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Abstracts 

1. THE ORMAK PROGRAM 

1.1 ORMAJCOpentiws 

The work on ORMAK can be divided into three major 
phases: 

1. Preimecticm mstalhtion studies ofOhnuciDy heated 
plasmas. V". data obtained from these experiments 
reinforced orr conduskm that the predicated advan
tages of low ziytct ratio were indeed obtained. 

2. Injection modification. The device was modified to 
allow for the use of up to four neutral beam 
injection systems (two were installed at the tone of 
modification). In addition, the electrical insulation 
was upgraded, and the ceramic insulators in the 
liquid nitrogen system were replaced witl. an im
proved design 

3. Injection heating experiments. Experiments were 
suited (and are sail in process) with supplemental 
heating using the 250 kW of installed neutral beam 
injection power. 

Ion and electron temperature measurements on plas
mas with an injected neutra beam indicate plasma 
heating which is in agreement with theory for (he case 
of a beam injected parallel lo the plasma current. 
Heating has not been observed, however, for an 
atitiparaliel beam Experiments are .-rder way which 
should help explain this phenomenon. 

1.2 ORMAK Planning and Engineering Group 

Two injection heating '/stems we** constructed »nd 
installed successfully on ORMAiC at midyear Design 
continues on improvements for the second two systems. 
A detailed plan for increasing the toroidal magnetic 
field into the High Field ORMAK experiment was 
prooosed for and submitted to the AEC-DCTR. and the 
review process was started by the end of the year At 
midyear a conceptual oesign study was initiated for a 
feasibility burning experiment (F/BX). and an interim 

report (reference design version It was produced alter 
the end of the year. 

Responsbility for major modifications to (he 
ORMAK device and for development of plans for future 
devices was formalized during the year into the charter 
or" the ORMAK Planning and Engineering Group within 
the ORMAK Section. The three majo* .utr.Uei stiisued 
in this period were preparation foi and installation of 
injection hardware, preparation of a Mailed plan; for a 
high-field modification to ORMAK. and the ip.tiatton 
if a conceptual design study for a feasibility burner 
device-

2. PLASMA THEORY AND COMPUTATION 

This annual progress report, consisting of very brief 
descriptions of work undertaken during 1973. is in
tended only tc indicate areas of active interest and not 
to give a technically adequate summary of results In 
many instances, refeience is made to more comprehen
sive descriptions of the research, and in ail cases the 
principal investigator is identified to enable the inter
ested reader t«> seek additional information. The report 
is divided intc five sections relating respectively to the 
tokamak program (2.1). the ELMO Bumpy Torus 
program (2.2:. the magnetic minor program (termi
nated in June S97J) (23) . the activities of the Dau 
Handling Group (2 4). and the recently initiated plasma 
engineering program (2.5). 

3. HIGH BETA PLASMAS 

ELMO Bumpy TOPIS (EBT) construction was com
pleted and ot^ration commenced or. September 13. 
1973. with (our mirror sectors energized. Toroidal feed 
of patide to the high-beta annuii was observed to 
uniform^ ontrol the energy level of the mirror-
confined annuii. data for this an shown. Data from 
preliminary observations on the resulting toroid'i 
plasma in EBT are also given 

V I I 
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VIII 

t. ENERGETIC PARTICLE INJECTION 6 MAGNETICS AND SUrERCONDUCTTVrTY 

The primary effort OJ ate Eaerjetv Panwie Injection 
Group has been fabivauor- and relsabie operation of 
the ORMAK yearn iiises. Two se\strii-ir=ieciK« >sr«'5j«g 
anils *ere installed on ORMAK. Each unit a capaSk of 
JeStversng up to iOO k* of aeutral-;!>iec ted rower. Both 
cc*I gas streaming asd ant>int> input due to beam 
operation 2re withm acce--ra©*e ;im:ts. 

Improvements as gr*i design have sjgnif;:ant5y >m-
proved the bean: power efficiency Plasma studies harse 
led to the development oi a piasrr.a source which will be 
a prototype for in ion source empioymg a iO-cro-diam 
extraction end. an increase of a factor of 2 over the 
present ORMAK fource. 

5. ATOMIC CROSS SECTIONS PLASMA 
DLA&NOSTKS AND THE CONTROLIXD 

FUSION ATOMIC DATA CENTER 

As part of our study oi D production, we have 
treasured the -etai and differential scattering cross 
sections for D" formation when D*. D :*. and Dj* pass 
•hr-iugh cessum vapor The scattering of D ' formed by 
.ioubie electron capture was less than i' for 9(ft 
..-r.tainment oi the n Scattenng from incident D : * 
and Dj* was much larger and showed structure indica
tive oi electron capture imo repulsive levels of D : and 
Dj Measurements have been completed of the cross 
sections for D" product on from H:*. H j \ and HD;* 

>v on H : eas in the energy range iOO :o 600 keV 
Cross sections decreased monotomcai-v with energy, 
and :he negative ton equilibrium fraction was the s-une 
as that expected for an equivalent-velocity proton 
passing through H : To aid in the interpretation of the 
heavy-ion pr<"ce ts a plasma diagnostic technique, we 
have measured the electron capture and Kvss ..-oss 
sections of thallium and potassium ion beams passing 
through H : 

In diagnostic developments, the resolution of the 
ORM.AK perpendicular neutral particle spectrometer 
has been decreased, resulting in increased counting rates 
and better statistics A parallel spectrometer has been 
constructed and calibrated Prtiiminary results obtained 
from a tvpical ORMAK plasma indicate that l i t the 
parallel temperature is equal to the perpendicular 
temperature. 12) the energy spectrum of iniected 
neutrals shows a broad spectnirp peaking between 8 and 
i4 keV. t\\ scanning acr.>Si the hon/onial plan* of 
ORMAK indicated a flat denyt> profile for the Max 
wellun plasma Turing the year, improvements have 
been made on the pyroelectnc bolometer which is to be 
used !<> measure energy flow from the ORMAK plasma 

The efforts <:--- the Magnetics arid S--ipercoe<i»ic-rv--ty 
Groi»? have beer. in saroon of both the preset:! -*jsisa 
?p;. SKS prjgTirrts -r. the disuson and the piacrstg of 
iiiture programs. For the present programs a virsei> of 
anaiy ticai studies of magnet designs, incuiieg iî errnal 
performance jsd field cik-jiai-oas. have been com
pleted A resa'Kue-optanued 50-*G cod for ORMAK 
with circular bore a»d rectirsg^lar externa: shape has 
been fabncaCed from machined cocper -pine *.*! is 
read:- i&i vacuum rotting w.th e?ox\ Proof testing of 
this coii is planned for the connng \ ear. The cods for 
the ELMO fkimpy Torus have beer, compieted a: d 
placed s: service after extensive pefforatarace Hid safet> 
tests showed that operation at 3&* above de^gr. 
current would be rierrnissibie. Fieid errors are very low 
( • 5 X 10"* tanes the unperturbed axui fieldi as 
required for the experimental progra:n 

Investigation of platinum underlay ers for goid-coated 
stainless steei to reduce tnigrat-rop. of substrate constitu
ents was completed. 2nd thi; doubie-layer technique 
was used to coat a new hner for ORMAK Numerous 
diaf.-ostic components were aiso coned fa- ORMAK A 
,;ograrr. 'o systematically investigate refractory metai 
coatir.g for future pia«ma physjes expenmenu has been 
started. The first materials of concern are vanadium and 
niobium. 

The iG6-kG. ~ S-cm-bore NbjSn superconducting 
magnet w*s damaged by mtemai arcing dunng quench 
discharges and has beer, rewound on a newly designed 
spool to prevent similar damage in the future A 150-fcG 
NbjSn magnet has been designed for the Physics 
Drv.sion and materials ordered for construction earts 
next year. The major thrust of the superconductrvtty 
program has been toward large cods required for 'uture 
toroidal confinement devices. Conceptual and feasi
bility designs are being prepared for the feasibility 
burning experimental dene* proposals 

7 CRYOGENIC DIELECTRIC MEASUREMENTS 

A literature search has established the limitations of 
existing data on the dielectric strength of cryogenic 
liquids and gases A program to extend the data with 
statistically evaluated measurements has started, with 
initial results confirming and extending the existing 
data in the literature These early measurements are 
confined i-> intermediate uc voltages up to 130 kV. but 
extensions to 80 kV ac and subsequently to 600 kV dc. 
7 0 0 kV ac. and i TOO kV impulse are planned 



The CiHsdsic!<>r materials projran.s si the Metab and 
Cerair-vs Divtsioc! proceeded to initial diaracteruatKXt 
but are im standb> due !o lack oi funds for F t ' I ^~4_ 

One paper was presented a: the Annual VVS NRC 
DK3CC:IWS and Issjiat**! Coefereisce. 

8. FUSION REACTOR TECWiOLOC.Y 

IKK! i ! i !safnetohvdxod>nafBK effects m fcscrt reac-
!or biaskets. 12) Materials coropatc/ilm studies. < 31 
neuronics. i'4| radn^jcn damage studies. (5i surt*.* 
stiidie-s. i6i sysiesr. <: tidies, andi~) tntnins haedimg anc 
reccren. 

EX-naf th* past year the UISIOR reactor ttc'u.\JL^ 
studies have included the loi'owisg areas of mvestiga-
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1. The ORMAK Program 
D.D Bates1 C. R. Dyer S O Lewis2 R V Neidign 
L A- Berry P H. Edmonds D. C. Lousteau2 T F. Ravburc 
J. F. Chrke WiEam HaJdur.2 J. F Lyoc W J Redmond 
RJ.Cokhm G R Haste L. A MassengS R. G Remhardt 
G A_Culton R . E . W ! J. R.McNalH. Jr. Mictaei Robert', 
J . S C u K - r G.G.KeUey V J Meece J D Rylartder2 

S M - D t C i r ? N. H. Liar Masacon Murakana W R.*=sg 
J. L Durdap 

I I OHMICALLY HEATED EXPERIMEJfTS 

i l l IonTenpenTMCsmORMAK 
frost DopoKT nraasecflg 

J R McVafry. J, P. V Neadigh 

Rapid scanning specirometrsc techniques have per
mitted the determnatior. oi ion temperatures m 
ORMAK iO=k Ridge tokamaki x i function of time 
during the iccharge puise .o; ORMAK plasma currents 
up 'o 180 kA Emission spectra of hydrogen atoms are 
Doppier broadened m the line wings, characteristic of 
the initiai proton motions prior to charge exchange, and 
give son '"temperatures" generally less thar *7\. ~ 300 
eV. impurity spectra of C HI and O V. as well as the 
spectra of K: II :n helium discharges, lead to somewhat 
hotter ran tenoeratures ranging up to a maximum cf 
kT. —OOeV 

1 1 2 Ion Energy Coctamnent in the 
Oak Ridge Tokaank4 

L A Berry J F Clarke 
J T Hogan 

The ORMAK (Oak Ridge tokanuk) experiment gjves 
'he first extensive measurement of ion transocrt in a 
coilmonless plasma We find >. transition from neutral 
domination to 2 thermal-conduction limit as the ratio 
of central electron density to central neutral density 
vanes by an order of magnitude. The results agree with 
neoclassical predictions of ion thermal transport 
throughout the whole range 

I I J TbowBCB Scattering M t a s m e t t * 
MORMAK1 

M Murakami * R Wing 
P H Edmonds 

Measurements have been -nde of skctron tem
peratures in the Oak Ridge -kamak. ORMAK. using 
Thomson-scattered ligjit from 2 ^-switched ruby laser. 
The measurements described here were made during the 
spring of I••"'3- The measured electron temperature 
ranges from 0.20 keV ; c 1.1 keV for average eiectron 
densities of 5 X 10' * to 3 X i C ! ' err,"3. The radiai 
ejection temperature profiles observed in rtabie dis
charges are broad (fiat over about ruif the hrniter 
radiusi. while * tendency toward sharpened profiles 
appears when the discharges become unstable at iow 
safety factor In these measurements. i P (plasma k.netic 
pressure poioidal magnetic field pressure) is observed to 
vary as hf I. and the resistivity enhancement or 
apomaly factor (experimental resistivity Spitzer resis
tivity* as \'ne at constant current. .An empirical 
expression fcr the energy confinement t:rr» is dis
cussed. 

! Ins'rumentitior. and Control Dmson 
2 OrneTtS Fngmeenng 0»wr>n. 
J Ah tfract of piper , n Vac' f-'uarm I J. 919 ' 19?I» 
« Ahtfrirl "f paper in Phvi Rr> I'll. M. 3ft,' '|974> 
5 Abitnc" of p»;vr iccepted for publication by S-JCUM 

Funoi. 
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1.1.4 The Hot Ion Distribution 
Function in ORMAK6 

J F.Clarke 
D. J.Sigmar 7 

R. V. Neidigh 
J.R. M.Sallv.Jr. 

If one adds to the neoclassical theory of plasma 
transport in axisymmetric teroidal confinement sys
tems, the effect of a frictional drag due to charge 
exchange, then the nositive charge acquired by the 
plasma during li.itia! breakdown should lead to a 
poioidal rotation in the coliisional early stages of the 
discharge. The theory indicates that the pcloidal rota
tion should he damped by charge-exchange friction 
with an t'-folding time approximately equal to the 
charge-exchange iifetime. A distortion in the distribu
tion of hot ions, dependent upon Z effective and the 
ion temperature gradient, is observed as a toroidal 
plasma flow and becomes the equilibrium condition for 
ions it; the banana regime. We have observed effects in 
the ORMAK plasma which can be attributed tc these 
processes. 

1.1.5 Wall Conditions in ORMAK* 

R.J.Colchin J.R.McNally.Jr. 
L. A. Berry 
G R . Haste 
G G. Kelley 
J. F. Lvon 

M. Murakami 
R. V. N'eidigh 
J. E. Simpkins 
W. R. A'ing 

ORMAK is a diffuse toroida pinch with typical 
plasma currents of 100 k.A. elecron tempentures of 
800 eV. and ior, temperatures of H00 eV The walls of 
the plasma region are made of stainless steel coated 
with an intermediate layer of pht.num 0.05 n thick ;ind 
an outer i- to 2-n layer o< goio. Tests with an Ion 
microprohe mass analyzer have shown that the plati
num acts to decrease diffusion of impurities from the 
stainless steel to the surface. Gold was chosen to inhibit 
the surface chemical adsorption of gases. Studies with a 
movable limiter lead us to believe that electron energy 
is lost at the plasma edge mainly via line radiation and 
cooling on ions, while ions are lost from the plasma by 
charge exchange. Thus the walls are bombarded by 
energetic neutrals, line radiation, and. in addition, 
bremsstrahlung x rays. The flux of energetic neutrals is 

ft. Abstract of p.iP'.'r submitted to Physical Review letters. 
7 ("onMi1i..n(. Massachusetts Institute of Technology, Cam

bridge, Mass. 
X. Abstract of paper to be published in the proceedings of the 

Conference on Surfac- I fleets in Controlled Thcrmonuclc.it 
fusion Devnes and Reactors, in a pecial issue of the Journal r>f 
\t.clear M<itcr\ah. 

measured by a charge-exchange analyzer. Wall bombard
ment by such neutrals should cause sputtering, and gold 
has been observed spectroscopicaily n^ar the limiter, 
increasing with time during a shot. However, analysis of 
impurities coated or a window by the discharge 
indicated v;ry little gold ..puttering and redeposition. 
To measure the spittering rate, a wall sample was 
coaied with 105 A c! radioactive gold and bombarded 
with neutrals from ORMAK during a day's run. No 
measurable sputtering was found within the counting 
statistics of the measurement, but surface carben 
contamination of the sample prevents us from any fin«.l 
conclusion.!. 

1.1.6 Modification of Thomson 
Scattering Measurements 

Following two years of serial redesign and replace
ment of components in the original Thomson scattering 
system provided by the University of Rochester, that 
system has been replaced completely. The original 
system, together w ;th its problems, is described in 
ORNL-TM-4354. The system has been replaced by 
"SCAT-PAK," a single-unit Thomson scattering package 
carefully designed to provide maximum signal and 
signal-to-noise ratio.9 The improvement has been dra
matic, a factor of more than 10 increase in available 
photons and a similar decrease in stray laser light and 
background plasma light. Simultaneously, the laser 
access has been redesigned to piovide six radial laser 
measurement points instead of three. Lastly, a com
puter interface for data acquisition has been imple
mented. 1 0 It reads (digitizes and stores) the laser 
power, as well as all channels of scattered light and 
plasma background light for each of up to four laser 
pulses. The interface operates completely in parallel 
with the oscilloscopes used for monitoring the system 
performance and in no way perturbs the data signals. 

Three examples of data obtained using this system are 
presen'ed below to illustrate the range of questions that 
are being attacK?H with the more detailed and statisti
cally significant dat • "SCAT-PAK" gives us 

'). J. S. Oiivei ;"J M. Viuiak;,mi, "Mechanical and Optical 
Coupling of a Thomson Scattering Laser Te Measurement to the 
ORMAK Machine." to be published in the Proceedings of the 
L;f:b Symposium on Inginccring Problems of fusion Reseaich, 
Princeton University. Princeton, N.J., November 5 9, 1973. 

in. G. R. Dyer and M. Murakami. "A Low Noise Data 
Collection System for the Thomson Scattering Apparatus on 
ORMAK." to be published in the Proceedings of the lifth 
Symposium on Lnginccring Problems of Fusion Research, 
Princeton University. Princeton, N.J., November 5 9, 1973. 

http://uclc.it


In Fig. 1.1. profiles obtained on the "new" and "old" 
Thomsoi: scattering s>stems are compared. Although 
plasma conditions are different, the reduced scatter in 
the temperature data is substantially due to the 
improved equipment. In addition, we can no* measure 
the relative electron density picfile because the sensi-
iivity of the »ystem is constant for all spatial points. 
The discharge;, from which Fig. I.IB was made, 
incidentally, hive Oiie of the lowc:* resistance anom
alies (referred to the Spitzsr resistance) we have 
measured. Assuming full current penetration, we find 
. ? / / ? S p j l 7 e r - 2.3. This is equivalent to a plasma with a 
uniform effective charge (Zeff) of 3.1. 

The initial conditions for the discharges from which 
the data in Fig. 1.2 were obtained differ only in initial 
hydrogen gas filling pressure. For convenience we c. '1 
the narrow, higher density discharge a type A discharge 
and the broader, lower filling pressure density dis
charges a type B. The most characteristic signature of a 
given type of discharge is the magnitude of the helical 
perturbation in its toroidal current. A type A discharge 
has a perturbation (BplBp) * 0.2^ of the total plasma 
curren" while the perturbation of a type B shot is 
typically only a few hundredths of a percent. The 
fluctuating fields produced by the rotating helical 
structure are detected by small magnetic pickup loops. 
One such loop gives us an estimate of th* magnitude of 
the perturbation, while additional loop-, which are 
distributed around minor and major circumferences of 

the discharge allow us to determine the mode structure 
of these current fluctuations. The structure in the major 
direction for the discharges we have examined is always 
an n = 1 mode. The top trace in Fig. 1.3 is a fully 
developed disturbance (here an n - 2 mode but 
occasionally an n = 3 ) which is characteristic of a type 
A discnarge. and 'he bottrm trace is a weak, higher 
order mode which is typical cf a type B. 

Using the profiles at t = 33 msec and the measured 
input power we can construct the following table: 

Type 

A 

B 

"P 

0-35 

029 

R R Sp 

3.6 

5.3 

4.5 

8.2 

i-£.(nuec) 

4.3 

2.8 

In this table, Tf is average plasma energy lifetime and 
j3p the TZAO of plasma pressure to poloidal magnetic 
field pressure. The trend of larger $p. lower R R$v. and 
larger ,*.- for the type A discharge was found in nearly 
all of the cases we have studied. 

We do not have a satisfactory model for the behavior 
described in the preceding paragraphs. A model has 
been proposed to explain similar behavior on the T-4 
experiment.'' It involves impurity transport due to 
current fluctuations in discharges similar to our type A. 

11. V. A. Vershkov et ai.. "Plasma Behavior with Large 
Discharge Currents in Tokamak-4." M.itt-TRANS-1 i I (IAH-
2291). Princeton Univ., Princeton. N.J. 
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Fig. I.I. Discharge profiles. The closed circles <Tr) represent individual cvpcrimtnl.il points. Thi ic open circles (nr) arc an average. 
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Fig. 1.2. Comparison of electron temperature tnd denary profile* for * type A and a type B ditchufe. The solid (type A) and 
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PHOTO 1930-74 

TYPE A 

TYPE 8 
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Bp SIGNAL 

DISCHARGE CURRENT 

10 msec 
Ftp 1.3. Extremes of MHD (potoidal fietd fluctuation) behavior. The upper traces in --ach photo are signals obtained from a 

{.-nail pickup loop near the discharge measuring B„. 

It is appar:nt from the above discussion that our 
expanded diagnostic capabilities have initially created 
more questions than answers. During the coming year 
we will be able to expand the range of the available data 
in terms of plasma parameters and begin detailed 
comparison of the measured and the predicted plasma 
characteristics. 

12 NEUTRAL BEAM INJECTION EXPERIMENTS 

Two neutral beam injectors were installed and used to 
heat the ORMAK plasma. A description of the in
jectors, their interface with ORMAK, and details of 
machine modifications made at that time have been 
previously presented.1*"' * In this section a plasma 
neutral beam heating calculation will be discussed and 

the experimental results presented. It should be em
phasized that both theory and experiment are not 
completed and the results presented here are prelimi
nary. 

1.2.1 Calculation of AT, and ATe Due to 
Injection Heating 

A computer code has been written which combines 
various elements of injection heating theory developed 
previously. Assumir.g that the temperature rise 
due to beam heating can be treated as a perturbation, 
one can write the proportions 

12. L. D. Stewart et al., "Design of High Power Neutral 
Injection Heaters for the ORMAK System," to be published in 
the Proceedings of the Fifth Symposium on Engineering 
Problems of Fusion Research. Princeton University, Princeton, 
NJ., November 5-9,1973. 

13. D. C. lousteau et al., "Mechanical Interfacing the f;igh 
Power Neutral Injection Heaters to ORMAK," to be published 
in the Proceedings of the Fifth Symposium on Engineering 
Problems of Fusion Research, Princeton University, Princeton, 
N.J., November 5-9,1973. 

