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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-size 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 perpendicular 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 
cf plasma simulation. The growth of the instabilities has 
been observed to saturate at very lew levek, 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 Ohrnic 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) 
program, we have sought ways of optimizing single-
particle confinement in the vacuum magnetic fields, 
using 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. 

2. MIRROR CONFINEMENT 

Experiments have begun in the superconducting 
mirror-quadrupole facility, IMP. Target plasmas are 
produced by electron-cyclotron heating, using up to 
600 W 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 ne « 3 X 10 1 2 cm"3 (with an uncertainty of a 
factor of 2), an order of magnitude higher than those 
found in INTEREM, therefore implying a scaling like 

Measurements of the axial density profile of the 
hot-electron plasma were made in INTEREM based on 
bremsstrahlung intensity, using an array of coDhnated 
NaI(Tl) 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 dost to the midplane 
can be caused by two processes: (1) nonresonant 
heating of high-energy particles and (2) influence of the 
plasma pressure 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 «ich 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 currents. Trie plasma which was produced 
was not diagnosed completely before the experiments 
were stopped to permit the completion of the systems 
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 

V l l 
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fMBKMm. we expact soon to be able to answer many 
i)nettto« covceraoig the elects of low collision fre­
quency and until aspect ratio. In the initial plasma 
exptrwatts, high x-ray flutes were observed, implying 
the sfttMeitce of fast electrons. The question of whether 
or not most of the current was carried by these 
alectf <wts hi out frrsi experiments is not resolved. Higher 
/Mgneuc flrWs, implying higher density, and the 
awwfcfon for preioiiization m the second experimental 
fbgm reduce the teadevcy for operation in a regime of 
taller* x-ray prodnctioa. Sometime during the coming 
yea* we wis add energetic neutral-particle injection to 
Staid a large increase hi the power input to the plasma. 

4. HIGH-BETA PLASMAS 

The brgest fraction of the experimental effort during 
1971 was concentrated on the canted-mirror facility. 
Experimental evidence was obtained for the location 
aad iar of the high-beta annulus, the magnitude of the 
•toted eatr*?, and the location of the particle drift 
surfaces, ituc*. of this work was included in a paper 
fjwtt at the l.A.rLA. meeting in Madison, Wisconsin, 
and is presented in abstract form. 

An expanded abstract is given of a document pre-
ptnd on the avopoted ELMO Bumpy Torus (EBT). 
Ifeb report cor tains experimental evidence from the 
called mirror facility, as well as theoretical work on the 
efajlftriuin and stability of the Bumpy Torus plasma, 
the power balance in the Bumpy Torus, technological 
aspects of the Bumpy Torus, and extrapolation of the 
frempy Torus to reactor conditions. 

Experimental and theoretical work on the polariza­
tion of free-free btmsstraJilung from magnetically 
cof&Bed prisma* is also mentioned. Numerical studies 
an off-resonance heating, heating studies with pulsed 
SBicrowavr. power, and experiments on triggering of an 
instability ay a pulsed coil in ELMO are presented. 
Abstract* of other papers published in 1971 are 

At present, work b continuing on the canted mirror 
in deter/mning the position of the high-beta annulus, 
using diamagnetic and end-loss measurements. 

The mechanical and technological design of the EBT 
b continuing. Future diagnostics for the EBT are under 
development. 

5. TURBULENT HEATING 

Thb b a final report of the ORNL study of, and 
experiment with, the turbulent heating of plasmas. It 
obtains the latent revisions to the turbulent heating 
ttVory and corroborating experimental data. There is 

now ample evidence that the maximum average velocity 
to which piasma ions may be heated is controlled by 
the energy density of die 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 duoPIGatron ion source is used with 
multiaperture accel-decel electrodes up to 5 cm in 
diameter for 4-A beams at 20 to 40 keV. This source is 
used with a closely coupled hydrogen gas ceil L a 
neutral-partide-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 feasibility 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 250-eV 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 \-ag ground 
electronic state and the l-au 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 
escaping a plasma, using pyroelectric crystals, (2) 
neutron spectrometers, (3) feasibility studies of heavy-
ion beam and C0 2 laser-beam probing of plasmas. 

8. MAGNETICS AND SUPERCONDUCTIVITY 

During this year the group concentrated its efforts on 
support to plasma physics programs. The IMP supercon­
ducting mirror quadrvpole was installed and tested. It 
has been energized routinely up to 71% of the design 
current density a the cuadrupoles and has required 
little attention from t> • xip. A cryogenic system for 
cooldown and operation ui ORMAK at liquid-nitrogen 
temperatures was designed. The system was fabricated 
and tested under group supervision and, although not 
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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 aluminum were produced for IMP and 
for genera] 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. 

9. FUSION REACTOR TECHNOLOGY 

Turing 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 
considerations. Work in progress includes: ( l )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 burners; (6) blanket system studies; (7) an 
evaluation of the engineering requirements for scatter-
dominated, mirror-confined plasmas; and (8) beam 
technology assessments. 

••rh.i^&Z'tfuMtl!.*. > * » * " * - " » • ' • • * - - " < •-' •• • i 



1. Plasma Theory and Computation 

1.1 CONFINEMENT IN MAGNETIC MIRRORS 

1.1.1 Instabilities in a Low-Beta, 
Short, Minor-Contained Plasma1 

C. O. Bcasky J. E. McCunc3 

W. M. Farr2 Abhqit Sen4 

Results from calculations employing a numerical 
Vlasov model of a mirror-contained, low-beta plasma 
show that for a realistic aspect ratio, a drift-cone-type 
mkroinstability 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 feasible experi­
ments. 

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

J. D. Callen5 G. E. Guest 

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

The complete dispersion relation governing longitudi­
nal and transverse waves in an infinite, homogeneous, 
magnetized plasma is discussed for arbitrary directions 
of wave propagation. Various forms suitable for com­
puting modifications of the electrostatic dispersion 
relation arising from the coupling to transverse waves 
when u)pg £ 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. Abstnct of paper submitted for publication in Physical 
Review Letters. 

2. Permanent address: University of Arizonr. 
3. Consultant, 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. 

1.13 Mkroinstabifties in Inhomogencous Plasmas: 
Finite Beta Effects 

C. O. Beasley J. D. Callen5 

Abhijit Sen 

Previous investigations of ion gyroharmonic microin-
stabilities in a model mirror-confined plasma, using the 
model of Beasley, Farr, and Grawe,*-8 have been 
restricted to an electrostatic analysis. For an infinite, 
homogeneous plasma it has been shown 9* 1 0 that the 
electrostatic analyse of such modes must be modified 
to include the coupling to transverse (electromagnetic) 
waves when the coupling parameter, cj^/c^k2

 T ap­
proaches or exceeds unity. Here, o»pe is the electron 
plasma frequency, c the velocity of light, and k the 
wave number. We have incorporated the appropriate 
modifications into the mirror-confined plasma instabil­
ity model 6 , 7 and have investigated the influence of 
these finite 0f (or KTj/mec2) effects in an inhomogene-
ous plasma. 

In infinite-medium theory, the transverse wave modi­
fication of the electrostatic modes can be com­
puted 9 ' 1 0 from perturbed currents J induced by the 
oscillating potential of the electrostatic modes. The 

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

6. C. O. Beasiey, Jr., W. M. Farr, and H. Grawe, Phys. Fluids 
13, 2563 (1970). 

7. 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," pub­
lished in Proceedings of Fourth IAEA Conference, Madison, 
Wis., June 1971. 

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

9. J. D. Callen and G. £. Guest, Phys. Fluids l», 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 

* + -. _ 4*it*> u>* 
VX(VXE) = - 7 2 E ^ = — ^ J + ^ - E . (1) 

c <r 

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

We assume this same phenomenological procedure is 
valid1 ° for an inhornogeneous model mirror-confined 
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^./«P(««AiV. (2) 

where Lp is the scale length of the plasma density, and 
vLLp is the distance over which the Fourier decompo­
sition takes place. We finally arrive a: the equation 

* z . T * I Tlm EZm = I Tlm (£ * • EZJ). zn ' *# (3) 

* * -

o V e » y L C < e x p { - [ Q i - / y 2 r L ] a } 

• ^ ( v W ' v ) ; ^ (4) 

are the matrix elements. (£* ss 1 is the n = 0 
combination of modified Bessd functions.)1 * We may 
solve Eq. (3) for EZ

T and form 

E. *E.h + E.T 

*l\'i> + lV-Thp-lT„)Ez (5) 

Next we censider the components of the electric field 
perpendicular to the magnetic field. It has been 
shown'*1* that EL (here Ey) n not significantly 
affected by the tnnsverse-wave couplings as kmg as 
"pc*/*3** < Milme However, since the ion & X 1 

11. G. E Guest and R A. Dory, fkft. Fluids ft, 1853 
(IKS). 

£L r 3 - i _ _ £ £ _ £ / . (6) 

This new component of the electric field induces an £ j 
X B drift in they (or kL) direction and henco leads to a 
contribution to the perturbed charge density of the 
form 

«^>.-£a£w (7) 

Thus the basic electrostatic Fourier eigenvalue equa­
tion4 may be modified to obtain a nonlinear eigenvalue 
equation of the form 

V 

(8) 

We solve Eq. (8) by numerically searching for an 
WpfWj2 (density) which is real and for which Eq. (8) 
b satisfied. 

At low densities and for km temperatures of interest 
in thermonuclear plasma, our results show little evi­
dence of stabilization of the lost-cone mode. These 
resuhs are shown in Fig. 1.1. They apply to the one 
residua] 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-cone medrnrasm, there is £ stabilizing effect 
even for reasonably low ion temperatures. This is 
Ihistrated 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 flutebke 
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character of the mode does not change, as shown in Fig. 
13. This stabilizing influence has also been found by 
Tang e taL" 

The upshot of these calculations is mat mere is some 
stabiization of the high-growth-fate drift-cone mode 
from finite beta effects. Howem, the mode which 
dominates at short plasma lengths is not stabilized to 
any appreciable extent for ioa temperatures of physical 
interest. 

1.1.4 Noi 

ECCruiDc'4 OwcnBdridgels 

H.K. Meier 

The evolution of linearly unstable, high-frequency (w 
* nil), fluteiike (*, * 0), electrostatic modes which can 
occur in a nrnitticomponent, magnetjc-mirrorconfined 
cottnionless plasma has been studied by computer 

12. W. M. Taag, L. D. Pttrbtew, 
prcpriat 73498, September 1971. 

13. Abstract of ORNL-TM-3675. 
14. On km from Y-l 2. 
15. CoasnHaat, Unhcnny of T< 

u d R L . Berk, »JCRL 

Ffc tX I H . 1 

simubtion. Ari infinite, periodic, sheet charge model 
was used in which particle motion n folowed in one 
spatial coordinate and two vtlocity coordinates 
to a constant magnetic field. 
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quarter of the particles in the initial velocity distribu­
tions formed a warm, Maxweflian background compo­
nent; die remainder belonged to a hot, linearly stable, 
loss-cone component These velocity distributions were 
constructed in such a way as to provide initial states 
relatively free of randomly fluctuating electric fields. 
The early evolution of single-wave (either traveling or 
winding) resonant instabilities agrees weD with linear 
theory. A rapid, coherent beating of the warm compo­
nent occurs, and spatial harmonics of the unstable wave 
appear. The electrostatic field of the wave then satu­
rates at an energy level as much as two orders of 
uumntude lower than those reported in previous 
limulilinn studies of the same and related instabflities 
or predicted from earlier nonlinear analysis. The field 
amplitude decreases rapidly to zero after saturation and 
then grows again nonMneariy. The temperature of the 

nonlinear growth period, detais of the evolution of the 
field amplitude vary from case to case. The saturation 
levees and carry posfsafuration behuvior ure in agree­
ment with a recently reported nonamear analysis which 
was motivated by the results reported here. 

E.C.Crume14 Owen Bdridge1 s 

aHhteer 
A dam of linearly unstable loss-cone flute modes b 

hrwitifiiiil oy computer wmuhlinn and nonlinear 
theory. The instabflity occurs throuththecoupfenfofa 
mgatiH »nfi|j) km cyclotron wave with the lower 
hybrid mode of a d id km component. Stabmratmn 
occurs through a rapid ami efficient heating of the cold 
ions, with very little energy appearing m electric fields. 
The analytic theory is m qualitative and quantitative 
agreement with the results of the simulation. 

\2 TOROO>ALr^SMA STUDIES 

1.2.1 Smmmtion of Energy Tienrport 
mTofcnnefc 

R. A. Dory J. T. ffogan 
M.M.Widner17 

Results of Urn investigation have been described in 
reft. IS and 19. The abstract of ref. 18b reproduced in 

If. Abated of paper • • • i i m for paaaiaiioa mPhysjaof 

17. fauMt SBBWJK Saadva Laboratories, AJbaaaeioue, IMC 
IS. rwmutfy evanwfc mOINL-TM-M37t to be peefmed m 

Jvevaeellan- of me Aemkmy ofSetmaa (Uhndm) Comfermee 
m Hum Theory, Kiev. U&S.*. (1971). 

19. Ju* Amtr. thy*. Soc It, 12*2 (1971). 

part here: 
A lime aad space depeadeat compat-r cafcatotioa w ased to 

evaluate the aagle lanawtj coefficieat C of the Aitsawvich/ 
Yodakawa pieanwliirifal •odd* 0 for I «taaitad Tokaaaak. 
Good areaneat was foaad with the amiable T 3 data if C « 
(1.1 x 10 I 4 /a ) 3 / 7 This scahag was ascd to stady the 
drpeadrarr of fit aad T c zm phsan correal I aad density a 
Additional pttaaa heata* by boas of eausetic oeatnl atoats 
has aho beea stadia* with the coamnrtcr aodeL Althnaah 
lajaifmat "m-T-—•• iacnases CM V obtaaed ia sen! 
awcJaacs. the obsemboa by YosbJuwa tlut a attsatt «aiboo 

BwawaBjsju ajaju* ^ ^ an ^̂ *̂̂ ^̂ ^̂ ™Sb uwaawaaa* awawaa* aaaap awaa^uar̂ aw«^aw^aa<w a^^KBaaauy 

a > 5 x i 0 , ? caT* aad aaiess dm teame caa he e**aed 

The computer code is now being improved to include 
effects of plasma diffusion, mumrities, neutral fluxes, 
and radiation, and the transport model has been revised 
to use the latest coefficients calculated by Hmton and 
Rosmmmth (to be published). 

1.23 Anliiprilrwamji^aaethadfor 

M.ftLWktncr R. A. Dory 

A numerical model, appropriate for field penetration 
and thermal diffusion, is med for tin« cvomtioa studies 
of Tokamak discharge plasmas. The model, which 
includes anomalous resistivity and auomsious electron 
heat conductivity, is appled to a plasma cyhnder, 
atthough transport coefficients are given for a torus. An 
any frit set of difference equations is derived which 
includes the time duugo in the nonlinear 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.CaBen" J. F. Clarke 
J. A. Rome 

Neutral beam injection has been proposed as a means 
of creatmg, heating, offsetting the «dfal diffusion 
losses, and maintaining the Ofamc beating current of 
plasmas in a toroidal configuration. The successful 
development of 2-A, 30*eV neutral beam injectors at 

20. See, for exaayk, S. Yodakawa and N. C. Ovatofttot, 
paper CN-2*7F-1, Foarth lateraatkwal Conference on Pfcmna 
Physics aad CoatroOed Nactear Faaon lUseait^ Maduoa, Wu., 
Jam 17-23,1971. IAEAJCN-2S. 

21. Abstract of ORNL-TM-J49I, sobanttad for î umcanoa 
mtktJowml of Gmftaitioml Physics iiriO). 

22. CoamHml, Pepartauat of Aeromatici aad Astroaaotic*, 
e^uw>iaBBaajmamwW'wa>aj nmnaa4rwwVwa> aPU £• W"a|dJwWawVaŵ rJ|AT # 
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ORNL wffl enable these injectors to be inrtalcd on 
ORMAK in 1972. Theoretical work on neutral beam 
mjection has concentrated on optimization of the use 
of the* injectors in ORUAK and a study of the effects 
of injection. 

To ma»Jmfc>e the path length for bean absorption, 
injection wffl be in the equatorial plane such that at 
their innermost penetration toward the axis of sym­
metry (R = RB), the injected particles are moving either 
flwVwawM OT wmnVaVwnTumvCI I O I M C I J H B w C B B K a V K CWICuwl* 

Theo|>tiBUtmTahKof/{BBd>U9nu«^bytheplasaa 
density prone (which governs the KWWT̂ HMI and charge 
exchange rate of the neutrals) and by the deviation of 
the ion orbits from their birth flux surface (which 
determine* whether ions are lost to the banter). For a 
parabolic density profile, the optimum RB is about 
halfway between the inner ptmma edge and the 
magnetic axis. A flatter density profile moves this point 
inward, while a more centraly peaked profMe moves it 
toward the magnetic axis. 

The orbits of injected particles have been studied in 
some detail When a neutral is ionized (usuaty via 
charge exchange), the electron is confined to Us birth 
flux surface due to its low mass and smal gyro orbit. 
The ion will deviate from this surface by about 2naf-, 
where a,- is the tyioradius m the toroidal magnetic field 
aad^ = 2»/i.TTK«about5cmmOWiAKfor30*eV 
H* ions. The deviation is atuuitf for comjected ions and 
outward for counter-mjected ions (comjected and 
counter injected refer to duection of Ohwnc heaticg 
current). Thus die counter-injected ions which are born 
in the outer --5 cm of plasma are lost to the bmiter or 
liner. If RB is within about 5 cm of the inner plasma 
edge, connected ions are also lost. For this reason the 
beam should not be injected dose to the inner plasma 
edge. It is also dear that mere is no way to avoid the 
loss of counter-injected ions; hence counter injection 
wffl lead to a net charge bunaupro the pbsma. 

Even if there is no net charge buidup in the plasma 
due to ion loss, injection wil cause local charge 
hnhabnrr* in the plasma due to the separation of the 
ion and electron orbits. Since the injection current is 
constant, mis charge (unless relaxed by the plasma) will 
increase linearly with time and wiD generate b~ge (and 
increasuif) electric fields. The buJdup of these fields 
and the anisotropic velocity space distribution of the 
hot k>ns might lead to microscopic and/or magnetohy-
drodynamk 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 

used wul be gnra here. A birth dhuimtion in the 
equatorial plan* was found by using the mjection 
geometry, the plasma profne, sad the mean free path 
for ionization. By also knowing the injected particle's 
energy and magnetic moment, the complete datfrmu-
tion function for the injected charge density, / f c e /X 
was found. For times longer than ± e rmutm teiiitai one 
of the toroidal drifts of the particles, ths distribution js 

The background plasma reacts to the presence of this 
charge dadinmiiun. Since the background electrons are 
free to move along the magnetic field hwf% they tens to 

and hence in the poloidBl dsrectkm. This has been 
shown by means of a detuned kinetic analysis. 

Thus the net result of neutral beam infection is to set 
up a radbl electric field. This fseM vml meseam with 
time, since the only relaxation anechanism B perpeunw> 
atnr ion viscosity, which is a very slow effect. 

The radial electric fiehf u iinimalilj related to the 
momentum transfer from the neutral beam to the 

slowing down of the ions. After stowmg down to the 
ion thermal vesoctfv- the mmded u icwues on a OUK 

The radial electric field, due to local charge I lidos, 
causes a nonuniform p nloidal E X !/** rotation. The 
parald ion viscosity of the phnma induces flow along 
the magnetic field which causes the noioiuaEXuYJ* 
flow and leaves only a toroidal flow. This renders the 
total plasma flow dlruatmt free and aai imum wmh 
The toroidal velocity is the final repository for the 
injected be- n momentum. 

