) in Proceedings Fourth
Conference on Plasma Physics and
Controlled Nuclear Fusion Research,
1971, 1AEA, Vienna, 1971

Phys. Fluids 14,2038 (1971)

P. 735 (vol. II) in Proceedings Fourth
Conference on Plasma Physics and
Controlled Nuclear Fusion Research,
1971, 1AEA, Vienna, 1971

P. 347 (vol. I) in Proceedings Fourth
Conference Plasma Physics and
Controlied Nuclear Fusion Research,
1971, IAEA, Vienna, 1971

Nucl. Fusion 11, 329 (1971)




B TG S

e w— v

Author(s)

D. L. Coffey,! 5 W. F. Gauster,
and M. S. Lubell

R. A.Dandl, H. O. Fason,

. H. Edmonds, A. C. England,
. E. Guest, C. L. Hedrick,

. T. Hogan, and J. C. Sprott

A. Dand], H. O. Eason,

m

K. R. Efferson, D. L. Coffey,!$
R. L. Brown, J. L. Dunlap,
W. F. Gauster, J. N. Luton,
and J. E. Simpkins

K. Estabrook,? M. Widner,’

L. Alexeff, and W. D. Jones*

K. Estabrock,? 1. Alexeff,
W. D. Jones,* and K. Lonngren!®

G. E. Guest and F. G. Harris®

G.E. Guest and D. J. Sigmar®

W. Halchin, J. F. Clarke,
S. M. DeCamp, P. H. Edmonds,
J. C. Ezell, J. E. Francis,
R. E Hill,!7 G. G. Kelley,
S. O. Lewis,!? J. R. McNally, Jr.,
M. Murakam;i, M. Roberts,
M. J. Lubin, and J. M. Soures!3

A. Hirose® and 1. Alexcff
S. Krishan,!2 and J. Fukail?

N. H. Lazar and G. R. Haste

M. S. Lubell, W. F. Gauster,
K. R. Efferson, A. P. Fraas,!?
H. M. Long, J. N. Luton,
C. E. Pasker, D. Steiner,!?
and W. C. T. Stoddart!?

M. S. Lubell and R. H. Kernohan2?

M. S. Lubell and D. M. Kroeger?!

0. B. Morgan, Jr

62

Title of Article
Comparison of NbTi with Nb3Sn Material
Tests with the Actual Performance of Coils

High-Beta Relativistic Electron Plasmas in
Axisymmetric and Non-Axisymmetric
Mirrors

Off-Resonance Effects on Electrons in
Mirror-Contained Plasmas

The IMP Superconducting Coil System

Simulation of Pseudowaves and of Plasma
Sheath Formation about a Grid by Computer
Solution of the lon Vlasov Equation

Reflection of Pseadowaves

Flute Stabilization Via Electiostatically
Confined Cold Electrons

Stability of Microwave-Heated Plasmaas
ORMAK Facility

Anomalously Rapid Skin Current Penetration
and Heating in Pulsed Plzsma Experiments
Threc-Wave Interaction and Non-linear
Wave Particle Scattering

Effect of Electron Heating on Overall
Efficiency of Conceptual Mirror Fusion
Reactors

Enginzering Design Studies on the Syper-
conducting Magnet System of a Tokamak
Fusion Reactor

Comparison of Calculated and Measured Lower
Critical Field for Some Nb-Ti Alloys

Evidence to Support the Rigidly Pinned
Vortex Model for the Peak Effect

Intense lon and Neutral Beams with
Extraction Energies Above 10 keV

15. American Magnetics, inc.
16. Universi‘v of lowa.

17. General Engineering Division.

18. Consuitant, University of Rochester.

19. Reactor Division.
20. Solid State Divivion.

21. Metals and Ceramics Division.

Journal (or Book)
J. Appl. Phys. 42,59 (1971)

P. 607 (vol. Il) in Proceedings Fourth
Conference on Plasma Physics and
Controlled Nuclear Fusion Research,
1971, 1AEA, Vienna, 1971

Nucl. Fusior 11,411 (1971)

IEEE Trans. Nucl. ci. NS-18(4) (1971)

Phy s Fluzds 14,1792 (1971)

Phys. Fluids 14, 185 (1971)
Phys_ Rev. Lett. 27,1500 (1971)