14. S. M. DeCamp and J. D. Ryland*r, "Development, 
Fabrication and Assembly of a Thin Wall, Lo* Aspect Ratio 
Liner and the Enclosed Tungsten Limiter for ORMAK," to be 
published in the Proceedings of the Fifth Symposium on 
Engineering Problems of Fusion Research, Princeton University, 
Princeton, N-'., November 5-9. 1973 

where Pj nj t f and Pxnii , are the injection heating powers 
going to the electrons and ions, PQH is the power input 

15. R. J. Colchin, J. D. Callen, S. Matsuda, and J. A. Rome, 
Bull. Amtr. Phyt. Soc. 18(10), 1271. 

16. J. A. Rome, J. D. Callen. and J. F. Clarke, ORNL-TM-
4332. 

17. J. D. Callen, J. F. Clarke, and J. A. Rome, paper E-14 »t 
the Third International Symposium on Toroidal Plasma Con
finement, Garching, Germany, March 26-30.1974. 
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from Ohmic heatmg. and P,.. ts the power transferred 
from electron, 'o ions by collisions. The ^ 3 propor
tionality constant in the tint equation arises from the 
fact that ions, heated by the beam, pass some of ihts 
added energy along Xi^ the electrons. 1 his energy shows 
up as ''<) f,n, : in the second equa'ion. 

The p "ver inputs to the electrons and ions via beam 
Seating (r^nj. <• and PlTtu ,) are complicated functions of 
the injection geometry.'" * the s'owing-dcA-n time, ard 
ihe charg*-»v..hange loss time. L'smg electron heating as 
an example. 

3 Pair') -a 
/".«... r - 2 - * — * / Hit. /•./) GfC. £,) Ir.rdr. 

where a is the radius of the plasma and PB^-;) ts the 
input beam heating power at energy /:",. There are three 
energy components in the beam resulting from the 
acceleration of H* and the breakur of H :* and H3* 
molecules. The function H(r. £',) coritains geometry-
parameters. The beam is assumed to have a radius of 6 
cm and a (measured) cu.rent profile of the form 

where r*, is (he local beam radius in centimeters. H(r, 
/Y.) also includes the effects of beam attenuation and 
trapping. The function Gc{r. t)) gives the fraction of 
the power imparted to the electrons in the face of 
charge-exchange losses. In both H(r, t'j) and Ge{r, £',). 
full account is taken of the radial dependence of the 
density, temperature, plasma current, and neutrals. 
Neutral profiles are calculated in the same manner as by 
Hogan and Clarke.1 * 

The quantity Pr., is given by 

rr.i = *cf nr(L T,) 
di 

where r< is the slowing-d.)wn time and the temperatures 
are expressed in electron volts. 

The temperature changes this calculation predicts are 
shown in Figs. 1.4 and 1.5 for a "low" and a "high" 
density case. Parabolic profiles have been assumed for 
Tf(r), T,{r). and r,r(r). A precise comparison wilh 
experiment requires a knowledge of nn. Although our 
charge-exchange neutral measurements allow an esti
mate of the neutral density, it is sufficient here to note 
that &Tj decrease* as nr increases for fixed n0. The 

IS. Thrrmonudrcr piv. Anrni. Prop. Rep. Pre. M. 1170. 
ORNM688. p. 56. sect. 3.4.2. 

dominant reason for this scaling is that at the higher 
electron densities there is less beam power per utn. 
Additionally, we see that for n0 in the mid 10* cm"3 

range (about what we expect)4 an ion temperature 
increase of 25 to ACTr would be expected for the lower 
value of n{. 

1.2.2 Ion Heating 

The time-reso'iVtd ion temperatures shown in Fig. t.o 
are typical of the ion heating we have observed due to 
neutral beam injection. Perhaps more important than 
the magnitude of the ion temperature increase (at least 
from the viewpoint of understanding the heat proc
esses) is how it scales with plasma parameters, ion 

> *c 

t o ' 0 

Fig. (.4. Calculated electron and ion heatingn J function of 
the central neutral density. The parameters u:M were n,(0) = 2 
x 10 1 3 electrons/cm3, r,(0) = 750 eV, r,-(0) - 250 eV./ p = 
i20 kA. )' = 3V. and 100-kW beam injection power. 

ORNL-DWO ? « - » ? « * 

Fig. I.V Calculated election and ion heating r< a function of 
the central neutral density. The parameters ;ued were ne(0) = 4 
* in 1 3 , /VOl = 750eV, 7",«» = 250 eV./,, * 120 kA. f = 3V, 
and 100-kW beam injected power. 



temperatures with and without injection (the coinjector 
only) are lotted ai a function of the average electron 
line density in Fig. 1.,. 

We infer from the data presented in the two previous 
figu is that 

1. the coinjected (parallel to the plasma current) beam 
effects an ion tempera'ure increase cf from 10 to 
40vf, which saturates in 10 to 20 msec. 

2. no further heating is observed when the counterin-
jected beam is added. 

3. no heating is observed when the counter beam is 
used alone, additionally (not shown in the figures!, a 
disruptive instability is sometimes instigated by this 
beam, 

4. the general decrease of AT, as ne increases agrees 
with the trend predicted in Sect. 1.2.1. 

2 ' 5 
03M.-a*<: ?4-6--i5 

1.2.3 Electron Heating 

Electron healing due to neutral beam injection has 
also been observed. The dats are not simply inter-
pretable because in addition to the electron tempera
ture increase there is a density increase, as seen in Fig. 
1.8. The situation is even moie complicated for a type 
B discharge (Fig. 1.9) because even though the central 
electron temperature h'is increased, the profile has 
narrowed and the avenge temperature has actually 
dropped. The large in;rease in density more than 
compensates for this d.op. however, and we find that 
jjp has actually increased. The results are summarized in 
Table 1.1 for t = 48 msec. 

Wi.-QWO T4-*6J3 

2 6 0 
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Fig. 1.6. Ion temperatures for different injection heating 
configurations. The plasma current was held flat from t = 20 to 
60 msec, and the injection time was from t = 25 to 65 msec. 
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Fig. 1.7. Ion temperature as a function of avenge electron 
density (the line average) during the period / - 40 to 50 msec. 

Table 1.1. Electron heating due to neutral beam injection 
and Ohmic heating 

Discharge 
type 

Injector 
power 
(kW» 

Ohmic 
power 
(kW) 

<WD ±Te A7 eO &ne0 
ne0 

A 0 270 0.26 
A 100 250 0.29 0.12 0.27 0.11 0.10 0.18 
B 0 .140 0.26 
B 100 "20 0.33 0.27 0.02 0.37 0.23 0.59 
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It is obvious that the perturbatiorHype analysis used 
in Sect. 1.2.1 is not immediately applicable, because no 
allowance has been made for allowing the --earn to 
self-consistently modify the plasma profiles. The overall 
magnitude of the electron effects which we see is. 
however, at the 10 to 2tyJ level which this incomplete 
theory prcdic's (Figs. 1.4 and 1.5). 

1.3 ORMAK PLANNING AND 
ENGINEERING GROUP 

D. D. Cannon2 

W. Halchin2 

P. N. Haubenrekh" 
R. E. Hill2 

M. H. Kunselman2 

A.Legg" 
S. O. Lewis' 
R.S. Lord 2 0 

D. C. Lousteau2 

D.G.McAlees21 

R. McCarrd!2 

M. Roberts 
J. D. Rylander2 

L. M. Vinyard2 

D. R. Wallace2 

The engineering associated with the translation of the 
idea of injection heating into usable hardware centered 
about the control, in vacuum, of the neutral gas 
associated with the source as well as with the hardware 
connecting the source to the liner. Design of valves, 
actuators, housings, and attachments was followed by 
an abbreviated testing program conducted in vacuum at 
liquid nitrogen temperature that did bring to lit'hi a 
number of necessary changes in '.he design. Successful 
installation of first one and then a second injector in 
the middle of the year culminated the first phase of the 
injection modification program. 

Recognition of the growing importance of the ability 
to have access to the injection valving and to the liner 
joint for tangential diagnostic purposes has led to a 
further design effort on injector systems 3 and 4. In 
these two later systems, the injector gas handling 
vacuum system that is presently integral with (lie main 
vacuum tank system will be separately pumped. This 
separation in topology will permit access without 
disturbing the main lank vacuum. 

The idea of increasing the toroidal magnetic field in 
ORMAK as a technique of permitting large plasma 
currents and hence generating plasma significantly 
closer to fusion plasmas was given a positive push by 
the work of W. F. Gauster on asymmetric copper coils. 
The concept of introducing additional copper in the 
plane of the coi! but not at the center constriction 

19. Reactor Division. 
20 Physics Division 
2). On leave from (he University • >!' Wisconsin. Madison. 

region gave rise to a scenario in which the existing 
generators could be used to drive the asymmetric coil to 
50 kG. Further study revealed an alternate approach 
would be preferable, namely, develop a higher voltage, 
laige power supply (when compared with the genera-
tots) and with it drive the existing (or modified) coils. 
This latter route was followed in preparing a detailed 
plan of action (UCCND Preliminary Proposal 564) for 
consideration by AEC-DCTR at the end of the year. 

Evaluation by AEC-DCTR of the increasing level of 
confidence in the p'jgress in confinement experiments 
and expected results in heating experiments led to the 
initiation of a study limed at filling in the basic 
framework of SCORE - a feasibility D-T burning 
device conceived last year. At midyear, an eight-man-
year effort was undertaken (ORNL-TM-4342) to deter
mine the cost and time estimates, the development and 
requirements, the state of physics knowledge and 
expectations, and the general impact associated with 
the vast projec' aimed at feasibility and burning 
experiments (F/BX). By year's end a core of people had 
been trained and had produced a comprehensive first-
draft coverage of a version 1 reference design, based in 
most areas upon conservative plasma parameters. This 
design centered about a 4-m-bore plasma of aspect ratio 
3 and included feasible design solutions for each of the 
major components in the device itself and a first look at 
.he entire plant as well. 

The configuration chosen as the point of departure 
for the F/BX conceptual design study was. in most 
regards, a "conventional" tokamak circular plasma, 
circular toroidal field coils, an iron-core transformer 
driving system, and a neutral-beam heating system. The 
most striking ways that it differs from earlier devices 
are its size and the use of superconducting toroidal field 
coils. The circularity of plasma and coil system is 
indicated as a means to provide a credible estimate: the 
noncircular option is also being considered for the next 
iterations in the study. 

The large size is a consequence of present uncertain
ties in plasma loss scaling and the particular set of 
plasma assumptions chosen for use in sizing reference 
design version I. The estimate of the size required to 
demonstrate power break-even with a D-T plasma is 
based on the cautious assumption that high lossc; 
associated with trapped ion effects will be encountered 
before the desired plasma conditions are reached. Other 
assumptions are that in the feasibility experiments the 
stability factor. q(A), must not be less than 4 and that 
the maximum toroidal field (at the coil) will be limited 
to 75 kG. A "best guess" (neither particularly conserva
tive nor especially optimistic) was used in the vcy 
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important but highly uncertain i,ei of plasm: impuri
ties <We assumed that impurities would be e jurvakn" 
to Ztff = 2 l The*, design bases and dectsaois led to 
large pfcrnrm •« the order of ! .*» m minor radius and 
5.65 m major radius. A shield arou: d 60 cm truck 
would be required- On this basis we se ectcd 5 J m as 
the bore diameter of the toroidal field coils for 
reference desun version i. 

Conservatisvn in physics specifications inevitably im
posed unprecedented demands on technology. One such 
area is pluia heating, where 8 to 16 MW must be 
delivered into i V large plasmas. Another is the toroidal 
field coils, which are of unprecedented size. For the 
burning experiments a long pulse is desirable, and the 
reference design requires that the equipment be capable 
of Maintaining the fields and plasma current for 100 sec 
(assuming that plasma losses will turn out to permit a 
pulse this long). 

Consideration of the unusual requirements on the 
toroidal field coils led to the decision to use in the 
F/BX reference design NbTi in ;he form of multiple 
filaments embedded in a rectangular matrix of copper 
or aluminum: the operating temperature, current den
sity, and magnetic field intensity are limited so that the 
NbTi operates in the superconducting mode. Material of 
this type has already been developed, and there is every 
reason to expect that st.rdy coils meeting F/BX 
requirements can oe successfully developed and fabri
cated. The decision to go this way in the reference 
design is basically a judgment that the chances of timely 
development and construction and reliable operation of 
F/BX are better with toroidal field coils of this material 
than with any other design. Liquid-nitrogen-cooled coils 
were ruled out because of pulsed fatigue problems and 
the lack of advantage over a long pulse. Water-cooled 
coils were considered in an alternate design but because 
of the pulsed high power requirements appeared to 
present a more expensive option. 

In a number of critical physics areas, such as impurity 
control involving the magnetic limiter and liner wall, 
and large plasma current buildup, problems have been 
identifiec and specific active techniques and experi
mental programs are being prepared as solutions and are 
included in the cost estimate. Because their solutions 
stand as ideas rather than as demonstrated fact or 
thoroughly analyzed strategies, their efficacy is recog
nized to be unproved as yet. 

Similarly, in a number of critical technology areas, 
such as superconducting coils, neutral beam injection, 
diagnostics, and vacuum, problems have been identified 
and work is in progrevs toward demonstrated solutions. 
In these cases, the development programs, either under 

way or suggested, involve lengthy progressions of 
technological investigation requiring intensive, creative 
work bu! do not depend upon a:hievement ot any 
fundamental advances or breakthroughs-

As a result of the high cist involved with the large 
device implied by reference design version I. the design 
study empi lasts was re focused at year's end on a 
sonewhat less conservative approach to somewhat 
kssef goals. This new referent design version 2 would 
be a>med at power break-even in D-T including beam-
plasma interactions in addition to the less conservative 
parameter*. 

1.4 FUSION DYNAMICS OF LOSSY 
REACTOR SYSTEMS 

J Rand McNally. J>. J. F. Clarke 
R. D. Sharp2 2 R. H. Fowler2 2 

Nudear fusion reactivity calculations have been made 
of various types of magnetically confined lossy reactor 
systems after the method of Etzweiler. Clarke, and 
Fowler.23 Radiation-dominated D-T. D-D. D-3He. and 
D-6 Li fueled plasmas reveal a positive reactivity above 5 
keV. 50 keV. 50 keV. and 90 keV. respectively, in large 
feactor systems (a = 5 m) at densities of about I 0 1 4 

electrons/cm3 and higher.2* 
Beam-plasma reactions in a pulsed-mode F/BX device 

(a = 1.75 m,R = 6.00 m. r ~ 3 6 3 m3.Be = 46kG./ s -
3.10MA.Ze ff = l . f I N J =8MWjt 180keVD° into a 
D-T or T plasma. T0 ~ 1.5 keV. n,o = 5.54 X 1 0 " 
n T 3 . n 0 ^ I 0 1 1 H°/m3)utilizingtrapped-particle-loss-
dominated.2 S-2 6 radiation-damped conditions lead to 
about a 20*̂  increase in plasma reactivity in the case 
ISO-keV D° - D-T vs H° - D-T. 

Large reactor systems (a = 5 m, R = 15 m) which are 
radiation-damped and trapped-ion-loss-dominated ex
hibit a plasma "blowout" phenomenon at about 5 10 
sec when the injected particle energy £ 0 is greater than 
shout \*t{T+ + 7"_). Since energy conduction and 

22. Computer Sciences Division. 
23. J. F. F.rzweiicr. J. F. Clarke, and R. H. Fowler, USAEC 

report ORNL-4083 (1973). 
24. J. R. McNally, Jr.. R. D. Sharp. R. H. Fowler, and J. F. 

Clarke, "Reactivity of Closed Fusion Reactor Systems for 
Advanced Fuels,'" submitted to Nuclear Fusion. 

25. B. B. Kadomtsev and O. P. Pogutse in Reviews of Plasma 
Physics, vol. 5, M. A. Leontovich, ed.. Consultants Bureau, New 
York. 1970. p. 249. 

26 S. O. Dean. J D (alien. J F. Clarke, H. P. Furth. T. 
Ohkawa. and P. Rutherford. Status and Objective* of Tokamak 
Systens for Fusion Research. USAtC report WASH-1295. to 
be published. 
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particle diffusion losses are about equai. y is approxi
mately 2. Plasma "blowout" is caused by the depositioa 
of too much net power (Pa * Pint - PR ) m the plasma 
from alpha particles and injection beam compared to 
the radiation power. This increased power depositiop 
tends to drift the temperature up, but since the trapped 
ion losses increase as Te

3S, the plasma density de
creases drastically (see Fig. 1.10). Injection of 300-keV 
D° andT 0 at 74 kW/m3 into a 1.5-keV D-T plasma 
leads to plasma ignition at 7" ~ 5 keV after 2 sec of 
injection and then a positive reactivity (temperature 
and power excursion) for 3 sec. As T, approaches 20 
keV the plasma "blows out" during the next 5 or more 
seconds to a very low-density, high-temperature regime 
until equilibrium is established at 

e* = \liTt + Te)- A/» a PR). 

Here, Pa is the alpha power density produced from the 
D-T reaction. PK is the radiation power density, and r a 
the particle loss time, which is proportional to Te~3i. 

Alternatively, if £ , b lowered to £"«' = 10 keV after 
ignition, a steady-state tokarmk or orthogonal tofca-
mak , 7 is possible with Q = Pomt/f\a - 70. Charge-
exchange losses will decrease this value of C'.nowever. 
tailoring of the plasma density profile will reduce the 
trapped ion losses and thus may permit some increase 
of charge-exchange losses. The use of injection energies 
wnkh are appropriately lower than that used here for 
ignition of the plasma (300 keV) w35 produce a 
flattening of the density profile as a result of the 
reduced penetration of the energetic neutra into the 
plasma - this decreases the trapped ion losses, which 
vary as l(\/n)(dnldr))2 according to Kadomtsev and 
Pogutse." An injection energy of 50 -100 keV would 
give quite good penetration for fueling, reduce the 
density gradients, and even eliminate the severity of the 
"blowout" in the absence of any reduced density 
gradie.it - for 100 keV, Q = 3.8, and for 50 keV, Q = 
9.7. 

27. J. R. McNaOy. Jr.. Proc. fua IAEA Symposwn, Nuclear 
Data in Science and Trcknototy. -HA. 2, p. 41.1973. 
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2.1. PLASMA CONFINEMENT AND 
HEATING IN TOKAMAKS 

2.1.1 loifNrity Effects on Tokanak Discharges 

2.1.1.1 Redntion. R. A. Dory has surveyed the 
impurity radiation literature and provided codes for use 
in the one-dimensional, time-dependent transport code 
to follow the ionization state histories of carbon and 
oxygen impurities including ionization, recombination, 
and excitation processes, corona equilibrium generation 
where applicable, and dynamics where required. 

2.1.1.2 Resistance anomaly. E. C. Crume has ana
lyzed published data on tokamak discharges in hydro
gen using various impurity models (with and without 
neoclassical modifications to the classical Spitzer resis
tivity) to assess the most plausible resistance anomaly 
values. The calculations give one-dimensional, self-
consistent pictures of the discharge at specified times, 
usually chosen to coincide with the times at which 
temperature and density profiles are measured. The 
impurity ionization states are calculated in various ways 

1. Computer Sciences Division. 
2. Present address: Massachusetts institute of Technology. 

Cambridge. 
3. Formerly of Target Plasma Group, now ip ORMAK Group. 
4. Present address: Plasma Physics Laboratory, Princeton 

University, Princeton, NJ . 
5. Present address: University of Arizona. Tucson. 
6. On leave from University of Wisconsin. Madison. 
7. Consultant. Massachusetts Institute of Technology, Cam

bridge. 
8. Present add ess: Courant Institute of Mathematical Sci

ence, New York University. New York, N.Y. 
9. On leave from University of Wisconsin, Madison. 

including those mentioned in Sect. 2.1.1.1 under 
various assumptions as to the prior electron tempera
ture and density. Resistance anomalies range from 2.3 
to 10, relative to Spitzer. and 1.8 to 6, relative to 
neoclassical- Although different impurity models yield 
results which differ considerably in detail (and in some 
conclusions), there are some ge lerai similarities: (1) If 
only Icw-Z impurities are considered (e.g., carbon and 
oxygen), the relative impurity concentration must 
exceed 10% of the hydrogen density for Spitzer-based 
anomalies greater than 4. Less than 1% concentrations 
of high-Z impurities (e.g.. tungsten or gold) have the 
same effect. (2) These impurities are predicted to be 
highly collisional throughout the discharge. (3) Models 
in which the impurity concentrations are peaked near 
the center of the discharge can yield q (safety factor) 
profiles predicted to be MHD unstable, in keeping with 
recent explanations of observations made on tokamak 
T-4. 

2.1.2 Neutral Injection Heating in ORMAK 

2.1.2.1 Neutral-beam injection into a tokamak: Part 
I: fast-ion spatial distribution for tangential injection1 ° 
(J. A. Rome, J. D. Callen, and J. F. Clarke). The 
production processes and spatial distribution of fast 
ions resulting from tangential injection of a diffuse 
neutral beam into a tokamak are discussed. The spatial 
distribution of fast ions for various injection trajectories 
and absorption mean free paths a*e calculated and 
discussed in detail. Maximum beam absorption for a 
parabolic density profile is shown to occur for injection 

10. Abstract ot paper vnNucl. Fusion 14, 141 (1974). 

13 
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roughly halfway between the inner wall of the torus 
and the magnetic axis: however, since the fraction of 
beam absorbed is near unity and only weakly depend
ent on the injection trajectory, this is not an important 
optimization. Since the drift orbit surface area over 
which the fast kms are distributed is roughly propor
tional to the distance from the magnetic axis, the 
fast-ior. density is found to be strongly peaked at the 
nagnetic axis for present experiments where the ab
sorption mean free path X is comparable to the plasma 
radius, a. This geometric peaking effect is strong enough 
to over-ome the exponential beam attentuation and 
cause the fast-ion densi'y and consequent beam energy 
deposition to be peaked at the plasma center as long as 
Xo <. a/4. Charge exchange can deplete the fast-ion 
population, particularly near the plasma edge. When 
charge exchange is an important loss mechanism, beam 
injection nearly tangent to the magnetic axis is found to 
maximize the beam effectiver.?« a heating. 