To svoid shock ccadstioas and an undoing of the 
beneficial rotational transform effects by the ranml 
electric field, we must require that the toroidal flow 
velocity be less than the sound speed, and it is this 
condition which ultimately omits the p -duct of the 
mjection current and the injection time. For times km 
than the pcrpfnwkufar km viscosity relaxation tune-
scak of about 25 sec, a ptehammry estirmte gives about 
6.4 4-sec m ORMAK, which is no problem. 

1.2.4 --i~ iiiTiTiT' Ti 

J T.Hogan 

Although Tokamaks can compete favorably as reactor 
candidates in their present pulsed mode of operation, 
there is a feeling that matters would be helped if a way 
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were found to run them in asteady state. The discovery 
that the nwKltiacH theory allowed a steady "boot­
strap" equiftrium came as welcome news. 1 3 ' 2 4 This 
fqunmiiuiii excludes poloidal flux to the boundary and 
requires a mass source and an injected ''seed" current 
which is then amplified by the pbsma. It needs no 
extcrnaly supphfd electric field. We describe bene some 
remaining questions of approach to a steady state and 
criteria for experimental observation. 

Some clarification is required first for the eventual 
eqnnwjrium which, as reported ia rets. 23 and 24, is the 
result of a "banana theory" of particle transport. This 
theory takes its name from the banana orbits traced out 
in a minor cross section of she torus by particles 
trapped m the "toroidal mirrors'*: BmMJBmim s (I* • 
r)/(R - w). The calculated diffusion coefficients diverge 
at the majnrlif axis as r~ 3 ' 2 (r is the torus minor 
radius coordinate), an obviously unphyacal result. 
Since the toroidal mirror ratio is unity on the magnetic 
axis, particks m the socaled "pfateau" regime con-
tribute to the diffusion. (The "phtean** is the transition 
from a i oliiina fin to a i oMmui donunated regime.) 
Several methods yield finite results at the magnetic axis 
and modify the bootstrap eounmrium: (1) introduction 
of an arbitrary cutoff to limit the divergence, (2) a 
smooth analytical fit of existing banana and plateau 
coefficients, and (3) a re-derivation of the transport 
rates using an ordering which alows the whole ttansi-
tjoa regime to be treated.2 s The density proffle grvea in 
ref.23 wmsnujalaT at the origm, for no ob^ous reason. 
The new result is fhvte, as it should be. The seed 
current is no longer required; a simple mass source 
suffices to give the needed diffusion current. 

The question of time dependence arises next and has 
been treated both analytically and oumencafly, since 
the particle diffusion equations are coupled and non­
linear. An unpin1 it time and apace-centered diPeience 
scheme was chosen, and results are compared with 
exact snumuity solutions of the equations. A linear 
analysis showed that the relaxation rates of the similar­
ity solutions were representative, since an arbitrary 
initial distribution approached them as l / f \ where A > 
1. 

The particle diffusion eojunmrium is reached as the 
last m a series of equuutartion processes in the plasma, 
and so the fafrnbtiom were performed at constant 
electron and ion temperature and with fixed total 

23. R.J. fJctertMetaMtolurr #*jx Set 229,110(1971). 
24. *B.I*dontter««iV.S Sutfrau»,Faarmlnfen»iional 

Canftnnu on Plum* Physics aad Coatrount Nectar Fusion 
fuMBCU, Juadnon, Wnv, June 17-23,1971,IAEA/CN-2S. 

25. F. tmlo*, ML Amer. tkfv Soc 14,1274(1971). 

plasma current. The result is that evolution occurs on a 
time scale, r = T*y/Affi^, where r* is the resistive skin 
diffusion time which varies as the square of the plasma 
size and inversely as *he resistivity, A is the aspect ratio 
(the major radius of the torus divided by its minor 
radius), and fiF is the ratio of pbsma pressure to the 
magnetic pressure of the field of the heating current. 
The resistivity is computed at elevated temperature, 
because of the tune ordering of beating and diffusion 
processes, and hence the relaxation time is quite long. It 
is iraprobabfe that tins equinbrium bootstrap current 
wtfi be observed in ORMAK. 

This long approach to the bootstrap state may be 
helpful. Since the pohndal field is excluded, the current 
density is peaked at the boundary. Tins profile is 
e^«eciauy susceptible to local interchange and resistive 
tearing modes. Either a dose-fitting conducting she! or 
feedback stabilization might prevent catastrophe, but 
there seems to be no place for a conducting she! in a 
reactor, and feedback stabilization seems to be im­
practical.2* 

\JJS NrnririAlemDuai*mieninT)ti nl 

J.F.Clarke J.T.Hogaa 

We have computed the distribution function of 
neutral atoms in an OuBJUcahy heated Tokamak dis­
charge. The distribution function is used to calculate: 

1. The magnitude and shape of the cfaarge-exdumge 
energy spectrum. Significant effects of pbsma spa-
tial variations are found on the shape and position of 
the breakpoint of this spectrum. 

2. The Doppier broadening of spectral fines, to be 
compared with the deuterium pulse experiment.27 

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

The numerical results agree wef with analytical 
solutions, which can be obtained when pbsma prop­
erties are assumed uniform in space and the kms are 
assumed to have a delta function distribution. 

The results agree as wefl with experimental data,2* 
atthougU only relative fluxes are avaunbte for the energy 
spectrum, and the density values are obtained by an 

24. J. Jr. Chute ana I t A. Dory, in Feedback mi Djnumk 
OmtnA of Hnm$. td. ay T. g. Cm and H. W. He***, 
Aaericaa Into** of tlryacs. New York, 1970. 

27. S. V. Manor jad 1.6. Sravaev, SOP. At. Emtrgy 2S, 129 
(1970). 

28. E. Hi—or sad H. f. Efcbaak (private i nuunuuirsiioa). 
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Abel inversion of an annular function and are thus 
somewhat inaccurate. 

13 COhffUTATlONAL SERVICES 

13.1 raaami • in the Canted Maw* 
aad EUfOhmimy Torus 

C. L. Hedncfc 

The puipose of this investigation was to calculate 
(numerically) self-consistent, finite beta equiibna for 
both the canted minor and the ELMO Bumpy Torus. 
From these eoummia, wngk putfclr drift trajectories 
can be calculated and various laagmtohyuVodyuamk. 
(MHD)stabiity criteria can be examined. 

It appears that finite beta can ehnunate a loss 
mnhanhni which exists for particlrs in the vacuum 
fields alone. Calculation of drift trajectories in the 
vacuum field shows that there is a smal dass of poorly 
confined particles whose drift surfaces are aottopotogi-
cafly cquaiakat to concentric aides but have a 
banana-like structure. The underlying reason for this 

being located ypioiimHflj two-thirds the distance 
between a aaupiaae and the pbne of a col. m this 
plane, contours of constant 10 exhmit the same 
banana-bice structure that the drift surfaces have. If the 
plasma pressure is mfTkaearJy high near this region, the 
topology of these \B\ contours can be ih—|>d so that 
the banana-tike structure no longer exists, and hence 
the loss mednuusm ceases to exist. A major objective of 
tins investigation was to pat this qualitative argument 
on a quantitative footing. 

One objective of the calculation c* M W stabmty is 
to determine the importance of hue-tying from a 
theoretical standpoint. It is possible mat finite beta 
equmoria exist which are stable against mterchanges. If 
this is the case, one can have greater confidence in 
omitting limrters f ran the ELMO Bumpy Torus. Even if 
such a situation does not exist, one can determine bow 
much of the annular phmaa must be line-tied'o provide 
jlabflity and draga hmitus accordingly. 

Ire now review the present aad competed status of 
this piojsct. We have dmloptd a lam dantainmal 

drifi surfaces for the canted mirur. Tms code produces 
placable results. In order to verify these results m the 
hmit of zero cant angle, a two-daaemwnai code has 
been developed which calculates axirymmetric equi-
hbria. When the three dancnrionil code is fitly opera­
tional, we wffl begin to explore the question of particle 
trajectories. 

The two-dimensional code has proved to be useful in 
its own right It is just now being modified tc calculate 
various stability criteria for mterchanges aai to provide 
values of B vhichcan be compared with exp^rimentaly 
determined values. This amdinc«tion is nearly com­
plete, and we can expect to undertake various param­
eter studies in a matter of days. 

The present three duueiuioBal code for the canted 
minor is readily modified to calculate eqaamiia for the 
ELMO Bumpy Torus. This wnl be done as soon as 
results for the canted aarror begin to flow in. 

The algorithms for the present thii i dime mil mil code 
were suggested to a> by H. Grad. it is assumed mat the 
pressure can be written as a function of B aad a 
smgfe-tmx hne coormnate. It appears that a more 
general fonautation m which the pressure is a reaction 
of B aad two-flux hue coorumates is practicaL Has 
frw uuil u ion wal alow us to i nmputi eqaamria coasjav 
eat with the aucroscopic a^tiamtiuai which can he 
unfolded from cxaeraaeeml data. 2 9 

D B . Nelson 

Mujartir field structure and heating 
ELMO, Canted afirror, and the m maty Torus lead to 
pitman which are •UmskaBy aaiiiitinpii Hence, 
questions concern** their MHD stabiity me poorly 
addressed whhm the uamr pressun i framework, aai we 
tent instead to the more grarnl p smmg center theory. 
la low-pressure ammms the dom immt hiw fnqmai i 
msiamarjes are ue immmmms names. At hh>er 
premare, amdes which comavess nem aacs wanumt 
altering their shape (generalized • nerchanges) become 
encrajeticauy favorable as wen. However, at this amuyaa 
we treat exdaavety the ample a •imhiaaji m which 
nmgnetic field streagth is not vatica1 

Wnma the scalar pseamre ibeory, the necessary and 
sufficient loudhiuu for varmtiom i stabiity to inter-
t i g lis that 

P ' ( f ) + 1 f / f > 0 , « * / > * . 

Among the properties of this i uadMiun am the 
stabasimg effect ofmoemmg bets ami therequaiaual 
of aa avenge augaetic weB at the parnaa edge [»'Cf)> 
Oj. The added flexibility of the guahug n a m foranfav 
tioa does not alow such a simple statarty tommum. 
Different criterii rraalt from each choice of distrmution 

29. G. E. Guest, C. L. Iwaihk, ani J. T. Henm, Hoi-OtcPvn 
rauwtrniiii m the Cmtti Janr, ORMIvni-3473 flam 
lt7l). 
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function. We here consider distribution functions of the 
form fl&HAf) - /felO *(ai*), where e is the energy, a 
the magnetic moment, and (aji) are flux coordinates. 
This functional form produces reasonable agreement of 
the calculated equimria with experimental data. For 
axisynunetry (aji) can be replaced by the flux function 
d». The results reported here use this simpler formula­
tion, but the generalization to nonaxis>mmetry is 

We also require local stabiity, which is equivalent to 

a#fe<o, 
« > 0 , o = l + ( n 1 - | > i y B a , 

r > 0 , * = 1 + 3 ^ / 3 * W l -

ic energy density is invariant under an 
re consider only the variational 

of the plasma energy. +- The first 
to the equations of eojuimrium; the 

(fe interchanges) is3* 

"-K^JI dJ^idif 

* * / - f i r 2 — — dJdud* 

The condition for stabiity is 5*# > 0. 
The first term is manifestly positive ifdffbe < 0. A 

sufficient condition for stabiity is then poativity of the 
second term, which can be reduced to the requirement 
'aat on each flux surface 

^ / i P . M + P . « l d / ^ < ° . 

wfcre p is the moment of /(E./I), n

A is the cospoc-nt 
of the gradient perpfndicular co the flux surface, and K 
is the curvature vector. Since the magnetic field is 
depleted in the interior of the plasma, 1LB can he 
reversed and the interior rendered more stable by tins 
criterion. Since it is difficult to reverse the sign of x, 
stabiity overs j>x > pv However, at the plasma edge 
this criterion cannot be satisfied unless the vacuum field 
a an average magnetic weB. 

Since the first term in our expression for 62d> is 
stabilizing, its contribution should give a more optimis­
tic criterion. The derivative, dc/dâ  at constant J. is 
difficult to evaluate, because it involves 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 
stabiity), is obtained by approximating V x£ and x by a 
constant over the particle trajectory. For ELMO this is 
not unreasonable, becar.se most of the electrons mirror 
near the midpfame. 'the necessary condition is men 

/[ 

where Cj = -ns/jr* dfldedwdp is a positive quantity. 
It is related to pressure aaBOtropy because C 2 > 
pL*l3pf. 

Since the stshirrjng term is pressure dependent, its 
contribution is greatest in the plasma interior. However, 
increasing C 2 up to the bait set by the mirror stabiity 
criterion should extend the stabiity boundary closer to 
the plasma surface. 

Thus interchange stability of the guiding center 
plasma is sanaar to that of the scalar pressure plasma in 
being favored by high beta and an average magnetic 
weffl. A qualitatively nrw result is the advantage of large 
pl compared with p,. It appears that mtercfeiige 
stabiity is enhanced in a plasma on the verge «*f the 
mirror instabiity. This observation is consistent with 
experimental data from ELMO, which in its stable state 
does exhabit r * 0, very nearly mirror unstable. 

133 

EG. Harris31 

The wdMcnown £ <M/B criteria for kydromagnetic 
interchange instabilities in a dosed-Hns system has been 
extended to anisotropic, high-beta plasmas. Tke double 
adiabatic (Chew-&x44erger-Low) theory is used. Since 
the formulas are rather cumbersome in their general 
form, we are investigating some special cases. 

30. H. Gad, iwJMt fkjrtct tmi ComtroMed Nuckv Fusion 
tommdt (OMmm Omfertnctt, »oL II, p. 161, IAEA, 1966. 

31. Coamtaat, fhyncs Pcpaitiaent, Umvewity of Teanencc, 
Knoxvau. 

http://becar.se


9 

1.4 DATA ACQUISITION COMPUTERS AND 
REMOTE TERMINAL SYSTEM 

Nancy A. Betz 3 2 R. A £wy 
J. E. Francis O. C. Yonts 

A computer system was designed and proposed3' for 
ensuring rapid data sampling, storage, and analysis for 
the Thermonuclear Division experimental devices. Each 
large experiment (ORMAK, IMP, Bumpy Torus) is to 
have a small autonomous computer attached to aHow 
independent (nonmterfering) operation <x the experi­
ments. However, to permit use of the mor- pomiful 
computer facilities ai the computer center, these wi? be 
connected through a central "pooling** computer and a 
phone line to the computer center. The pooung 
computer wffl serve to handle the encoding, transmis­
sion, and <witching of data between the experiments 
and the large computer, and also very importantly, it 
wil provide on-site (Building 9201-2, Y-l 2 Area) access 
to the computer center (Building 4S00, 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 is 
expected to be on hand by July 1972, and in routine 
operation by December 1972. 

IS GENERAL THEORY; ABSTRACTS 
OF PUBLISHED ARTICLES 

1.5.1 Flute Stabfcation via EktiimlJliraBy 
Confuted Co l l ec t ions 3 4 

G.E Guest E.G.Harris31 

Flute instabilities driven by unfavorable magnetic 
field curvature can be stabilized by a positive ambipolar 

32. Matfeavtics Dmson. 
33. N. Bete, R. A. Dory, J. E. Franm. and O. C Yonts. 

Proposti for Computer Assisted Dstm Acquisition for ORNL 
Fusion Experiment*, ORNL TM-3593 (October 1971). 

34. Abstract of published paper Phys. Rer. Lett. 27. 1500 
(1971). 

potential which confines coki electron̂ * ek-ctrc t̂ati-
ciSy. This mechanisn: doe* not depend on l:r*e-:ying in 
the conventional sen*?. We derive stability criteria and 
fccuss their relation to experimental observations. 

\52 Energy Trausfer to Ions Cronian 
Unm utrwiTfd Electron Beam 

M. M. Widner'r G. E. Gu*st 
R. A. Dory 

Slojuation »:udies of ihe response of an inhomogene-
ous plasma to an unneutrahzed electron beam have led 
to an analytic theory of the energy transfer from the 
beam to ambient ions. Energy is transferred to the 
plasma by the ion-hybrid resonance and is retained 
because of phase mixing. 

1.53 OntiurDerrvationof theQannmii Eymtmm3' 

JunichiroFukai37 EG Harris3' 

A derivation of the quasihnear equations is given 
^hich is sufficiently general to include damped waves. 
The origin of some difficulties in previous derivations, 
the conservation of momentum and energy, and the 
origin of irreversibiity are discussed. 

35. Abstract of pobtrAed paper: Pkys. Fluids 14, 2S47 
(1971). 

36. Abstract oi paper accepted for pabbcauon is Ik* Journal 
of Puxsmt Physics. 

37. Present address: Department of Physics, Unvenrrjr of 
Tennessee, Knoxriue. 
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21 INTRODUCTION 

The idea that a plasma, consisting of energetic 
electrons but cold ions, produced by electron-cyclotron 
heating cm be used as a target for trapping of an 
injected, etiergetic at&nic beam of hydrogen particles 
(primarily by charge exchange) has been discussed in 
previous annual reports and elsewhere. Our objective, in 
the past several months, has been the study of target 
plasmas, their stability and confinement, and particu­
larly ĥe attainable density and target quality (ne/n0) as 
a function of macoscopk parameters: magnetic field, 

1. Instnuneatation and ConfTob Division. 

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

Experiments have been carried out in two facilities: 
INTEREM, described earlier, and ihe new deep well 
facility, IMP. A comparison of the macroscopic param­
eters in the two facilities is given in Table 2.1. Earlier 
experiments have shown ne ~~ 1-3 X 10 1 1 c m - 3 in 
INTEREM with 

V»olmax a 1 0 • 
The initial experiments at the higher fields in IMP 
indicate * ? l n , a x scales as B0

2. 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. O of IMF u d INTEREM 

INTEREM IMP 

Magnetic field 
<B© ~3kG -10 kG 

*« 2 2 

* i 1.2 1.75 

V. 378 kG 12 IS 
Heating power 

Resonant 10.6 GHz (<15kW) 36GHz«lkW) 
NomesoaMt 36GHz(<lkW) 55GHz«10kW) 

Neutral density 
Bane 5 x 10"* Ton-(1.8 x 10* cm"3) <5 x 10"* Torr (1.8 x 10* cm"3) 
Operating n0 > 1.5 X 10 1 0 cm"3 

Electron density 
For ̂ pj^cg * 1 1.3 x 1 0 , a c m ' 3 1.4 X 10 , 3 cm~ 3 

10 
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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 
plasma. This is because shielding and beam trapping 
considerations iequire densities of the order of 10 l 3 . 
about 100 times the density of the early experiments. 
Mhiuwave power sources were 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 <x B2. The required 
densities imply i*}pe

2/uce

2 > % at 10-20 kG. The 
early experiments In IMP show « _ e

2 / w c e

2 * % at 10 
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 volume when using 
ECH in a' magnetic well. The motivation for these 
studies is: ( l ) to establish quantitative comparisons 
between total stored energy {nT^V) and alternate 
measurements of density and mean energy, (2) to 
determine 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 
rone," 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 closer to th»; mid-
plane, that is, with larger pfE. This increase in fi/E 
results only when particles are heated inside their 
nr'rror reflection points; that is, when vjj =£ 0. It is not 
yet possible to determine if the spatial distributions are 
strongly influenced by finite plasma pressure; nor can 
we make quantitative comparisons between predictions 
from the theory of "mirror" instabilities, since a 
determination of the self-consistent equilibria, including 
the proper influence of plasma pressure, has not been 
completed. More detailed calculations of this type are 
being undertaken. 

2.2 TARGET PLASMA EXPERIMENTS IN IMP 

The superconducting mirror-quadrupole facility IMP 
became operational at midyear. Our 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 field strengths, or correspond­
ingly the microwave nesting frequencies. INTEREM 
operitet with Bo = 3 kG, a factor of about % that used 
thus far 1.1 IMP. 