Nucl. Fusion 11, 151 (1971)
IEEF Trans. Nucl. Sci. NS-18(4) (1971)

Phys. Rev. Lett. 26,949 (1971)
Phys. Fluids 14,1158 (1971)

Plasma Phys. 13,433 (1971)

P. 433 (vol. I11) in Proceedings Fourth
Conference on Plasma Physics and
Controlled Nuclear Fusion Research
1971, 1AEA, Vienna, 1971

J. Phys. Chem. Solids 32,1531 (1971)
Physica 58,394 (1971)

P. 129 in Proc. Symp. on lon Sources
and Formation of Ion Beams, Brook-
haven Nationa! Laboratory, Oct. 19-
21, 1971, BNL-50310

e e



Author(s)

M. Murakami and J. F. Clarke
». Rand McNally Jr.

J. Rand McNally. Jr., and
R. V. Neidigh

J. Rand McNall !r.

Rodger V. Neidigh and
W. R. Wing’

John N. Oisen®

Herman Postma
J. A. Ray and C. F. Bartnett
J. E. Robinson?2 and

J. F. Clarke

David J. Rose®
D. J. Sigmar® and J. D. Callen®

D. . Sigmar® and Glenn Joyce'®
J. C. Sprott and P. H. Edmonds

D. Steiner!?

W. L. Stirling, R. C. Davis,
O. B. Morgan. and L. D. Stewart

E. R. Welis. J. L. Dunlap, and
J. S. Culver

63

Title of Article

A Method of Measuning the Poloidal Magnetic
Field in Diffuse Toroidal Pinches

Autocatalytic Burning of ®LiD Nuclear Fuel
via the p + ?B2 Resonance Reaction

Cu D in Burmout V

Fusion Chain Reactions - |

Fusion Chain Reactions - 11

Fusion Chain Reactions — [II. The Production
ot Mic’y Tlasmas

A Rapid Abe: Inversion

Fractional Fringe HCN Laser-Interferometer

Engineering and Environmental Aspects of
Fusion Power Reactors

Secondary Electron Emission of Metals
Bombarded with 120 eV and 5 kcV Protons

Time Resolution of Plasma Pctzatial U.ing
Gridded Electrostatic Analyzers

Controlled Nuclear Fusion Status and Qutlook

Wave-Particle Erergy Transfer and Wave-
Amplitude Limiting Effects for a Flute-
Like High-Frequency Mode

Plasma Heating by Energetic Particles

Computer Calculations of Electron Cyclotron
Heating in 2 Non-Uniform Magnetic Field

Neutron Irradiation Effects and Tritium
Inventories Associated with Alternate
Fuel Cycles for Fusion Reactors

Long-Lived Activities and Radioactive Waste
Management Associated with D-T Fusion
Reactors

The Radiological Impact of Fusion

Neutron Cross Section Requiremen’s for
Fusion Reactor Design

Emergency Cooling and Radioactive
Waste-Disposal Requirements for Fusion
Reactors

The ORNL Multi-Ampere lon Source

The Mechanical Aspects of the IMP Misror-
Quadrupole Facility

22. Massachusetts [nstitute of Tec:.nology.

Joumal (or Book)

Nucl. Fusion 11, 147 (1971)

Nucl. Fusion 11,554 (1971)

J. Quant. Spectrosc. Radiat. Transfer
11,125 (197D

Nucl Fusior 11, 187 (1971)
Nucl Fusion 11 189 (1971)
Nucl Fusion 11. 191 (1971)

Amer. J. Phys. 39, 760 (1971)

Rev. Sci. Instrum. 42, 104 (1971)
Nucl. News 14,57 (1971)

J Appl. Phys. 42, 3260 (1971)
Rev. Sci Instrum. 42,434 {1971)

Science 172,797 (1971)
Phys. Fluids 14,1423 (1971)

Nucl. Fusion 11(5), 437 (i971)
Phys. Fluids 14,2703 (1971)

Nucl. Fusion 11, 305 (1971)

Nucl Fusion 11, 307 (1971)

NewSci., p. 168—-171, Dec. 16, 1971

P. 514 in Proceedings Third Conference
on Neutron Cross Sections and
Technology, University of Tennessee,
Knoxville, TN, March 15—17, 1971,
vol. 11; CONF-710301