2.1.2.2 The power trKjfer.td to plasma ions and 
electrons from injected ions. J. D. Callen and J. A. 
Rome have improved upon earlier estimates of the 
fractional energy given up by injected ions to plasma 
ions and electrons by allowing for the Irss of fast ions 
through charge exchange with hydrogen atoms. The 
results are displayed in Fig. 2.1, which shows the 
fractional powers C, and Ge as functions of the initial 
energy E0 relative to the energy tc, for which the rates 
of energy transfer to ions and electrons are equal. 
Callen and Rome point out that impurities, included in 
the evaluation of t'c. have no significant effect on this 
calculation. 

2.1.2.3 Plasma heating induced by neutral beam 
injection Given the fraction of fast-ion energy trans
ferred to the plasma ions and electrons in the presence 
of impurities and charge-exchange neutrals. Callen has 
developed procedures for calculating the ion and 
electron temperature increases caused by neutral beam 
injection. Procedures have also been ueveloped for 
estima:ing the other plasma perturbations'' (current, 
momentum, and density) produced by neutral beam 
injection. These calculations were illustrated for a 
particular ORMAK injection :ase and serve as the basis 
by which the theoretical results are compared with 
experiment as in Sect. 1.2. 

2.1.2.4 Injected ion distribution in energy. Rome 
and Callen obtain the energy distribution function of 
the fast injected ions by solving a drift-kinetic equation 

II. J. D. Callen. } . f i (arte. and ) . A. Rome, paper F-14 
presented at the Third Int. Symp. on Toroidal PU.-.ma Confine
ment. March 26 30, 1973, Garching. Germany. 

Fig. 2-i. Fraction of fast ion energy transferred to plasma 
ions (G,) and electrons (Gr) in the presence of charge-exchange 
neutrals. 

with a Fokker-Planck collision term using a multiple 
time scale analysis. If the fast-ion speed. v A , is much 
greater than the plasma-ion thermal speed, v,-. but much 
less than the electron thermal speed, v r <v( -4 vft <̂  v^). 
the appropriate Rosentiuth potentials may be ex
panded in an asymptotic series and the resulting kinetic 
equation averaged over the quasi-periodic bounce or
bits, giving a complicated but tractable equation for 
<*//,fv, ?)/3f. Here f = (V:|/v)9 = 0 is a convenient 
pitch-angle variable. This averaged Fokker-Planck equa
tion has been solved analytically in limiting cases with 
v., ^ Vj and neglecting the effects of the toroidal 
electric field and diffusion in speed (relative to dynam
ical friction) for a step-function source. More generally 
the equation has been solved numerically for initial 
conditions chosen to model experiments in ORMAK. 
Typical results at two different levels of impurity 
concentration, <Z) - 1 and 10, are shown in Fig. 2.2. 
The addition of high-Z impurities greatly enhances the 
pitch-angle scattering, even if t 0 > Ec. 

2.1.3 Diagnostic Application of Neutral Beams 

J. A. Rome (in collaboration with H W. Eubank, of 
Princeton) and G. E. Guest have proposed two different 
techniques for using neutral beams to measure the 
poloidal magnetic field in tokamak discharges. Rome's 
approach uses the shift of the guiding-center drift orbits 
of counterirjected ions. Part of a neutral beam which i3 
counterinjected into a tokamak is scraped off by the 
limiter. The edge of the region of contained ions can be 
measured by a tangential charge-exchange analyzer. 
Using conservation of canonical angular momentum, 
the poloidal flux profile can be obtained, and from this 
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the po'-ndal 5 field and heating current profiles can be 
easily calculated. Guest's technique utilizes the so-cailed 
stagnation orbit, that is. the guiding-center drift orbit 
which remains in the equatorial plane. Particles in the 
stagnation orbit satisfy a relation e B(rs) s Ahb,/R, so 
that a measurement of the energy of such a particle 
determine- the poloidai magnetic field at that point. 

2.1.4 Two-Dimensional Tokamak Equilibria 

R. A. Dory and R. H. Fowler have extended earlier 
work on two-dimensional, ideal MHD equilibria to 
inclrde various elements of current interest, utilizing 
the extensive data on pressure profiles from ORMAK to 
narrow the range of parameters. For OR.MAK (with 

"3N 2"j~arr:-~*?*» 5""SCc;jr ~3*»~p< -_-c*£ 
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Fig- 2.2, Temporal development of the fjwt-i-wi distribution function for ccinjection with '/) - I. 10. 
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circular cross section* they have studied peiturbaticrs 
if the magnetic flux surfaces caused by the vertical 
Held coils, finding passibly significant effects as shown 
in Fig. 2.3. More generally they have examined equi
libria with noncircular cross sections, ranging contin
uously from elliptical to D-shapeJ. Together w.'h C. 0 . 
Beasley and G. E. Guest. Dory and Fowler have stuuied 
the guiding-center drift motions of trapped particles 
with special emphasis on the i ibility of collisionless 
trapped-particie modes. In interesting regimes (e.g.. high 
tfpoioldil|). plasma diamagnetism is partially successful 
in providing favorable drifts to stabilize the collisionless 
trapped-ion modes and mitigate the dissipative !rapped-
ion modes. It is found, however, that the observed drift 
speeds, while in the stable sense for most of the plasma 
volume, ate small enough to cause concern over 
enhanced transport from field errors, for reasons 
discussed earlier by Ohkawa. 

2.1.5 MHD Stability of Two-Dimensional 
Tokamak Discharges 

R. A. Dory, E. C. Crume, and H. R. Hicks have 
continued the development of a technique for solving 
the MHD equations of motion for two-dimensional 
models of the tokamak discharge, with realistic choices 
of pressure and current profiles. To date, the effort has 
centered on an Eulerian description of the fluid 
motions, but treatment of realistic bound:^* lias 
proved difficult. In related analyses. D. B. Nelson has 
obtained a simple one-dimensional reduction of the 
tUree-dimensional variational principle result for olV. 
The technique gives estimates of stability boundaries, 
growth rates, the stabilizing effects of shear, and 
magnetic field gradients which can be used to select 
initial conditions for examination via the numerical 
solution of equations of motion. This work is in 
progress. 

Fig. 2.3. Surface distortion from vertical field coils. 

2.1.6 Runaway Electrou Physics 

D. A. Spong J. F. Clarke 

Two aspects of runaway-dominated discharges which 
have been investigated are the evolution of runaway 
electron drift su'faces' 2 and the stability of a toroidal 
relativistic electron beam against kink-type perturb3-
lions.' 3 New results indicated by the drift surface 
analysis are a shrinkage of the runaway beam radius 
with time and a limitation on the ma.ximum attainable 
7. Tmax ~ yuceiupe^• ^ e ^ink m ° d e stability 
analysis was motivated by a parameter s tudy 1 4 made of 
ORJMAK runaway discharges which indicated that 
values of q (the inverse rotational transform) less than I 
may have been reached. The stability analysis was 
fashioned after work done by Lee: 1 5 however, a 
velocity shear modification was added in order to make 
the analysis more applicable to runaway discharges. It 
was found that velocity profiles peaked on the outside 
tend to be less stable than a constant velocity profile, 
whereas those peaked in the center of the beam are 
somewhat more stable. 

2.1.7 Magnetic Island Formation in a Tokamak 
Plasma from Helical Perturbations 

of the Plasma Current' * 

P. Chnsman J. F. Clarke J. A. Rome 

We have studied the formation, structure, and some 
of the consequents of magnetic islands in a tokarruik 
plasma, which may be produced from helical current 
perturbations in the phsma. The existence, structure, 
and magnitude of the current perturbations causing the 
island fo'mstion are deduced from experimental meas
urements of the time rate of change of the poloidai 
magnetic fie-d in the ORMAK device. 

The exact distribution of the current perturbations in 
the plasma cau;ing these poloidai magnetic field varia
tions is not kn-'wn, but based on the experimental 
results and theorcical models of the resistive tearing 
mode instabilities, -ve chose what we believe to be a 
satisfactory model tor the perturbations. We give 
physical justification for our model and shew that it 
leads to the formal inn of magnetic islands (if ~.l-cm 
widlh in Ihe plasma. We air.o gwe some physical insight 

12. D. A Spongand V f Clarke. ORNL-TM-4432 (1973). 
13. D. ASpongand 1.1 . Clarke. ORNL-TM-451 2 (1974). 
14. Yi. V Spring, J. V. Clarke. J. A. Rome, and T. Kammash 

(to he published mSuclrar Fuunn). 
15. V. P. Lee.Mm. hhuds 16, 1072 (1973) 
16 Ahsir.ict ofORNI.-TrVM5<1!. 
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as to the structure of the islands and how they break up 
into so-called ergodic regions as the perturbation 
strength increases. Finally we comment on the rel
evance of magnetic islands to tokamak phenomena. 

2.2 PLASMA CONFINEMENT AND HEATING 
IN THE ELMO BUV3PY TORUS 

22.1 A Vlasov Theory of Ballooning Instabilities 

G. E. Guest, C. L. Hedrick, and D. B. Nelson have 
considered a hot-plasma model whose density is uni
form in two directions (y and z) but decreases 
monotonically in the x direction. It is immersed in * 
z-directed magnetic field which is uniform in the 
absence of plasma. With plasma present, a diamagnetic 
current flows in the negative v direction, balancing the 
force due to the pressure gradient and causing the 
magnetic field to increase in x. For this model they 
have studied the stability of plasma waves which extend 
indefinitely in z, propagate in the y direction, and are 
polarized with the wave n.Jgnetic field in the z 
direction (the analysis is localized in 3c), using the 
linearized Vlasov equation to calculate the charge and 
current densities associated with the waves. Low-
frequency (w < S2j. the ion gyrofrequency) instabilities 
are found which have properties similar to those 
attributed to the ballooning modes predicted in varia
tional analyses: in particular, the modes are not 
stabilised by the magnetic well produced by plasma 
currer ts. However, the characteristic frequency of the 
unstable wave is around the guiding-center drift fre
quency: and in a hot-electron plasma of moderate size 
(e.g., EBT) this frequency may easily exceed the ion 
gyrofrequency, thus invalidating the MHD description. 
From the Vlasov analysis, it is found that the modes are 
stabilized if the drift frequencies exceed the ion 
gyrofrequency. as shown i,\ Fig. 2.4. where the charac
teristic frequency increases with (3, the independent 
parameter of the model. 

2.2.2 The Stability of Anisotropic Equilibria 
in Closed-Line Tor' * 

D. B. Nelson C. L. Hedrick G. 0. Spies 

In this memorandum we consider truly loroidal, 
nonaxisymmetric closed-line tori (bumpy tori). How
ever, by studying only a subclass of equilibria we are 
able to achieve much of the simplicity of the axisym-
metric problem. 

17 Abstract of ORNL-TM-4109. 
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Fig. 2.4. Growth rate as t function of plasma pressure. 3, tot 
srrerai values of the parsraeter D = c2 l(2r2nl). 

If we label magneti- lines by » ?UK of flux coordi
nates (a. 0), then, in general, the fur tior -J form of the 
equilibrium pressure tensor is P[B, i> .":>. h> this work 
we shall demand that P depend on sn!y o-ie Pur. 
coordinate, that is. P(B. ty). and we shah is...: »e !;•-.: 
the constant ij/ contours form nested tcr Sv-ch 
equilibria are only partly two-dimensional becaux He 
magnetic field is assuredly not constant on a C' contou. 
However, by employing an extension of Hamada 
coordinates to anisotropic equilibria, we arrive at a 
stability problem which closely resembles the two-
dimensional axisymmetric case. 

To determine the stability of these equilibria, we 
consider the second variation of potential energy, f> W, 
and we define stability as positivity of b\'J for all 
allowable perturbations and instability as negativity for 
some allowable perturbation. We are unable to find a 
single condition on the equilibrium which is both 
necessary and sufficient for stability. By considering 
special perturbations, we determine necessary condi
tions for stability, while by relaxing constraints on the 
perturbations (i.e., considering unallowable perturba
tions), we find sufficient conditions for stability. The 
resultant expressions are presented in parallel forms 
which allow estimates of the uncertainty gap between 
the strongest necessary condition and the weakest 
sufficient condition. 

The underlying model which we assume to describe 
the plasma is the zero-order guiding-center plasma, 
although some of the results are valid for the guiding-
center fluid (or double adiabatic fluid) as well, and in 
the scalar pressure limit are comparable to infinite 
conductivity scalar pressure MHD. None of the analysis 
require an assumption of low plasma pressure although 
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in this limiting case certain of the expressions are 
simplified. 

2.2.3 Some Techniques for Determining Tensor 
Pressure Equilibria1 s 

C. L. Hedrick G. E. Guest D. B. Nelson 

In this report we discuss several iterative techniques 
for computing finite-beta, tenior-pressure equilibria of 
guiding-center piasmas. These techniques have evolved 
in the course of investigations of the equilibrium and 
stability of plasmas confined in several existing and 
[...jposed experimental devices at ORNL: fcLMO. the 
Canted-Mirror Facility, ihe ELMO Bumpy Torus. 
INTfcREM. IMP. and the proposed Long-Field Experi
ment. These devices encompass magnetic configurations 
ranging from axisymmetric simple mirrors, through 
various forms of magnetic "wells." to a closed-!:ne 
torus. Eor this reason the present review must deal with 
several distinct plasma models of varying complexity 
required ;o describe the experimentally observed equi
libria in these different devices. 

2.2.4 Sufficient Stability Criteria for Plasma 
Equilibria with Tensor Pressure1' 

G. O. Spies D. B. Nelson 

Sufficient stability criteria are derived which are valid 
in all situations for which an energy principle holds 
tensor or scalar pressure. collisionler» or colhsional 
dynamics, toroidal or open-ended geometry, conducting 
or msuiating walls, closed or ergodic magnetic field 
lin- s. These criteria reduce to well-known ones in 
toroidal equilibria with scalar pressure. They are close 
to necessary criteria in low-beta equilibria, allowing for 
interchanges. Various well-known favorable properties 
i«ood curvature, magnetic well, negative V". line-tying) 
are recovered by considering special classes of equi-
libn.i. But since none of these properties appears to be 
crucial in general, the present criteria are capable of 
y. Ming a variety of hitherto unknown stably confined 
equiiit>...-

2.3 COrvf-'sNEMENT AND KEATING 
IN MAGNfcflC MIRRORS 

2.3.1 Importance of Cold-Electron Drifts in 
Shallow-Weli ECH Mirror Plasmas20 

E C C rume J. L. Dunlap J. F. Lyon 

Experiments on low-<3, shallow-well ECH mirror plas
mas show that favorable nonrelativistic electron drifts 

(vacuum dJ'dr < 0 at the resonant heating contour are 
required for generaaon of the plasma and also deter
mine the radial extent of the plasma. 

2.3.2 Rdativistic Election Adiabatkrity in the 
Finite^ Plasmas of ELMO and IMP-'' 

E. C. Cr ime 

Estimates of the mxximu n adiabatic energy of 
electron* heated by ECH in t*o ORNL mirror experi
ments have b~en made usirg primitive criteria and 
compared with results from experiments. The criteria 
are of the usuil »;-;v based on guiding-ce.v.er theory 
that provide estimates of the m ximum particle energy 
for particie confinement in inhomogeneous magnetic 
fields. The criteria were evaluated along calculated field 
lines for both the vacuum fields and the finite-0 
modified fields of numerically calculated plasma equi
libria. For the ELMO machine, a mirror machine in 
which the hot (relativistic) electron plasma forms a 
cyl.i.dncal annulus. the calculations indicate that the 
primary effect of finite ,3 on ariiabaticity is to reduce 
the plasma volume in which tlv highest energy elec
trons are uJiabatic from that in the vacuum field. On 
the other hand, for the minimurr.-fi IMP machine, the 
calculations indicate that the primary effect is to reduce 
the maximum adiabatic energy from that in the vacuum 
field. Experimental results from both machines are in 
agreement with these primitive estimates. 

1.3.3 Microinstabilities in Inhomogeneous 
Plasmas II: Numerical Results 2 : 

C 0. Beasley.Jr. W. M. Farr 
H R Hicks J. E McCune 

Results .'re presented from studies of microinsta-
bilities in i model mirror plasma. Ihe model has a 
Gaussian density distribution of ions 2nd electrons 
along a varying magnetic field and a radial density 
gradient perpendicular tn this field Particles are con
tained self-consistentiy by a fictitious confining poten
tial modehng mirror confinement. The ion velocity-
space distribution is the finite-plasma equivalent of a 

18. Abstract of ORNL-TM407r>. 
19. Abstract orORNL-TM-4452. 
20. Abstract of paper submitted to Physics of Fluids for 

publication a< a Research Note. 
21 Abstract of paper IAI4 presented at the 197.1 Annual 

Meeting of the Division of Plasma Physics (Philadelphia. Pa.). 
22. Ahslracl of ORN1.-TM4523 and accepted for publication 

in ^ucli-ar h'liwm. 
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Guest-Dory loss-cone distribution, and the electron 
distribution allows for finite temperature effects, in
cluding Landau damping. Resonant and nonresonant 
loss-cone instabilities are discussed. It is found that 
resonant instabilities are stabilized when the plasma 
length is less than a critical length which :s dependent 
upon electron temperature, but modes corresponding to 
flute modes in homogeneous plasmas (Dory-Guest-
Harris and drift-cone) are found to remain unstable at 
all piasma lengths. 

2.3.4 Program IPP6 - Microinstabilities in 
Inhomogeneous Mirror-Contained Plasmas3 3 

C. O. Beasley. Jr. H. R. Hicks 

A description of the program 1PP6. the program for 
finding unstable loss-cone modes in a model mirror-
contained plasma, is given. The inpur data are de
scribed, the output is explained. anH the internal 
workings of the various subprograms are given. Connec
tion is made with the previously published analytical 
derivation of equations used in formulating the model. 

2.3.5 Subroutine CA L'CHY - Complex Roots of a 
Function Using a Cauchy Integral Technique 2 4 

C O Beasley.Jr H.K.Meier 

A description of the subroutine CAUCHY. the pro
gram for finding zeros of an analytic function flz\ 
within a contour in the complex r plane, is given. 
Calculations of 'eros for several different examples are 
given 

2.4 DATA HANDLING GROUP 

R. A. Dory J. fc. Francis 
N A Bet/ C.E.Parker 
P D Brooke O. C. Yonts 

The Data Handling Group was formed in July I'57.' to 
coordinate the data handling needs of the Thermo
nuclear Division. Prior to this time, the same people 
carried on the same work without formal recognition of 
the si.ope of the project or an allocated budget for 
implementing the work. 

Through December 1073. this group planned and 
acquired a computing net work : < ' ' 2"' to provide dat.: 
acquisition facilities for the several CTR experiments 
and include provision for transfer of experimental .ind 

2.1. Abstract of ORNI.-TNM475: 
24. Abstract of ORN1.-TM-4588: 

theoretkal data to and from the Oak Ridg? Computer 
Center facilities. 

interconnection of the data acquisition computers 
(DACs) through a remote entry station (RES* has been 
effected and testing of the communications hardware 
carried out. The control software for making data 
transmission a reality has been implemented but not yet 
fully checked out or placed into operation. Certain 
subsets of the network ?re operational in a provisional 
sense. 

The RES function of providing input and output 
facilities between the Thermonuclear Division JI the 
Y-12 site and the Computer Center at X-10 has been 
made operational. 

The DAC function for the ORMAK facility 2 7 has 
been put into operation, including acquisition of 24 
channels of time-resolved information through the main 
DAC. a Digital Equipment Corporation PDP-12. and 
through the "'front-end" PDP-8<'e"s which provide the 
high data rates requited. The data from the three 
computers ase collected in the PDP-12 and stored 
per.Tianentlv on small magnetic tapes for future refer
ence, and analysis of those data whose processing is 
understood is carried out between experimental shots 
and displayed on a video scieen. In the near future, the 
data wili be transferred via the RES to the Computer 
Center, where the information will be available :o 
scientists who will analyze if, using the time-sharing 
facilities of the PDP-10 and video output displays in the 
Thermonuclear Division. 

A similar implementation of a data system for the 
ELMO Bumpy Torus experiment has been carried out 
by J. Reynolds of the Instrumentation and Controls 
Division, under the direction of R. A. Dandl. This 
system is now approaching completion. 

A third system, ongirally acquired !? handle data 
from the now-terminated IMP experiment, is used for 
advanced development of data acquisition systems for 
oiher experiments. Initial usage by the Magnetics and 
Superconductivity Development Group is expected 
shortly, and a first software implementation has been 
completed arid is now in the testing stage. 

25. N. Bei7. R A. Dory. J. K. Francu. and O. C. Yonts. 
Proposal for Data .System for ORSI. Fusion Experiments. 
ORNl.rM-359.1 (1971). 

2ft. O. 0. Yonts and J. K. Frncis. 'Thermonuclear Division 
!>jl.i System." Proceeding DiCVS Conference Philadelphia. 
W.I 

27. J K Francis. O. C. Yo-:s, and W. R. Winn. "ORMAK 
Data Handling System." Punrelon Fusion Fnpnecring ("Ymfiv-
encc. I97.V 
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Data systems have been sketched out for advanced 
experiments under discussion in the Thermonudeai 
Division, namely, ORMAK-II and F/BX versions I and 
». 

Division needs in the aiea of large-scale computing 
have been anticipated trough participation in three ad 
hoc committees 1 8 convened by the AEC Division of 
CTR to justify and specify the proposed CTR Com
puter Center to be based at Lawrence Livermore 
Laboratory with fast communication lines to four 
remote user service computers, one of which would be 
located in this division. 

Codes have been generated for magnetic design of 
T R experiments, including analyses of fields, flux 
surfaces, particle drift surfaces, and coil fores and 
stiesses. These have been used in studying the ORMAK 
and EBT. 

2.5 PLASMA ENGINEERING STUDIES 

As experiment*] devices increase progressively in size 
and complexity, the need for a dedicated effort to 
interface the plasma physics and engineering areas 
during design will become more pronounced. In addi
tion to synthesizing present-day plasma confinement 
and heating results fo' use in the engineering design of 
next-generation exj>eriments. those involved in this 
aciinty will initiate and evaluate concepts applicable to 
future devices. 

A prototype for such an effort was recently under
taken. As part of the feasibility-burning experiment 
conceptual design, 2 9 a plasma parameter study was 
made to determine the sensitivities of various plasma 
characteristics to engineering and physics constraints. 
The result was a set of pla>ma reference parameters, 
determined self-consistently from both the physics and 
engineering points of view, which were incorporated 
into a feasibility-burning experiment conceptual study. 