Figure 2.1 shows a magnetic field configuration 
typical of thos* we have employed in IMP. An 8-mm 
microvave supply provides resonant heating at the 
J2.5-KG contour for nonrelativistic electrons. In addi­
tion, many expeiimcnts have made use of 5.5-mm 
microwaves for off-resonance heating. The iwo mic.o-
wave supplies are continuous wave, each nominally 1 
kW. 

The experiments are done either with steady-state 
plasmas or with those decaying from steady state. Base 
pressures in the microwave cavity were usually in the 
range 1-2 X 10~8 ton. An automatically controlled 
leak of hydrogen gas established the operating pressure 
level. 

Discussion of the four basic diagnostics follows: 

1. A measure of hot-electron density ne is provided by 
ionization current flow to a small positively biased 
probe mounted 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 Z 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 bremsst'ahlung 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 B0 point, at a very slight 
inclination to the median plane. For reduction to ne, 
we assume that the hot-electron density is uniform 
across the resonant mod-/? contour. 

3. Diamagnetic pickup loops register total stored W± 
upon plasma decay. Calibrations foi 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 density, the ratio ne/n0, 
and hence ne itself are determined by use of an 
injected fast H° beam. The technique iwotos 
measuring charge-exchange signals from the c^vay of 
an injected fast-proton component and comparing 
signals for trapping on the hot-electron plasma with 
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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: (l)from comparison of the 
trapping rates as deduced from the initial amplitudes 
of the decaying charge-exchange signals and (2) from 
comparison of *he decay times, since the target acts 
as an ionizing shield to reduce the density of 
charge-exchange centers in its inferior relative to its 
exterior. Low signal-to-noise is the basic prcblem 
with this technique, and this experiment is done 

CRNL-OWG T»-f2989P 
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under computer control to average up to 10* decays 
for a single experimental point. 

Figures 2.2-2.7 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 Ffe. 2.6 
implies densities comparable with those obtained from 
ionization current data. Fig. 2.7.) We have a spread in 
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density detetcanations 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 lore not defined in IMP. 

Although we cannot definitively assign a density to 
the plasma, the convergence seems headed to the order 
o f 3 X 10 1 3 cm" 3 , an order of magnitude higher than 
in INT5REM and therefore implying a scaling tike A*. 
Additional support for this conclusion is found in other 
comparisons with INTEREST where similar diagnostics 
have been in use for a much longer time. The systematic 
vari&u*^ wiui resonant and nonresonant pom:t levels 
shown here are observed at both facilities. The spread in 
quantitative density dVtenninatioos by the different 
diagnostics also appears at each facility, and a diagnos­
tic-by-diagnostic comparison of the plasma densities 
shows values higher in IMP by about an order of 

The rmphash of work in progress is directed at 
convergence of the density detenmnatiom and at 
systematic studies of the plasma with wider ranges of 
field configuration and ambient hydrogen gas density. 
In this last conoectioo, we are encouraged that brief 
studies rt lower n*. values, down to ~3 X 10'* cm" 3 , 
have indicated plasmas not very different than at n% * 
1 X 1 0 1 1 cm ' 3 . 

13 TARGET llASMASTtlNESmiNrEREM 

We have continued the bremsstrahhing measurements 
of the axial distribution of the hot-electron density in 
INTEREM. These measurements are made with an array 
of coflimated detectors distributed along the axis 
arranged to view the plasma at various Z positions. The 
bremsstrahhing 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 profits of density and mean 
energy as a function of magnetic field, neutral gas 
pressure, and inicrowave power level. 

The variation with magnetic Held is shown m Fsg. 22. 
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 



15 

E u 

aw£ 79*M4^hV 
1 0 ' ! i ! ! I ! | ! ! ! ! ! | ( ! I ! I ! 

RESONANT FIELD POSITION 

3C 0 30 0 
Z, POSITION (cm) 

Tie F fe2A Variatioaof< 
aarror aad qaadrapofc field streacths aeie scaled by the a * 
factors. Fteoare = 4 X I 0 " 7 torr («aae) with Iqnaroaea leak. <«) 
«o * 30kG,anwiKpower »«WOW;<fr)«.» 3JkG,*« 
400 W;(c)« 0 * 3.6 k G , ^ * 200 W. The solid and opea caxfcs 

ffnnT 

3 0 0 30 0 
Z, KJSITION (cm) 

Fvj. 2.9. Viiiilius of 
p t i i i t . B0 » 3 kG, microwave power * 109 W. (a) • * 3 X 
10"* ton <»e); ( « / * I X 10"* torr; (e)f* 7 X I 0 " 7 torr, 
<d)»*4x lO^ton. 

seen that the peak of the density profile occurs near the 
resonant field position in each case. 

The variation of the profits with neutral gas pressure 
is shown in Fig. 2.9. At the highest pressure, Fig, 2.9c, 
the profile is peaked near the resonant field position. As 
the pressure is reduced, Fig. 2.96 and c, the peak moves 
toward Z = 0. At the lowest pressure, Fh> 2.9c*, the 
peak of the profile occurs at Z * 0. 

The variation of the density profik with inkiowive 
power level is shown in Fig. 2.10. This variation is 
similar to that seen with neutral gas pressure. At the 
lowest power level, Fig. 2.1Q», the profile is peaked 
near the resonant position. At the highest power level, 
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effects on the gross ptama properties (plasma density, 
energy, and volume). It seen* pJausMe that the 
effective heating rate should increase either with in-
Cessnas power or witn rcaucea pressure, me increased 
besting rate with power is a natural consequence of the 

electric field, but the reason for the increased 
rate resulting from lower pressure is less 

transparent. As the pressure a lowered, the ionization 
rate is reduced and thus less power ftrapfi the plasma 
volume in the form of low-energy particles. For a given 
power input, the net power supplied to the plasma is 
increased, thus increasing the hfttfftg rate per particle. 
Another couchwkm is that at the highest effective 
heating rate the plasma is confined near the nudpfcine. 
Two explanations for tins effect are poetible. First, 

there is appreciable plasma diai magnetism in some cases, 
so the plasma magnetic field may influence the equilib­
rium configuration. Second, if the particles gam perpen­
dicular energy at positions where V| # 0, then their 
pitch angle diminishes as their energy increases. Thus 
the hafhest<eneigy particles would be nearest the 
midplane, as observed. 

We have exanined the electron energy distribution 
function when using upper off-resonance heating. In the 
previous annual report,2 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-density 

2. Thcmatmckm Oh. Arum. fngr. Rep. Dec 31, 1970. 
ORNL-46SS, p. 24. 
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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 fluctua­
tions in the ionization current be seen. The principal 
difference in the distributions is the increase in the 
population of rebtrvistic electrons when nonresonant 
heating is applied. In the case of whistler instabilities, 

Hedrick3 has shown that reiativistic particles in the 
distribution tend to stabilize the mode, because the 
spread of cyclotron frequencies contributes to damping. 
One might reasonably expect similar effects for the 
other observed instabilities, the double distribution 
mode, and negative mass. 

3. C. L Hedridc, ibid., pi 6. 

'3?J$$&i£n,* **. ,-<ifij r - , y ^ . .'"',;*. ftaft^WfeV'.-ft.ai-- t^&M V** --*--•'•" 
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3.1 INTRODUCTION 

The most exciting thing about Tokamak devices3 is 
that they produce relatively hot plasmas in which the 
ion 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 Held is called the colhaonkss regime. This is 
the regime in which a fusion reactor will operate. 
Scaling considerations indicate that the ion temperature 
in an Ohrmcally heated ORMAK will be sufficiently 
rugh to put the plasma well into this regime. We are 
particularly anxious to get a high-temperature plasma, 
because there are some reasons (thermal conductivity is 
~ r ~ 3 ' 2 in the colhnonless regime) to believe that the 
thermal insulation will be greater at higher tempera­
tures, and on the other hand some reasons (the 
pjssmility 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 tow plasma aspect ratio 
<4=R/r~ 3.4), its relatively huge minor diameter, its 
high plasma current, moderate toroidal magnetic field, 
and long pube duration. The Russian Tolannak T-6 
experiment,4 which is now operational, has a very 

1. lastnwwnUtkmMdCoMrobDivwcm. 
2. Gcaanl Eai amiiit DwMwt 
3. L. A. ArtMBovkk at aL, paper CN-2S/G*. IAEA Confer­

ence on Plane Phyiici aad Control* Nadear Fasten Re-
sstKfc, 'tfsaam. Wis,. Jane 1971. 

4. V. S. Vlas«nfcov, E. t>. Gorbaaov, V. S. Makhovatov. M. P. 
fMrov. and L. D. SMUraa, paper CN-2S/F-S, IAEA Coafawaoe 
on nenaa Phyafet and Coattoaad Nsdear Fnatoa Reasarcb, 
Maaajon, Wit, Jaa* 1971. 

similar configuration but is presently limited to lower 
design magnetic f elds and shorter experiment times. 
Other experiments in operation in this country, the 
model ST3 at the Princeton Plasma Physics Laboratory 
and Doublet II* at Gulf General Atomic, have different 
configurations but operate in the same range of 
magnetic fields. 

At present, Tokamak plasmas are heated by the 
toroidal current. This method of heating does not put 
as much power into the plasma as we would lice. We 
expect in the future to increase ion temperatures 
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 view of the device. The 
plasma fills a toroidal region having a minor radius r of 
135 cm and a major radius R of 79.5 cm, giving the 
phsma aspect ratio A of 3.4. The toroidal magnetic 
field is provided by 56 generator-driven coils held in 
aluminum frames. Currents up to about 450 kA can be 
induced in the plasma by conducton wound parallel to 
the major circumference of the torus on the outside of 
a surrounding l-in.-thick ahimnum shell. The combina­
tion of the imposed toroidal magnetic field and the 
potoidal field produced by the plasma current itself 
contributes to the equiHbriurn and 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 
aluminuin shell. The plasma region is surrounded by a 
0^5-tran-thick stainless steel liner which is continuous, 

5. H. P. ¥vttk,BmK.Amcr. Fhyu Soc It, 1231 (1971). 
6. T. H. Jems* A. A. Sctapp, Jr.. sad T. Ottawa, Jaw 

Amtr. fkyt Sac It, 1231 (1971). 

IS 
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and separately pumped. A solid tungsten, azhnuthany 
segmented aperture (limiter) detemines 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. Tins low temperature re­
duces the resistivity of copper by about a factor of 8 
and permits the use of coils with smeller cross sections. 
To increase the inductance of the pttana driving 
transformer, there is an iron core which with back Mas 
has a flux change capability of 0.55 V«sec. The 
maximum design toroidal magnetic field is 25 IcG and 
can be held flat for more than 0.2 tec. 

The mechanical construction of ORMAK was finished 
in January 1971, and at that time shakedown of the 
components was begun. There were difficulties with the 
vacuum system, with tfcf generator control circuitry, 
and with electrical breakdowns, which kept us from 
beginning operation until about 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 at room temperature and 
fcerefore at about a third of the design magnetic field. 

We set as our objectives for this phase the checkout of 
aD the electrical systems and the diagnostics, with a 
quick look at the properties of the plasma on the 
philosophy that more significant results would be 
obtained at full field. Has limited phase was ended in 
late sunnier with most of the objectives attained. AD 
the diagnostics were tested, but the Thomson scatter 
laser, the soft x-ray analyzer, the optical spectrometer, 
and the mmtral-particle analyzer did not give useful 
data because of interference from hard % 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 liqiiki-nrtrogen 
cooling system was operational (Sect. 8.2 discusses the 
character of the system in some detail), the coils had 
been cooled, and the vacuum was about 2 X 10" 7 ton 
in the outer vacuum region. TcOing of the complete 
toroidal field supply has began, and at year-end, 
regulated currents ("»% design level) have been passed 
through the coils. 
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3 3 EXPERIMENTAL RESULTS 

During the summer, approximately 100 plasma dis­
charges were made for which we recorded ioop voltage 
and plasma cut-rent (by Rogowski loop) and x-ray 
emission. On a few shots we have microwave inter­
ferometer data and a measurement of H a and Hf light, 
both of which are obscured by x-ray interference. In 
fddition. there is an indication of plasma position from 
magnetic probe measurements. We were able to record 
photographically hydrogen jpectra 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 f = 0, using a 20-kJ capacitor bank. No 
preionization was used during these experiments, and in 
this particular shot, breakdown did not occur until 1.4 

msec. (There r an initial step in current due to 
conduction of the liner.) The plasma current rose tc a 
peak of 84 kA in 34 msec. The voltage at peak current 
was OJl V, implying a Spitzer conductivity tempera­
ture ut 350 e \ . At about 10 msec the voltage had fallen 
to less than 6 V. This is the voltage at which a 
transistor-controlled storage battery supply begins to 
share the plasma current load. This supply was pro­
viding aC the current during the latter pan of the 
discharge. When it was turned off at about 95 msec, the 
voltage swung negative where it was damped by diodes. 
There are small, positive, irregular step fluctuations »n 
the voltage trace and small, correlated negative steps in 
the current signal. Frequency response 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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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 I 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 exponential-like curve. We infer from the 
interferometer data an average density of about S X 
1 0 1 2 c m ' 3 . 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 025 mm of lead and at a distance of 
1 5 m from the source. F m centimeters of lead gave a 
film dose reduction of a factor of between 4 and S. 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 0.7S 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 relatrvistic electrons. In fact, only 
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Major radios 79.5 cm 70 cm 
Shell mner radius 2$-Scai 25 cm 
Shell thickness 2_5cmAI aScmCa 
Limiter radics 23_5 cm IS to 25 cat 
Toroidal magnetic feU 7kGwarm Data at 7 kG 

25 kG cold lSkGdeapi 
Plasma current 90 kA warm 

400 kA cold 
45 kA 

Pake duration X M s c c 15 msec a 

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 ruzawvy electrons can­
not, however, be ruled out. 

The same behavior as has been seen in Otv4AK 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 B an 
even greater similarity in results when we use only the 
capacitor bank. The T-6 group made potoidal beta 
(poloidal beta = 0_ = ratio of kinetic pressure to 
poloidal magnetic field pressure) measurements4 which 
showed that along with the x rays, there was a sudden 
increase in transverse plasma pressure accompraymg a 
burst. The T-6 data also showed the discharge sfaiukuig 
in minor diameter with time. We infer, however, from 
inductance measurements at turnoff t iat the current-
carrying cross section in ORMAK is at lea* two-thirds 
of the aperture size at this time in some cases, A B O , 
position measurements showed only small outward 
shifts of about 1 cm along with smaller oscmatmg 
movements with amplitudes of ~2 mm. The quantity 
&p + /,-/2 (/, = plasma internal inductance) u«a calcu­
lated from the equilibrium condition of the phrxna, 
drawing an increase toward the end of tins discharge 
which may imply a shrinkage of the pbsma cones' 
channel. Figure 3.4 illustrates the outward shift aad the 
quantity 0 p + If/2 for a discharge whose characteristic! I 
and V are also shown. We are unable to reconcile these 
observations with the interferometer lesutu which show 
large fluctuations in line density along a vertical minor 
diameter. The ORMAK and T-6 both operate m about 
the same pressure range. ORMAK gives good results 

;**#**3-> i*iS#!***/••-'«- r'--«^^'^•'•-'-'.w •'M-«.fr:^:^'&-j.^?Md^'iA'&*J'2 



22 

OWK.-OWG 72-9984 

40 €0 
TIME (msec) 

(A 
4 — 

Kb) i 2 
0 — 

40 SO 
TIME (msec) 

U) S 

40 60 
TMEtffiMC) 

coneat aad cancat derivative, (b) Discharge loop vottage. (c) 
Hcawed radial outward ahtft. (</) Cakafaled ^ • 8|/2. * x = 17 
G fat tfwdaduune coadHtoa. 

only for filling pressures below about 2 X 10" 4 torr of 
H 2 . At higher pressure there is a breakdown, but the 
discharge goes out as soon as the capacitor voltage has 
fallen slightly. 

At pt«»*nt, the process responsible for the burst 
phenomena is not understood. The question is whether 
or not the fast electrons carry the balk 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 energies. It seems 
unlikely (but not impossible) that some roughly con­
stant fraction of these electrons is lost in each insta­
bility bum. 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 ttot expect this 
process to involve just a small fraction of the total 
population of the fast electrons in each burst. Unfor­
tunately, v.e do not have reliable time-resolved x-ray 
intensity information which would show a dump of 
remaining relativist^ electrons, if any, at the time of 
turnoff of the puU. 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 between bursts. These tetter 
fields are orders of magnitude below the critical electric 
field for production of runaway elections 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 pUana cannot be ruled out. This effect 
would not be seen outside of the liner. Another 
remarkable feature is the s/nat! fluctuation in loop 
voltage from burst to burst, f f an electron temperature 
is responsible for the resistivity. o.ae would expect 
rather large changes, b«t if most of !he current is 
carried by fast electron*, the loop voltage might be tow 
and nearly independent of the burst process. So the 
picture is obscure. There should be less tendency for 
this type of behavior at the higher magnetic fields and 
with the use of preionttation. Some of our experiments 
did not show large x-ray emission during the main pan 
of the discharge, and also, the Soviet T-6 team reports4 

that there is an operating regime, dependent upon 
chamber conditions, in which these bursts do not occur. 

3.4 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 separsticr. 
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 stowing-
down process significantly. Aside from the direct effect 
of accelerating or decelerating the fast tons, it also 
produces an electron drift (//en) along the magnetic 
field which lea& to an enhanced friction between ;he 
electrons and fast tons.7** In addition we found that 
the existence of a bootstrap current JB in the plasma 
driven by density and temperature gradients also 
contributes to the electron-fast ton friction. We have 

7. A. V. Gaievkh, So* PkyuiETT 13,1282 (1961). 
8. H. P. Forth an* r. H. Rutherford, to fat Qabfehed « 

Phytia of FhOds. 
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shown that ali three effects can be included in the in Eq. (2) become 2.44. 0.69. and 0.42, respectively, 
calculation of fast-ion slowing down by introducing since dectron-electror. cocoons become significant. 
into the kinetic equation an effective electric field: We have solved i!w equation 

£• = £ ! ( • ! - 1.95 / - • V i 

where from Rcsenbhith et ah9 

A . * -1.46(1 Z,Tt; n 

( l ) 

T 7 • T \ 

and n, is the Spitzer resistivity The fast ions have 
charge Z a , while the plasma torn are assumed to have 
charge Z, > I. If Z, » I the coefficients of n, T'e. and ft 

9. M. N. Rwttfehith. R. D. HascKiaK. «nd K L Kioto* to 
bt puMnbed ia/fcysicf of Fluids. 

where CVtf, ffff is the Landau collision operator and 
fgM s a MaxweiUan; afl non-Maxwei!ian effects are 
included in £*. A contour plot of the resultant 
distribution function fm is shown hi Fig. 3.5. showing 
the peeking around (he injection velocity v#.This 
peaking » very much enhanced by the action of £*. 
Figure 3.6 shows oat interesting consequence of the 
peaking of fa. The plot shows the power deposited in 
the plasma by the fast ions relative to the infection 
power /« &» as a function off*/*. 

The total current in the plasma increases because of 
ihe fast-ion current / Since these fast ions are held m 
equtUbrium mainly by the electron friction, the excess 
power is deposited in the electrons. At moderate 
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densities this could lead to election thermal runaway. 
In addition, if we reduce the plasma current in order to 
keep the tool current constant, we will create a peaked 
current distribution in the plasma, since we can only 
affect the external layers of plasma current because of 
tm. skin effect. £ * inside the plasma is relatively fixed, 
esptcialy that portion given by n j / B . The net conse­
quence of these effects is * A clear, but together with 
the radial £ field effects described in Sect. IJ.3. they 
indicate the need for a vigorous and thorough experi-
ttwntal investigation of neutral injection heating. 