P. 447 (vol. 11) in Proceedings Fourth
Conference on Plasma Physics and
Controlled Nuclear Fusion Research,
1971, 1AEA, Vienna, 1971

P. 167 in Proceedings of Symposium on
Ion Sources and Formation of Jon
Beams, Brookhaven National Labo-
ratory, Oct. 19-21, 1971, BNL-50310

IEEE Trans. Nucl. Sci. NS-18(4) (1971)
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Author(s) Title of Article Joumal (or Book)
M. M. Widner,5 R. A. Dory, Anomalous Electron Thermal Losses in Phys. Lett. 36A, 217 (1971)
and J. T. Hogan Tokamaks
M. M. Widner,3 1. Alexeff. and Plasma Expansion into a Vacvum chys. Fluids 14,795 (1971)
W. D. Jones*
M. M. Widner,5 G. E. Guest, Energy Transfer to fons from Modulatsd Phys. Fluids 11, 2547 (1971)
and K. A Dory Electron Beams

PAPcRS PRESENTED AT SCIENTIFIC AND TECHNICA L MEETINGS
Third Conferencz on Neutron Cross Sections and Technology, University of Tennessee, Knoxville, Tennessee, March
i15—17, 1971 {[CONF-710301, vol. 11, p. 5'4 (1971)).

D. Steiner,' “Neutron Cross-Section Requirements for Fusion Reactor Design.”
q

Arnual Sherwood Theory Meeting, New York University (Courant Institute), New York, New York, March 2223,
1971 (Proceeding< will not be published.)

C. L. Hedrick, Jr., “Suppression of the Whistler Instability by Relativistic Effects.”

Fourth Symposium on Engineering Problems of Fusion Research, Naval Research Laboratory, Washington, D.C.,
April 2023, 1971 [IEEE Trans. Nucl Sci. NS-18 (1971)].

K. R. Efferson, R. L. Brown, D. L. Coffey,? J. L. Dunlap, W. F. Gauster, H. M. Long, and J. E. Simpkins, “The
IMP Superconducting Coil System.”

W. Halchin, “Ormak Facility.”
E.R. Wells, J. L. Durlap, and J. S. Culver, “The Mechanical Aspects of the IMP Mirror-Quadrupole Facility.”

Canadian Association of Physicistis, Ottawa, Canada, June 21-24 1971 [Bull. Can. Ass. Phys. 27 (1971)].

L. Alexeff,® L. A. Berry, R. V. Neidigh, and A. Hirose,* “The Absence of Relative Drift Velocity Limitations on
Ion Heating in the BO-VI Mirror Machine.”

A. Hirose* and 1. Alexeff,> “Rapid Penetration of Electron Skin Current in Tokamak and Other Pulsed Plasma
Experiments.”

Fourth IAEA Conference on Plasma Physics and Controlled Nuclear Fusion Rerearch, Madison, Wisconsin, June
17-23, 1971.

I. Alexeff,> L. A. Berry, J. M. Dudley,® K. G. Estabrook,® A. Hirose,* W. D. Jones,” R. V. Neidigh, J. N.
Olsen,® F. R. Scott,> W. L. Stirling, M. M. Widner,® and W. R. Wing,” “Understanding Turbulent Ion Heating in
the Oak Ridge Mirror Machine, ‘Burnout V. ”

W. B. Ard, R. A. Blanken,'® R. J. Colchin, J. L. Dunlap, G. E. Guest, G. R. Haste, C. L. Hedrick, N. H. Lazar, J.
F. Lyon, and D. J. Sigmar,!® “Use of a Hot-Electron Target Plasma for Accumulation of Energetic lons in
Stabilized Magnetic Mirror Traps.”

1. Reactor Division.

2. American Magnetics, Inc.

3. Consuitant, University of Tennessee.

4. University of Saskatchewan, Saskatoon, Canada.

S. Colby College.

6. University of Tennessee.

7. University of South Florida.

8. Sandia Laboratories.

9. University of lowa.

10. Consultant, Massachusetts Ins:itute of Technology.
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C. F. Bame't, J. F. Clarke, R. C. Davis, R. A. Dory, P. H. Edmonds, H. K. Forsen,'! J. T. Hogan, G. G. Kelley, M.
J. Lubin,'? J. R. McNally, O. B. Morgan, M. Murakami, M. Roberts, J. M. Soures,'? L. D. Stewart, W. L.