The detailed orbit dynamics of ~3.5-MeV alpha 
particles in a tokamak geometry were analyzed.3 0 

Based on alpha particles produced isotroptcally in 
velocity space, guiding-center trajectories were used to 
determine the total fraction of alpha particles lost from 
the system due to excursions of orbits which intersect 
the limiter (or wall, in the case of a reactar). Results to 
date indicate that <20% of the alpha particles are lost 
from a device with a plasma current / = 2 *o 3 MA and 
that <\% are lost from a reactor characterized by / = 15 
to 20 MA. Implications of such losses are presently 
being analyzed. Results from the alpha-particle con
siderations are applicable to future deuterium-tritium-
fueled devices. 

28 Reports are forthcomm from AEC Dmoon oi CTR. 
29. M. Robert*. The ORMAK -F/BX Facility - FteHmmary 

ConskterstkBU. ORNL-TJM342 (1973). 
30. O. G. McAkes and H. K I onen. Bull Amer fhyi Sec 

18,1305(1973). 



3. High-Beta Plasmas 
R. A. Dandl1 R. L. Livesey 
H. O. Eason M. W. McGuffin 
A C . England J. W. Reynolds' 
H. Ikegami1 R. E. Wintenberg' 

3.1 EBT 

The ELMO Bumpy Torus (EBT) was in its final 
constructional phase during most of 1973. and on 
September 13. 1973 (at 4:20 PM) the first microwave 
plasma was formed in EBT, and the hot-electron 
annular rings were observed in the microwave-fed 
cavities. The facility has operated routinely since that 
time, and we have taken a considerable amount of 
reliable and useful experimental data. 

The EBT is a specific toroidal array closely modeled 
after stable, sttady stat.\ high-beta, hot-electron pics-
mas produced earlier in the ELMO open-ended trap by 
electron cyclotron heating. The EBT is expected to 
derive MHD stability from the average minimum B 
generated by the high-beta, mirror-confined, hot-
electron shells typical of the ELMO plasma. Such 
annular hot-electron plasmas have been experimentally 
generated in each mirror section of EBT with only the 
outermost edges of the anrtuli line-tied against flutes by 
cold-plasma conduction to chamber walls. 

We are encouraged by the observed stability in the 
present EBT. as well as in straight- and canted-mirror 
experiments, as long as the pressure exceeds a critical 
value. Although this stability is ascribed to some form 
of line-tying, there is evidence to indicate that 
conducting end plates may not be necessary. It is 
possible that the itabilizalior. stems from the electro
static confinement of a cold-electron component pro
duced by ionization of the ambient background gas.3 

Bumpy torus confinement of single particles has been 
shown by a number of authors4 for a wide range of 
magnetic parameters. The neoclassical diffusion coeffi
cient is given approximately by 5 * 

\ . v 
D»- N v r *> — . 

2 T Q.2 * v1 

where il is the precessional frequency. v r is the 
toroidal drift velocity, and v is the effective collision 
frequency. The plasma confinement time in EBT of a 
collisionless, neoclassical plasma can be approximately-
given by 

where R/a is the aspect ratio of the torus. We expect 
plasma currents to significantly modiry the magnetic 
field. These effects are being studied experimentally 
since it is difficult to obtain a unique pressure profile 
theoretically from first principles. Part of our program 
is. therefore, to optimize the vacuum field and to 
develop the analytical and experimental techniques for 
study and control of the equilibrium. 

A schematic of EBT is shown in Fig. 3.1. The 24 coils 
are arranged in the bumpy torus configuration so as to 
give a mirror ratio of 2.1 with 15° cant angle between 
the planes of adjacent coils. This requirement is basvd 
upon experiments in die canted-mirror facility in which 
total stored plasma energy was observed to decrease by 
only 25% for 15° as compared with 50% for 22.5° =ant 
angle. The major radius of the torus is 150 cm with an 
aspect ratio 10:1. The radius of the cavity sections 

1. Instrumentation and Controls Divinon. 
2. On leave from Institute of Plasma Physics, Nafoyi 

University. Nagoya, Japan. 
3. G. E. Guest and E. G. Harris, ftyi Re*. Leu. 27, 1500 

(1971). 
4. B B Kadomtsev and O. P. Pogtitie NucL Fusion II, 67 

(1971). 
5. L. M Kovrizhnykh. MATT-TRANS-82 (October 1968). 
6 L. M. Kovmnnykh. Soriei Phyi JETP 29.475 (1969). 
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enclosing hot-electron annuh is 30 cm with a maximum 
midpiane magnetic mirror field ofh500 G. 

The plasma is formed and heated b> two 18-GH7 
klystron amplifiers with 30 kW lcw> divided into 24 
equal parts in order to provide separate power teed to 
each individual mirror region of the torus. Resonant 
power feed to each mirror region is necessary for 
balanced excitation, because of the strong plasma 
absorption of power at the electron cyclotron fre
quency fcach klystron feeds alternate mirror regions in 
order to maintain <werall power feed balance A 
significant feature of the microwave technology is the 
fkgree of control of plasma parameters, such as density, 
temperature, amount of hot electrons, and. conse
quently, the location of drift surfaces, by the use of 
resonant and off-resonant frequencies. Two traveling 
wave amplifiers, at 55 (i\W with 10 kW cw. generate the 
off-resonant power, which is almost entirely absorbed 
bv the hot -electron annulus 

Trie average plasma density was determined by 
microwave mierferometry and by measuring the per
pendicular energy by diamagnetic loops coupled to the 
hot-electron shells, radia! profiles, by skimmer probes: 
brcmssfrahiung analysis allowed estimation of the hot-
e'ectron temperature and density.and Lang-nuir probes 
are used to determine the cold-plasma temperature and 
density profiles. 

Magnetic field errors are known to destroy plasma 
confinement in closed-!ine devices, such as bumpy ton 
and miiltipoles. by causing the magnetic field lines to 
spiral out and strike the wall In order to estimate the 
amount of error field in EBT. the shift of a pulsed 
electron beam trajectory caused by an artificially 
imposed error field was measured. The error field due 
to the asymmetry of the toroidal coil assembly (as
sumed to he liniformly distributed over the entire 
toroidal axis> was measured to be about 1.5 X 10 "4 of 
the tormdal field A more complete analysis of plasma 



23 

iosses di:e to error fields îtows them to be the 
dominant icss mechanism in EBT for a piasma of 
density less than 10' s cm" 1 with the electron tempera
ture iOOeV. 

Preliminary experimental results were obtained with A 

out of the 24 cavities energized with I8-GHz resonant 
power (full-power operation will be under way in 
mid-March'». 

Although EST in this initial phase was more like a 
vacuum bumpy torus than the high-beta EBT concept, 
we have made s*rveral important observations: the 
formation of stable annular plasmas (with significantly 
high beta) HI each microwave-fed cavity with only edge 
stabilization by means of co'd pljsma line-tying, very 
efficient local power absorption (low-Q coupling) (90"*) 
of the 18-GHz power in each fed cavity, nonlocal 
absorption (high-g coupling) of the upper-off-resonance 
heating (UORH) power (55 GHz) shown in Fig. 3.2. 
and a toroidal plasma(10 1' <n.< 10' J ) confined for 
several milliseconds. Figure 3.5 shows the dependence 
of two important plasma parameters as a function of 
microwave power: the total stored energy in the 
high-beta stabilizing relatmstic electron plasma vs 
power and the cold toroidal density vs power. These 
curves show a power dependence very close to the 
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Fig. 3.2. EBT microwave attenuation measurements. 
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Fig. 3.3. EBT piasma parameters n power. 

calculated form. The uppermost curve shows the 
expected toroidal density vs power with all 24 high-beta 
annuli energized. Under some conditions the toroidal 
plasma profile is close to that predicted by the drift 
surface calculations preliminary to the machine design. 
The coupling between the mirror regions and the 
toroidal region by particles moving from one confine
ment regime to the other was sufficiently strong to 
cause ail of the high-beta annuli being formed (i.e.. 4) 
to have nearly the same diamagnetic strength without 
critical adjustment of the high-beta parameters in each 
mirror section. 

Average plasma density is measured from the micro
wave interferometer to be 5 X 10" cm" 3 , and after 
turnoff of the microwave heating power, plasma density 
remains at 5X 10" cm"3 for about 1 msec (Fig. 3.4) 
then decreases to 3 X 10'' cm" 3 in the next I msec, 
and about 7 or 8 msec later it again decays abruptly. At 
this time a sudden burst of x rays was observed, as 
shown in Fig. 3.4. indicating the destruction of the 



24 

ORNL-OWG 74-6747 

TIME tmsecl 

Fig. 3.4. Pbsnu dcasfy decay adiatjag hig»beu Maatas 
Kabi'izatkMi effect. The upper trace ts x-ray-signal-detected by a 
sou!! ionization chamber inserted on the inner wall of one of 
the four energized chambers (resonant pcwrr IS GHz a; 6 kW 
and oft-resonant power 55 GHz ai 2 *W». The lower trace a the 
70-GHz microwave interferometer signal. Steady hydrogen gas 
feed at 3 x 10"* torr 

hot-electron shells. These observations indicate some 
stabilization effects from the high-beta annuius with 
oniy four cavities energized. 

The cold-electron temperature as measured by Lang 
muir probes indicates that the plasma outside the 
hot-electron shell has a temperature of about 4 eV. 
filling the region adjacent to the wail. The electron 
temperature shows a steep change across the hot-
electron shell, that is. 10 V cm. and the temperature of 
the toroidal plasma just on the inner edge of the 
hot-electron shell is observed to be more than 20 eV. 
The electron temperature of toroidally confined plasma 
cannot be conveniently measured by this probe 
method. We are preparing to use soft-x-ray detectors to 
measure the temperature of this component. 

The electron density radial profile measured by the 
ion saturation current also delineated :he confined 
plasma inside the hot-electron shell from the uncon
firmed cold plasma outside the shell 

All of the basic machin; functions, that is. micro
waves, magnetics, vacuum, and controls, have been very 
satisfactory from the start, and the magnetic field lines 
of this 10-fl-diam torus J.ucd to within I ..S mm 
without corrector fVids. On-- of the more pleasant 
experimental observations was macrostable annulus 
formation at a presy.ire considerably below the pres
sures usual for simple EC I-* mir.or experiments. 

The high-beta experiment; starting in mid-January, 
will be confinement oriented with special emphasis on 
the quantitative effects of average favorably (\IB)dl 
stabilization of the toroidal plasma, so that the effect 

on confinement of such things as the magnitude and 
perturbed shape of the stabilizing annuli wili be studied 
in as much detail as possible. 

Later in the year we hope to obtain the following 
experimental information: (1) By controlling the micro
wave power and gas pressure, we hope to study the 
transport mechanisms of the EBT plasma from the 
medium collisionaJ regime into the collisionless regime. 
(2) We also expect to control the plasma pressure in the 
hot-electron shell and to some extent its geometry so 
that MHD stabilization can be optimized. These results 
could provide insight into stable, high-beta toroidal 
confinement. 

3.2 POLARIZATION OF FREE-FREE 
BREMSSTRAHLUNG FROM MAGNETICALLY 

CONFINED PLASMAS7 

A. C. England 

The polarization of bremsstrahlung from electron-ion 
collisions is calculated for magnetically confined elec
trons in the Born approximation. The polarization at 
high temperature is found to be of opposite sign to the 
low-temperature result arui of smaller magnitude. 

3.3 HiGH-,3 PLASMA BEHAVIOR IN A 
CANTED MIRROR* 

R. A. Dandl A.C.England 
H. O. Eason J. C. Sprott 

A high-y hot-electron plasma was studied in an 
asymmetric magnetic mirror device with a variable cant 
angle. The plasma was produced by microwave heating 
at a frequency corresponding to cold-electron cyclotron 
resonai.ce together with a higher frequency suitable for 
upper-off-resonance heating. The position of the high-0 
plasma annulus was studied as a function of cant angle 
and was found to correspond approximately to the 
position of i midplane modulus-fl contour. High-,3 
effects did modify the spatui location of the losses of 
energetic electron:- into the loss cone but had little 
effect on the cold-plasma losses. Destabilization was not 
observed when the line-tying of the plasma center was 
reduced with glass end plates An asymmetry of the 
cold-piasma loss with respect to the equatorial plane 
was observed at small cant angles, and an electric field 
model was conjectured to explain this behavior 

7. Abilracl of ORNL-TM-4103. also Phvi Rrv A 8. 1475 
<!97J> 

8. *b<(Mct rvf ORNL-TM-4153. aJj« \utl Futmn 13. 6<>3 
U973> 
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4. Energetic Particle Injection 
R.C.Davis O B . Morgan 
J.C.Ezell L.D.Stewart 
R. R. Hall W. L. Stirling 
T. C. Jernigan R. E. Wright 

4.1 ORMAK INJECTION 

The primary effort of the Energetic Partic!e Injection 
Group has been centered on fabrication and reliable 
operation of the ORMAK beam lines. A number of 
important factors have been stressed to ensure success 
in neutral-injection heating.1 

Two neutral-injection heating units were installed on 
ORMAK. One of these units is shown in Fig. 4.1. The 
injector is thermally isolated from he ORMAK liquid 
nitrogen temperature environment. The neutralizing cell 
(not shown) is coupled directly to the ion source and 
uses the excess hydrogen gas coming from the source. A 
3-m. valve is located in the beam line which allows the 
ion source to be removed while ORMAK is cold and 
under vacuum. 

To significantly heat the plasma, the beam power 
input must be comparable to the Ohmic heating power 
input, typically 200 to 400 kW for ORMAK. Test stand 
measurements indicate that the plasma is receiving up 
to 100 kW of neutral-injectec power per source. This is 
typically composed of 45% 25-kV H°, 45% 12'/,-kV 
H°, and 10% 8'/,-kV H°.' -2 The plasma attenuation of 
these neutral beam fractions i« calculated to be 93,9", 
and 99% respectively.1 

] . L. D. Stewart, R-C. Davis. J. C. EaU. T. C. Jemigan, O. B. 
Morgan. W. L. Stirling, and R. E. Wright. "Design of High Power 
Injection Heaters for the ORMAIC System.** Proceedings of 
Conference on Engineering Problems of Fusion Research, 
Princeton. NX, November 1973 (tc be published). 
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Fig. 4.1. ORMAK neutral injection unit. 
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Table 4.1. ORMAK cold g u input due lo injector* 

Injected 
power 

Peak gas flow rate 
<a!um»cm~3 sec" 1) 

Total a s input in 60 msec 
(atoms/cm3) 

ikW> Without eetterint: With eetttrine Without gcttering With get'ering 

7> 

235 

19 x 1 0 1 3 

5 1 x 1 0 1 3 

11 A 1 0 1 3 

2 9 x 1 0 1 3 

8.5 x 1 0 " 

2.3 x I 0 | : 

4.8 x I0 ' ' 

1.3 x 10 1 * 

T-3 data: ?£ affected when Q > 2 x 1 0 1 5 atoms cm 3 *c" ' 
Typical ORMAK f:".me density =6 x 1 0 1 3 atoms/cm3 

The injectors have been designed to have high gas 
efficiency and sufficient auxiliary pumping to keep cold 
gas streaming down to a level which should not perturb 
the tokamak plasma.' -1 Up !o 85^ of the streaming gas 
can be pumped, with the remaining 157 going into the 
liner and plasma region 

Table 4.1 shows the magnitude of this remaining gas 
streaming to the plasma region. Shown are the peak 
flow rates, which ere in atoms per second divided by 
the liner volume, for 71-kW operation on one injector, 
at which the data were taken, and for 235 kW. which 
represents optimization of the two installed injector 
systems. These flow rates can be compared with some 
Russian data for the T-3 tokamak which indicated that 
the energy confinement tune was not affected until the 
cold gas input flow rate exceeded 2 X 1 0 " atoms 
cm" 3 sec" ' . Also shown in Table 4.1 is the total atomic 
density added to the liner by this streaming during a 
oG-msJc discharge. Note that these are the maximums 
attained at the end of? 60-msec pulse For comparison, 
a ypical ORMAK filling density is 6 X | 0 i 3 

atoms cm 3 , so the integrated streaming gas is a small 
perturbation on this 

Besides the cold gas streaming, another potentially 
bad r.ide effect of injection is the increase of the 
tokamak plasma effective / because of beam impurities. 
This is an increase m tiie effective charge number of the 
plasma ions and can cloud the interpretation of data. 
The ORMAK eflective / is 5 to 10. and we require that 
the increment in this due to injected impurities be 
small. A detailed study of beam impurity level has hc.'n 
made ' ' 2 The dominant beam impurity is oxygen, and 
it can be main.'air.cd at <0.5'7. '- s With a 0 5'- beam 
impurity ievc! of oxygen, which becomes fully stripped 
after entering the ORMAK plasma, we calculate a 
negligible increase in the effective / with two mieclors 
.ind the present dO-msec discharge, and we calculate a 
less-than-5" change for future operation with tour 
'.niectois and a 100-mscc pulse time 

A number of engineering problems have been solved 
in order to obtain successful operation. 3 - 4 These 
problems arose in the design and fabrication of the ion 
source and the beam line components and are impor
tant to the electrical stability, power dissipation, beam 
optics beam quality, high efficiency, and reliability of 
the injector system. 

4.2 SOURCE DEVELOPMENT 

4.2.1 Geometry Effects 

Studies of grid curvature, aperture displacement, and 
density gradients have increased our understanding of 
beam focusing. As a result, ion beam power on target in 
the simulated ORMAK beam line has increased from 
the 60 to (>57r range to the 75 to 8(K? range of the total 
power supply output. 

The ORMAK sources use grid curvature to match the 
densitv gradient ard for thermal stability. Beam focus
ing is achieved by a piogrammed radially inward 
displacement of the apertures in the target cathode with 
respect to .he positions of the corresponding apertures 
in the accel grid. With this type of focusing there are no 
undesirable side effects such as increased beam inter-

2. L. D. Stewart. R. C. Davis. J. T. Hogan. T. C. Jernigan. 
O. B. Morgan, and W. L Stirling. "Neutral Beam Injection 
Heating of ORMAK " Proc Third Inl Symp. Toroidal Plasma 
Conftnrmtnt. Gtrchmt. Germany. March 1973. 

3 R C. Davis. T. f. Jernigan. O. B Morgan. L. D. Stewart, 
and W. L. Stirling. "Engineering Considerations of the 
DuoPlfiairon Ion Source." Proceedings of Conference on 
Engineering Problems of Fusion .lesearch. Princeton. N.J.. 
November I9"?3 Mo be published). 

4. DC Lousleau. S M DeCamp. W. Halchin. T. C. Jern^a,. 
S O. Lewis. O B. Morgan. J. D. Rylandcr. and L. D Stewart. 
"Mechanical Interfacing of the H«h Power Neutral Injection 
llaiers to ORMAK." Proceedings of Conference on Engineer
ing PrcWems of Fusion Research. Princeton. N.J.. November 
1973 ito be published) 
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ception by the grids or tvamlet profile spreading. 
Detailed experimental studies for single circular aper
tures on the 7-cm ORMAK source are summarized in 
Fig. 4.2. The deflection angle 0 is given by 

0 = 18.4 Ax/z degrees. 

where Ar is the aperture displacement and z is the 
extraction gap. Experimental studies were also done 
with sin apertures. 

The results of operating a source with such an 
extraction system on the ORMAK beam line No. 2 are 
shown in Fig. 4.3. The significant improvement in 
power to the target can be seen. 

4.2.2 Plasma Studies 

The main effort has been to produce a plasma with 
sufficient density and uniformity to afford extraction 

ORNL-OWG 7 3 - H 3 1 7 

<L 5 -

TCT£._ Ex'SACrEC; „«»£%-

0 0.04 0 08 012 016 0 20 0 24 
AX/; 

Fig. 4.2. Bam deflection as a function of Ax :. 

Fig. 4.3. Ion beam current and power delivers, io the 
ORMAK test-stand mode target. 

from a 10-cm-diam sou-':-?. Figure 4.4 shows the 
electrode configuration for the profile shown in Fig. 
4.5. The density distribution of the 7-cm ORMAK 
soTce is also shown in Fig. 4.5. 

The source of cig. 4.4 differs from the ORMAK 
source principally in three respects. First all com
ponents are radially larger: second, the plasma feed 
from the intermediate electrode to the PIG region is 
annular due to the axial "button": and third, the epoxy 
insulator immediately ?bove the target cathode permits 
an electrical connection emrloy'ng two anode struc
tures. One may electrically connect anode 2 to the 
target cathode and operate in conventional ORMAK 
fashion. Anode I receives about three-fourths of the arc 
current when operating as shown :n the figure. The 
plasma is very quiet at low magnetic fields. A/i/n ~~ a 
few percent: the plasma uniformity is ±~-\(Y7, ai 5-cm 
radius but the average density is a factor of 2 to 3 too 
low with arc currents of 125 to 140 A. Increasing the 
source magnetic field rapidly increases the density. 
Simultaneously the density uniformity decreases to 
±—2(f7f and the noise level increases to A/»/n ~ 20% to 
40*7. In this operation mode the source is insensitive to 
utilizing anode 2 as an anode or as a part of the target 
cathode. 

A total power supply current of 7 A at 20 kV has 
been extracted from this source with flat extraction 
grinds limited to 7-cm diameter. Increasing the open 
grid area to 10 cm and the accel voltage to 25 kV 
should increase this current by a factor of 2 to 3. 

The continuing effort is to scale these sources to 
higher current, higher voltage, and longer pulse lengths. 
A new test stand is being built which will allow 
development and testing of sources of 40-A output 
current at 40-keV energy. These sourcis will be useful 
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for ntxt-generatlon experiments such as PLT at Prince
ton. Doublet ill at General Atomic, or a new tokamak 
proposod for ORNL. Pulse lengths of a few hundred 
milliseconds will rx adequate, but the ies: stand will 
provide ."or pulses up to 1 or 2 sec. Also oeing proposed 
is a new test stand '"or development an J testing of 10-
to 40-A sources at energies between 150 and 200 keV. 
These sources will be necessary for the future two-
component torus experiments being proposed both at 
Princeton and ORNL. Th's development program will 
of necessity include develcpment of multistage extrac
tion systems and negative io.i source technology. 

Fig. 45. Radnl density profile. 