3 J DIAGNOSTICS 

3J. I 

During the -̂maanetic-OeW experiments an attempt 
was mrJe to measure the density and temperature of 

the electrons with a simplified version of the Thomson 
scatter experiment previously described.1* Unfortu­
nately, the high level of x rays emitted during s 
discharge produced noise signals which warnpcd any 
posssble Thomson scatter signal. The ratio of x-ray-
broadened signal to expected signal was in excess of 
100 to I . 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 to a single spatial 
point measurement. This was done to permit alignment 
under vacuum at Uquid-nitiogen temperatures, using a 
retractable iggnmeni probe. 

Under optimum conditions. Rayleejh scatter measure­
ments, using nitrogen, have been made with a unity 
ratio of Raytdgh scattered signal to stray scattered 
signal for a filing pressure of 30 torr. For the current 
experimental configuration, which has no input baffles, 
this ratio is unity for a nftrogeu pressure of about 450 
torr. A recvahiatton of expected scattered light in­
tensity for this experiment majfin that for a plasma 
with a SOOeV electron temperature tnd a density in 
excess of 2 X I 0 , s cm" 1 , the measurements of 
temperature and density can be made with about 10 
and 50% accuracy respectively. 

An entirely new apparatus for Thcmson scattering is 
now heme dfiamtil which will nermii aMenment at 
9^*^* vrvav^asp ^^^waujp^^^m w i t u p f i ^vww vv^aveem eavBBflsnvvaw/vvv • • 

Ho^-nitrogen temperatures and movement to different 
spatial points between discharges. This new system is 
abo expected to give a fivefold increase in scatteied 
signal tetrftimty. 

3.5.2 Other Uagnortiri and 

The neutral-particle spectrometer device could not be 
tested during the first scries of experiments because of 
very severe detector background produced by the x rays 
from the discharge. 

The 2<mm Zebra-stripe microwave taerferomete? is 
installed and operational. 

a) 999 ^e'gi'VAe^s^siB) a^Hi^B^e#vvveie^aM'VP'W ^a^BNevumjvs^se^v BIB* eejBjBvu^Renpvjvjgf 

operational, and ready for plasma diagnostics. 

were tested during low-field operation, and no mnjor 
problems were encountered. A duplicate set of inputs 
has been interfaced into the POf 4 computer. This 
addition is expected to improve the rriehJUy of data 

10. Tkmmmdm D*. 4mm. f*jr. * * * Oft. 31. 1979. 
0HKL-4OS. tact. X.5 I. pp. $7 40. 
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added 10 the existing loop voltage breakdowns for 
attempted operatic* at fitting pmsurei higher than 2 X 
10"* torr. These ilifat methods mdude appt>tef a 
puke of up to 40 kW of tHsa* microwave power to the 
fas. shining a low power, dc ttUraviolet tight onto the 
gas. ami exposing heated tmunents to ihe gat. 

3.SJI Coaaaejajr^mmajcafJaliiiBrflacmfi 

The Unc-9 comput** has been interfaced loORMAK 
to measure and record the fottowiug parameters at a 
fanctiou of time during machine pukes: 

1. loroidalmagnetic field. 

2. torote^ ntagiie?fc field coil current, 

3. vertical plasma poaitiuu, 

5.. vpfiical magnetic field. 

6. toroidal loop voltage. 

The aaaxiaaum time dtiYerencc far corrcssmudiuR values 
• f v # n i P w i v R m i w^^^^w ^^^^ • • • ^^^ww w «̂ w w^w^wew^^^^^B^r^^wA '̂ v^^e^^w^ 

of *wo varssbses la Q.S mate. The raw data are diiplay id 
am ike Uuc-fc oacmoacopt. 

Software has been developed to record the data on 
matjnmic tape and ah© recsS the data from lape. 
Provision has been made for {nsseurmg eight additional 

variables, using the computer A/D converter when 
tensors become available. Charge-cxxhanae data ac­
cumulated by the Nuclear Data model 180 multi-
channel analyzer can be recorded. An oats are recosoed 
with an identifying shot number and the date to 
provide correlation of data. Figure 3.7 amutrates the 
bask system. The use of this system eliminate* one 
oscilloscope for each variabk* measured. Hardware Is 
under development to add the beer scatter experiment 
to the computer interface. In addition, software is being 
assembled to permit oo-ttoe/off-ttne analysis of the 
stored data. 

3 * ENQNEEJUNG 

3.4.1 TemmtsJ Field Cc* Heme Supply 

The primary problems m the iedtisl generator regu-
vewVî v/ ^w^̂ e>w/ v>Vwfc"v Pfcew wevemmms ^**uu*mwaBema* v i m ^mejsw w i UJÛ RV 

taavflooa In the look cinukrv and cross talc between 
V V U B F ^ varum* ewe *vw> v^ranap* vvaupwjwue w w s w v>v^mw ueamm u n w w e i i 

turnon and tura'OiT commands m the SCwi switching 
amuciaied with the generator fields, The fsrst problem 
was corrected by adding pute» fkmraUng circuits that 
art level seasfefce rather than trigger pulse time sensitive 
and then filtering the voftaa* levels before letting them 
»wwa*P̂  we ve» p^YXA#VUFW^FV/ vĵ oswawapm* £ p m t^^pvue^vao IPV^mww^ewu^ ~ ee*e**^ _ 

ever, rscjuired a complete reworkmg of the electronics 
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in pans of the generator Held driving supply and 
switches. Closed-core pulse transformers were wound 
and used in the firing circuits for the SCR's, removing 
the cross talk. 

Since ORMAK uses four times the rated drive voltage 
on the generator fields to achieve the necessary rate of 
current rise, the existing overvoltage protection relays 
were toe i k w to offer definite protection to the 
generator against flashorer. A fast electronic sensor was 
built ar.d installed and is to be checked out. The 
overcurrent protection circuit breakers were modified, 
catibrated, and set to trip at approximately 1 % ' vrcs 
the design current. 

The primary dfcuii breakers between the generator 
and ORMAK were rebuilt twice, and adjustments were 
made several times to try to get them to close 
SMwltaneousty. The dosing scheme was also completely 
changed to get the breakers to dose more nearly 
together, which necessitated changes k the experi­
ment-finish circuitry in the genc«ator regulator. 

An instrument has beer bum and is now used to 
monitor the current through, and the voltage across, the 
six bus-bar pairs at the locations where each enters the 
vacuum, tank. The primtry purpose of the instrumen­
tation is fault analysis. t*hich is applied to the Ohmic 
heating and the vertical t»*W as well as to the four 
generator systems. 

Fottowing the resolution of the * difficulties, the set 
of four generators was successfully current regulated 
(eadf individual generator current is compared with the 
average) at about one-third the design current level*. 

i A 2 vnMVBfOf inaaswiofHBwntfy rvnwaeamHes 

Large transistor-controlled storage battery supplies 
are used for inducts* plasma current and for the 
production of the vertical magnetic field. We have had a 
higher failure rate of transistors in these supplies than 
we had hoped, but the trays in which these transistors 
are mounted are easily replaced inuMduaiiy. and from a 
practical point of view, the problem has not been a 
serious one. in the present arrangement the circuits are 
protected in such a way that faflure of or* component 
cannot cause other components to fat. These two 
systems were operated hi open-loop fashion during the 
summer. We are prepared now to operate in a dosed-
loop mode which will permit thf current wave shape to 
be controlled in an arbitrary manner within the 
MaaJtartoni of the vohage available from the battery 
supplies. The capability for increasing the current from 
the plasma current supply is 10* A/sec 

3.6.3 Electrical Ismriatjon 

Two distinct schemes of insulation were used to 
isolate the various cod systems from adjacent conduc­
tors. The toroidal field coib (essentially 56 identical 
pieces) were wrapped with glass tape and coated with 
vacuum-impregnated epoxy 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 f k U coil insuhtion and 
many individual, iocahzed breakdowns with the plasma 
primary coil insuhtion. Most of these Utter coil 
difficulties have been associated with a breakdown 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 addition, the general occurrence of new 
breakdowns has been virtually eliminated by using the 
9:1 turns ratio connection on the plasma primary coil 
rather than the higher-voltage 18:1 connection. The 9:1 
ratio will be used until an impioved insulation can be 
installed. 

During initial excitation tests of til cons in combina­
tion, it was found that there were frequent occurrences 
of bus-to-bus shorts on the toroidal field coil feeders 
within the vacuum system. These high-energy shotts 
fortunately only damaged the cooling-tine insulators on 
the bus feeder and not the cod leads themselves. The 
extent of the damage to the insulators was frequently 
enhanced by the bouncing of the main circuit breakers 
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 
breakdowns around the insulators, or more likely by a 
reduction in insulation integrity by earlier plasma 
current coil breakdowns which faintly copper plated 
much of the surrounding insulation. In any case, 
removal of most of the possmle gas sources, recoating 
the epoxy insulation, using Nomex sheet insulation at 
all critical locations, and carefully breaking up any 
breakdown paths resulted in a complete cessation of 
burto-bus breakdown. 

3.6.4 Cooling 

Vacuum leaks in the electrical insub'c^ ( -300 total) 
on the cooling tines inside the vacuum tank have been a 
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source of constant difficulty. The original insulator 
used a compression joint applied to a Lexan tube; this 
joint appears to require very precise installation 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 glass-to-metal seal 
insulator. The gbss insulator satisfied the electrical 
requirement and seemed to satisfy the vacuum required 
but was susceptmle to breakage. A standard ceramic-to-
metal seal was then tried, and it satisfied all the 
requirements, with the aggravating exception of occa­
sional vacuum leaks at the ruetal-to-metal joint made at 
installation. All insulators are now the cersnuc-to-metal 
seal type, and the last remaining difficulty appears to be 
associated solely with the procedure for making the 
joint and is being remedied with improved techniques 
and materials. 

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 *t the time of 
the injection installation. 

Although the basic injector has existed in the labora­
tory for some time, it was necessary to begin design 
studies aimed at supporting the injector in the hori­
zontal plane, at providing a small amount of flexmiity 
in the angle of injection, and at providitig the necessary 
twittping to prevent excess gas from entering the plasma 
chamber. The injection angle flexibility should allow a 
test of the theoretical model (Sect. 1.2.3), which 
suggests varying degrees of success with injection as a 
function of the injection trajectory in ORMAK. 

The primary modification to the machine is the 
remodeling of eight toroidal field coil* to allot, tan­
gential access for the four 8-8-cm-diam neutral particle 
beams. Each of these modified coil pain 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, a few centimeters. Auxiliary coil 
compensation is being considered. Lesser 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 cons from the torus 

and the removal of the liner, a few basic improvements 
to the machine are made leasable. One of the improve* 
ments is the buidmg of a plasma hner with additional 
clearances, tighter tolerances on fabrication and assem­
bly, and an improved, tested method for making the 
many demountable vacuum seals for diagnostic entry, 
in addition to the necrssary changes for injection entry. 
A second change is in the scheme of insulation used to 
separate dectricafty the plasma primary and vertical 
field coils from the iorus; an improved method of 
insulation based on experiences with the present 
epoxy-gbss tape procedure is being investigated. A third 
item is the movement of many of the cooling pipes and 
electrical buses tc pos&oss aScvssg essss? pesresaeS 
movement and machine access. 

&&6 lack Has 

The initial pbn for back biasing the core of the 
pbsma-driving transformer relied on remanence. In 
practice, air gaps in the core were too huge for thr 
system to work. A system which provides a steady 
back-bias current has been designed and imtalrri This 
supply is mductivety isolated so mat the bias current 
does not change during a discharge. The O.T2-V-sec 
capacity of the core was determined with an induction 
of 360 Oe. Using the steady-current system, a more 
practical back-bias level becomes 5 Oe, yielding a 
voh-fteconri capabSity of 0.2 V-sec from the negative 
(back-bias) direction and 0 J 5 V-sec from the positive 
direction for a total fmx change of about 0 3 5 V-sec. 

3.7 FUTURE PLANS 

We feel that we are dose to having an operating 
device at full design levels and can begin experiments 
looking at some crucial questions cornier nmg 
Tokamaks. Questions such as the effects ef low aspect 
ratio and of operation in the regime of relatively low 
common frequency can be investigated, tod, perhaps, 
because of the relatively large bore and high tempera­
ture, we will begin to see the effect of finite penetration 
tone of current changes in the plasma. We expect to be 
occupied with these questions until farte 1972, at which 
time we intend a major shutdown for instaBstion of 
two and perhaps four of the neutral-particle injector* 
developed by the EPI Group. The additional energy 
input from these sources wffl alow us to move farther 
into the region of low collision frequency sad should 
indicate the usefulness of neutral injection as a tech­
nique for heating still larger devices. 



4. High-Beta Plasmas 
4.1 HGI»ETARELA11VIST1CELECT1tON 

PLASMAS IN AXBYMMFnUC 
AND NQNAXBYMMEHUC MIltROKS1 

R.A.DanoT3 G.E. Guest 
H. O. Eason C. L. Hedrick 
F.H.Edmoads J.T.Hogan 
A. C. England J.C.Sprott 

Plasmas with kTe - I MeV, n ~ lO 1 3 cm' 3 , and 
stored energies as ha* as 360 J in a volume of 2 liters 
em* been produced and confined in a 2:1 minor trap 
(ELKO) using shnnaianeous resonant (35-GHz) and 
off-iTionaat (55-GHz) continuous-wave microwaves. 
The stable, steady-state, rdatrvistic electron plasma is 
confined in an ansymmetric annular region near the 
nndptsne of the minor trap. 

The self-consistent magnetic fleH has a mmsmum in 
me annular region, so mat the main body of die plasma 
is in a magnetic well. Hie outer surface of the plasma is 
in a legion of unfavorable curvature and n stabilized by 
Bne tying to c o n d u c t end wags. The amount of cold 
plasma required for particle equilibrium exceeds by two 
orders of mtgnjnjde that required for stability. 

A new machine (the canted mirror) has been con­
structed to study the limitations on equjftriuci and 
stabffity of a tint-beta atasaia ring resuhaig from 
deformation of the miti&By axisymmetrk mirror trap 
into one sector of a 'Twrapy torus'* geometry. In these 
experiments the mirror COBS are mechanically rotated 
tfeougn equal angles in opposite directions about 
parafld axes which are perryndjrular to the original axis 
of symmetry of the mirror. The effects of the high-beta 
plasma equilibrium on the nonaxisymmetric conrfre-
ment geometry are being ascertained. This experiment 
is the first step in a program whose eventual goal is a 
roroidaBy confined plasma incorporating a set of 
nurror-confined high-beta plasma rings. 

1. *. A DMMI et si., statiact of Paper CN-2S/G4, IAEA 
Cunfwmu on fwann faysks and Cnaiionad Mai h i Fasten 
•jnaardi. MassMM, WML, JWN 1971. 

2. IwiwaaiJlkm and Cowtrob DWrion. 

4.2 THEEUtOVUttY-TORVSEXKRiMENr3 

R. A. Dandr3 G. E. Guest 
HO. Eason C.LHednck 
A. C. England J.C.Sprott 

4.2.1 Introduction 

For many years, toroidal magnetic traps have been 
attractive from a fusion reactor standpoint because 
classical confinement in dosed traps would permit an 
advantageous scaling of plasma loss rates wiih size, a 
scaling whkh h not possible in open-ended traps. The 
met that single particles are not confined in simple 
toroidal fields has given rise u> several distinct classes of 
dosed traps: diose using external windings to generate 
die necessary rotational transform, as in steflarators; 
those using internal conductors for tins purpose, such as 
levitrons; those using induced plasma currents, as in 
Tokan»afc;andoWusttigaperiodKsp 
of the atagnefjc field, the so<alled *1>umpy tc<us." The 
first three types of field confirmations have been 
studied theoretically and experimentaly in sufficient 
depth to reveal serious problems which must be 
(welcome before they can provide adequate confine­
ment for a fusion power source. By contrast, the 
bumpy tores has received very limited attention, 
primarily because of anticipated msgncf ohydrodyrwnic 
(MID) instabffity. In this paper we discuss a bumpy-
tores device which circumvents the stabttty problem 
and permits combined experimental and theoretical 
studies aimed at deterndning the validity of certain 
poanbflities described rater which make this approach 
sppcaliBg for fusfoc reactors. 

We propose a 'jpechlc bumpy torus which is closely 
modeled after existing stable, steady-state, high-beta, 
botckctron plasmas produced in open-ended traps vrtth 
dectron-cyclotron heating, litis device wM permit the 
study of eouBbrhim, stnbttty, and plasma confinement 
required for assessment of the bumpy-torus approach. 

3. EximfedrfatractrfOftNLTM-MM. 

28 



29 

In advance of such a study, we cite experimental and 
theoretical evidence to support our expectation of an 
optimistic conclusion. These arguments are summarized 
briefly in die 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 adequate control for meaningful experiments. In this 
regard we shall discus smgle-partJck confinement on 
die drift time scale as well as loci rates on the longer 
scattering rime scale. It is not possible to predict 
uniquely the high-beta equilibrium resulting from the 
interplay between particle creation, beating, and loss; 
but we do htdfcate the type of study being undertaken 
to facilitate a combined experimental and theoretical 
analysis and control of these observed equnmria. 
Smwarty, stability cannot be diseased in depth until 
detail of lealistic equilibria are kmnvu, aJthough several 
heuristic unfdehaes are oresented here. 

The key stability feature is mtrrchangf stabttty of 
the hot-electron shel, mirror confined in each sector of 
the bumpy torus. Here we have recourse to a long 
history of experiments1*4"1' and analysis, giving 
asturance of stabBHv provided certain constraints ant 
satisfied. We shal demonstrate that meat are not 
unduly restrictive at we discuss heating tichainuai, 

4 . I f * V* v M u W , R. A* tftamnW* N« t X EflflM* « • » A* C Eŝ gpamW* 
a"w J * I U M T V e V M W s v * A P B * #u«Kaw c N M O n V § wQm eMBj^pSflVNreW* • • -

I. p. 345. 
5. W. B< Ar4, IL A. DewB, A. C. Eantaui. C M. Haat, and H. 

H. u t t f i p. 153 in A M I Fmpwes aMf OMMRQUCS AUKBJBF 
FtumM m W R i ( n v c QMMT.. QBUBM, 19(5). vol. II, IAEA, 
VBHBBB, I9sa>. 

*. W. B. Are, M. C. atescr, I t A. Dan*. H. a Earn. A.C. 

Horn da Cmiinia H.F. Amodti • a* CBJBBBJ fjawfoear 
Sanajajf Avtt an rrjaaai CSadny, Franca, I9t4), a. 39 (rem* 
fitmu UMV. 4t Fraace. IttS-.T. GenasB. «s.|. 

7. IL A. Oaa* JUft ,««i«r. ffcji. * * . !1.4§| (IfiTKlLA. 
Daaal, H. a Sawn, P. H. r̂ avMws, and A. C. Eaawni. a. I t I 
in AVflafMntir /anmasr Jkt Cbvuf Gaafnr Cbtf. (Q. BaawBaa 
ana W. a. FBI4UB, aaa,) (UBBjaaaB, New Yavfc, I9uej( aha, I t 
A. Panel. H. a Eaten. P. H. CBBMH*. and A. C gnaliial. 
imt Cuaneuif JBMWBL aw IB atneeeuiMw #iene fis OMUBBI 
Qaamnff *f at rVaaaav CSaday. Freest. 19a*), vat. I, at I d 
(T.Caaaia.ea\). 

a. au A. DUMB, *• L. MMHaav H« O. Eaaaa,». H» Eauaaaai, A. 
C. raahai. W. 1. Ilmanaa. and H. H. U w , a. 435 a»/fc—# 
ntfwEi aa# OMMMfltav nucHw raafoa jwaaaata (TTBC f flaw.. 
NaveaMr*. U5JUU I f i f ) . vol ! l . IAEA. VIIBBB. 1949. 