Stirling, and M. M. Widner ® *‘Ouak Ridge Tokamak Research.”

D. E. Baldwin,'? C. O. Beasley, Jr.. H. L. Berk,'* W. M. Farr,'* R. C. Harding,'® J. E. McCune,!°® L. D.

Pearlstein,' * and A. Sen,® “Loss Cone Modes in Inhomogeneous Mirror Machines.”

R. A. Dand], H. O. Eason, P. H. Edmonds, A. C. England, G. E. Guest, C. L. Hedrick, J. T. Hogan, and J. C.
Sprott, “High-Beta Relativistic Electron Plasmas in Axisymmetric and Non-Axisymmetric Mirrors.”

M. S. Lubell, W. F. Gauster, K. R. Efferson, A. P. Fraas,' H. M. Long, J. N. Luton, C. E. Parker, D. Steiner," and

W. C. T. Stoddart,' 5 “Engineering Design Studies on the Superconducting Magnet System of a Tokamak Fusion
Reactor.”

D. Steiner,' “Emergency Cooling and Radioactive Waste-Disposal Requirements for Fusion Reactors.”

International Working Sessions on Fusion Reactor Technology, Oak Ridge, Temnessee, June 28-July 2, 1971.
(Proceedings to be published.)

A. P. Fraas,! “Engineering Design of Blankets.”

M. S. Lubell, “Superconducting Magnets — State-of-the-Art” (invited paper).

M. S. Lubell, “Summary of Session 7 — Engineering Design of Magnet Systems” (invited paper).
F. W. Wiffen,'® “Radiation Damage — State-of-the-Art.”

Fourth U.N. Conference on the Peaceful Uses of Atomic Energy, Geneva, Switzerland, September 6—16, 1971.
(Proceedings to be published.)

H. Postma, A. P. Fraas, D. Steiner,' K. G. Mills,)” R. J. Post,'? and F. L. Ribe,'® “Engineering and
Environmental Aspects of Fusion Reactors.”

Symposium on lon Sources and Formation of lon Beams, Brookhaven National Laboratory, Upton, New York,
October 19-21, 197i. |Froceedings, BNL-50310(1971).]

O. B. Morgan, Jr., “Intense lon and Neutral Beams with Extraction Energies above 10 keV™ (invited paper).
W. L. Stirling, R. C. Davis, O. B. Morgan, and L. D. Stewart, “The ORNI. Multi-Ampere lon Source.”

USSR Academy of Sciences Symposium on Plasma Theory, Kiev, USSR, October 19-23, 1971.

R. A. Dory, G. E. Guest, E. G. Harris,® J. T. Hogan, and M. M. Widner, “Containment in Tokamak and Bumpy
Torus.

International Conference on Multiply Charged Heavy-Ion Sources and Accelerating Systems, Gatlinburg, Tennessee,
October 25-27, 1971.

1. Alexeff* and W. D. Jones,” “Production of Highly Stripped Heavy Ions in Hot-Electron Plasmas.”

11. Consultant, University of Wiscoasin.
12. Consultant, University of Rochester.
13. Lawrence Radiation Laboratory.

14. University of Arizona,

15. General Engineering Division.

16. Metals and Ceramics Division.

17. Princeton University.

18. Los Alamos Scientific Laboratory.
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Americun Physical Society, Southeastern Section, Columbia, South Carolina, November 4—6, 1971. [Bull. Amer.
Phys. Soc. 1117(2)(197:).]

C. F. Barnett, “Excited State of H, Molecules™ (invited paper).
R. J. Colchin, “The Use of Target Plasmas to Study Mirror Confinement’” (invited paper).

American Physical Society, Division of Plasma Physics, Madison, Wisconsin, November 15—18, 197]. [Bull Amer.
Phys. Soc. 11, 16(11)(1971).]