5. Atomic Cross Sections, Plasma Diagnostics, and the 
Controlled Fusion Atomic Data Center 

Ignacio Alvare.:1 ('. t . Bush 
C. F. Barrier t Cam en Cisneros1 

J.A.Ray 

5.1 ATOMIC PHYSICS 

5.1.1 Angular Differential Scattering 
Cross Sections 

S.l.l.I <H.D> + N 2 - (H*.D*> + N ; + e Unlike 
nuclear physics, it is very difficult in atomic physics to 
measure the differential scattering cross section and 
then integrate over all space to obtain the total cross 
section that is in reasonable agreement with the total 
cross section measured directly. We have measured and 
compared the differential cross sections for the reac
tions: H° + Nj - H* + N 2 + e and D° + N 2 - D* + Nj 
+ v in (he energy range 0.5 to 4 keV. The results are 
shown in Fig. 5.1. where the differential scattering cross 
sections are plotted as a function of the scattering 
angle. From hard-sphere classical scattering theory, one 
would predict that the angular differential cross section 
would be the same for both II and D at the same 
center-of-mass energy. From Fig. 5 1 it is seen that the 
cross section for scattering of H in the inelastic collision 
is smaller than that f>r D at the corresponding 
center-of-mass energy. Integrator of these cross sec
tions over the spatial angles. '> and <?, results in the total 
cross .eciion for electron loss o. stripping, as sl;;>wn in 
Fig. 5.2. The stripping crow sections for both H and D 
arc the same at the same energy per nucleon or the 
same velocity. Comparison of these results with the 
total measurements of Slier and Barnctt2 and McNeal 
and Clark' indicates excellent agreement between the 
two methods o measurement. In Stier and Barnctt's 
work, a beam attenuation method was used which was 
insensitive to scattering. In McNeal and Clark's work. 
the rate of increase of the H* was measured as the 
ij.\"Cl pressure was increased. This method is sensitive 
to scattering m that aM of the H* ions formed were 
probably not collected due to the geometry used. These 

measurements indicate that with proper precaution it is 
possible to determine differential scattering cross sec
tions which, wh^n integrated, yield total cross sections. 

5.1.1.2 Differential scattering and total cross sections 
of D* in cesium vapor. One proposed method to obtain 
neciral deuteriun: beams at energies greater than 150 
keV is to pass a D* beam through an alkaline vapor 
target, such as cesium, where electron capture and ioss 
collisions at energies of 1 *o 2 keV convert approxi
mately Iffr of the iacident beam to D" atoms. These 
D" ions are accelerated to the desired energy and passed 
through a gas cell, where approximately f>OJ of the 
negative ions are converted to deuterium aioms. To 
estimate possible scattering losses in the previous 
measurements of Grubler et al. 4 and Schlachter et al..5 

we have measured the differential scattering cross 
sections for formation of D" from both D° and D* in 
cesium vapc; in the energy range 0.5 to 2.5 keV. 
Results of these measurements are shown ;n Fig. 5.3 for 
the reaction D* + Cs -* D~ + Cs2*. The cross sections 
decicase rapidly with scattering angle, which is typical 
of electron capture collisions. These results were inte
grated to obtain the solid line shown in Fig. 5.4. where 
the cross section for ihe double electron capture 
collision is plotted as a function of the incident D* 
eneigy. The present result; are in reasonable agreement 
with Grubler :t a'...4 bein;; a factor of 2 greater at 1.5 

1. Visiting scientist. Institute of Phyivs. UNAM, Mexico. 
D.F. 

2. P M. Slier and C. !•". Harnett Phys R-v 103. 896 (1956). 
V R. S. McNcal and I). C. Clark. J Ceo.ihy*. Res. 74, 5065 

M969). 
4. W. (irubler, P A. SchneUback. V Kon ng. and P. Marmier. 

Heh Phys Acta A3, 254 (1970). 
5 A S Schlachtei. P. J Borkholm, t>. H. Loyd, L. W. 

Anderson, and W Kaeberli. fhys. Rev 177, 1H4 (1969) 
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5.1.1.3 D;* in cesium. For the formation of D" from 
D:* incident on a cesium target, the collision dynamics 
become more involved. The D * can be formed either by 
electron capture into a repulsive state of Dj". which 
immediately decays, or by a two-step process in which 
D* or D° is first formed from dissociative collisions, 
with a second collision leading :<> P~_ The differential 
scattering cross sections, do:JR. for the formation uf 
D*. D°. and D" are shown in Fig. 5.8 as a function of 
scattering angle for 2-keV incident Dj*. Using tht 
present techniques, it was impossible to separate the 
two components (D° and D :°) of the neutral beam. 
The curves for both D° and D" formation exhibit 
structure at approximately 3.6' and also at 5°. This 
structure, pius the cross sections of formation of 
neutral particles, indicates either an electron capl ire 
into the b 3Z*U 2po repulsive state of D2 or the 

O * 2 3 <* 
ENERGY PER NUCLEON (keV) 

Fig. 52. Election km or stripping cross sections (a0*) for H° 
and D° in N ; gas. The D° energy has been divided by two to 
compare to H° at the «ame velocity. 

keV and a faclor of 0.6 at 2.5 keV. Shown in Fig. 5.5 
are the results obtained for energetic D° atoms incident 
on the cesium vapor. The results are consistently greater 
than those of Schlachter et al. by nearly a factor of 2. 
Of more importance to the physical process of forming 
a D' beam is the equilibrium fraction obtained when 
sufficient collisions occur in the cesium vapor that a 
statistical charge equilibrium exists between theD*. D~, 
and D° particles leaving the cesium vapor cell. Shown in 
Fig 5.6 are the angles in which 503 (6.5) and 90% 
[8.9) of the D" beam were contained for both single 
collisions and multiple or equilibrium collision condi
tions. For D* incident on cesium vapor the scattering is 
less than 1° for most conditions. Shown in Fig. 5.7 is 
the equilibrium negative fraction for both D* and D° 
incident on the vapor cell. If true equilibrium condi
tions are established, then the fractions should be 
independent of the initial charge state. Within the 
experimental error this necessary condition is true, 
however, the incident D* values seem to be consistently 
higher. The present results are compared with those of 
Schlachter et al. The agreement is UP atisfactory in that 
the results of Schlachter et al. indkat; a maximum at 
• -> kev. whereas the present values for the negative 
equilibrium fraction are still increasing at the lowest 
energy of 0.5 keV 

0»<*.-:wG 7«-i2<5 

(•tcr'i 

* I \ \ *'*-•-. («'crJ) 

«r J ' l 
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Fig. 5.3. Differwititl tattering crow sections for tkt intlnitic 
D' + C s - D + C i * * . 
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we were enable 10 determine if single-collision condi
tions were present- Thus, we cannot at the present time 
predict that D" is formed through a single collision or 
through multiple collisions. The absence of structu.e in 
the D* component is not expiainabie from the data 
obtained. 
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Fig. S.4. Doable electro* captare cross sectiom for the 
faction: D* • a - D" • O * . 
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Fig. 5.5. Ettctro* 
• Cs-D~*Cs*. 

for the 

capture of two electrons to form the b • e~ Z*f 

repulsive state of H," The smaller peaks around 5° do 
not correspond to either a capture into a repulsive level 
or a Franck-Condoii transition to a repulsive level. 
However, the D* urve shows no structure, whidi 
should be present if dissociative collisions are predomi-
itt.it. It is standard practice in the measurement of 
atomic collisions to verify that only angle collisions are 
occurring in the vapor target to determine that the 
beam component being measured increases linearly with 
the target vapor density. Due to the scatter in the data. 
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B> multiplying I he intensify of I be beam ai (he angle 
" hy >in 0. »c obtain (he beam scattered into an angular 
[ins j i angle i) This resuh is shown in hi(. 5 4, where 
/l>J) vin 0 is ploited as J function i>l 0 Since vin 0 - 0 
js>* • u the >.ur>e in the repon less, than U 75° should 
be ignored In presenting (he scattering in this manner. 
(IK- contribution tlue to (he ttruuure show* up very 
distinctively Plotted ID Hg. 5 IU is (he halt-cone angle 
(the angjc :nl.> whtch SlT • of (he I) is scattered) a* a 
luiKiioti nl (he instant pariije energy Two cases are 
Jiowu 11 Horuialion I>| I ) limn D* and t 2* formation 
• >t 1) Irom 1);* the scattering isitreater hy more than 
4ii oilier of magnitude lor Mcideni l> :* than lor U ' 

5.1.1.4 0,' m C M M . Wiih U / irsctdeiti on cesium, 
lite I) lormed has a broader dislnt>uti<«i. as dwwn in 
i it: > 11. where 10} is plotted as a function ol 9 lor 
I 5-lceV D»* ions At 4.5 J . siruciuie was found similar 
io thai found ir. I> ;* SirKe ihe energy levels are not 
»cll known loi the tiiatonuc ion. we were unable to 
Jetetimne (he state responsible (or this structure If (he 
mieiisKy :s multiplied hy suit* to obtain scattering into 
an annular ring, wc obtain the results Utown in Fig. 
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5.12. Again the curve is inaccurate as sin d approaches 
zero With D3* we find that the structure present at 
4.5" contributes oniy a small traction to the scattenng. 

5.1.2 Formation of H ~ from Dissociative 
Collisions of H : \ H 3 .and HD:* 

We have measured the H" and D" formation cross 
section from dissociative collisions of H :*. H j \ and 

G«W^-Dir3 **-6?S4 

>»K.-MC •«-»•-« 

= *~ 

Fig. 5.12. The angular dtsrnbatkm of D~ scattered into an 
annular rir- at angle 4. Results are for 1.5-keV D3* passing 
through Cs vapor. 

« 2 
ENERGY (kev) 

Fig. S.10. Comparison of the scattering angles in which 50% 
nf the beam was contained for the reactions D T • Cs — D~ • 
Cs* and D j * • Cs - D + Cs* + D* . 
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Fig. S.I I . Differential scattering cross sections for the forma
tion of D" as 1.5-keV D j * was pasted through C§ vapor. 

Fig. S.I3. Crow sections for the formation of H and D 
from the pmagc of H } * . Ha*, and HD2* in H j gas in the energy 
range 40 600 keV. 
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HD :* m H 2 . The measurements are straightforward ir. 
that the diatomic or tnatomic ion beam is accelerated 
to the desired energy and passed through a gas cell 
where single collisions produced H' or D~. which were 
measured. Results of the measurements are shown in 
Fig. 5.13. where the cross section for negative ion 
production is plotted as a function of the panicle 
velocity. The low velocity corresponds to a negative ion 
energy of 20 keV. while die upper velocity corresponds 
to i20 keV. The tnatormc ions have the same cross 
sections within the accuracy of the experiment, while 
for H2* there was a definite departure at higher 
energies. As expected the magnitude of the cross 
sections was snail. Surprisingly, the H" signal from 
HD2* dissociation was less than background. As the gas 
cell pressure was increased, the fraction of H" or D" 
increased to a maximum value and then decreased to an 
equilib'Tum value which is the same as that for an 
equme.ocity proton incident on the gas cell. The peak 
fraction or maximum fraction of the negative ion as a 
function of particle velocity is shown in Fig. 5.14. In no 
case was the peak fraction higher than a few percent. 
Presumably, xenon as a target atom produces a much 
greater fraction of H" than an H2 target. Preliminary 
measurements indicated that in this energy range, the 

9 M I - M >S-sr*i 

fraction of negative coos using xenon in the gas cell was 
less than a factor of 2 mere dun when H 2 was used. 

5 1 3 Electra Capture aadLm Cross Sections 
far ThrfU— and Fn t m i a i fartides 

if vaiMMis collision cross sections are known, a 
heavy-ion beam probe can be used to measure absolute 
spatial densities in high-temperature plasmas. To aid in 
rhe interpretation of density measurements in the 
ELMO Bumpy Torus (EST), we have measured the 
electron capture and loss cross sections for K* and K° 
particles in H 2 gas. Other pertinent cross sections are 
the electron ionization of K* and the charge-exchange 
cross section of K* with H*. The electron ionization 
cross sections are known from previous measurements, 
and R. A. Mapteton of the Cambridge Research 
Laboratories is presently computing the charge-
exchange cross sections. Results of the measurements 
are shewn in Fig. S.IS. where the cross sections are 
plotted as a function of the incident potassium energy. 
Four cross sections are shown. (I > single electron loss 
( a , , ) for K*; (2) double electron loss ( o 0 J ) for K°;(3) 
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5.16- Electron ctptare and few cros sections for 
partkks paaong thioufti Hj fas. 

single electron loss ( a , i ) for K*; (4) single electron 
capture (al0) for K*. The single electron loss or 
stripping cross sections are relatively constant above 
100 keV. while the other charge-changing crois sections 
increase monotonically with energy in the region SO to 
600 keV. Similar measurements have been made for 
thallium beams in H ; , and the results are shown in Fig. 
5.16. The o 0 i cross sections exhibit a more pronounced 
energy dependence than that for K°, although the 
magnitude is approximately the same at 600 keV. If the 
decision is made in the future to install the TT ion 
beam diagnostic apparatus on ORMAK, then these 
results will aid in data reduction. 

5.2 PLASMA DIAGNOSTICS 

5.2.1 Tangential Neutral-Particle Spectrometer 

A seven-channel neutral-particle spectrometer has 
been designed and constructed to determine the energy 
dispersion of neutral particles escaping ORMAK in a 
direction tangential to the toroidal magnetic field. An 
analyzer similar to that described previously* was 
mounted on a rail such that the particles escaping in the 

horizontal plane could be scanned in the energy region 
I to 30 keV. By mounting the analyzer on a low-energy 
accelerator, an absolute calibration of the efficiency 
was obtained. In Fig. 5.17 the results of the calibration 
are shown where the analyzer efficiencies (ions 
counted/neutrak in) are plotted as a function of the 
particle energy. N 2 gas was used in the conversion cell. 
For the channel (No. 7) furthest away from the N 2 cell, 
curves iic shown for N 2 pressures of 1. 5. and 10 
millitorr. During the course of the calibration, we 
discovered the analyzer efficiency varied for different 
channels. The cause of this variation was traced to 
collisional scattering at the higher pressures of 10 
nuUitorr. The magnitude of this effect is shown in Fig 
5.17 as the dashed line where the efficiency was plotted 
for the channel nearest the gas cell. 

The analyzer has been insulted on the ORMAK 
apparatus, and preliminary results indicated: (1) the 
tangential ion temperature was equal to the perpen
dicular ion temperature, indicating thermodynamic 
equilibrium, (2) scans along the horizontal plane indi
cate constant ion temperature. (3) with 25-keV H 
injection the ion energy spectrum was as shown in Fig. 
S.I8. A broad peak was found in the region 8 to 14 
keV. Without a knowledge of the energy composition 
of the neutral beam used for heating, it was impossible 

6- Thermonuclear Division Annuel Prop-ris Report. ORNL-
4896, p. 35(1972). 
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to calculate the energy exchange or equiiiWi-ion time 
between the fast ions and the thermal plasma particles. 

5.2.2 PyToekctric Detector 

A pyroelectnc crystal has been used to measure the 
energy flow ir the form of photons and neutral 
particles from t te OXMAK plasma In the past, when 
the energy incioeni on the probe was summed over the 
piasma surface, it was found the measurement indicated 
'hat the energy lost by these channels was several times 
'ue input energy. During the past year the thickness of 
the front electrode has been decreased, resulting in an 

increase m sensttmty b> a factor of . . and the time 
constant decreased to less than i msec Also, electrons 
were being iust from the front electrode o( •be cr>**ai 
by secondary or photoelectric emission. Tha emission 
added to the polarization current as measured by the 
operational amplifier. This emission has beer, sap-
pressed by a bias electrode, but the probe response LS 
stiii a factor of 5 too large. This may be the result of 
two factors (i I nonuniform radiance over the plasma 
surface and (2» the crvsiai has been calibrated with an 
rfc-Ne User, and the response nay be different for 
neutral particles- These two sources of trouble will be 
examined m the near future. 

5.23 P M K O M I loo-Bean Probe 

A K* ion beam will be used to probe the spatial 
density and space potential in the ELMO Bumpy Torus. 
In addition we anticipate being able to measure the beta 
in the hot electron ring plasma by determining the 
deflection of the K* beam with and without the 
electron piasma. During the past year, ait components 
have been procured and assembled. Preliminary tests 
w-.li be made or. a soienotdal magnetic field witn 
gaseous ionization to simulate plasma electron ioniza
tion. 

http://ipi.tiuwi.lfi
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6.1 MAGNETICS 

The analysts vf resistance-optimized asymmetric cotis 
'.'•• produce toroidal fields was continued with cons;d-
eratior. of circular bore cotls hi«:ra circular, fec-an-
suia-r and rounded-comei ;x tTui v^pes The calcu
lated re.'sta.ici was checked wifh st ne cm! shapes cut 
from resistai.-e paper and found to agree within z\~-
The asymmetric co>! study Cuimina'.ed in the design and 
fabrication of a 50-kG coil for ORMAK with a 60-cm 
bore ir.d a 15_\4-cm by 9i.4-cm external dimension 
with rounded corners. The copper coil shapes were 
machined from 0.95-cm-thick plate using a numerically 
controlled machine and were fitted with a hollow 
copper coding tube by soft soldering Four such shapes 
were insulated with fiber glass and are to be vacuum 
potted in a steel restraining frame to form the 24-ium 
coil. The per-turn resistance of these coils is only 
ore fourth of that of the present ORMAK coils, so that 
the present generators can be used to provide a 50-kG 
toroidal field. Vacuum potting and final tests of these 
coils are scheduled for next year 

A code for calculating the magnetic field components 
of an arbitrary collection of axisymmetnc solenoids has 
been developed from the rectangular solenoid routines 
published by Garrett.5 The only requirement for these 
colli is that their axes lie in a plane. The code also 
provides for vertical field coils, the only re.vnction 
being that their axes are perpendicular to the axes of 
the hori/ontal-axis coils. This code includes the full 
torus case as a subset. The code is being incorporated 

I ( o-op student. lin!v*Ttity of Tcnnewje. 
2. Consultant. 
3. On leave of absence from I kttroicchnicjl Laborai y. 

5-4-1 MukodaKiio. T jnavhi-cit). Tokyo. Iitan. 
4. I npnccnnv Analysis. 
5 M W timed. ORNL-TM-357.V 

•r.t-.i a nr.'.it-eiement stress code and is being used m the 
preliminary rragnetsc design of ccii tes: facilities fo- the 
superconducting coii development program and for the 
High F*id ORMAK Program. 

A :ode for rhe calculation of self- asd mutual 
inductances of c->iiections of rectanguiar-cross-seciwn 
ax:symrnetnc coils has been developed. This code 
provides us with the essential tools for designing 
protection circuits, calculating charging time, and other 
transient conditions for collections of coils. 

Strain-gage-signai-ccnditioning modules for dynamic 
coil testing were designed and are under construction. 
Investigations were made, and continue to be made, 
into the problem of magnetic field effects on strain 
gages and lead wires. 

A finite-difference procedure was employed to am-
Iyze the thermal performance of cryogenic coils such as 
those used in ORMAK and proposed for High Field 
ORMAK 

The maximum permissible current in a pulsed magnet 
coii will usually be determined by the maximum 
permissible temperature increase, which, in turn, de
pends on the power supply, the cross-sectional area of 
corluctors. and the specific heat of the conauclor 
material. The time between pulses or the time needed 
to cool the coil back to its original temperature is more 
complicated to calculate. The obvious variables include 
the thermal properties of the coolant as well as those of 
the conductor. In addition, the velocity of the fluid and 
the size and shape of the coolant passages play 
important roles. More subtle is the influence of the 
electrical insulation between the turns of the coil. If the 
layer of insulation is thin or ineffective as a thermal 
insulation the coil will tend to be a uniform tempera
ture throughout, and no moving cold front will be 
established. Hence, heal will be removed rather slug
gishly If. on the other hand, the turns are well 
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;r.suiated from each other, a mcmng coW front is set up 
and efficients sweeps the heat out of the conductor 
Tries ir..esn*a:?or.. based on ORMAK coils, chewed that 
'he thermal unking of the turns does indeed increase 
the cooing tsne be:«een pulses b> as much as a factor 
„•;" 2. The rrsuiis of tins analysis and previous calcula
tions of a oTK heat exchan*er were employed by the 
ORMAK grots? to :«;uate the des^i of an addition to 
the ORMAK cryoeer*K system to alio*' operaUoii down 
;o 6~K The -iesaort and installation of this addition 
*ili be completed next >ear. 

Ertgineennf for magnet laboratory alterations aad 
additions has begun. A control rjora wdl be con
structed is the center of two large Laboratory rooms. 
The east Laboratory roorr. wifi remain largely un
changed The minimum goals for next year wiii be to 
complete the control room, relocate the generator 
controls, and instafl suffioen: utilities to begin super 
conducting tests m the west laboratory. 

A program was undertakes to develop a raechod for 
vacuum impregnating thick magnet coils containing 
impermeable sheet insulation and to determine some 
property oi the cured epoxy such as tensile and bond 
strengths. No attempt was made tc find the "Tiest" 
epoxy; we restneted ourselves to the mixture used on 
the ORMAK toroidai field coils, which has proven 
satisfactory through several years' use in other appa
ratus in the Thermonuclear Division The first coil to be 
impregnated >s the asymmetric high-field prototype for 
ORMAK. This coil has 5-mii smooth Kapion film 
between turns and between each of the four layers and 
dry glass cloth or upe on each side of the Kapton. It 
was therefore deemed necessary to impregnate success
fully samples of glass cloth bounded by copper on one 
side and Kapton on tie other (which represent a coi'. 
section > to show that the properties of the cured 
insulation would be satisfactory. 

A test section i 55 cm high with glass cloth between a 
heated copper plate and a transparent plastic cover was 
impregnated. The conditions for impregnation were 
investigated, and electrical and mechanical tests Jtowed 
that a satisfactory impregnation scheme for the High 
Field ORMAK coils could be prescribed. This im^ co
nation is scheduled for the coming year. 

The coils6 for ihe ELMO Bumpy Torus have been 
completed and tested and are in service. During the 
safely test of the full 24 coil torus, the current was 
raised to 7850 A. If/? above the design value, and the 
magnetic forces were further increased by deenergizing 

6. Thermonuclear Div Annu Prorr Hep Dec. II. 1972. 
ORNL-4896. pp. 45 4* 

selected cods to smtuiate fault conditions. The largest 
observed stress vas 6000 psi (in the aluminum flanges), 
and ail voltages, fields, temperatures, etc.. were normal, 
it appears from the test data that if more power were 
available and if care were taken to preugaien the 
roechaiucai structure so that it would be syimnetncaUy 
stressed, the coil system couM b operated successfully 
at 9300 A. 30? abc*e the design value The Hagfa Beta 
Plasmas Group has inferred from their electron e i n 
measurements' that the fieia error averaged along the 
nunc? torus axis a l . 5 X 1Q~* tunes the unperturbed 
Seki. The value is the set rcs^t of ai! heW errors aad 
includes the effects of coil manufactunag inacnirarirs 
coii nuspiaceroetit and f r a g m e n t , imperfect lead 
compensation, and the ambient field. 