9. it.A.PaaaXW.>.Aid,H.O.EaaBa.r.H.ranawii.A.C. 
raahal. and S. T. Naaw. awft 4aur. Ays. * v . 14. 1019 
Ct9i9K 

10 I t A. t**m*mdLAmtr. fays. St.: 14. «27B(19*91 
I I . I t A. Daael. N. a Eeeoa, P (I. liwnafc. aai A. C. 

f»+mi,NwctFm*m 11.411(1971). 

energy balance, ard the estimated plasma paranieters to 
be achieved in the proposed device. 

The key equilibrium feature is a neoebsskafly con­
fined toroidal component whose existence is Sated 
primal My on theoretical studies, and therefore is a 
central experimental objective of the oresent proposal. 
We bring to bear on dais objective several important 
resources: a steady-state heating technology, tested 
daaaaostic techniaue* and several auuitive coatrol 

4.12 Ingh mm bpiimwuh in Open Traps 

Mara-conimed\ hia>beta, hot-electron plmaiai have 
been tftHttfrt exNusrvetv in ooea<ended tiaae. both 
straight ( U . , with arirnuthal symmetry) and canted so 
at to model one sector of a bumpy torus. The 
conchnions of aids work ate: 

1. stebaltv aaamst flute modes it obtained if the 
aaabient gas pressure exceeds a critical value of order 
10"* ton, 

2. high-beta fijunmrium leautts if the mirror ratio 
oevweun reaonnai nuiaoea exceeus a crrncm vame 
around 1 ^ , 

3. high rrcqniBcy stabiity h achieved by otTfiioaaat 
liaathat if the cfT-resonant aower tirpetih a value 
w^̂ p̂wvaivgak «v ^w4v ^^BV ^•^para^^wvw aa^rw^^v w w a w a ? ua v v a w 

around 10% of die reaonnnt power, 
4. nunumuan values of 6 ohtainad exnariaaiaaalv aat 

weakly mpendiat on the cant angle and 0 > 0.5 for 
na^r^a' w tr vĵ BBawa aĵ BMHwna^aMj wav a^ania^anaa) as aB^w^aaa^u>waavj Vaaaj vnanv 

4.2«J l\alicle CnaanBaanenl nan EaajBaahaai 

It km bean densonstratad hv nuatv workers that the 
bunpy tons conJmes thuja particles13 for a what 
rajaje of naBnaetic pararneaers, armwing opomanoon 
with ratpact to the datlfcui tytloCion laaamv tach* 
^^^^^^^^^UBjg' Bj ^^apBaBBUBPa^^p ^^ap^^^BBBBB^aiVJVBfWa^^Bapa^a BBaapBBr vVaBVanP^BBBB' ^^^BMBPB^e 

coantrahits. Because the dances? of aha rnatkst draft 

'^peBBw Bwa* BMi ^^^pwa>wswat eaB^B^najaj BBJBBJBB'WJF' WBW w^ajni^BBBa ^ BBBBBBB) w e ^ a aavjaBB} 

diacups the emnmMum from da? ttanalnokit of a 
charua^unjtral gasam^caajtae IMIBV we caamoc, hmn» 
ever, qajora ikt paajaai cununts which ttt esipactad m 
BBane a aunaBJcani BBpanvaaain or vat aaaaujeujc lanuj. 

CumnM nmimmtim Mmtftom Hirpewa. New Yeak. 
19593. v a i M , p. 3«0,a»4««t.rv. n.4t7;CGaaMm««at, 
Inyx Aaav 7, 54t U9H* A. I. Maaaaai and 1 .1 fatavev, 
ta Mtrtem offlmm Pkpk* (M. A. Uanievfcn. ai.1.2 a§7 IT. 
( I * * * * I B. Kaiaamav.apu * . . 170. 
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these effects must be sajdJed in dose conjiaaction with 

profile which can be cwifinf J as the device. Our 
proajani is dasrefore to optimize das vacuum field at 
pmasat,Kid to develop da? malyticil and experimental 
tochaitpin far study and control of da? e<pia1bfiurn. 

The most significant feature of the fufchng-centef 
drift svrtaces is their inward shift, mat is, toward die 
major axis of die tons. This shift is partiaty character­
ized by die ratio of the two radial points at which the 
drift surface intersects die equatorial plane of die torus, 
' S ro«ief/ rlaacr>• utmmt of the fraction of die field 
uoaaae occapied by die plasnm A second important 
nwanirr of opcJrnrratfcw is the radial {position of the 
center of the drift surface, whkh can be moved 
oat warn ay proper caotce ot con oesaja. Boat mmces 
depend on the partick pitch aarie, given, for example, 
by vp/v, so that die relative probability dial a particle 
wfl b' lost (e j . , by strikaag die inner wafl) depends 
strongly on pitch anaje. It taatefore seen* unhTcely dait 
she eaergetic sftnridal uopadatinn waT exhibit an iso­
tropic pawum, sad we place lorrripcmqaagry little 
stress on critrnm such ai t«ty* derived for scalar 
pressave atftdaV I T tit ad. we aatktpate a preanue 
aaujocropy approscidng that obtained in opea^aded 
traps and select a ndrror ratio of 2:1 to avoid loss of 
epBBBarium at haah beta from die so-caaed "nrirror 
S^puajA«^htahHUPBA * ^ 
am*p«aa^p a amWVa 

In adaption, we have attensptcd to select a coal desftsaj 
to aaaaaaB* die teas of passing particles to tint inner 
surface of due cavity, since nartJcf as should be confined 
B*BB»BBawjpBF ^^w BBJBBV BBB? m a wuuaapa ap^an v w v * BPW auMP*^BB>Ba» BJPBJ* wp*^w*aa^pw^ai 

for aaaav 90* acatterine thnes for enemies: above 2 kV 
and lamce amst pass aaoagh this exit nasal naaay 
times* At saradnatty low eaargies, where the mean free 
padi is lass titan die distance aroaad die torae, das 
pfaaam is expected to be isotropic *4tb constant 

an lasaiiiniiil) riailar to the drtft surfaces fry tlm coil 
dssaja sesactad base and thus post no adaWonat 

4.14 S a m * * 

A hay eJeaaent of she present propord is its scheme 
o^aw w^^vajMnnp^vvmmaBunwBa a^mwajwwjannnnBBBBfc' aBaaaaa^BBawsurn^p # UBBawnujBmaaBPamav 

bacaum* #af/*<for due vacaaaa field) increases mono-
toaacalry away from a staple mmbauni in the interior of 
dm BBBBBjn. We BToaom to am dm atinor«coarausd. 
BBBB*" ^BIBJBBBBJBBBB ^ w BP"iPmF^^WW BjB»» BflBBV UBBB*> BBB»B>B^B'»~»jpBFUUW*a"^U*^B% 

aasjtbtts, boMactron ptaama, itself stabaamd as in 
ELMO, to arodnce an averant nnmaaaaa-B coarmnre-
^^^•^^^B'^P'B; ^"^ B^^ ^^^BB^^P*W BH^V BW^PWBB—BBr BBBJBPV^BWBOTBV B»> ^^ •̂̂ BJB^B—BBPP'B» 
ajmaBBj vajpBj UBBBB> aamw. Y^sumaBmj BBBBjmBBjBmj Bj^jBBBm^mmmmBBjB * oampaB^pB^ BjmBmwm> p ^ 

no oarrent along the nagnifa field, kiak modes are not 
a problem as m the Tobmsak. The raicroinstabdity 
problem should be km severe dun in the own endrd 
device since das Dresswre aaiaotroov is lessened and the 
WBWSMJi^pf 4JUBJBBjpB> VBJPJV PjPBVJPVJPVVJPB̂ P VBP)*a^P«P^PIPV W BBJP̂ BBJB*PB̂ BJP WB"PW* BJPBB# 

lorn cone is at least partmty filed. Thus the off-
rwnnwt beating trdnahpies which gave microstabiity 
in open tups should be mom than juVquaas tostabame 
the toroidal planum 

A eartkutariy sensitive question in dune studies is die 
continued stability of das hot-electron plasma, The 
oaaerveu staomty nas neest ascrtorq to various forms oi 
*1hpMying,** ahboua> there is evidence to indicate that 
condncting end psatea am not acceasaiy for stabwrty. In 
tact, there ia tooddsribhi evidutot sagpasting that the 
aabffimfog seaas from das ekettostiwe confaament 
of a x nhl ihf tima conaaonent mosasoed bv ionization 
of the ambient bmhgiowad gas. We propose to investi-
BmBflns'ji viBBwawpwva*n^PwnBBBjw naBBajB) v^wwajpvs^BJBBBHp'wawamBjw % w^wv* •BAaBBPanwvjBPbpWBm 

necessary for stabatty of the ptassna surface. At present 
we are encouraged by the many ooetrvations of 
o™jaavarwswBi w aaa apavaaBBsBBaa as^nrwa vjp^mwj wapwa aaoav a aav/ at a a r *^^^^*aa) ^^^^ aaww 

picsaure exceeds its critical value. 

Oar hrjiatdian proposal is to heat the pmmm wid; 
adcrowave power, mst m in the ELMO and earner 
axBaraaaatti anMoaaa aaansonai aBBDani menaaonas 
each m aaatral inasctips mmht saerit aerioas coaaidsra-
4PBBBJPBV BJW BB̂ BBMBIBJ BBS B B J B P V B B K B I BBJBJBHBBV H # F V H BPBBJ B P̂*BBBV W V B I P B B I V ; 

doa at a later dam. With aakrowave headag, the 
smnnŷ amm nmmaa parapaeseis a*e aeienaman ay wje 
being haaatd dbacdy by dm taicrowave power, dm ions 
apJbtcdy via Coaaamb comatoas with the electrons, 
inst m hi Tokaasaks. The lam nrooesses are not vat wad 
BWMBBj BJBJf BB> m "J**"JBnBBBJBJBBJ*JtB BJ BPV BHBBJ BJBJVJB^PVJPBJBJBJ^ •*B^P f BBBJB1* W BJ»V B J B f f 

sametslood, since no dtsatittve coafinement experi-
mean aave yet aeaa pesvonaea m asaaar aDroaaa 
devices. Hem we amlaamme amelectroaatobelostat 
the amrlassirsl rale <U«, at dm rate aaanaat with 
matwdc toroidal aaoamtry aad cssaaacal coftsioas wim 

BJHBJBBBH V B B J B B J D B B J B B I L IDBM B B K BflK B B T B J E K CM BBK 

pmsma am lost aaaaly by charge exchange, warns dm 
inner ions amy exMbU dm asaiaaaUal loss mm. With 
microwave power deaaUy aroaad I W/cmr, a toroaha 
pfaamaof I0 , » cm'* with Te Z I k e V a n d ^ - O J 
heV can be mi taint d. A sajdtVaat ttaame of dm 

by dm am of maoaaat and oft-maaaaat twaaaajcies, 
BBJ^B DBS CBM-tCBDBJBBI B D W Bl BHBBTBBH BBBIBH BBJBBBJw 
u . «4^_ « « » - - - -«- - - _ 
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4.2.6 Exteaaien to ̂ Magnet ic Held 

Given affirmative women to die questions of stahiity 
and confinement to be studied in die present device, it 
s important to consider das eventual extension of this 
schume to higher magnetic fields capable of confining 

alely arise: ( l ) w i l synchrotron radiation from the 
wlativistic electron annusus become pfohnmive from an 
w *̂™^wŝ ôoewu>' nwjunvjuwngŵ ŵew v>̂  a n v w Vi • * sj v^tavs ^^^WU* n ^ * ^ < w 

foresee a awajnoiogy tor ptooucmg me necessary 
surface currenL Calculations have shown that the 
synchrotron radiation remains a negligible energy bur­
den in elasmas above dm Lavnon criterion. In response 
^ 0 * second onestJoa. we advance a snnostmeutarv 
scheme m which charged reaction products could 
nrortjr. vat surface current, should news beyond die 
exists*! microwave techuoknw be desirable. Tbe con* 
trot required for shapiag the surface current via an array 
of wdmmtr probes is being developed in conjunction 
snnmswn Asms* am ââ muf *unT awans> m^nnaW_Bami#m nsuwaaammamivnmmm 

4.2.7 EUaX>tweamy.Te*miErnTitluiilip 

The propoeed experinseat has been designed to take 
advantaae of at unach existine kthnoloay and eouh> 
meal as poaaMe. EbT wflJi use existing microwave 
systems at a great coat saving and utile comprouuse in 
me exemiasental oberclive. The same is true of howbw 
Wt^v *̂« *̂iMĵ *̂ *V ^*^*pf̂ *^V*^*i*MV W V V V < * * V ( • V^^P V ^ B M W W W ^*^V ^ w n*^>^*^>^^w 

eoppar amjuetsc-rVtM cons, 10 MW of dc fenefstor 
nower htteenl cnvkv>%stsmmi — »**"•» and esmtine 
control room and dhmnosfics of the ELMO mirror 

hfity and the microwave phuaua proamnion vechnology 
developed over gee hut decade see in tfumuelvadbeaact 
carry-over assets. In general we fed that we can mount 
a eeoanm to ssveslkmie a verv mtamstsnu ***-**-̂ ** ajro^mmjeuuvv w uuuv7w>wmuuuuawa> m> • • • v mrnvmrnvupweuumk wa^v^mmnm 

«_^^M^L*mi ^mT « * M » ^•v&Mau^e^ai amMmu>mrfemm^vX«tAl ^k^m^nuuamamae 
ttjJgaYJUvl %M CF4sm CXuwnawnm vTaTCNsVfl iQHCaH CaafJwwwsrjnr • 

4 J M A C s U K m C s N a ^ ^ 

F. I t Scott*3 ILA.I>mdP 

uecsuss oi use ssrge energy storage m rsssujvujujc 
ekctioas under steady-state coodhious in ELMO, a 
gmjgmBggj ggggaj fla^ammValammaml Bumscfamumm O n uwaaamamaaaE Vaemm v^smamlfaW ewnmsmn uvww> vjM^svvjvvmevepws vwwa/wsuwws ^^v uventmmmsvnBk vemms* ŵ ŵ mwrnLw 

could be very useful. We have been exaaaWng several 
mswtPds. rreviousry ntported work dsmonatraaed 

13. C»sinami.Uaaiimj «TT«WM—t.fawNUj. 
14. *.A.Ommm±.nmmf*n l2.23S<i91t). 

acceleration of electrons to at least 10 MeV and 
dmlcrons to at least several hundred Irilo-electroa volts 
when die high-beta ring went violently unliable as the 
base pressure in the system was lowered. Recently we 
neve been able to initiate several types of aaoeiusoui 
hot-electron ejections by pahaag s current thmugh a 
namVturn water<ooh)d col 6 cm in dstjueier placed on 
axis at the midplaaf of the ELMO cavity. ftraauJaary 
data on x rays delected on an axauTy coaamassd 
detector indkate dmt a raped increase in me loss of 
lumVenerty etsctross occurs axmuV duruui the first 3 
usee of das I0#uec current pub*. The aau f̂aude of 
these x-ray signaii aKiaaaes faiuer than haearty with the 
Wsiathuj current puast, indicatmg umt with a mndail 
hKatme in the current anudatude a much auger tndal 
bai of esstliom can be triggered. So far, only ndnor 

One hypofJuuls presented to exphdn this rapid axial 
ssai oi nujpMnergy csecarons urvorvas me mnssoim or 
an UulibMlj in the cold barjqpound |aasma in ELMO. 
This BwiabhTly grows to a mnit inntiolid by the 
^^^^^^_^g^^—^p^ ^^g* fj_^_ *^^*»t^^A^^^ t̂̂ ^H>ammkw ^ ^ L A ^Mn^ul swŝ nuK 

n w j n m %M war mnuawng cmvvui pvsv*« wiv wnw 
decays by Laamsu danuamt> During the growth and 
CarKenf O f wawaav mmwmHMuaVQf l a W N I M H r t M K flMCQOwaV K M H v f 

ofT the nTlaliinii ITuctuattons, In addNhm to ast 
anonmlous axial loss during use current puke, asjas-
tioaal x-ray abjatJs see seen laser on detsctors obaarving 
the raeaal watt of the cavity as wel as the aessclon 
obatrving axial bams. Tlsese aigmas am mvaam and am 

loops. Fwrther work b psaaued, mchsdrng maaaamwt 
mi petsod chssujrs in dst uumsaauj coi csmsit, she me 
of clfiesent • • p n i d n . a»; , > fuwdaiHna of the 
character of the ejected plasma. 

4A nMSEDWKmamkVEWEATWIG 
I^bTUMBfSS • • ELMO 

ILA.DasuJP ILLUvesey 
aO.Easoa aLW.McGuffin 
A. C. England J.C.Sprott 

A heghpunii (2004W), mdmd ( - 1 mec at 1000 
pulses/sec). 937S4sttz (3<m) sAiunmi source wm 
used so produce and to heat fummm in ELMO. The 

Eahanced axml losses wete obeerved wim paamd leaver-

sMFJavfaT. A Baeeul vmaaaaaaaaaammaTnC auflnar aaaaavwawaBB M smaaammaaaram 

amfiCtaatwi uaaaafumVBamCmaanf aTaTman A I ran amaaaUsTaamaamBl wVvaawtaTi amwC 
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4.5 WNEMCAL CALCULATIONS 
OF OFF-RESONANCE HEATING1 s 

J. C. Sprott 

The off-resonance heating that is observed in hot-
electron plasmas at Oak Ridge and ehewherc is ex­
plained in terms of harmonic resonances, appropriately 
modified to include rehtivistic and Doppler effects. A 
theoretical expression for the heating rale is proposed 
and is found to agree with the results of a computer 
simulation over a range of parameters. The theoretical 
heating rate is evaluated numericafly for several special 
cases, inchidmg a uniform magnetic field, a mirror field 
with 3 2:! tssror raise, and a !a?a2-i£peei-iitiu bumpy 
torus. The enhanced axial loss observed experimentally 
with heating below the cyclotron frequency is ex-
pkttect by absorption at harmonics of the dectron-
bovnee frequency. 

4 4 KXJUUZATION OF FREE-FREE 
•R0SSTRAHLUNG FROM MAGNETICALLY 

CONFsNED PLASMAS 

R. A. Daunt2 R. L. Livesey 
HO.Easoa M.W.McGuffin 
A C . England J. C. Sprott 

The btrmuHihhmg radiation arising from electron-
ion innMoni u not emitted aotropicaBy and is polar-
seed. In a inupsttiuuTy confined plasms, where an 
nnii |ui electron dfeributioc is found, there can be 
a net pohwnafiat of the radiation emitted normal to 
the field. Meaajraumts made on ELMO at several 
photon energies between IOC and 400 keV have shown 
a polarization of lea than 1%. Subsequent numerical 
laWahrtioaa, baaed a i the theoretical calculations of 
GhKfcstera and HaB/* have shown that the expected 
pohiiMtion from a hu» trmprriliire {Te ~ 1 MeV) 
plasms in a 2:1 minor should be less dun 1%, 
coaasteat with the raeaanemeats. Tins is to be 
cnarraaird with the burn pokuiiatioa expected at lower 
temperatures, as has been observed by Greene et aL 1 7 

for 7"f ~ 20 ke V in a 1.2:1 mirror field and by Von 
Coder et a i ." for a /OOfceV plasma in the ST 
Tokaassk. Theoretical calculations based oa tfceGlack-

15. AUUfil of super mfcsvtu* for •••limns m the 
Jufutoe/llam, 

lu. R. L. GkduSflm mi *. H. HwJ tkfx Mew. ft, 1630 
(MM* 

17. T>.G. S. Gntme tt*..rky±Rew. Utt.ZJ. 10(I97l\ 
11 S. Vou Gocbr el tL, M . Amm. Hift. soc w. 1231 

(W71). 

stem and Hull formulation qualitatively confirm the 
high polarization observed in these cases. The technique 
could easily be applied to ORMAK and possibly to the 
target plasma experiments where die mirror ratio is 
smaller. 