I. Alexeff,® “Turbulent Heating in Beam-Plasma Experiments” (invited paper).

I. Alexeff? and K. Estabrook,® “Cerenkov Ion-Acoustic Wave Radiation from Ion Bursts.”

C. O. Beasley, A. Sen.® and J. D. Callen,'® “Microinstabilities in Inhomogeneous Plasmas: Finite Beta Effects.”
J.D. Callen'? and J. F. Clarke, “Possible Limitations on Neutrai Beam Injection into a Tokamak Plasma.”

J. F. Clarke and R. H. Fowi>r '? “Fast lon Slowing Down in Tokamak Plasmas.”

R. 1. Colchin, *“Adiabaticity in a Mirror Quadrupole.”

E. C. Crume?® and H. K. Meier, “Simulation of High Frequency Flute-Like Instabilities in Multicomponent
Plasmas.”

J. L. Dunlap, W. B. Ard, R. J. Colchin, and N. H. Lazar, “*‘Target’ Plasma Experiments in the Superconducting
Mimor-Quadrupole System IMP.”

A.C. England, R. A. Dandl, H. O. Eason, and J. C. Sprott, “Recent High-Beta Canted Mirror Experiments."
K. G. Estabrook® and I. Alexeff,? “‘Simulation of Pseudowaves and Ion Acoustic Waves in a Plasma.”

W. M. Farr,'* C. O. Beasley, J. D. Callen,'® J. E. McCune,'® and A. Sen,® “Electrostatic Microinstabilities in
Inhomogeneous Plasmas.”

G. E. Guest, C. L. Hedrick, and J. T. Hogan, “Self-Consistent, High Beta, Hot-Electron Equilibria in Canted
Mirrors.”

E. G. Harris,? “Diffusion in a Bumpy Torus.”
G. R. Haste and N. H. Lazar, “Axial Distribution of Plasma Pressure in an ECH Plasina.”
J. T. Hogan, “The Establishment of Bootstrap Currents in Tokamak.”

G. G. Kelley, L. A. Berry, J. F. Clarke, P. H. Edmonds, J. R. McNally, Jr., M. Murakami, R. V. Neidigh, and M.
Roberts, “Farly Results from the ORMAK.”

J. F. Lyon and N. H. Lazar, “Energetic Particle Measurements Using Neutral Beam Injection into an
Electron-Cyclotron-Heated ‘Target’ Plasma in a Magnetic Well.”

J. R. McNally, Jr., “Fusion Chain Reaction — A New Type of Nuclear Reaction Process for Violent
Astrophysical Explosions.”

O. B. Morgan, “Multi-Ampere Neutral Beams” (invited paper).

R. V. Neidigh, 1. Aiexeff,? L. A. Berry, K. Estabrook,® A. Hirose,* **. L. Stirling, M. M. Widner,® and W. R.
Wing,” “Turbulent Heating in the ORNL Mirror Machines Burnout V, V1.

D. J. Sigmar,'® “Feasibility of Stationary Tokamak by Neutral Injection.”
J. C. Sprott, “Numerical Simulation of Off-Resonance Heating.”

L. D. Stewart, R. C. Davis, G. G. Kelley, O. B. Morgan, Jr., and W. L. Stirling, “Neutral Injection Heating of the
ORMAK Plasma.”

W. L. Stirling, R. C. Davis, O. B. Morgan, Jr., 2nd L. D. Stewart, The DRNL DuoPIGatron lon Source.”
M. M. Widner,® R. A. Dory, and J. T. Hogan, “Computer Models for Electron Thermal Losses in Tokamaks.”

W. R. Wing,? 1. Alexeff, L. A. Berry, K. Estabrook,® A. Hirose,* and R. V. Neidigh, “The lon-Heating
Turbulence in the Oak Ridge Turbulent Heating Device, Burnout V1.”

19. Mathematics Division.

20. On loan from Y-12.
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Fifth Annual Conference on Numerical Simulation of Plasmas, lowa Citv, lowa, November 1920, 1971.
H. K. Meier and E. C. Crume,?® “Quieter Starts.”

American Physica! Society, Cambridge, Massachusetts, December 27-29, 1971. |Bull. Amer. Phys. Soc. Il 16

(1971)]

H. Postma, “‘Probable Engineering and Environmentai Aspects of Fusion Reactors™ (invited paper).
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