4.2 VACUUM COATING AM) THN FILMS 

Invtstigauoifc, concernaK the effectiveness cf tb* 
platinum diffusion barrier that touts the diffusion of 
many of the consmutT.is of stainless steel from 
migrating through the gold fitm on the ORMAK liner 
have been completed. The liner coating operation, 
whidt consisted of the application of 2 u of gold with a 
500-A platinum underlayer by means of ion plating, is 
also complete. Various oti^i components that "see" 
the plasma, such as microwave guides, laser parts, and 
several hund'ed seals and piugs. were aiso coated. 
Photomultiplier tubes used in the Thomson scattering 
system (SCAT PAK) were coated with silver, increasing 
sensitivity by a facte r of 2. 

Large sputtering targets were designed and con
structed to demonstrate the feasibility of sputter-
coating large substrates (e.g.. coating an ORMAK liner 
in si'u) A sample sector of the ALCATOR vacuum wall 
was coated with this system. This technique would also 
facilitate the application of coatings, such as refrac
tories, which could not be applied easily by vacuum 
evaporation. 

Considerable effort has been exerted toward develop
ment of a thin-film bolometer with fast response to be 
used as M\ energy analyzer in ORMAK. Sputtered Ge 
(Ga> films have shown promising results, although more 
woik in thn area is required. 

A small v«cuum deposition system was constructed 
for the deposition of beryllium films but was not used 
for this purpose, since aluminum films were substituted. 
However, lh'. vacuum system was utilized to deposit 
thin gold film* from a neutron-irradiated source. These 
films were used to measure the sputtering rate of the 
liner wall surface in ORMAK under actual operation. 

7. Sect 3. this t.vwt. 
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A program has been prepared to conduct a systematic 
investigation of various promising materials (e_g._ 
vanadium, niobium) for coating the High Field ORMAK 
liner, asd these investapuons are now under way. 

* J SUTEKCOfiDUCTIVITY 

The dsaraagne.x code, developed in i°72, *as 
applied to a 100-kG niobium-tin supercoaductiag 
saksasL* The caacwlared aad measured field values 
ag.eed we£. T-'ith this code, we now have the cap?bihty 
of ikutaung central fields of superconducting soie-
ootcs exactly for design or other purposes 

Magnetic design of a 150-fcG superconducting sok-
aoid tor the Physics Division (ORNL) was carried out 
Expenracnts on the irax-jump stabibty of niobium-tin 
superconducting ribbon with various amounts of aramt-
nun aiterleavEig were pcrfotwtd to qualify the ma
terial foi use m this ! 50-kC solenoid. 

The 106-kG. ~.5-cm bore magnet wound with NbjSc 
conductors and damaged by internal arcing has been 
rebuilt. The new design replaced the perforated load-
bearing stainless-steel sfjoi with an unperforated non-
load-bearing epoxy glass spool. This greatly reduces the 
possibility of heat propagating and arcing damage 
between the windings and devices mounted in the bore. 
A thin 0.5-cm perforated stainless-sted outer sleeve, 
maintained in tension by large Bellville spring washers 
at eitheT end of the solenoid, compresses the windings 
axially. Thus, thermal and magnetic hreathing ar: 
permitted. The sleeve also serves as electrical shielding 
between the windings and metal dewar. Since the spool 
is not perforated, helium is supplied to windings by 
lengthwise-milled channels on the outside surface of the 
spool. A removable transfer tube can be plugged into a 
manifold at the top of the solenoid. This routes helium 
through the windings for efficient cooldown. 

During this year the emphasis of our work in 
superconductivity has shifted from small-scale experi
ments on short sampies and coils to contiderations 
involved in scaling up from present-sized magnets to 
those anticipated for fusion feasibility experiments. A 
number of memos were prepared and many talks were 
presented to show first that superconducting magnets 
were superior to copper coils; second, to provide a 
conceptual design of a superconducting toroidal system 
for a fusion feasibility and burning experiment-size 
machine; and third, to emphasize the need for a 
development program. All three of these progranu were 
successfully carried out during the year. The advantages 

of superconducting magnets and comparisons between 
superconducting and cryoresistive coils will be covered 
further in papers prepared by the F BX group and 
technical memos prepared by lueiabeis of the Engi
neering Science Group. Our design efforts on a 
feasibu:Ty-sized toroidal system wffl be intruded in rite 
ORMAK F/BX. e Tokmmk Fvsxm Tat Rmcttx 
•ORVL TM-4634) Our reason for the tfetaus about the 
dertk^-jgg: £'-j«f«£ U>. - ."«••- —dscting magnets w S 
be covered in a program proposal being prepared for 
evaluation by die DCTR office 

fc.4 DUMAGNETK EFFECTS * ( A TAPE-WOUND 
SUPERCONDUCTING SOLENOID' 

P. L Wjistrom 

The effect of dtamagneuc shielding currents on the 
magnetic field in a tape-wound superconducting sole
noid is calculated on the basis of rJat isothermal critical 
state model and compared with measured values. The 
calculation is found to be in reasonable agreement with 
the data. Additional calculations showing the effect of 
the tape width on the diamagnetic correction to the 
central field are presented. 

6 5 ON THE INFLUENCE OF THE BETWEENTHE-
TURNS THERMAL INSULATION ON THE DUTY 

CYCLE OF A LARGE LIQUID-COOLED 
PULSED COIL FOR USE ON ORMAK 

AND HIGH FIELD ORMAK' ° 

R.W.Derby 

The maximum permissible current in a pulsed magnet 
coil is usually determined by the maximum permissible 
temperature. This temperature is. in tum. dependent on 
the available power supply, the specific heat, and the 
cross-sectional area of the conductor. The allowable 
time between pulses is considerably more complicated. 
The obvious variables include the thermal properties of 
the liquid coolant as well as those of the conductor. In 
addition, the velocity of the fluid and the cross-
sectional area of the coolant passage play imporu.it 
roles. More subtle is the way in which the turns are 
connected to each other. If the layer of insulatir*; a 
poor the coil tends toward a uniforn: temperature, and 

g. ORNL-TM-4456 (accepted for publication in the Journal 
of AppHtd Phytic*. May 1974). 

9. Abstract of paper submitted for publication in the lowntl 
of Applied Phytic* available at ORNL-TM-4456 (January 
1974). 

10. Abstract of paper in Proceedinp of the Fifth Symposium 
on Enftneerint Problem! of FUSHM Research. Princeton. N.J.. 
November 6-9. }97J. IEEE Pub. No. 73 CH0843-3-NFS, p. 
376. 
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fierce the stee-pr-es, .-,: the fr»-.ing C-AJ : ' - : . ! :s greatly 
jc . 'e- iv^i T;K r e s t i n g rate ...: heat rerr^iai ;» thus 
••rsircr -han :t »-.Hi;d be :l aii :urn> * ; r e *<:': ;::vLlsieJ 
•-v-m each -"her 

The pr-.-r^err. etescnbr.: :*- tr< pee\:s"-3 p-rairaph h s 
beer. zr-t-c-'ii&'.cC =n * -R;.i:it;?atric » i } -*•-£ f:nm-
Jiuiztr^i —=rth-»cls Fr< pus*b-i;:;y .--- .rr.pr.-\in« the 
beat :i.*:.**= r^:e x t t - t* :* inxchtftfs is jw- i i r f - i 
F—.aciy. the rL'jr^z:;^; nsethr-is »e re ,_beck.ed by 
. -—purtni -«r»i-ra: Arjeraerate ..-r e \ t : e r :^ cis<rs with 
-crt^jr . : .*s£-i-! •-— ><ut:-.*:> 

6.6 CRYOGENHT ENGINEERING FOR ORMAK 

H « U a J N i.a!--n.j: 

the c;-:l systems >: ( jRMAk The heat exchange 
components are arranged '••• facilitate . >r":.-Siej c *>;-
J°i*n of the system, and "he '"•=» - r.tr•••{ calves aI!"W 
presiun/ai ' . 'T ••: ihe !. aid w;:hin the .oil -y>iem ••> 
suppress nucleate b,ii;ir.g. I ndet puised operation ••• 
fields • •? 25 \ ( i . '* -S \JJ are d e p o s e d :n the copper j>;iis 
in 1.5 Wv. The c>*>!ir.g system is designed to iimi; 
heating of the toroidal tieid coiis to 110 K and *• 
restore them to M) k ;n [Utr.sn. A new heat exchanger 
is being designed ;o allow a base temperature ci t>~ K 
in order t.> al io* either higher Held or shorter duty 
. y J e . 

6.7 DEVELOPMENT OF THE 50*G TOROIDAL 
FIELD COIL FOR HIGH FIELD ORMAK' : 

J. Y l.iit..ri.. lr. K W Derby 
R I Bn.wn W. ( T. Stoddart 

The main ftoroidall Held ol ORMAK ol' 25 k(i 
on-jxiN is produced by ><> copper coils pulsed trom 
motor-generator power supplies and cooled with ii<|uid 
nitrogen It is desired to replace the present toroidal 
field svstem with one which produces twice the held 
strength but di>e\ not require the replacement or such 
tnj|i>r machine components a-, the plasma liner. aUimi-

I I. AHsir.H I '>! paper in Prot IT,line* • I the /•>/"•' S\ mpoutim 
on /•nfinrcrint Problem* ol fuuon Kc\carth. Primclon. S I. 
\<n-cmhrr >> •'. I <>/.<. II II I'uh N,. 7 ( (110X41 1-NPS. p 

I 2 NKtr.i' I --I p.ipcr in Pt(n rrttmvi o! thr filth Symposium 
im tntfncennt Prohlrm\ of fu\mn Ri'\cur< h Pr/mcitm. \ .! 
\tn-rmhrr ', <> l''\< II I I l'iil> S> 7 i ( i|0X4 V (-NPS. p 
' . 7 i | 

n u ~ t ' l a s . c : --j.it- \ j c - u n : shcl- >a^h ^ j o u h ^ n i ot 
the ''.tic strenitrt * : : h the^ sjt:>e •?-J'.SC shape »c>^:U 
n-.r^uJIy -^p^y ~-.<e than J ; , -ur t - : j ;--c."ea5<t :r: p«-we: 
>-T-sc.r:iptE-.-r-. as » ; ^ ^ a t-.t;;!-.':cl ;:^:ea.ve =:: the 
rruij.riet;^ ;-•-.;> l i -we ie : . by I : I _>:i^i a ::•-*!:: i . i ; 
r::i -e i-t'r^x-.tt vha^»e ••" the ;rsi:-.:J-..il .-•--:)». • 2' 'tdu^.r.i 
the :r.:tLi. t e : -p f t i t^ :e -.-t The . K!S ^y >-_K.\«.-::ni the 
rr.-.:..-t£T,. jf->i <'.: • rrxsi.tyznj t s •-'r^e--i-stratn:rig >?r^ 
t^rc t - i:K-» r>.-*t :.---~ '•-: . - : : .•'Ciij.:-.--: tveir the 
nvs,--t -xts :t :s r>'s>i-b:e :. • pc-xi-.e the recruited 5:jkC» 
*;th the «~ie p "*e~ >-?p^> T?sc t?e* . -,\ ^~\l:p.:±-
t;--s^ i ' e ---•: axisy-irrvtrt^ ~-^ ±zt -ii\i\\: th^iker at 
>.--ie i/;r.:^ths th^r= --^her> T*-. rr.ctn^is -;•" ^ r -
str^.tir^: scs-h ..-.:*> ^rc -ie>cr;T*rJ -rse :r.»-.*»i> "*:nci:r.i 
wtth t:.sr;-r:t.»-7T: h. i;.-* . - - :du- t >f. the •••.be: i->oi\e> 
rr=a^hir.ir.: .-•" -•f-pe: p'.m^ ar.d the suosesauent -nser-
•r-n >t a c.^^mg tube Prehrn-nary te%;s and the 
pcduct i -T: .«! a ''uil-^/eti ptut . i iype c.n! are d iwu»ed. 

6 H ANALYSIS OF THE 5 0 ± G TOROIDAL 
FIELD COIL FOR HIGH FIELD ORMAK 5 

* I- (.auster V L Waistr >m 

Due r? >pj^c Ijfmrationi on the Windings, ihe power 
etliciencies o? turmda! Held coiis tor iokjinak expen-
nicnts are in general rather p-.x>r. Very sc'ristanttal 
liijprovement can be achieved by using asyninetncal 
magnet coii designs. Mathematical analysis a i d electric 
current Mow plotting of various types o! asymmetrical 
coil designs are discussed, ard results o; resistance 
measurements with the High Field ORMAK prototype 
coil arc presented. 

6.9 PASSIVATION OF THE ORMAK 
VACUUM LINER 1 4 

J h Sutipkins 

The inner vacuum imer in ORMAK. which was 
constructed ol type MH L stamles;. steel, has been 
coated Willi a I- to lu gold him. The resultant surface 
is considerably more inert than the bare stainless 
surface and reduces plasma-wall interactions We found, 
however, that some of the constituents of the stainless 

I V Abslui 1 "I p,ipcr in frnnrdrnfi <>i the fifth Svmpoiium 
•>n l-nginrcrinit frohlrtm nf fusion Rt\car-h. Princeton. SJ. 
\inrinhtr f> •>. !<*?j. II F f Pub No. 7i f"ll(lH43-J-NW. p 
">'i7 

14 \hsu.ict .ii p:ipcr in Pro, cnlint\ of the filth S?mji:nnini 
on fnguiccrint Proht,'in\ of f'uuon Hcsrawi Priiueton \J 
\.nrmbrr '• 'I. 117]. II I I Pub N.j. 7.1 CH084.VJ-NPS. p 
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steel di'.i j>e through she sold f;isn when :hc coupie n 
heaiej to ab-iui .*UU (. hurih;-: ;!:ve>::£i:!T! ir-di-ated 
iha - a 5du-\ pijtirui-: :::::• be-*ee- ; hi »>.j ji:d 
-.ta:rUess acis a> a CiT!usi*»': harrier '.o~. rsanv *l 'i*wsc 
orv^HiierH*. Di:?aiH-r. pr-.j;:>e> •_>• oxssen. siiicoi:. 
v-ii!:jr. and ^artv-r: sugge-u thai oialirrum acr^ a>. a 
barrier i-> r-resent uiiTusi*^ . u a!! !he-.e eiemenis M -̂.N 
>»."a~s •!! ;he *_-=d .uriace »i;n p;ai=riun': unde?ij»er 
show great!} reduced peaxs -or nos! .•: ihe impurities 
Sound on the hare stairless vurtace. 

6.10 DIFFUSION THROUGh GOLD FILMS 
ON STAINLESS STEEL : ; 

J. h. Simpkin.'-

t f !d- j . :aie-.t u p e .:-(M stair-Jess sied has been used l->r 
the liner «»• the p!a>rra cb tniber in thermonuclear 
experiments a! this laboratory. To be niovt effective 
these coatings should provide an men. vorption-free 
surface. H , v e eo»»d hear re'lecnr^ pr«>pertiCN *r<ii •»"r«»ni; 
adherer^:, and pr;>duce ihe minimal increase :n elec-
tri.a; conductivity Thin films ot gold on •-'amies-, 
sat"si> mosi of these requirements, except that alter a 
short heal treatment, many ot the constituents m the 
stainies> were found to diffuse through the goia fi!m. 
Mass scans ot a gold-o>Jted stainless steel surface and of 
a bare stainless surface showed almost identical 11:.-
purily distributions Tison et al. reported that, tor a 
platinum film on titanium, diffusion through the 
platinum wis. suppressed by the formation of the 
inlcrmciallic compound Ti,Pt a: the interface. We have 
found that a 5(R>.\ film of platinum between the gold 
and stainless also acts a*, a barrier to the diffusion 
process in this system :\nii greatly reduces the amount 
of contamination at the gold surface. Mass scans of the 
cold surface with pla'.inum underlayer after heut treat
ment revealed very tittle diffusion through the gold. In 
addition, the ion mienprobe mass anaK/er was used to 
monitor ' " 0 . , : S " . : \ S i \ : , S i * . and ' " h e * in
tensities as a function of depth into the III n cross 
section. This technique also indicated that the platinum 
acts as a barrier 'o diffusion through the gold. 

6 11 SAFETY WITH HIGH MAGNETIC 
FIELD SYSTEMS'* 

J Y Luton. Jr. 

This paper first reviews the magnetic forces within 
and between coils, forces on coil leads and iron, eddy 
currents, coil heating, and energy stored in the magnetic 
field. Four quite different magnet system? arc qualita-

6.12 MAGNETIC INSTASILnT IN HARD 
SUPERCONDUCTORS " 

K. Kosania 

By considering the electric field induced by •'.::•<. 
motion, the requirement for -iabiii/aii-'n "i s h_irJ 
superconductor against -lux :ump> has beer. i->:'nd ! • be 
y . : < k'-CJ„ 11 i- *D; D„. l\±0 ' . where C, o the hea-
capacty per unit voiunie of the >;>-cr inductor. 7,, :• 
given by J ihj oTi : . !)r and I)„, ire ihe thermal 
and niagretic Jiftusivili.-N •)! the superconductor, re
spectively, and k' is the smallest r. irriber satistym;: the 
!>'lowing time-independent temperature equation: 
."<-i7~'l = k' A7~ Using the above criterion, we 
iierive (he stability requirements in both aJiahatK and 
dynamic stability limits. We then discuss the stability .•! 
commercial superconductors covered h\ n-.'rmai metal 
The staoihty criteria can be obtained b\ replacing D„, 
in the inequality wiii- :he average magnetic diff-iMvi;} 
of the normal metal a:id superconductor. 

6.13 CALCULATION OF RADIAL MAGNETIC 
FIELDS FOR AXISYMMETRIC SOLENOIDS 
WITH RECTANGULAR CROSS SECTiON' s 

P L Waist rom M S. l.uhell 

The ratio of maximum radial field to maximum axial 
field has been calculated •timencall) for axisymmetnc 

15. Procntcd :U Ihc New Mcvicn C'hapirr A V.S . 9ih Annual 
Symposium. Albuquerque. N.M, April -i II. 1973. available 
nn video ijpe from A.V.S.. 3.15 I 45ih St . N.Y.C. 1 «<«»'• 7. 

16. Absirac! of pjpei presenli.d al ihc Sotlhern Are.) 
Resc.irih .ind Development Symposium. April 1973 Con
ference prcK •dinp \o be published. Available av ORNI-
TM-4313. 

17. Abstract ol paper in/ Appt Phvs. 44. 5531 H973l. 
IH. Abstract of paj cr in J Appl Phy<. 43. 4145 H973) 
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solenoids of rectangular cross section and constant 
current density over a wide range of coil configurations. 
It is also shown that for a certain range of coil shapes 
the maximum modulus of the magnetic field occurs on 
the end faces of the windings. These considerations are 

pertinent in the design of superconducting magnets for 
two reasons: (1) Many superconductors have lower 
critical current in a field normal to the wide surface 
than in a Held parallel to the surface, and (2) large 
radial fields can cause catastrophic flux jumps. 



7. Cryogenic Dielectric Measurements 
W. F. Gauster' H. M. Long 
R. H. Kemohan2 W. J. Schill 

S. W Schwenteriy2 

7.1 CRYOELECTRIC RESEARCH3 

W. F. Gauster S. W. Schwenterly 

A literature search on the dielectric strength of 
cryogenic liquids and gases has revealed the limitations 
of existing data with respect to gap length, test voltage, 
and power. Consequently, a more complete program of 
experiments has been instituted which includes break
down, flashover, and partial discharge tests under dc, 
ac, and impulse voltages. Auxiliary tests have been 
carried out to assist in the design of experimental 
equipment. Considerable attention has been devoted to 
the statistical evaluation of the experimental data. 

An intermediate-voltage test facility with 130 kVdc, 
S mA and 80 kV rms ac, 70 mA supplied has been put 
into service and provided with appropriate instrumenta
tion A Hipotronics 700 kV ac, 1.5 A resonant test set 
has oeen set up, tested, and approved by the ORNL 
Accelerator Review Committee. The high-voltage fa
cility, now under construction, will utilize this reso
nance transformer and the already existing Haefeiy 600 
kV dc, 5 mA supply. Several manufacturers have been 
contacted regarding the purchase of an impulse genera
tor rated at about 1.5 MV. A sensitive Biddle bridge-
type detector has been purchased for the partial 
discharge experiments. 

A cryostat incorporating a vacuum bushing has been 
constructed for the intermediate-voltage facility and 
successfully operated up to 120 kV. information gained 
from experiments with this cryostat is being used to 
design a much larger version for higher voltages and 
operation with pressures up to 10 bars and tempera
tures up to 10°K. Although lack of funds slowed 
progress on this project, the large dewar for this 
cryostat is expected to be completed during the present 
fiscal year. 

The experimental program has concentrated on the 
intermediate-voltage cryostat. A large amount of dc 
breakdown data4 have been obtained in slowly boiiing 
liquid helium using sphere and plane electrodes. After 
various improvements were made in the cryostat design, 
the heat leak to the electrodes became so low that 
recent data agree well with values published by 
Gerhold5 for nonboiling helium and are much higher 
than values published by Meats6 for boiling helium. In 
agreement with these other investigations, variation of 
the voltage ramp rate from 0.08 kV/sec to 10.0 kV/sec 
gave no significant change in the breakdown electric 
fields, which ranged from 327 kV/cm at 3.0 mm to 500 
kV/cm at gaps of less than 1.0 mm* Some future 
subjects for investigation will include the influences of 
helium boiling rate and contamination, electrode ge
ometry, and electrode surface conditions, with dc 
voltages of both polarities and ac voltages. Further
more, two major projects for the coming fiscal year will 
be the acquisition of an impulse generator and comple
tion of a bushing for the high-voltage cryostat. 

The programs on cable conductor materials measure
ment and development being carried out in the Metals 
and Ceramics Division have proceeded to an initial 
characterization of materials. Since no funding for these 
studies was included in the FY 1974 budget, they are 
now in standby status. It is expected that they will 
resume in FY 1975. 