4.7 OFF-RESONANCE EFFECTS ON ELECTRONS 
IN MIRROR-CONTAINED PLASMAS19 

R. A. Dandl2 P. H. Edmonds 
H. O. Eason A. C. England 

Resonant heating by microwave power has been used 
to produce bieh-beta plasmas with electros tempers* 
tures near I MeV. Typically, plasmas are produced with 
cjpc **» u>ee. Further experimental heating studies 
described here have shown mat a large increase in 
stored plasma energy is produced by microwave power 
with a frequency higher man the coldVelectron reso­
nance frequency. This increase, caused by off-resonance 
heating, is attributed both to stochastic beating and to 
the control of an instability through changes in the 
electron dtaributioa function. Alternatively, a 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 me loss cone. However, a smal fraction 
of the plasma is heated to high energies. 

4X COMPUTER CALCULATIONS 
OF ELHTRON-CVCLOTRON HEATING 
INANONUNII^mMMAGNETKFIELD20 

J. C Sprott P. H. Edmonds 

A computer is used to calculate the trajectories of a 
colectioa of nonarteractiag, aoaiesaUvistic electrons 
near the axis of it spatialy sinusoidal, dc maps*lie field 
in the presence of a spatiaty homoaeaeoos, perpeadKt:-
br rf electric field. The computed heating rate is in 
good agreement with me prediction of various equiva­
lent storhastir models for a wide variation of param­
eters. The distribution is approximately MaxweKan, 
and the particles tend to turn at the irvnamrr surface. 
Departure from the stochastic theory is observed for 
hjahfaiig/ particles that turn near the innaaarr 
surface, and a condition for stochsaticity is derived. 

If. AMari of mmmmi taper: /md. fmkm II. 411 
(1*71). 

20. Aksttact « fJmmai mm* Pkjn. Pimm 14. 2703 
(1*71). 



5. Turbulent Heating 
Igor AlexefF A. Hirose 
L. A. Berry R. V. Neidigh 
K. G. Estabrook1 W. R. Wing2 

5.1 INTRODUCTION 

Turbulent heating b a means of heating plasma ions 
or electrons to many kflovolt average energies via 
plasma-generated radio-frequency osculations from a dc 
input. Theoretical studies and bask experiments in 
turbulent heating, and the operation of the large, 
succesiful, ion-heating device, Burnout VI, were termi­
nated in June 1971. All equipment, except the magnet 
cods, has since been either transferred to other devices 
or salvaged, and the personnel have dbpersed. This is a 
final report and includes an extrapolation to a "next-
generation" turbulent heating device. 

5.2 REVISIONS TO TURBULENT 
HEATING THEORY 

5.2.1 latudaHiuu 

Our most advanced tiaeory of the turbulent heating of 
pbsma electrons and ions had been accepted for 
publication in Nucker Fmkm.* Tins introduction 
contains only a summary paragraph of that paper. The 
theory in this report is an advanced version of that 
which appealed in the previous annual leport.4 

The plasmas of turbulent ion-heating experiments are 
characterized by the presence of strong, iBgb-frequency 
electric fields driven by a dc electric tieW applied, in the 
Burnout experiments, perptndkutar «o the magnetic 
axis. This E X B configuration would nonnany make 

I. OA 1^ Smxntt4\)mm*ia?t*rm UtmtkeVmitt-
w^ofTrirwrr. 

*. Oik RMJC AmciBled UawcnMSts FcSmr from ike warer-
slQro'lov*. 

3. A. n r a t M I. Alracfi, Theory of Torbvkat Hcrtiac,'* 

4. Thtnmmmdmt Oh. A***, Proer. Rep. Dec SI, 1970, 
ORNL-4ttS, oo. 77-19. 

the plasma rotate azMmithafly with a velocity cE/B. 
However, since the plasma has a finite 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, / 0 , which is generated 
by the retarded km drift with respect to electron drift. 

5.2.2 Advanced Theory 

Three ion-heating mrchanhim are depicted in Fig. 
5.1. The velocity difference between ion drift and 
electron drift is about 10 7 cm/sec It is not great 
enough to trigger electrostatic JaslabwiBei ia ahotnoar 
neous pbsma, so initial km heatiag is by the in sliiiaul 
mstabibty. This is the first stage in the heating, fct the 
now warm plasma, the presence of a density u afflrat 
makes the lower hybrid encavtioa nastaMe, wtth a 
growth rate having an e-fokfaag time shorter Hum 10"* 
sec. In the plasmas of Burnout V and Boraoat VI. the 
heating rate was then on the order of 10* eVfj*. 

KM TEMVERATuaE I \ - \ i 

BBBUBST vawjw nanva. aw^sajiaaw^B' nan aa^aajasw^awi w a « r a v a aaaaaaaBBH va^aav 

WHuy aw WJBWB oarjr wg a R s m WMBBOVMOI we* wmewe 
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As the ton 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 this is due to 
finite km Landau damping. Experimentally, we have 
observed average km velocities six times greater than 
the relative drift velocity. The relative drift veloci 7 is 
therefore not an upper limi* on the achievable ion 
temperature, as suggested by Mikhailovslui and 
Tsypin,5 but the achievable ion temperature is related 
to the turbulence energy density and is numerically 
proportional to the square of die relative drift velocity. 
So we find mat, for a given relative aztmutiial-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 ConeJafor Studies on Burnout VI 

Use of 3 correlator on Burnout VI was prompted by 
the well-knovn fact that the Fourier transform of a 
correlation function recovers the spectral density of the 
correlator input. By using signals from probes sensitive 
to the fluctuating electric field in the Burnout plant a, 
the spectral density tensor of this fluctuating electric 
field, SE(k,u>). could be recovered. Since tins fluctuat­
ing (turbulent) electric field was responsible for the 
heating, knowledge of its spectral density (which 
contains the dispersion relations of the waves) would 
allow the physical mechanism of the heating to be 
verified. 

The correlation function of the electric field has been 
measured at selected points thrcjghout the accessible 
volume of Burnout VI. The measurements show the 
heating instability to be strongly confined &c 'he plasma 
volume near the core of the machine (r < 2.0 cm) •» She 
region of steepest Jensity gradient and strongest radial 
electric field. 

Limited experimental data prevented direct recovery 
of the spectral density: therefore, the problem was 
inverted. The predicted dispersion relations and power 
spectra3 were used to generate spectral densities which 
in turn were computer transformed to yieju computer* 
generaied correlation functions. Hie process and the 
results At illustrated in Figs. S.2 and 5.3. The figures 
illustrate the two dispersion relations* which were the 
most likely candidates tor the heating instability, the 

O f t W l - S V C 1 - 4 4 * » & A 

OMH.-0V6 n - M«0?A 

10 (-

0 5 \ •x.-

5. A. B. Mithjil.ntkii and V. S. Tsypin. /A Ektp. Teor. fte. 
Pts'maReJakl. J 247 (1<M*); JETPUrt. i. 15* (1966). 

^g> 5J» IMpCfMOn 

high-frequency dissipauve drift mode, and the cow-
skmal mode. As can be seen, both predict very broad 
power spectrum*. Figure 5.4 compares the results of the 
conputer transforms of thest dispersion relations (spec­
tral densities) with the measured correlation function. 
Su-ce the correlator measures the correlation function 
as a function of time for ftxew probe spacing, the 
program was written to dbplay die computed tramform 
the same way. The figure abo tfxiws the measured 
correlation function for three azhnuthai probe separa­
tions: 0. +0.13. -0 .13 mm. The »op two photographs 
llustrau* the computed transforms. As can be teen, the 
agreement tetween the measured function and the one 
computed on the bests of the dfstipaih* drift mode is 
quite good. 

5.3.2 OIT-AxainaMaiSrHneonfJaencrtVT 

It has been very difficult 10 measure partidt Kfetfene 
in the Burnout exotriroer<s. Tiimctf experiments rou­
tinely gave r folding times of tag than 100 imc (09 
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F*J.5.S. 

of 2. bat a* 

5JJ 

l i t two r > 2 en cants 
Ewer a (Ms data any at m g*niat a facto 

ofitmr<2cmanmkmd. 

input lo Burnout VI at adjusted for the 
correlation measurements and ofMDtis asc experisnents 
described above is typksfly 40 kW (10 kV/4 A), km 
teuujeratuie is shout 2 keV.4 Atonic beam attenuation 
and an observed decrease of spectral Kght fmkajon from 
neutral atoms on axis lead one to believe that the 
inaximum density is 4 X 10" cm"* to JO1* cm - ' . 
Particle lifetime in this stable ton-heating mode is 
mostly fimiled by charge exchange on molecular deute­
rium. It is possible to raise the power input to 80 kW 
far a few seconds before anode overheating, by ahnpty 
hartd^wltchmg the plasma source bias supplies. 

We find that doubhng the mp • power nearly doubles 
the ion temperature. Analysis was by velocity selection 
of the charge-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 wis no change in gas feed rate, an increase in the 
density of the higher energy deuterons is indicated. 

It * necessary to unfold the velocity-analyzed neutral 
flux 4irv0 #,0j S) to obtain A » and subsequently m». 
Further, the analyzer resolution is energy dependent 
(fesosution ~l/v*). TMs additional v* dependence, 
however, is porthdry compensated for by the stripping 
cross section which ir crease* steeply with energy. To 
arrive at the values for the density vs energy plot of Rg. 

•OSS 73-SS72 

POWER PULSED 70 80 Mr 

6 8 10 
ENERGY (*V) 

Ffcj. 5.7. Eungy dsnsuy dheAutka. The poww-ewjad 
Jkutbmk* (10 kW) am mtmfy twka the tsmpeatuM of the 

NotttltttUMtotBlptfUdtoowitMderUM 
n it about twice tft* asj> umpmttw 

if OM MMMN the CM*M CJL inputs st to wo. Howncr, 
4.3 hsV sie more abeaemt in tea power-

5.7, we divided die analyzer current by v*ol9o9X, 
where o t 0 is the cross section for charge exchange on 
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motetJv droteriaen. and o # , a the stripping croai 
section on mntecaiar deuterium. Thai we have chose* 
the MBoronriate corjntntatini dencndences it attested 
by the atnw>>aafiUtfnic relation tt*kh persists over two 
orders of magnitude in density for one in energy. 

This experiment indknei thnt we nave not yet 
experfcnenlaBy observed any ion Einpeiatme limits to 
tins mrbtdenl heating process. The experimental Kmii 
was one of anode heat dnaipation and .wneoncnt 
neci«KM neaKfljP'wa. 

5J.4 

Measurements concerning the behavior of die Burn­
out VI plasma after power twnolT have demonstrated 
mat sums plasma innivsi for ojnln long pcriodi of timr 
m t , • • , \ *- _ ^ _ — l^Mn^^^^B&n** si^^fta^s)Jkkw*nV« £^wj^»a)£u1o^Ml ^ * 

is nunc) Before an aaraaaniy, Knuuvtiy teasnjtaMi as 
mt On* instabBity, dnsnpt * . • Thns the psasnre seems 

table aaaanst the Ante instahBaty. A posaMe 
of this unexpected stabhlty is thnt the 

is exptnmentnly obatrvei to be everywhere 
^ k ^ ^ ^ a ^ ^ ^ M^nuV ^^^^^*^* n n flA^ot M M M I M ^ * ^Lt^^^i^n«e)auanMSk4fl aon 

avajajan? wrtn respect 10 me sonrcc, as nemonsumeo m 
^SJ.ThwthtitabmAnHimJiaihwpwmtteifora 
is poaarety at work here. The poaStive poaeamnr woadd 
be expected to amaspear tele in the afterglow, due to 

SX5 

daring the past year have i 
straled that cenuirugnt force in a inachsw 
Burnout provides a coeuiorrahh force which sends to 
aM in dosing the men*. Alternately, H provides an 
effective mirror ratio greater than B m x / £ » m - Tta* is, 
for a plasma (in a simple mirror) tiitdergoing solid body 
rotation (under die influence, say, of an E >' B drift), 

re is an additional confining force 

mufr — • Vff 
ff 

dfaected towzrd the midobne. Adding this to die usud 
force M^* 7ff, and solving the equations of motion, we 
get an enhanced mirror ratio: 

6. Tmrmamiclem Dh. Amm. Prop. Rep. Dee. 31. 1970. 
ORNL-4688, p. 83, sect 5.2.3.5. 

7. G. K Guest end E. G. Hurts, Pint. Rep. Lett. 27,1500 
(1971). 
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For typical Burnout parameters, *»„ « 4 X i f / 
• d v r o t * 2 X I 0 7 cm/tec, which yields an 
ment of ',25%. 

5.4 EXTBATOLAT10N TO A HEXi<XHOLAlWK 
EXPFtlafENT 

v«^B«B E*JP»w I V h n w B V v n V n w nwAn^wmmjmv û B̂funjujBjnaî gaBwjBj anuannjMjUjnnjBK 

We have discovered, both experimentally and theoret-
icaOy, that die conventkmaly expected indt to turbu­
lent ion hearing in machines Bee Burnout VI can be 
greatly exceeded. Conventtonaiy, one expects die 
heating process to cttae when die ion thermal velocity 
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frittj da? vefccity difference be-
the srimurhrir) precesring kxis aad electrons.5-* 

pointed oat in oar paper at Ike Fourth 
lutarustiouil Coafetenoe on Wainii Physics and Con-
trofled Nadear Fas .en Research, the instabSty merely 

its form ai die ion therms! velocity exceeds oat 

da? aanaWNy, m 
it! ExperinwiaiY the 

found to be over ax nana 
km-rtectron velocity. In addition 
tin* tie factor of 6 B fitfmattnsric 

by the rate of power 

foand to 
etocity is 

dam da? adadve 

boat. Tbe Bash B 
t into the 

S.4.2 Next-Great* amTnilahal IhatMarnfiiknim 

5.4.11 anndnrti an. Thai projection of a next-
grnc ration mrbaamt-aeatmg experiment m extrapolated 
from experimental experience, local namaet technot-
ogy, aad with scabs tf baaed npon an undemandmg of 
Ike tearing aaschsn nan. It » iuteudfd to describe, in 
(eraai of m, Th r, aAat sort of pterma amy be attaaacd 

»-• -» - - > • - « VJWH me cons ana source baas power sappies dait 
•enami of the Ban aoa* V I apparatus. The nod, of 
coarse, is a "charted phjama** (naaTor-contamed km-
conedk^tfcm). 

S. L. I. Baaakmr, fWjniainii m asr , 
fbvafes, TwM, VSSJL, 1910; E. Oil, et aL fftjrg. Jtm Lett. 
IS. M (1972). 

9. Maabm,lteoaaja,Jaae 17-23,1971. 

5.4.2.2 aiaaactk field stream*. If the Burnout VI 
cods, capable of 50-25-50 kG dc fields at S500 A, were 
adocated so that tit? ORMAK generator control system 
tor raring aad lowering the current covid be wed, sad 
the ndrror ratio lednced to 1.6, by moving da? cons 
doaer together, they would provide a field strength of 
§0-50*0 kG for a l-eec rise, l-eec hold, and I-sec faB 
ttme. Giadt breaking, at it is done on OfcMAK, would 
not be occessary since rnnhng is less of aproblem. The 
S0*G nadptaar field stient* should permit a density 
of 2 X I 0 1 4 c m ° ( « ^ < W c r ) , Fig. 5.9; and the 
flatter nndplane field provides a traaael vqbmie of 
about 2 liters. 

5.4.2J rVwcr paase. Let as awnmr dtst the voltage 
in das four cahttron sssjaaaes can, with 

a nest of 
to50kV.mmtriB,of< 

to be head 
be during a period of tew 

Mas current is less dam 
I A. We antkaaate dmt tow phases wvfl complete da? 
power passe cycle. (l)CaargJai -"30 sec, midjdane 
field stsength - 1 0 kG, nanumam capacitor chargmg 
current - 1 0 A, ptasmn current 1 A, weaUy turbulent 
phaiin, capacitocs charge to 50 kV; (2) Jbwer am: I 
sec, magnetic field incseases to 50 kG in nridpsaae, gas 

tosources, bim current and tarbesence increase to 
i; (3) Hold: 1 sec, magnetic field steady 

80-50*0 kG, fates voltage and current drop a* capaci­
tors dhamarge, gas posse off; (4)/tower down: I sec, 
magnetic field lowers, bias current faOs, ready for 

to 

owsTi-ioors 

Pb> i 3. Majasdaanm mahswiat. Tarbslsf it 
dart tt, wet • u p MM. 

rf3 K*4 KP 
OENSITY (cm-») 

of IOM ssqairw thst in taa rsajba of ooataawd pawns, tbe CKCUDM OS 
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5.4.2.4 fttdfctul MM energy. Our experience gives us 
confidence that the radio-frequency electric field will 
be proportional to the applied bias voltage. No violation 
of Urn wis found in Burnout V or Burnout VI . The SO 
kV used in tins extrapolation is the upper limit of the 
available cahitron supplies. We scale the azimuthaJ drift 
velocity by v r f = cEjB, and die density by the electron 
magnetization imitation, w c f = u ^ , and get an km 
energy as a function of density and the applied bias 
voltage. 

Here, m and M are the election and km masses. If n = 2 
X 10 , 4 cm" , ,andf=50kVcm" , , then7' i =123keV. 
The family of curves is dbrdayed in Fig. S.IO. 

Centrifugal spitting gives a relative velocity propor­
tional to E7IB3. The maximum average particle energy 
observed on Burnout VI was 4 keV with a 10-kV/ar 
electric field and 25-kG midpbne magnetic field. If we 
extrapolate this to SO kV/cm and 50 kG, we get an km 
energy of about 12.5 keV. This family of curves B 
displayed id Rg. 5.11. This extrapolation must be 
considered a lower limit, since, experimentally, km 
energy has always exceeded this splitting velocity. 

We would Wee to know how km energy wil scale with 
particle lifetime. A larger volume of trapped plasma wffl 

5 10 20 
SOURCE BIAS VOLTAGE (kV) 

90 IOC 

Ffc> 5.10. to* Wwpwafwe seeing, variaUe n. These or .es 
amtnx tint the if electric fields wMch heat iom wMJ tie 
proportioHj to the applied phmm sxvee ukr vohaae, and that 

the pntkle lifetime in to cote by 
hargr CJU^MH§?- Ion heating rases are ample to 

provide a inear dependence with lifetime uwong* any 
classical scattering, time we can magjne for an open-
ended system. 

Abcot si we can say from experience is that as the 
appted pSasma-suirce bias was increased, the average 
km energy increased more steeply than the square of 
the increase in km source bias (see Fig. 5.12). 

5.4.2.5 Hasan vaJuajat. Using a angle source in 
Burnout VI , the volume of the hot trapped plasma in 
the iradpure was about 150 cm*. In the proposed 
system, the i2*de diameter of the cods wffl permit a 
nest of seven sources with a plasma radius of 6 on and a 
trapped plasm length of 20 cm dw to rJre lower ndiror 
ratio. The trapped plasma volume wffl have a football 
shape and be about 2 iters. Tins plasma would be wefl 
shielded in all drecrjons from Franck-Coodon neutrals. 
The Franck-Condon mean free path is 0.6 cm when n * 
2 X I 0 1 4 cm* 3 and Te * lOOeV. 