1. Consultant. 
2. Solid State Division. 
3. ORNL-TM-4187, Appendix A (March 1973). 
4. ORNL-THM476. January 1974. 
5. 1. Gerhold. Cryofemcs 12, 370 (1972). 
6. R. J. Meaty Proc Inst. Elec. Eng. 119, 760 (1972). 
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7.2 DIELECTRICS FOR SUPERCONDUCTING 
SYSTEMS7 

W. F. Gauster R. H. Kernohan 
H. M. Long S. W. Schwenterly 

An investigation of the dielectric properties of fluids 
and solids for use in superconducting systems is under 
way at ihe Oak Ridge National Laboratory as part of 
the A EC program in superconducting power transmis
sion. The investigation initially will encompass ac and 
dc breakdown and prebreakdown phenomena in liquid 
helium and in a variety of solids in liquid helium. 
Extension to impulse measurements is expected in the 
near future. A prime objective of the investigation is to 
determine scaling laws applicable to various models of 
superconducting cables and other cryogenic apparatus. 
The experiments are being devised with this objective in 
mind. Experimental facilities have been set up for ac 
testing with a series resonant transfer to 700 kV rms 

and for dc testing to 600 kV. A high-voltage cryostat 
has been designed for service to lOOOkV with provision 
for optica! as well as electrical recording of both 
breakdown and prebmkdown phenomena. Other ap
paratus for testing to lower voltages is aiso available. 
Instrumentation for partial discharge measurements by 
multichannel pulse-height analysis, high-speed oscillo
scope, and bridge detection is available. 

The influence of electrode surfaces and impurities as 
well as pressure and temperature on the dielectric 
properties of liquid helium will be determined. The 
behavior at large gaps is of particular interest. Break
down and surface flashover of bulk and laminated solids 
in liquid helium and in vacuum at liquid helium 
temperatures are to be included in the •wstigations. 

7. Abstract of paper preserved at tiic A;intul NAS/NRC 
Dielectric and Insulation Conference. Monircil. Canada. Octo
ber 29 31. 1973. to be published in the Annual Report of the 
Conference and the annual Digest of I iterature in Dielectrics. 
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8.1 MAGNETOHYDRODYNAMIC EFFECTS 
IN FUSION REACTOR BLANKETS 

8.1.1 Effects of a Strong Magnetic Field 
on Boiing of Potassium1 * 

A. P Fraas D. B. Uoyd R. t . MacPherson 

One of the most promising ways to cool the iithium 
blanket of a full-scale fusion reactor is to employ a 
once-through potassium boiler in the blanket. A ques
tion has been raised as to whether .!us approach might 
have the disadvantage that magnetohydrodynamic ef
fects might inhibit nucleate boiling. An analysis of the 
problem indicates that this is not the case, and an 
experiment has been run in which potassium has been 
boiled in magnetic fields ranging from 0 to 50.000 G. 
This work indicates that the presence of a strong 
magnetic field will have small effects on nucleate 
boiling of potassium, hut there should be no serious 
effects so far as the operation of the boiler is 
concerned. The principal effects noted in the course of 
the experiment were some small changes in the boiling 
sounds and some small changes in the boiler tempera
ture distribution. The change in sound is believed to 
result from an inhibiting effect of magnetohydro
dynamic forces on the rate of implosion of bubbles, and 
the change in temperature distribution is believed to 
have stemmed from small changes in the thermal 
convection flow pattern in the boiler so that there was a 
small change in the distribution of energy input 
between nucleation sites in going from a zero magnetic 
field to a strong magnetic field. 

8.1.2 Magnc'obydrodynainic Blanket Scaling 
in a Toroidal Fusion Reactor13 

F.J. Young 

The blanket region of a toroidal fusion reactor is a 
vital link in the chain of energy conversion processes 
•lecessary for the generation of electricity from thermo
nuclear fusion. In a typical full-scale reactor the blanket 
would contain 2800 metric tons of lithium, which 
would be pumped along the toroidal magnetic (lux 
tubes. Even in a well-designed blanket, it is not possible 
to avoid having some regions in which the lithium 
would be channeled perpendicular to the magnetic field 
lines. The resulting magnetohydrodynamic phenomena 
cause increased viscous and eddy-current losses. It is 
important io understand and to be able to predict the 

1. Neutron Ph>SKA Division 
2. Computer Sciences Division. 
.V Chemical Technology Division 
4. Metals jnd ( ^ramies Division. 
5. Solid Slate Division. 
6. Chemistry Division. 
7. Reactor Division. 
8. Present address: Wcstinghousc I lectric Corporition. Bettis 

Atomic Power Laboratory. West Mifflin. Pa. 
9. Visiting Scientist. JAhRI. Japan 
10. Physics Division 
11. Visiting Scientist. Wcstinghousc Research Laboratory. 

Pittsburg!). P.i. 
12. Abstract ol ORNL TM-4218 (icbruary 1974) 
I V Abstract of paper prepared for presentation at the 

Topical Meeting on the technology of Controlled Nuclear 
fusion. San Diego. California. April 16 18. 1974. 
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requisite pumping power. Although the pumping power 
appears as heat, large amounts of pumping power 
flowing into the blanket aggravate formidable intrinsic 
heat transfer and thermal stress problems present in the 
blanket region. Estimates of pumping power have been 
made on the basis of one- and two-dimensional laminar 
magnctohydrodynamic studies, but it is realized that 
turbulence may play a major role, and this implies the 
need for experimental data. The lithium blanket envi
sioned is hard to simulate with one- or two-dimensional 
models and operates in a range of parameters exceeding 
past experiments by almost two orders of magnitude. 

In this paper the magnetohydrodynamic scaling of a 
full-sized blanket is investigated with a view to specify
ing an experimental-scale model blanket, the smaller the 
better, that will be magnetohydrodynamically similar to 
the lithium blanket of a full-sized prototype reactor. 
The equations of rragnetohydrodynamic channel flow 
and heat transfer were subjected to a dimensionless 
analysis. Of ail the possible dimensionless parameters 
describing MHD channel flow and heat transfer, the 
most important were identified. For the present lithium 
blanket design, they are given by. Reynolds number. 
210.000: magnetic Reynolds number. 0.34 (in pumping 
region) and 11.34 (in field-flow-aligned region): mag
netic Mach number. 0.00*125 (-mplying a Hartmann 
number of 63.000): and Pec'.et number. 4000. 

The properties of many liquid metals were studied as 
possible candidates for the scale-model liquid. It was 
determined that either NaK (447r Na) or NaK (785£ N..) 
can be used to obtain MHD similarity provided (he 
fluids are heated to temperatures of I80°C and !35°C 
respectively. If it is assumed that the magnetic field is 
supplied by a superconducting niobium-titanium magnet 
producing a field of 7.5 T, th«. model scale factor for 
NaK (44-2. Na) is 1/2.77. and for NaK (787< Na) it is 
i/2.58. Thus the model can be about one-third the size 
of the full-scale lithium channel. 

8.2 MATERIALS COMPATIBILITY STUDIES 

8.2.1 Corrosion of Vanadium by Lithium'4 

J. H DeVan R. L. Klueh 

The partitioning of oxygen between liquid lithium 
and a-vanadium was investigated between 600 and 
I000°C. At all test temperatures the interstitial oxygen 
content of the vanadium was decreased by contact with 
lithium, even when the lithium contained excess LijO. 
Vanadium containing as much as 2200 ppm 0 resisted 
lithium attack at 8I5°(\ Additions of oxygen to the 
lithium did not enhance the dissolution of vanadium. 
The oxygen content of V 20^ Ti also was decreased 

by exposure to bthium at 800 and 10OO°C; however, 
the decrease at 800°C was apparently slowed by the 
diffusion kinetics of oxygen in the alloy. 

8.2-2 Coiraion of Niobium and Tantalum 
by Lithium15 

R. L. Klueh 

The effect of oxygen on the corrosion of niobium and 
tantalum by liquid lithium at 600°C was studied with 
static capsules. An increase in the oxygen concentration 
of the lithium from 100 to 2000 ppm had no 
measurable effect on the dissolution of either refractory 
metal, a result that is contrary to the effect of similar 
oxygen concentrations in sodium and potassium. Ex
posure to lithium reduced the oxygen content of 
niobium and tantalum to <20 ppm regardless of the 
oxygen concentration of the lithium. These results 
agree with thermodynamic calculations that predict 
that the equilibrium distribution coefficient (i.e., the 
ratio of the oxygen concentration in the refractory 
metal to that in lithium) is very much less than unity. 

When the oxygen concentration of niobium and 
tantalum exceeded a threshold level, lithium (with no 
oxygen added) penetrated the refractory metal. Pene
tration resulted from the formation of a ternary oxide 
on grain boundaries or preferred crystallographic planes 
and proceeded by a wedging mechanism, caused by 
stresses generated by the corrosion product. 

Penetration was along grain boundaries at low oxygen 
concentrations, the attack depth and number of af
fected boundaries increasing with increasing oxygen 
concentration. At higher oxygen concentrations, trans-
granular attack also occurred. The threshold oxygen 
concentrations for attack (grain-boundary penetration) 
were determined to be 400 and iOO ppm for niobium 
and tantalum respectively. 

8.2.3 Corrosion of 2% Cr-1 Mo 
Steel by Lithium 

J H. DeVan J. R. DiStefano 

A promising alloy for lithium containment at 500°C 
or beiow has the base composition 2% Cr ! Mo bal 
Fe. A modification of this alloy has been developed for 

14. Abstract of "The Lffcct of Oxygen on the Corrosion of 
Vanadium and V 20% Ti by Liquid Lithium," paper presented 
at ANS Winter Meeting, San Francisco. California. November 
II 16. 1973. to be published in Nuclear Applications 

15. Abstract of ORNL-TM-4069 (March 1973). to be pub
lished in Met Trans. 5 (April 1974). 



sodium service that contains 1% Nb to retard decarburi-
zation. We constructed a small thermal convection loop 
of the niobium-stabilized 2 % Cr-1 Mo steel and 
operated it with lithium for 10,000 hr at a hot-leg 
temperature of 6O0°C. The weight loss occurring at the 
hottest point in the loop corresponded to 0.1 mil/year 
surface removal. This corrosion rate is five times lower 
than that for austenitic stainless steels under compar
able conditions. 

8.3 NEUTRONICS 

8.3.1 Analysis of a Bench-MaikCakulation of 
Tritium Breeding in a Fusion Reactor Blanket16 

D. Steiner 

A fusion reactor operating on the deuterium-tritium 
fuel cycle will require a tritium-breeding blanket. 
Tritium proauction in the blanket will be accomplished 
through interactions between the fusion neutrons and 
the isotopes of lithium, via the 6Li(nju) and the 
7Li(/i,w'a/) reactions. The tritium breeding performance 
of conceptual blanket models has been calculated by a 
number of groups. However, since these calculations 
have generally been based on different cross-section 
sets, it has been difficult to compare results obtained by 
different groups. At the Neutronics Session of the 
International Working Sessions on Fusion Reactor 
Technology (held at Oak Ridge National Laboratory, 
June 1971), it was agreed to undertake a bench-mark 
calculation of tritium breeding using version 3 of 
ENDF/B (ENDF/B-3) as the reference for cross-section 
data. 

Calculations were carried out with discrete-ordinat^s 
codes and with Monte Carlo codes. Analysis of the 
calculations identified deficiencies in the cross-section 
processing codes and differences in calculationai details 
which resulted in discrepancies among the calculated 
results. Correction of these deficiencies and a more 
precise specification of calculational details will lead to 
improved agreement in future fusion bench-mark prob
lems. The following observations are made regarding 
future calculations. 

1. For the assumed blanket geometry, approximating 
the flux with a fourth-order angular quadrature (S 4) 
gives a system tritium breeding value which is within 
about 0.5% of the Monte Carlo system value. Thus 
the S< approximation is adequate for survey calcula
tions on system tritium breeding. 

2. An S, j approximation is recommended in those 
cases where accurate spatial information is desired. 

3. More attention should be given to the choice of 
mesh spacing. The effect of mesh spacing in the 
vacuum region was discussed in this paper. However, 
additional mesh-spacing problems are most likely 
present in the bench-mark model: for example, the 
mesh spacing in the lithium regions near the graphite 
may be too coarse. 

4. Future bench-mark calculations should involve mag
net shield models as well as breeding blanket models. 

8.3.2 Magnet Shield Design for 
Fusion Reactors'7 

J.T. Kriesc D. Steiner 

Current concepts of mirror and tokamak fusion 
reactors employ superconducting magnet coils in order 
to minimize the power requirements of the magnet 
system. Since most fusion fuel cycles of interest involve 
the production of high-energy neutrons, adequate 
shielding must be provided for the cryogenirally cooled 
coils. The magnet shield must limit both nuciear heating 
and radiation damage in the coil region. We have 
surveyed alternate shielding materials with regard to 
their nuclear engineering characteristics in deuterium-
tritium fusior. reactors. The topics considered ir.Tlude 
(1) nuclear heating, (2) radiation flux levels. (3) 
estimates of shield material costs, and (4) chemical 
compatibility considerations. 

8.3.3 The Nuclear Performance of Vanadium as a 
Structural Material in Fusion Reactor Blankets'8 

D. Steiner 

Several early conceptual designs of fusion reactors 
employed niobium as the structural material for the 
blanket. Subsequent neutronic analyses of these designs 
indicated that the neutron-induced activity and asso
ciated nuclear afterheat of the niobium structure 
reached significant levels during reactor operation. 
Although the engineering requirements imposed by 
activation of the niobium structure appear to be less 
stringent than those imposed by the radioactive inven
tories associated with fission reactors, it is desirable to 
identify alternate structural materials which ameliorate 
the engineering requirements imposed by neutron acti
vation. Preliminary investigation of several potential 
structural materials indicated that vanadium would 

16. Abstract of ORNL-TM-4177 (April 1973). 
17. Abstract 01 ORNL-TM-4256 (June 1973). 
18. Abstract of ORNL-TM-4353 (October 1973); also Nud 

Fusion 14,33-44(1974). 
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rav (21 groups I cross-section >ets have been developed 
tor calculating fluxes in conceptual fusion reactor 
design^. These cross-section sets are suitable tor use 
with eirher the discrete-oruinates code AN1SN or the 
Monte I'jrln code MORSb. This library includes data 
tor H. *Li. "Li. B. ! "C. O. Mg. AI. V. he. ( u . Nb. Ta. 
and Pb. 77u'ji- data sets can be attained an request 
from the Radiation Shielding Inforv-.atitiii Center 
fRSIC'i at OR.\I. The cross-section sets will be updated 
as ne A data and evaluations become available. 

8.4 RADIATION DAMAGE STUDIES 

8.4.1 The Tensile Properties of Fast Reactor 
Neutron-Irradiated BCC Metals and AUoyV : 

F. W Wiffen 

Rod tensile samples of niobium, molybdenum, tanta
lum, one alloy based on Jach of these metals, and two 
vanad'imi-base alloys have been irradiated in LBR-II at 
temperatures between 5VM) and I 140 ( to neutron 
lluences in the range 1.5 to (•>. 1 X 1 0 : : neutrons cm2 

|X).I MeV) The effect of neutron irradiation at these 
lluences and temperatures on the strength and ductility 
properties was determined in tensile tests at tempera
tures between 20 and HOOT at strain rates of 0.02 
nun ' or slower The etteel of irradiation is most severe 
in molybdenum-base systems. Irradiation near 4 0 0 T 
renders Mo 5C7 Re brittle to at least SOO'C. Similar 
irradiation of molybdenum and Mo 0 . 5 ' Ti produces a 
high concentration of small dislocation loops in the 
microstructure and raises the strain-rate-dependent ter-
sile ductile-britile transition temperature from below 
room temperature to the range 400 to 550T . Brittle 
failures occur with a mixed cleavage and grain bourn iry 
separation fracture mode. Specimens of UMi'alum. 
T i l l , and Nb \"< Zr exhibited zero uniform elonga
tion hut had total elongations in the range 4 !o 10 ' 
with ductile-mode fractures for most test condiiic.s 
Niobium. V 10'-' ( r . and VANSTAR-7 had 5 to 17'-' 
total elongation and uniform elongations in the range 
1.5 to HV-. Marked strength increases over control 
values were found in all samples. The results arc 
discussed in terms of the microsiruetures and fraciure 
modes. It is concluded thai dislocation channeling is the 
process responsible for the complete loss of uniform 
elongation where loop hardening predominates. 

22. Abstract nl published paper, p. I 7(> in Defects and Defect 
Clusters m lift Metals and Their Alloys cii R J. Arscnimlt, 
Sutlear Metallurgy, vol. IH I I97.t>. 

8.4.2 Effect of High Helium Content on 
Stainless Steel Swelling 

F W Wiffen L b Bloom 

Type 31b stainless steel specimens have been irra
diated in the HFIR reactor at temperatures between 
380 and ooQ°C to displacement damage levels up to 
120 displacements per atom and transmutation-
produced helium contents up to bÔ K) ppm. Swelling in 
solution-annealed samples was found to be larger than 
predicted by either helium swelling models or last 
reactor irradiation results, and the temperature depend
ence of swelling was also not in agreement with either 
model. Cold work was effective in reducing swelling for 
irradiation temperatures up to 600°C but was ineffec
tive at '~H0o(.\ For both annealed and cold-worked 
materials the swelling was nearly temperature-independ
ent between 5X0 and 600"C but increased markedly at 
<>H0 C. Present models are inadequate to explain the 
swelling results in the presence of these high helium 
concentrations. 

8.4.3 Neutron Irradiation Damage in Niobium 
andNb-1 ' ; Z r 4 

F. W Wiffen 

The favored candidate structural material in several 
CTR conceptual designs is a niobium alloy, possibly 
Nb 1'-' Zr These designs give operating temperatures 
between 400 and I000T and total neutron flux at the 
first wail of i.<> to 20 X 10 1 4 neutrons cm : sec" 1 . A 
probable choice of the tirst-wall neutron loading is I 
MW.nr. This corresponds to a flux of 2.X X 1 0 ' 4 

neutrons cm~ r sec" 1 1X1.1 MeV). ano continuous 
operation for me year will result in 22 displacements 
per atom (dp; » and transmutation reactions yielding 
1 200 ppm Zr. ^0 ppm H. and 26 ppm He. Of these, the 
displacement damage and helium accumulation will 
have the most important effects on the structural 
material properties. Specimens irradiated in fission 
reactors are being tested to examine the effects of 
displacement damage in the absence of transmutation 
products. 

Fully recrystalli/ed samples of commercially pure 
niobium and Nb \'"> Zr were irradiated in LBR-II in 

2.V Absfracr of paper presented in "I usion Reactor Ma
terials" session al the American Nuclear Society meetine. in 
November 197.5 f Trans At 'rr. \iici .Yw 17, 14.? 1197.1)! .,nd 
submitted tor publication in Suelear Technology. 

24 Summary of paper presented in "I usion Reactor Ma
terials'" session at the Anurican Nuclear Society mcctim: in 
November 1973 | Tram Amer \ml SIM: 17, I4ll<i97.?>| 
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the range 390 to 1000°C. up to 34 dpa. and fluences up 
to 3.7 X 1 0 " neutrons/cm1 (>0.1 MeV). These 
irradiations produced 1 to 2 ppm He. At 2.5 X 1 0 2 2 

neutrons/cm7 (26 dpa), electron microscopy estab
lished swelling due to void formation in niobium for 
irradiation temperatures of 425 to 1000°C. The maxi
mum void swelling was 4.8% at 585°C. suggesting a 
swelling vs temperature curve for niobium with a peak 
near 600°C. The limits on the temperature range for 
void formation were not established by this work. In 
Nb-1% Zr irradiated under identical conditions, ap
preciable void swelling (about 1%) was found only at 
790°C, although the results were not definitive at 
1000°C. At lower temperatures, voids could not be 
detected in the complex microstructure of dislocation 
loops. Void suppression in Nb-1% Zr was confirmed 
for irradiation at 390 and 450°C in samples where 
geometry and density measurements were used to 
supplement the microscopy observations. Postirradia-
tion annealing the samples to 900°C simplified the 
microstmctures in the two materials and confirmed the 
void suppression in the Nb-1% Zr for irradiation at 
450°C. 

Buttonhead specimens of niobium were irradiated 
near 450°C to a fluence of 3.0 X 1 0 " neutrons/cm2 

(34 dpa) and were tensile tested at 25.400 and 650°C. 
All tests showed ductile behavior. At all test tempera
tures the results were qualitatively similar, yield and 
ultimate strengths in the irradiated samples were 2 to 5 
times the control specimen values, and total elongations 
of irradiated samples ranged from 12 to 17% in niobium 
and from 8 to 12% in Nb~l% Zr. An important 
difference between the two materials is in the uniform 
elongation: while the niobium had 2.5 to 10% uniform 
elongation, the Nb 1% Zr was plastically unstable with 
only 0.1% uniform elongation. Fractography showed 
ductile-mode failure surfaces in both materials. The 
difference between the two materials can be explained 
by the different microstructures. In the irradiated 
Nb 1% Zr. the first moving dislocations sweep up the 
irradiation-produced dislocation loops and leave defect-
free channels or "soft" paths for further deformation. 
In the niobium, the voids produced by irradiation 
cannot be removed by dislocation motion and produce 
some work hardening during deformation. Electron 
microscopy showed some evidence of this channeling in 
the Nb-1% Zr, but none was observed in the niobium. 

8.4.4 Graphite for Controlled Thermonuclear 
Reactor Applications1 s 

W. P. Eatheriy J. L. Scott W. H. Cook 

Graphite has appropriately been selected as one of the 
blanket materials in the designs of several controlled 

thermonuclear (fusion) reactors (CTRs). We examined 
in some detail the operating conditions of CTRs as they 
affect the graphite during the normal 20 to 30 years 
central power station life. We restricted the examina
tion to the effects of neutron fluence and temperature 
as they determine the potential lifetimes of current and 
advanced grades of graphite under anticipated operating 
conditions in CTRs. The problem areas are delineated, 
and recommendations for solving them are given. 