Impurity density (mainly copper and titanium in 
Burnout V and Burnout VI) would be much lower. The 
3-eec total "on rime" would not give the wnls 
opporturrity to heat, and sputtering by 12.54eV, 
charge-exchanged fast neutra* wonti be reduced. 

5.416 Stawffty agent* anwes. The pfema in a 
Burnout device has always been everywheie positive 
w<th respect to the walls which it sees along magnetic 
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O K> 20 » 4 0 5 0 6 0 70 
APPLCO K M SOURCE BIAS (kV) 

BtSsVMMaV vVHOT MHDM ammWOW BHBtS HI tfcn? vVtMBOHtt t t l 
imfoariMe. The oat? am* that warn flbview ai a ant-
flHBtWBQvs CXaXSammfiSn km flum* eâ MBMS HMi wflMvTDT ^MB CW 
awmmmmUCemajT flvmmmT QHB faW S M a W Of Qsv H W BmWL 

field toes (see fig- 5^). In the proposed plasma Tf > 
10 T€, and therefore it is not likely that there wffl be 
gross energy dumping by fhrieake iftftabttties.7 

$.4.2.7 Power itmntejumt. The power required for 
plasma heating will come from the source bias supply 
and is, of coarse, unrealistic for this extrapolation 
unless one restricts the experiment to a few scattering 
timet. UsfagT*6X lO'* sec,7}« 12.5 keV, K » 2 X 
I f / cm*, and 10% efficiency, the power required 

If the bias were constant for 30 msec, the total energy 
would be 40 U . Of course, the bias will not be constant 
but wffl fall continuously during the "hold" phase. 
Capacity required at 50 kV is 33 pF. Divided between 
after* sources, this would be about 5 JIF per source. A 
3£*iF. 504cV capacitor bank is leasonable. One cahitron 

supply for each source could be used to keep the 
plasma sJrve during the chargu^ phase and to duuge the 
capacitors. 

Experiments and an undemanding of the beating 
mrrhanitin have showed one to predict with confidence 
that an experimental 2-hter phtim, with density > I 0 * 4 

cm" 3 , composed of >l04seV deuterom. having at least 
a classical ifetime, is ottfainable m an ORNL mirror 
machine for which neariv aH of the most exoentive 
parts are already in bind. 

5.5 tASrC PLASMA PHYSvCS 

55.1 Smmsstienef Farads anvil 

The experimental study of ion acoustic waves in a 
lahoratorv idasma >••«*—* • vetv awmhmmr homusaiv 
• p v n a w i a j f Kmnawawcmi s n v v i v % # v wwnw eamaamavawayaaa) wn^uavamnam>w 

value probfcfH at the plasma dhrturbanjces to be stamVd 
are laaached by electrodes, linear theory rafts to 
orscrroc me mnereai sneacn erlecis about an eexrroae. 

We approach the problem by numrriiaWy sokmg the 
mxaawsar Vlaso^Poinwn equatiom by a finite duffer-
ence ssdarique. 1 0-" The electrons am awiimrJtohe 

shown in Fa> 5.13. In tins example, a Usmparrat grid 
at the position marked "grid" Imd a iiemtive skmsoJaal 
potential applied of bfajs -15 kTJt, smsfltudr 15 
kTJe, and frequency of one-fourth of the ion plasma 
finquency. The initial piisms was a Maxwettan. From 
time aero to the moment of this aaananot. the nocenrJal 
osculated from zero to - 3 0 7) three times. As the grid 
potential was driven negative, ions fined the phase space 
volume about the grid to about xV2e*(gridyJivf in 
velocity space and ±V*4(grid><."1 in position space. As 
the potential is made increasingly positive, the fast ions 
in tne sheath are resrased to form ihe fast ion bursts. 
The tens of the fust two bursts and the head of thv 
third (at about 10XD)may be seen in fig. 5.13. Anion 
acoustic wave may be seen in the central parts of the 
velocity dhtributions. Numerical plots of infixed x.t) 
have been made and are in good agreement with 
oscillograms of both ion acoustic waves and pseudo-
waves taken in the laboratory.3 

For these parameters of frequency and amplitude, the 
ton acoustic waves margnaBy dominate die pseudo-

10. K. Eftatrook, ffcj). Timet, Uammtoy of Tiaaiwii. 
As* * ! 1971. 

11. K. Eitaeroolr asd I. AJexefT, pacer to be mbmUlod to 
fhytlaof fluids. 

12. K. Eftabrook, M. Wkoaer, I. AlexefT, awl W. D. Joust, 
thytPhridi 14.1792(1972). 
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oavL-ewsYt-serr 

-tvk -« 0 « zvk 

tl»|iMiwD»»ygiri^lM.T1wrtirtaMawawmflwwlodiyii 
•ate v 4 - y/kTf/Mf, tmdk la* b a vdoctty eattMHUiua at a 
fa* eatanet from tat pM. Tbt M a * of tht lea abomts* 
nfl̂ BfumMftm aWgown^wanl fe #ga* muthYmmmttamna! gmmhmul^mmnflB amnaMmttf 

waves (ion bursts). However, for frequencies above/Lj, 
the paeudowaves doroir.^e Ae ion acoustic waves. The 
pasudowavts may beat with the ion acoustic waves to 
produce what may erroneously appear to be regirowth 
due to nonlinear Landau damping. 

5.5.2 Iwusuewavea - Quaker Kadhlieu Fonu 

Some time ago we demonstratrd that a grid placed in 
a plasma and pulsed strongly negative produced fast 
bunts of ions.13 These km bursts produced results that 

13. I. AteaefT, W. D. Jones, aad K. LB—twit, fkys. Rev. 
left. 21. S7S (IMS). 

waves.*" Subsequent experwnents showed mot pseado» 
waves were ahuost always •aoctated with grid excite* 
won of waves, causing stnbkjaiues in wave propagation 
fxperinvents. 

He have now fount* that the f w ion bum can itself 
launch ion acoustic waves.'^ wimout the confusing 
effects due to tries The fast ion bunt uiimpondi to a 
positive lest particle Moving through me punnet at a 
waocitv wel aboue the ion»aauuetic velocity, and so 
generates a cone of kavacoustic Ceieukov radnrtaou. 

We have consulted with J. M. Gooam in an attcsnpt to 
find if these exists some runensueutsJ hnwt to the 

specnognpui rype or unuue separator, we nave, m 
met, found ant such a nmJt exists. It h due aknply to 
the pankulati nature of the ion beant, and does not 
nnuMnunamau 4uan, nnavw aaftnwannnnu umnfefte^nunnnwweBti #wn* usennnnvK vnanVeanuhnanee? 
vaû û mpumua x_r^* unavw gjSuunawnnneB ca^uuwan^uwjnyuumFv ^an weuarww^oj owwaunmw>^^ajn# 

EaseatiaiV. we find that, alluiujun the ion beam of a 
calutron is extracted from the km source at sons tens 
of Uovoks. the ivwjtfpr energy cf the * * * U * ions to 
the " * U + kms is onty a fraction cf I eV. Tms amal 
ressfJve energy produces the slow radial restate drift of 
* ' • U to , M U that results in isotope separation. 

However, when one dunged particle drifts vary slowly 
throush an ernrironsaent of other dunned nurtiritt it is 
"Omav^wjunvw una* • ^ * w w a i p n w w » "»*• w^weuntu wjuwauanwu-mi njpvaw vww»aM% • • uu> 

gjLiwmfly R'ttfftiMf to nmUpk f-vtteriHg. Thus the 
i lmt id relative velocity is catty lost, luulucmg the 
beam voltage redsces thJt relative velocity and increases 
the undeaised scattering. Incumjing the beam current 
increases the number of scattering centers and also in­
creases the undented scattering. We can rastty show thai 
for a fixed, tolerable degree of multiple scattering, the 
minimum extractor voltage (volts) and the martvani 
beam current density/(amperes/cm2) are related by the 
following equation: 

! * / / • • constant. 

Thus, reducing die voltage a factor cf 2 means that the 
current density rnust be reduced by a factor of 4 to 
keep the scattering tolerable. The exae: value of the 
constant is difficult to compute, and my own ( I . 
AlexefT) value may be m error, but I find a value of 3 X 
I 0 * § (an easy number to renumber) for uraarurri in a 
typical calutron field of ~5 kG. we wtah to acknow* 
ledge several helpful discissions with the Isotopes 

(4. K. Estabrook and I. McvHt.Pkyt. Utt. MA. 95 (1971). 
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6. Energetic-ft 

R. C.Davis 
H. K. Forsen1 

R R Hall 
T. C. ienugan 

Producing and heating a plasma are essential both for 
present plasma confinement studies and future reactor 
systems. Present multiampere (equivalent) neutral-
particle injector* can be used either for injection filling 
of open-ended devices or for injection healing of 
toroidal devices. 

The multiampere beams used for these injectors are 
obtained from the duoPIGatron ion source. Oetaiied 
discussions of this ion source have been published.*"$ 

The source consists of a duoptasmatron ion source 
feeding a PIG discharge system. The extraction elec­
trons are multiaperture and are placed in an accei-decei 
arrangement with up to 5 an diameter. The source is 
ample, 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 k«V. Experiments are 
continuing in an effort to more optimally match the 
beam divergence and gas end beam efficiency of the 
source to these particular plasma experiments. It has 
been shown that by changing the electrodes o* the 
duoPIGatron ion source one can easily shift the 
performance over a broad range of beam parameters. 

1. Consultant, University of Wisconsin, Madison. 
2. On leave from the Institute for Plasma Physics, Garchmg, 

Munich, Germany. 
3. R. C. Davis et aL, to be published in Review of Scientific 

Instrumentation. February 1972. 
4. O. B. Morgan, Ptoc. Symp. ovt Ion Sources and Formation 

of Ion Beams, Brookhaven National Laboratory. Oct, 19-21. 
1971. BNL-50310,p. 129. 

5. W. L. Stiriiniet aL, ibid., p. 167. 

O. B. Morgan 
G. Schilling2 

L. D. Stewart 
W. L. Stirling 

Source electrodes are being bush based on previous 
plasma and ion optical studies3"5 for evaluation that 
should correspond more closely to the future IMP 
injection requirements. 

The second major application of the duoPIGatron ion 
source is to create muhiaicpere km beams for energetic-
particle injection heating of plasmas in toroidal devices. 
A detailed discussion of this new heating technique has 
been accepted for publication.* The motivation for this 
work is to attain ion temperatures corresponding to the 
colhsionless regime where reactors will operate. This is 
essential for extending the encouraging confinement 
results in Tokamak devices and to further establish 
scaling laws. Ohmk heating used in the present devices 
is sdf-limiting, since the plasma resistance drops as the 
temperature incrcs~s. 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 Ohmk heating w e e developed. 
These injectors have now been developed, and detafled 
discussions of their performance have been pub­
lished.3"* Two or four of these injectors will be 
installed on the ORMAK experiment during 1972. 

These injectors also used the duoPIGatron 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 k;V, ~60% of the ion beam is 
within a half-angular divergence of 1.2C 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. KeUey et aL, to be puMisned M Nuclear Fusion, 
February 1972. 
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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, 100-kV 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-frV power supplies are being pur­
chased and are scheduled to be delivered by March 
1972. Studies are also in progress to improve the 
voltage stability, pulse length, and possibly the duty 
cycle of the&j sources. 

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

Initial work on this device is concentrating on pbsma 
studies on the duoPIGatron ion source. The densitv 
uniformity of this plasma has been shown to be 
essential to good source performance.3"6 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 kV, which 
will allow studies of two-stage-multiampere, 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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?. Atomic Physics and Plasma Diagnostics 
C. F. Barnett R. Berisch1 J. A. Ray 

7.1 HIGHLY EXCITED STATES OF 
HYDROGEN MOLECULES2 

Highly excited states of hydrogen molecules have 
been formed by electron capture collisions of 50- to 
450-keV 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 10" 3, with D 2 * being a factor of 2 
greater than H 7 *. The fractional yield of H 2 * varied as 
the stripping electric field to the three-fourths power. 
Results are presented for molecular autoionization, 
excited-state population dependence on 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 level-crossing 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 2 \ the detection of H 2 in high Rydberg 
states, and on the autoionization lifetimes. Further 
experimental 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 through a gas cell and then electrostat­
ically analyzing the proton. Plasma contamination 
results from the stripping gas streaming from the gas 

1. Solid State Division. 
2. Abstract of paper accepted for publication in Physical 

Review. 
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ENERGY (keV) 

Fjg. 7.1. Energy loss of protons ptsang 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 volts as a function 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 ! 70 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/I arises 
from the protons interacting w»th the carbon lattice, 
resulting in energy loss whose most probable value was 
plotted in Fig. 7.1. The higher energy p?ak B results 
from 4-keV protons passing through the foil without 
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Fjg. 7.2. Energy spectrum of protons after pasar>g 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. 
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Fig-7' Energy loss of protoas after puting through a 300-A 
alumifl ' i ioi/L Peak A results from particle energy loss with 
lattice, peak B results from particle energy loss in which 
partii.v s arc channeled; peak C is energv spectrum of incident 
4-kr.V proton beam. 

copisior.'.. During the preliminary work it was believed 
th;-.i th>. peak was due to pinholes in the foil. However, 
•' vjal and 200-power microscopic observations failed to 
•low any evidence of pinholes. Examination of the foils 
by 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 j.*afc A again arises from parade interaction 
with the aluminum lattice. The full energy peak was 
absent for this foil. Removing the foil gave the upper 
trace C for the specuum of incident protons. The 
miuuie nave u iCpicaCiiic in energy iGss wYiiCfi v*c nave 

interpreted as the phenomenon of cb nr.eling. K the 
lower trace represents energv loss ti sm a 300-A fokK 
then the effective thickness ot ihe foil for the energy-
loss observed in the center trace is 100 A. The 
amplitudes of peaks A and 3 may be compared directly, 
but normalization ha* not been made for the upper 
trace. Work is continuing to develop foils that are 
uniform and free of defects. 

7.3 HYDROGEN PARTICLE INTERACTION 
WITH SURFACES 

Measurements have been initiated to obtain quanti­
tative data for hydrogen atoms or ions colliding with 
metallic surfaces. Attempts will be made to determine 
the energy and angular dependence of reflected H and 
H*, the ratio of H/H 2 , and the reflection coefficient in 
the energy range 10 eV to 50 keV for various angles of 
inciu?n.e. Shown in Fig. 7.4 are preliminary data 
obtained for 50-keV protons reflected from copper. 
Two curves are shown, the number of particles reflected 
plotted on a linear scale and the other on a logarithmic 
scale. The upper and lower limits of the abscissa are SO 
and 10 keV respectively. The lower limit was deter­
mined by the noise of the solid-state used in 
determining the spectrum. The linear curve indicates 
that most of the particles are reflected at low energies; 

ORNL-OWG 72-5967 

PULSE HEIGHT (heV) 

Fjg. 7A. Energy spectrum as deter.rined by a silicon barrier 
detector of total H •*• H* reflected from a coppc?: surface. 
5G-kcV pfotons incident on the surface. 
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ihe logarithmic curve indicates a considerable fraction 
reflected at near-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 spectra at lower 
energies. Presently, .. arge scattering chamber pumped 
by turbo and titanium-gettering pumps has achieved an 
ultimate vacuum of 6 X 10~ 1 0 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 
3 He counters have been investigated using the neutrons 
produced by 400-keV D* impinging on a deuterium 
target. A solid-state detector, mounted 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 reaction. The 3He 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.J MeV neutrons can be determined. 
Preliminary measurements with the 3 i!e 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 encountered 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 3He counter with a moder­
ator. Measurements are continuing using an organic 
scintillator 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) energy 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 C 0 2 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 year three books or monographs have 
been sent to John Wiley and Sons for publication. 
Theory of Charge Exchange by R. A. Mapleton has 
been completed and will appear in February 1972. 
Dissociation by Heavy Particles has gone through the 
galley and page-proof stage and will appear in April 
1972. Excitation by Heavy Particles has gone through 
the galley-proof stage and will appear in June 1972. 
Two other books, Ionization 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 bibliographies for particular 
reactions, such as charge exchange, are being prepared 
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 
R. L. Brown H. M. Loi.g 
K. R. Efterson M. S. Lubell 
W. F. Gauster1 J. N. Luton 

J. E. Simpkins 

8.1 SUPERCONDUCTING COILS FOR IMP 

Performance tests of the IMP superconducting coil 
system were completed on January 7,1971. These tests 
demonstrated that the Nb 3Sn qmdrupole coils could be 
operated simultaneously with the NbTi mirror coils to 
at least (/ = 605 A) 74% of their design value 
lA|uads( d e s i 8 n ) = 8 1 5 A - Hquids(desi&i) = 85 kG at 
windings, / m i r r o r s ( d e s i g n ) = 383 A, / / m i r r o r s (des ign) = 
69 kG at windings]. Upon reaching 605 A the 
automatic energy dump engaged and discharged the 
coils. No attempt has been made to exceed 605 A since 
this !?st. it is not known whether a normai-s.ate 
transition occurred in the coils (in which case we think 
it would have beeo due to conductor movement) or 
whether the automatic dump circuit was activated by a 
line transient (the susceptibility of this circuit to line 
transients was discovered later). 

At the completion of these tests, the coils were 
turned over to the engineering staff for installation in 
the IMP system. The system was completed, and coil 
checkout began on May 28, 1971. During the checkout, 
problems were encountered with a power supply, ,i 
switch in the current circuit, and an automatic energy 
dump circuit which triggered when subjected to line 
transients. These problems were corrected, and the coils 
have been operated routinely by members of the IMP 
Group to 71% of design values (coils were energized 32 
times during 1971). The coils will be charged to higher 
currents as required by plasma experiments. At present, 
we see no reason why the coils should not reach their 
desigr values. However, if the normal transition which 
occurred at 605 A was due to conductor movement, 
then a series of "training" transitions may be en­
countered as the conductor settles due to the increasing 
forces with increasing fields. 

1. Consultant. 

8.2 ORMAK CRYOGENICS 

The ORMAK cryogenic system is required to accom­
plish the three tasks shown in Table 8 '. The expected 
liquid-nitrogen requirements for these tasks are shown 
in Table 8.2. Liquid nitrogen for these tasks is obtained 
through a building supply system serviced by two 
17,000-liter trailers from the central Y-I2 supply. 

Table 8.1. ORMAK cooling requirement 

1. Cuoldown 
10,000 kg Iron 
4500 kg Stainless steel 
4000 kg Aluminum 
1800 kg Copper 

773 X 10* J 
348 X 10* J 
844 X 10* J 
132 X 10*J 

2097 X 10* J 

2. Operation 
10 J per pulse at 10-min intervals 
Internal radiation from lires 
External heat leak 

167 KW 
1.0 kW 
1.5 kW 

19.2 kW 

3. Standby 
External heat leak 1.5 kW 

Table 8.2. ORMAK liquid-nitrogen requirement 

1. Cooldown 
2.1 X 109 J = 9700 kg = 12,000 liters, 

considering 50% recovery of enthalpy 

2. Pulsed mode 
19.2 kW = 116 s/sec = 517 liters/hr, 

considering 85% recovery of heat of vaporization 

3. Standby 
1.5 kW = 9 g/sec = 40 liters/hr, 

considering 85% recovery of heat of vaporization 
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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 liquid nitrogen in a closed circuit 
comprised of the internal cooling passages in ORMAK 
and an external heat exchanger, where the heat ir, 
transferred to boiling liquid nitrogen. The internal 
cooling passes in ORMAK consist of: 

Primary coils 

Pulse coils 

Vertical field coils 

Bus connectors 

Aluminum ring 
and plate 

56 coils with 0.635-cm bore and 26.4-m 
length, all in parallel 

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

8 coils with 1.118 X 0.610 cm elliptical 
bore and 10 m average length 
arranged in 16 parallel cooling paths 

10 leads traced with 0.48 3-cm bore 
tubing 22.9 m long in two parallel 
paths 

8 tubes with 0.622-cm bore and 
6.1-m length in parallel 

The pulse energy of 107 J is deposited in 1.5 sec in 
the primary coils, resulting in a temperature rise of 30 
K in the copper conductors filled with nitrogen. Since 
this energy could cause rapid boiling of the nitrogen 
and possible uncontrollable high pressures or liquid 
discharge from the coils, the nitrogen is pressurized 
above 14.6 atm (the vapor pressure at 110 K) to 
prevent vaporization. 

This requirement of a single liquid phase in the 
ORMAK coils dictated that all flow controlling valves 
be plactd 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 
centrifugal 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 additional 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 maintain a net positive 
suction head of 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 nearly 
constant temperature at the suction, and simple pressur-
ization could be used to j-oduce the net positive 
suction pressure, provided that the pressure drop 
through the heat exchanger was not too great. 

The boiling side of the heat exchanger requires 
sufficient area J ensure that the surface remains wetted 
with liquid at all times. Since the peak nucleate heat 
flux for liquid nitrogen is 20 W/cm2, this theoretically 
requires only 1000 cm 2; but since the temperature 
difference for this heat flux is 10 K, leading to a base 
ternpe-tature of 88 K, a much larger area is needed if ihe 
fina. temperature of the circulating liquid is to ap­
proach closely to 78 K, the normal boiling temperature 
of liquid nitrogen. 

In the final design, a total boiling surface of 61,000 
cm2 is rrovided, yielding a boiling heat flux of 0.300 
W/cm2 and a temperature difference of about 2 K. The 
boiling nitrogen is on the shell side of the heat 
exchanger to allow the oigh-pressure circulating 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 
separator 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 7 3 0 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 0.02S W/cm2 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 liters/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. Fig. 8.2. Cooling mode for ORMAK. 

multilayer insulation 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 flow 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 or 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 interrelation which 
defies precise analysis, and operating settings, flows, 
and cooling rates must be set by trial and error. A 
cooldown rate of 5 K per hour was achieved in an early 
cooldown, but since there was evidence of insulation 

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 between the various components of ORMAK. The 
cooling passes were made from 0.95-cm-OD copper 
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 up 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 
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is automatically controlled from level sensors in the 
pressurizers. 

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

The system has generally operated satisfactorily »o 
date. During shakedown, trouble was encountered with 
several ball valves which 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 stnsors 
working properly. Substitute thermistor level sensors 
have been selected aiii ordered. 

While the operation h*s been satisfactory, the system 
has not been called upon to operate in a pulsed mode to 
cool the primary coiis after 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 the cryogenic system, the 
group has investigated solutions to the high-vacuum-
low-temperature leaks encountered during shakedown 
of ORMAK. A geld *"0"-ring seal was designed to 
correct leakage in the Varian copper gaUcet 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. 

Subsequently, the Varian flanges were welded together 
to provide a permanent seal, and the epoxy-insulated 
connectors were repbced by either glass-Kovar or 
ceramic-Kovar connectors which were bench tested to 
the same specifications as the epoxy fittings. 

8 3 COILS WITH AZ1MUTHALLY VARIABLE 
CURRENT DENSITY FOR EBT 

In the course of the coil design work en the ELMO 
Bumpy Torus (EBT),2 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 
section which, on the side nearest the topjs axis, was 
compact and carried high-current density, while its 
opposite side was radially expanded with a low-current 
density. In particular, the flux lines 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 brgcr bore at each end of 
the main coil, the auxiliary coil axis being shifted 
outward from the torus axis so that the winding 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 less power, and powei will be an important 
limii n for EBT as it is for ORMAK, an effort has 
been commenced to develop such a coil. 

2. See Sect. 4.2 of this report. 
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Fig. 8.3. Test coil with azimuthally varying winding depth. 
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Figure 8.3 shows a successful model coil cut along its 
symmetry plane, that is. the torus midplane. The 
hollow extruded conductor is uniformly 0.635 cm (% 
in.) square, but partial-turn filler bars of solid coppe/ 
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 smoothly with azimuth. In 
a test coil, the soft-solder joints between the filler bars 
and the hollow conductors were made by hc<u;ng the 
entire coil after the pretinned conductor and fillers 
were insulated and 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 Plasma 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 maintaining a mirror ratio of 2) and to provide 

Oft*.-DWG 71-6882R 

fig. 8 4. Coil arrangement for the Long-Field Experiment. 

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 interfere 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 cany cooling water. The bars are thus expected to 
be easy to install or modify. They are shown skewed in 
order that they will remain close to the flux lines of 
interest and so require a small current. 

8.S 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 films having a thickness of 
500 A are favored. The films need to be pinhole free 
and homogeneous with a known and reproducible 
thickness. The qualifications are being met in carbon 
films 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 IOO-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 formations 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 tbesc err ~KS should occur in all 
films below some minimum thickness. We are attempt­
ing to find this minimum value for aluminum films and 
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will attempt to produce reproducible film having only a 
slightly greater thickness. 

Coatings of tantalum and molybdenum have been 
sputtered onto 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 
IO-kW electron-be:-m 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 Nb3Sn 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 background field. 
These "cusp-coil" tests showed that stabilization could 
be achieved by co-winding aluminum ribbon along with 
the Nb3Sn 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 Nb3Sn 
ribbon used in IMP with the objsct 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-responding, 
linear, liquid-helium level indicator3 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. 

the measurement of fluctuations of the surface of a 
liquid helium bath. Liquid-level fluctuations can be 
caused by such things as mechanical vibrations, thermo-
acoustic oscillations, boiling effects due to constant and 
nonconstant heat leaks, and Dewar pressure changes. 
The observation of changes in ihe liquid urface is 
important, particularly in large superconducting magnet 
Dewars. where one need~ as many clues as possible 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 determine the 
speed with which one can expect the detector to 
respond to a disturbance, and the size and nature of the 
surface movement caused by various amounts of heat 
dissipated within the bulk of the liquid. Preliminary 
results indicate that the superconducting detector re­
sponds to a rising liquid surface at rates up to 25 cm/sec 
and to falling surfaces at rates up to 4 cm/sec. This is 
more than adequate to detect the usual disturbances 
occurring in 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 
linear region is followed by a random series of 
fluctuations starting when the bubbles reach the sur­
face. The size of the random fluctuations depends on 
heater power and depth. Quantitative measurements 
have shown fluctuations of 1 to 2 mm at 1 W and ~7 
mm at 16 W for a heater depth cf 32 cm in a 10-cm-ID 
Dewar. 

8.8 A7 6-cm-DIAMETER, 100-kGCOlL 

In the final design of the IMP quadrupole coils, the 
superconductor packing factor X was reduced from 0.7 
to 0.43 in order to accommodate the aluminum ribbon 
required to stabilize the General Electric Nb3Sn super­
conductor purchased for the coils. Thus a large quantity 
of the conductor (1.27 by 0.02 cm of Nb3Sn) was left 
over. While much of this material was in short pieces 
(less than 60 m) and in used lengths from various test 
coils, there was considerable usable material in lengths 
greater than 150 m. After reviewing various possibil­
ities, we decided to use the bulk of the material to build 
a 7.6-cm clear-bore solenoid. 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 cm 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 ire largest 
possible access while still allowing the possibility o( 
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 s:ep to higher fields. The solenoid will 
consist of 16 pancakes containing more than 2750 m ot 
Nb3Sn ribbon. Turn-to-turn insulation will be an AI2O3 
and graphite 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 ?nd 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 test 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 extrapobtion of our short-sample 
data from fields below 80 to 100 kG. We used data 
furnished by General Electric for this extrapolation and 
have no way of verifying its accuracy at this time. 

8.9 RIBBON COIL ENDURANCE TESTING 

Previous reports4 have described the development of 
water-cooled magnet coils consisting of a grooved strip 
conductor interleaved with an insulating ribbon. Such 
coils are capable of overall current densities of 30 
kA/cm2 (200 kA/in.2). 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 electrical and mechan­
ical stress, endurance testing of prototype ceils 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 prototype coil has been 
sufficiently tested to illustrate its ruggedness. and 
therefore it has been released for routine operation for 

Table 8.3. Transverse ribboa coH No. 4 endurance testing 

Inside diameter 4.8 cm 
Outside diameter 12.2 cm 
Length 3.8 cm 
Current 8000 A 
Voltage 71 V 
Power 0.57 MW 
Self-field 44 kG 
Ambient field 57kG 
Total field 101 kG 
Over.lI current density 22.000 A/cm 2 

Cooling water velocity -80 fps 
Coolant pre .sure drop -160 pa 
Time at / > 7000 191 hr 
Number of q -rles to full current 75 
Additional time in flowing wat̂ T -250 hr 
Time in sragnaru water —4 months 
Test period 1966 to September 1971 

(includes dry storage. 
1967 througn 1970) 

4. Thermonuclear Div. S'mionnu. Prop. Rep. Apr. 30, 1966. 
ORNL-3989. pp. 110-113. 

those experiments which will fit in its restricted bore. 
Other ribbon coils will be ? 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 National Laboratory from June 28 to July 2. 
Talks were given in the session on Engineering Design of 
Magnet Systems on (I) 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-field and large-magnet develop­
ments, an analysis of the overall 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) tiie cryopenic problems associated with large 
superconducting magnet systems - tt>e very useful 
empirical data and curves ot Strowbridge pertaining to 
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 no magnet 

http://Over.lI
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built or even being considered for construction comes 
anywhere near the sizes and fields which will be 
required for a full-scale 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 S30/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 
superconducting 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.! I CRYOGENIC TEST FACILITY 

The vacuum tank fabricated 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 temperatures down to 4.5 K. 

The 1.37-m-diam by 0.91-in-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 nitrogen-cooled 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 liner prior to the 
successive platinum-gold plating. 

8.12 POWER-TRANSMISSION TECHNOLOGY 

Cryociectrical power transmission systems are under 
development in the VS. and several foreign countries. 
A review5 of these programs and other nonconventional 
means for power transmission in the VS. 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 transmission systems are 
characterized. The development of UHV and HVDC 
overhead power transmission is reviewed, znd a short 
discussion of the various underground power tram-
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 facilities and capabilities in 
the Thermonuclear Division, a program for the investi­
gation of dielectric breakdown in cryogenic fluids and 
solids was developed. If funding can be secured, this 
program will be implemented during the coming year 

5. Technical memorandum in preparation, Unconventional 
Electric Power Transmission in the U.S.A. 
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9.1.1 Magnet Desist 
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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 5000-MW(t) Tokamak fusion reactor.5 The 
study is based upon (1) a conservative value for the 
reactor power density (3.5 MW/m3 at the vacuum wall) 
and (2) commercially available superconducting 
material (NbTi operating at a maximum field strength 
of 80 kG in the windings). Cost estimate* were made 
for the entire magnet system, and the economic effects 
of vary...g reactor power density were investigated. The 
results of this study are presented in the following 
abstract. 

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

1. Reactor Division. 
2. General Engineering Division. 
3. Chemical Technology Division. 
4. Metals and Ceramics Division. 
5. M. S. Lubell et al., "Engineering Design Studies on the 

Superconducting Magnet System of a Tokamak Fusion Reac­
tor," paper piesented at the 4th IAEA Conference on Plasma 
Physics and Controlled Nuclear Fusion Research, Madison, Wis., 
June 1971. 

copper-to-superconductor ratio to provide both static and 
dynamic stability. Commercial superconductors which satisfy 
these criteria are NbTi compound conductors. The use of this 
material restricts for oar desqm the maximum magnetic field 
strength (which results from the d.c. main toroidal field and the 
pulsed poloidal field) to about 80 kG. 

We assumed a total power P T = S000-MW(t), a wall loading 
P w = 3.5-MW/m3, a vacuum chamber minor radius 1̂ = 3.5-m, a 
pressure ratk> (SQ - 3, and a stability margin q - 1.4. These 
values and the maximum field strength B M = 80-kG yield a 
toroidal magnetic field B^ = 37-kG, a major radius R = 10.5-m, 
a minor coil radius r = 5.59-m, and a plasma aspect ratio A * 
3.75, if we consider a blanket thickness w - 2 m and * ratio y s 

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 design of the mechanical 
structure is based on detailed force and stress caK-̂ lations. The 
net radial force on each of tke 48 coils is 10480 tons, requiring 
massive reinforcement c r tin- bobbins. The cryogeKJc calcula­
tions consider aO sources ?f heat loads, and m 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 maintenance 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 companion j given 
between a 5000-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 about 
double. 

9.1.2 The Blascon - An Exploding-Pellet 
Fusion Reactor6 

A. P. Fraas 

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

6. Abstract of ORNL-TM-3231 (July 1971). 
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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 attrac­
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 or 
ship power plants having outputs as low as 100 MW(i). 
A reactor of this type would require no large magnets, 
activation of the structure would be negligible, thus 
easing afterheai and hazard problems, and the problems 
of fast-neutron damage to the reactor structure would 
be avoided. The expioding-peliet concept might also be 
applied to give a spacecraft propulsion system tha' 
might reduce the propellant weight requirements for an 
Earth-Mars-Earth mission to about 10% of that for a 
Rover-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 r roblem 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-*i-diam D-D pellet heated with a 
40-J laser beam. The report concludes that, in view of 
the tremendous potential payoff and the relatively low 
cost of some definitive experiments, a small experi­
mental program to investigate this type of reactor 
deserves a high priority. 

9.13 Environmental Considerations7 

Don Steiner 

The emergency cooling and 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 rcfeicnce fusion 
reactor exhibits the following advantages with respect 
to emergency cooling requirements: (1) a lower hazard 

7. Abstract of "Emergency Cooling ami Radioactive Waste-
Disposal Requirements for Fusion Reactors," paper presented 
at the 4th IAEA 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 
nuclear energy insertions resulting from loss of coolant 
or meltdown, 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 associated eco­
nomic penalty should be less. 

The effects of alternate fusion fuel cycles and 
alternate blanket structural materials are summarized. 
Fusion reactors operating on the D-3He fuel cycle 
would exhibit less-stringent emergency cooling 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 aesirable characteristics with 
regard to erterjency cooling and radioactive-waite 
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 
fluence, temperature, and helium concentration on the 
properties of niobium and niobium-1% zirconium. 
Fluence values will approach ~2 X 10" neutron*/cm2 

PO.l MeV), and temperatures will vary between 450 to 
9S0°C. The helium production anticipated under fusion 
reactor conditions will be simulated by alpha injection 
and by I 0B(«,a) 7Li i/tr sanitation. Irradiation time will 
be between six month; to <vie year, and postirradiation 
examination will incli ide microscopy, immersion den­
sity measurements, zui some tensile tests to evaluate 
ductility. 

9.2.2 Tritium Handling and Recovery 

J. S. Watson O. O. Yarbro 

The Thermonuclear Division in cooperation with the 
Chemical Technology Division has initiated a detailed 
paper investigation of alternate methods for recovering 
tritium 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 (S) permeable membranes. In evaluating 
the alternate methods, consideration is being given to 
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(1) economics, (2) recovery effectiveness, and (3) the 
extent to which tritium diffuses into the s^in system 
of the fusion power plant. The results t this paper 
study will be the basis on which we shall build an 
experimental program. 

9.2.3 Neutron Cross-Section R^quurements 
for Fusion Reactor Design 

M. L. Tobia> 

In order to calculate the neuttonic behavior of fusion 
reacted with a high degree of confidence, it is necessary 
that accurate nuclear data be available.* 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 ? compre­
hensive 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 Neuronics Session of the International Work­
ing Sessions on Fusion Reactor Technology (Oak Ridge 
National Laboratory, June 1971) it was noted that the 
7Li(n,cw'r) 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 evaluated 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. 

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 
<if ORNL and at Harwell, England. 

9.2.S Fusion Reactors as Radioactive-Waste 
Burners (RWfi's) 

Don Steiner 

The management and control of the long-lived radio­
active wastes assTciatei with a fully developed fission 
power economy will present a formidable problem. 
These radioactive wastes must be stored for centuries to 
permit long-lived licsion products such as *°Sr and 
l 3 7 C s to decay to nontoxic levels. Long-lived fission 
products such as " T c and some of the actinides require 
thousands of centuries to decay to nontoxic levels. 
Present schemes for the management and control of the 
long-lived radioactive wastes include conversion of tlie 
aqueous wastes to solids, followed by long-term storage 
in man-made vaults 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 long-lived radioisotopes by neutron-induced 
reactions, that is, to employ fusion reactors *s RWB's. 

The strategy of the RWB would be (I) 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. Currently we 
are assessing the requirements imposed on th'j RWD 
concept by neutronic considerations. 

9.2.6 Blanket-System Studies 

A. P. Fraas 

These studies include: (1) an assessment of the 
problems associated with employing 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 liihium circulation scheme which appears 
to require much less pumping power than earlier 
schemes. 

9.2.7 Engineering Requirements for Scatter-Doaunated, 
Moror-Coafined Plasmas 

J. R. McNally 

Various parametric requirements for attar ring high-
beta, scatter-dondnated, mirror-confined plasmas have 
been developed. The denwrvJ* on injected current, gas 
loading, and pumping speed vary as £"~7'2, and beam 
power varies as E~~'12. Thus it appears that the 
engineering requirements for generating interesting 
mirror-confined plasmas -ire most easily met by utilizing 
very high-energy (niuhi<MeV) injection, a point first 
made by Budker in 1954.9 

9.2,8 Beam Technology 
O. B. Morgan 

As part of their effort, the injection group has been 
considering (1) the developmental effort necessary to 
bring present beam technology up to the requiiements 
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 members of the Solid State Division. 

9. G. I. Budker, p. I l l is Plasma Physics and the Problems of 
Controlled Thermonuclear Reactions, ed. by II. A. Leontorich, 
Pergaroon, New York, 1959. 

9.2.9 Use of Syitchrotron Radiation to Provide 
Ionization of WaB-Originated impurities 

in a Thermonuclear Reactor1 ° 

H. K. Forsen1» 

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 
plasma which ionizes the neutrals and allows them to be 
collected by a divertor. 't is shown that the synchrotron 
radiation from the plasma core is adequate to sustain 
such a plasma against ionization losses. 

9 3 INTERNATIONAL WORKING SESSIONS ON 
FUSION REACTOR TECHNOLOGY 

Several members of the ORNL 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 meeting was jointly sponsored by 
ORNL and the ANS Technical Group on Controlled 
Nuclear Fusion. There were about ISO attendees, 
including representatives from Canada, France, Ger­
many, Italy, Japan, Russia, the United Kingdom, and 
the United States. The Proceedings of the Working 
Sessions have been edited and typed at ORNL and will 
be distributed early in 1972. 

10. Abstract of paper to be published in Nudeer Fusion. 
11. Consultant, University of Wisconsie, Madison. 
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G. R. Haste and N. H. Lazar, "Axial Distribution of Plasma Pressure in an ECH Plasma." 
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G. G. Kelley, L. A. Berry, J. F. Clarke, P. H. Edmonds, J. R. McNally, Jr., M. Murakami, R. V. Neidigh, and M. 
Roberts, "Early Results from the ORMAK." 
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W. L. Stirling, R. C. Davis, O. B. Morgan, Jr., and L. D. Stewart, "The ORNL DuoPIGatron Ion Source." 
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http://Phys.Soc.ll
http://Phys.Soc.Il


67 

Fifth Annual Conference on Numerical Simulation of Plasmas. Iowa City, Iowa, November 19 20, 1971. 

H. K. Meier and E. C. C n i m e , 2 0 "Quieter Starts." 

American Physical Society. Cambridge, Massachusetts. December 27-29. 1971. [Bull. Amer. Phys. Soc. II 16 
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H. Postma, "Probable Engineering and Environmental Aspects of Fusion Reactors" (invited paper). 
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