The operating temperatures for graphite in CTRs 
range from 200 to 1000°C. Below 300°C the total stored 
energy in the neutron-irradiated graphite is a serious 
problem; we emphasize the need for attention to this. 
We concentrated the major part of our examination on 
an Oak Ridge National Laboratory design of a tokamak 
fusion reactor that uses graphite as the center part of its 
blanket. The graphite is 40 cm thick in the radial 
direction, and the calculated temperatures across it 
range from 650 to 970°C. The fluence across the 40 cm 
of graphite for typical central station power plants 
operating for 30 years with a plant factor of 85% would 
normally be 10 X 1 0 2 2 down to 0.4 X 1 0 2 2 neu
trons/cm2 (>50 keV). (The energy for all neutrons 
referred to in this report is >50 keV.) The greatest 
fhience acquired to date in studies of various grades of 
graphite is 4 X I 0 i 2 neutrons/cm3 at temperatures in 
the vicinity of 700°C. Fast-neutron irradiations at high 
temperatures have been made up to 1300°C, but the 
fluences generally range from only 1.5 X 1 0 2 2 to 2 X 
I 0 2 2 neutrons/cm2. 

We use temperature profiles, flux distribution, and 
existing Eradiation data to predict lifetimes of com
mercial grades of graphite. We conservatively assume 
that the lifetime is equivalent to the fluence at which 
the net parabolic volume distortion of the graphite 
returns to zero. The volume distortion is strongly 
affected by the irradiation temperature. The lifetime 
curves that were developed showed that the "best" 
existing grades of graphite are inadequate for more than 
halt of the radial thickness of the graphite for 20 to 30 
years of operation. It appears that the graphite lifetime 
could be as short as four years under the severest 
conditions. 

Oak Ridge National Laboratory has been developing 
new experimental grades of isotropic graphite that have 
shown improved unirradiated and irradiated properties. 
These include techniques that involve green coke 
(calcined below l000 oC) and unconventional fabrica
tion techniques. Although thjse new experimental 

25. Summary of paper presented in "Fusion Reactor Ma
terials" seuion at American Nuclear Society meeting, November 
1973 \Trant Amn Nucl. Soc. 17. 146 (I973)|. 
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grades are in the early developmental stages, they show 
promise of significantly longer lifetimes and unproved 
performance characteristics. 

This study showed that (1) there is an extreme lack of 
basic and critical engineering design data for graphite 
for the nuclear environment of CTRs. (2) there is a 
need for and promise of significantly better grades of 
graphite, and (3) the orderly development of CTRs 
requires that advanced fundamental and engineering 
studies on the irradiation and development of graphite 
be begun without delay. 

8.4.5 Developmeat of km Eradiation Facilities 

E. E. Bloom C. K H. Dubose M. J. Saltmarsh 

The neutron energy spectrum of a fusion reactor will 
be different from that available in fission reactors. To 
investigate the effects of this fusion reactor neutron 
spectrum on the properties of potential CTR first-wall 
materials, a number of simulation techniques are being 
used. One technique is the irradiation of materials with 
self-ions. To make use of this technique a 5.5-MV Van 
de Graaff has been equipped with a multiple ion source 
which will allow the injection of transmutation prod
ucts (eg., helium), followed by irradiation with self-
ions to create displacement damage. In the past year the 
facility was made fully operational. A number of 
improvements beyond the initial design were made: (1) 
an x-ray analyzer was added to the system for con
tinuous analysis of composition of the ion beam; (2) 
additional devices were added for both continuous and 
intermittent measurement of beam current; and (3) 
modifications were made to allow samples to be 
changed more rapidly. Initial experiments to correlate 
damage in ion-irradiated and neutron-irradiated samples 
are now under way. 

We have also initiated the design of a facility to study 
radiation creep deformation. Approximately 60-MeV 
alpha particles accelerated by the Oak Ridge Iso
chronous Cyclotron will be used to create displacement 
damage as they pass through thin (about 0.125 cm 
thick) uniaxially stressed samples. It is expected that 
displacement rates about a factor of 10 higher than 
those attainable in the Experimental Breeder Reactor II 
core can be achieved. The facility will be used to study 
mechanisms of radiation creep as well as provide 
information on the behavior of engineering alloys. 

8.4.6 Ion Radiation Damage 2 6 

0. S. Oen J. Narayan T. S. Noggle 

The relation of ion damage to equivalent reactor 
neutron damage is dependent on theoretical treatment; 

of the stopping of energetic (MeV) particles in solids. 
The theory is largely untested by experiment, particu
larly with respect to the nuclear component of the 
stopping, which produces the atomic displacements 
responsible for the damage in metals. The present work 
represents initial results of a combined theoretical and 
experinvntal program to relate die predicted and 
observed damage in copper irradiated with 1-MeV 
protons at room temperature. The nascent displacement 
damage was cakm]ated as a function of proton penetra
tion depth, including such factors as straggling of the 
proton beam. Experimental targets were sectioned 
parallel to the range of the ions. The damage was 
observed in the electron microscope as dislocation loop 
structures formed by the clustering of interstitials. 
Measurements of the damage density and the size 
distribution of the loop* ?< functions of distance from 
the surface allow estimates to be made of the number 
of point defects as a function of depth. Experiment and 
theory are in quantitative agreement with respect to the 
range of the protons and in semiquantitative agreement 
with lespect to the damage density as a function of 
penetration depth. This study shows both qualitative 
and quantitative differences between proton and fast-
neutron damage in copper. First, only interstitial-type 
dislocation loops have been detected here, although 
approximately equal numbers of vacancies and inter
stitials are observed in dislocation loops in fast-neutron-
irradiated copper. Second, only about \% of the 
calculated number of displaced atoms is observed in the 
proton irradiation, whereas approximately 5 to 10% of 
the calculated number of displaced atoms is observed in 
the neutron irradiations. 

8.4.7 Low-Temperature Damage Rate Studies 3 7 

R. R. Coltman, Jr. J. K. Redman 
C. E. Klabunde R. E. Reed 

In order to provide a basis for quantitative estimation 
of 14-MeV neutron damage from observations of fission 
neutron or ion damage, a program has been initiated to 
measure the damage production rate in electron, pro
ton, fission-neutron, and 14-MeV-neutron irradiations 
of dilute alloys of vanadium, niobium, and molyb
denum. Changes in electrical resistance will be measured 
during irradiations at 4°K. The program involves the 
cooperation of two other laboratories in this country 

26. Summary of paper published in Proceedings of the 
International Conference on Applications of Ion Beams to 
Metals, Plenum Press, April 1974. 

27. Abstract of paper in Solid State Div. Annu. Prop. Rep.. 
Dec. SI. 1973, ORNL-4952,p. 29. 
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and two in Europe, each providing special irradiation 
U.-ilities. Experimental samples, consisting of 25-jinv 
thick foils of alloys of vanadium, niobium, and molyb
denum containing 0.05 percent zirconium, have been 
prepared, analyzed, and characterized at ORN'L. These 
samples have recently been distributed to the other 
laboratories for damage production experiments. The 
fission-neutron irradiations will be perfoimed in the 
ORNL Low Temperature Irradiation Facility using a 
: 3 5 L : converter especially designed jo operate within a 
superconducting magnet. 

8.5 SURFACE STUDIES 

8.5.1 Remarks on the Theory of 
Fast-Neutron Sputtering18 

M. T. Robinson 

Theoretical estimates of neutron sputtering yields are 
in serious disagreement with experiment, unlike the 
situation with ion sputtering. Possible reasons for the 
discrepancy are sought without success. It is shown that 
chunk ejection by neutrons is not due to single neutron 
events nor to the dynamic interference of cascades. The 
need for more complete experimental data to guide 
development of the theory is emphasized. 

8.5.2 CTR Surface Physics 

L. H. Jenkins M. T. Robinson 
T. S Noggle M.J. Saltmarsh 

Investigations have begun in two areas of surface 
physics of interest in CTR devices. The surprising 
neutron sputtering results obtained recently by 
KJ^linsky''', have prompted us to desmn a neutron 
•.puttering experiment using a neutron beam from 
ORIC. produced by deuteron stripping reactions in 
beryllium or lithium. Neutron spectra have been meas
ured in these targets, and otiier necessary apparatus is 
under construction. Targets of gold and niobium will be 
used. The OKiC source will allow neutron (lux densities 
near l ( ) 1 2 cm : sec"1 and doses greater than I0" s 

an'. both numbers considerably exceeding those used 
heretofore. 2 9 

2R AhsdK't nl paper presented Ji i onfermee <>n Surface 
Kfleets in (•mli'iMci! thermonuclear I usi.m llcvices .mil 
Reactors. Ar.ennnc Njlional Libor.nors. J.inuarv 10 12. I')74 

2'). M Kaminskv .mil S. K Die paper prcscnicd .il ,i 
corf.rence >>n Surf.icc l-ffccl* in Controlled rh«rnii>nuclcjr 
fusion Devices .ind Rcaci<>:\. Ari;onnc Na'ional Ijtwraioi; . 
January 1(1 12. 1974 

Theoretical investigations of the retiev'ion o( low-
energy (about I0 2 eV) hydrogen atoms from metal 
surfaces have begun using the compu;>*- program 
MARLOWE.30 designed for studies involving atomic 
collisions in solids. Calculations to date for copper 
(001) surfaces show the crucial importance of inelas
ticities in the collisions as well as expected crystallo-
jraphic effects. It seems likely that experimental studies 
of inelastic energy losses will be necessary to provide 
normalizations for more extensive calculations. 

8.6 SYSTEM STUDIES 

8.6-1 An Assessment of the Power 
Balance in Fusion Reactors3' 

M. Nozawa D- Steiner 

A general formalism has been developed for analysis 
of the energy balance in fusion reactors. This formalism 
has been applied in a detailed and consistent fashion to 
four current D-T fusion reactor concepts: the laser 
fusion, the mirror fusion, the theta-pineh fusion, and 
the tokamak fusion reactor concept. On the basis of a 
critical examination of the reactor plant subsystems, 
sets of reference parameters were adopted for each 
concept. The requirements for power break-even and 
net power production were then derived for each 
concept using these reference parameters. The sensi
tivity of the power break-even and the net power 
requirements to variations from the reference points 
was examined in detail. We note **•» following points 
with regard to the results of this stuc. 

1. The fusion energy multiplication factor Q. the ratio 
of fusion energy to heating energy absorbed by the 
plasma, appears to be a more fundamental measure 
of fusion power achievement than the Lawson 
number, nr. This is particularly true for pulsed 
systems, where n~ is .i time-averaged quantity. 

2. The power break-even value of Q. Qc. is a measure 
of the inherent energy handling and conversion 
efficiency of the reactor plant. In this seine the 
mirror reactor has relatively high inherent efficiency, 
while the laser fusion reactor has relatively low 
inherent efficiency. When the power nrcak-cven 
requirement is cast in terms of the fractional burnup 
of fuel, the tokamak and thcta-pinch reactor exhibit 

}i> M. I. K«binv>n and I. M. Torcnv Phys Rev rt<197»). m 
press. 

31 Abstract of OR.Nl-TM-4421 [January 1974); to be 
published in Suclrar Fusion 
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I be less! demanding requirements, about I'*' frac
tional burnups. 

3 The ratio of Q to Qc. Y. for a given overall plant 
efficiency, is a measure of the extent to which 
fusion pcrfomiance must be extended beyond the 
power break-even (feasibility) point. In oraer to 
achieve overall plant efficiency to about 40" - at 
modest Q to QK ratios I Y about 3 to 4). it appears to 
be necessary to develop advanced thermal con
version systems with efficiencies approaching MFr. 
With conventional thermal conversion systems letti-
ciency about W). Q UiQc ratios of at least 10 will 
be require J to achieve overall plant efficiencies of 
about 4C ; . 

4. For a given overall plant efficiency, la) the mirror 
reactor requires the lowest value of Q. while the 
laser fusion reactor requires the highest value of Q. 
and ib) the tokamak and theta-pincii reactors 
require the lowest values of fractional burnup. 

5. The theta-pinch reactor requires relatively high 
values of supply energy but relatively low values of 
circulating energy. This behavior is a consequence of 
direct energy recovery by induction. 

0. The sensitivity of the energy handling and conver
sion characteristic. Qc. to variations in subsystem 
efficiencies is a useful measure of cost-benefit with 
respect to fusion technology research and develop
ment. The theta-pinch reacior exhibits high sensi
tivity coefficients that exced those of the other 
reactor concepts by an order of magnitude. 

Future progress in fusion reactor technology as well 
as in plasma physics will yield more detailed and 
accurate informalior. on the fusion plant subsystem and 
operating conditions. This will refine the values of the 
reference paramctds and will allow a more precise 
determination of the power-balance characteristics. The 
basic formalism developed in this study should prove 
useful in future assessment of fusion power require
ments and implications. 

8.6.2 Mechanical Engineering Design Considerations 
for a Tokamak Scientific Feasibility 

Experiment and Plasma Test ReactorJ 2 

A. P. Fraas J.J.Tudor 

A substantial fraction of the cost of both the design 
and the construction of a lusion facility will he 
dependent on the structure of the facility, the auxiliary 
equipment required, and the building in which it is 
installed. This memo is intended to indicate how some 

of these problems might be handled, what the equip
ment might look like, and what its cost might be. The 
effects of a number of different design choices for 
major components are given particular attention. 

8.63 Relations between tbe Major Size and 
Cost Parameters of Tokamaks3 3 

A. P. Fraas 

A sei of preliminary estimates of the effects of torus 
size on major design and cost parameters has been made 
for a series of tokamak reactors with superconducting 
coils for the toroidal field. The three sets considered 
include essentially zero-power scientific feasibility ex
periments, low-power reactor systems for plasma 
physics experiments, and full-scale power reactors. The 
prime concern is with the cost of the superconducting 
magnet coils, but allowances for the blanket and 
magnet shield systems are also included, as well as the 
system for heating the plasma to the ignition tempera
ture. The prime objective was to show trends for major 
parameters, not absolute values for costs. 

The results of the study indicate that the cost of a 
superconducting coil system for the toroidal field 
increases relatively little with torus diameter for a 
scientific feasibility experiment, is quite insensitive to 
torus size for a plasma physics test reactor, and actually 
falls off with increasing size for a full-scale power 
reactor. These effects stem from the reduction in the 
required magnetic field associated with an increase in 
torus size together with the increase in the allowable 
current density in the superconductor material asso
ciated with a reduction in the design value for the 
magnetic field. The results indicate further that, for a 
modest increase in the cost of superconducting magnets 
for the toroidal field, it should be possible to build a 
feasibility experiment so that it can be converted 
readily into a plasrra physics test reactor. 

8.6.4 Conceptual Design of the Blanket and Shield 
Region and Related Systems for a Full-Scale 

Toroidal Fusion Reactor 3 4 

A. P. Fraas 

An effort has been made to delineate the many 
boundary conditions that must be met in the design " f 

a full-scale toroidal fusion reactor power plant, with 
particular emphasis on the problems associated with the 

32. Ahslua ol ORNI TM-4371 (November 1973). 
33. Ahsiracl of ORNL-TM-4081) (January 1974). 
34. Abstract oli ORNL-TM 3096 (May 1973). 
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blanket and magnet shield region. These have included 
provisions for cooling, fue! injection, spent plasma 
scavenging, magnetohydrodynamic pumping power and 
heat transfer problems, reactor safety considerations, 
materials compatibility, fabrication, assembly, mainte
nance, and costs. In short, an effort was made to take 
into account all of the boundary conditions that could 
be envisioned and evolve a well-balanced design with 
reasonable compromises throughout. 

8.6.5 Mechanic*! Stress in the Pressure Vessel of a 
Lithium-Filed Exptoding-PeUet 

Thermonuclear Reactor** 
Lawrence Dresner 

Lubin and Fraas have proposed a thermonuclear 
reactor powered by a laser-ignited pellet of solid 
deuterium-tritium (D-T).36 In their device, fusion 
energy in the form of bursts of x rays, fast neutrons, 
and D-T plasma is captured in a pool of molten lithium 
surrounding the exploding pellet. The molten lithium 
then delivers the fusion energy to a heat engine that 
generates electricity. The nearly instantaneous absorp
tion of bursts of fusion energy in the lithium creates 
outgoing pressure waves which eventually load the wall 
of the pressure vessel. In this report, we estimate the 
maximum strain produced in the vessel by the impact 
of the pressure waves. We also discuss the effect of 
including voids (gas bubbles) in the lithium. 

About three-fourths of the energy yield of the 
thermonuclear reaction is carried off by fast neutrons: 
the remainder is carried off by x rays and plasma 
fragments. The x-ray pulse and the neutron pulse occur 
simultaneously, and the pressure waves to which they 
gi'-e rise overlap. Because we are in a range of strongly 
nonlinear phenomena, we cannot simply add their 
effects. The mathematical difficulties of treating both 
pulses at the same rime are great, and we must perforce 
study them separately. Another reason for studying the 
neutron pulse and the x-ray pulse separately is that the 
physical phenomena involved in the production and 
propagation of the pressure waves are quite different in 
the two cases. 

8.7 TRITIUM HANDLING AND RECOVERY 

8.7.1 Systems Evaluations 

J.S.Watson R. C. Forrester 

During the past year, our engineering evaluations of 
tritium processing techniques and problems have con-

3V Arw»ra«.!of ORN' TM-4050 (July 19''.U 

cent rated on methods for handling the plasma exhaust 
for recycle. Conceptual studies of tritium handling 
systems have been made for near-term plasma physics 
experiments (especially ORMAK F/BX), and the rela
tionship of these systems to those for eventual fusion 
power reactors has been examined. Many of the 
techniques needed for tritium management in the 
physics experiments are similar ^ those needed for 
power reactors, although scaling of equipment to much 
larger sizes will be required for power reac'.ors. Accord
ingly, many of the development programs that support 
the near-term plasma experiments will be applicable to 
ultimate commercial systems. Some real differences do 
exist. Power reactors wiD require isotopic separation of 
protium from tritium and deuterium, while ORMAK 
F/BX. which is expected to have minimal protium 
contamination, will require separation of deuterium and 
tritium. Power reactors (but not ORMAK F/BX) may 
incorporate diverters of as yet unspecified designs. 
However, the basic techniques for tritium recovery will 
apply, with minor alteration, to many possible divertcr 
designs. Major changes in our present tritium processing 
concepts therefore appear unlikely. 

Major process steps required for plasma recycle fror-
a power reactor are: (I) removal of "gases" from the 
reaction zone; (2) removal of heiium, oxygen, nitrogen, 
etc.; and (3) isotopic removal of hydrogen. Cryosorp-
tion pumps appear best for the initial step. The large 
tritium inventory in such pumps and their necessarily 
cyclic operation are disadvantages, but their pumping 
speeds are unlikely to be matched by other pumping 
systems of comparable cost. Sorption on and desorp-
tion from beds of uranium chips will apparently serve 
to separate the hydrogen isotopes from helium, oxygen, 
nitrogen and other volatiles for ORMAK F/BX; 
whereas palladium diffuser membranes may prove 
superior for larger reactor systems. Several demon
strated methods exist for the separation of hydrogen 
from deuterium: these methods could, apparently, be 
applied with moderate cost to the hydrogen-tritium 
separation required for power reactors. Present plans 
for ORMAK F/BX are to feed pure deuterium through 
the injectors into tritium-deuterium mixtures in the 
active plasma region. Therefore the resulting plasma 
exhaust will become enriched in deuterium, and deu
terium removal will be required. For a relatively 
short-term experiment such as ORMAK F/BX (but not. 
of course, for a power reactor), it may prove desirable 
to use separation services availabl' at other AEC sites. 

36. M. J. Luhin and A. P. I r an . "Fmion by laser." Sri. 
Amer 224(A). 21 (June 19711. 
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8.7.2 Experimental Studies 

J.T.Bell 
S. Cantor 
L. M. Ferris 
R. C. Forrester 

H. C. Savage 
F.J.Smith 
R. A. Strehlow 
J.S.Watson 

An experimental study of the sorption of tritium 
from liquid metals (e.g.. potassium or lithium) has been 
made using hydride-forming metals as sorbents. Ex
trapolation of available equilibrium data indicates that 
some metals, especially yttrium, should be effective 
sorbents: however, the usefulness of this technique for 
recovering tritium from blanket or coolant systems 
could be impaired if tenacious oxide films impede or 
block the diffusion of tritium into the sorbent, or if 
repeated tritide cycling limits the sorbent lifetime. Our 
experiments indicate that oxide films form quickly on 
both yttrium and zirconium surfaces and reduce the 
loading rates to values below the level of detection, and 
far below any useful rates. Uranium metal, on the other 
hand, gives rapid uptake, but unfortunately its capacity 
(at a given pressure) for tritium is significantly less than 
that of yttrium or even zirconium. Zirconium samples 
sputter-etched and coated with nickel have also been 
tested. These samples show much higher sorption rates 
than the uncoated metals: the rates are probably limited 
by the permeability of the coating. 

Chemical studies of the reactions of the hydrogen 
isotopes with liquid lithium have included measure
ments of the equilibrium H2 and D2 partial pressures 
above liquid solutions containing LiH or LiD in lithium 
over the 800 to 1000°C range. The results hive shown 
that the square root of H 2 or D2 pressure varies linearly 

with the LiH or LiD mole fraction in the lithium for 
mole fractions up to 0.16. Equations for the Sieverts 
constant as a function of temperature are log Ks = 
4.360 2820/r and log Ks = 3.980 2300/7" for 
hydrogen and deuterium respectively. The experimental 
apparatus has now been assembled for T 2 -Li studies. A 
preliminary mass-spectrographic analysis of the gaseous 
components above a LiH-Li solution indicated that the 
vapor above a lithium blanket will co! tain LiT as well 
asT 2 . 

Oxides on steam generator heat transfer surfaces may 
provide useful impedance to tritium permeation from 
thermonuclear reactors. Completed studies on three 
alloys show that, under controlled conditions, oxides 
can be formed that provide significant impedance to 
permeation. Similar corrosion films may form on these 
alloys (Incoloy 800. type 406 stainless steel, and Croloy 
T9) in a CTR steam generator and serve as barriers to 
tritium permeation into the environment. Studies are 
now under way to measure tritium permeation through 
metals into steam. 

Experimental study of molten salts as CTR blanket or 
coolant fluids has focused on magnetohydrodynamic 
effects in flowing salt streams: these effects have been 
simulated by circulating aqueous solutions with elec
trical conductivities as high as 35/i2-m through mag
netic flux densities to 2.2 T. Observed electromotive 
forces followed Faraday's law for flow through insu
lated pipes, and pressure gradients (head losses) re
sulting from the magnetic field were negligible. A 
critical compilation of thermophysical properties and 
heat-transfer performance of Li2BeF4 (a proposed 
blanket fluid) :s being prepared. 
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