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Abstracts

1. THE ORMAK FROGRAM

1.1 ORMAK Operaticas

The work on ORM 2K can be divided into three major
phases:

1. Preinzection mstallation studies of Ohmically heated
piasmas. Th= data obtained from these expentrents
reinforced ovr conc'usion that the predicated advan-
tages of low 2;5pect ratio were indeed obtained.

2. Injection modification. The device was modified 10
allow for the use of up to four neutral beam
injection systems (two were instailed at the tame of
modification). In addition. the electricai msulation
was upgraded. and the ceramic insulatoss in the
liquid nitrogen system were replaced wit: an im-
proved design.

3. Injection heating experiments. Experinents were
started (and are stiil in process) with supplemental
heating using the 250 kW of installed reutral beam
injection power.

fon and electron temperature measurernents on plas-
mas with an injected neutra’ beam indicate plagna
heating which is in agreemnent with theory for the case
of 2 beam injected parallel 1o the plasma cursent.

Heating has not been -~bserved. Liowever, for an

antiparaliel beam. Expenments are order way which

should help explain this phenomenon.

1.2 ORMAK Planning and Eagineering Group

Two injection heating - sstems were coastructed »nd
mnstalled successfully 01 ORMAKX at midyear. Design
continues on improvements for the second two systems.
A detailed plan for increasing the torcidal magnetic
fieid into the High Field CRMAK experiment was
pronosed for and submitted to the AEC-DCTR. and the
rrview process was started by the end of the year. At
midyear 2 conceptual cesign study was initiated for a
feasibility buming expenment (F/BX). and an intenm

vii

report (reference design verwion 1) was produced after
the end of the vear.

Respongbinty for maor modifications tc  the
ORMAK device and for development of plans for future
devices was formalized dunng the year mto the charter
of the ORMAK Planning and Engeering Group within
the ORMAK Sectior.. The three major :2ities oursued
in this period were preparation for zad installation of
injection hardware. preparation of atamied plans for 2
Yugh-field modification to ORMAK. and the ir.tiatton
f a conceptual design study for a feasibility bumer

2. PLASMA THEORY AND COMPUTATION

This aanual progress report. consisting of very bref
descriptizns of work undertaken during 1973, is in-
tended only tc ndicate areas of active mterest and not
to give a technicaily adequate summay of results. In
many instances. refeience is made {0 more comprehen-
sive descriptions of the research. and in all cases the
principa invesiigator s identified to enable the infer-
ested reader t: seek additional information. The report
is divided ntc five secirons relating respectively to the
tokamak prooam (2.1). the FEMO Bumpy Torus
program (2.2'. the magnetic muror program (termi-
nated in June {973) (2.3). the activities of the Data
Handling Group (2.4). and the recently initiated plagna
engineering program (2.5).

3. HIGH-BETA PLASMAS

ELMO Bumpy Toms (EBT) construction was com-
pleted and operation commenced oi: September 13,
1973. with {our mirror sectors energized. Toroidal feed
of paticle to the high-beta annuli was observed to
uniformiv  ontrel the energy level of the mirror-
confined annuh. data for this are shown. Data from
preluminary observations on the resuliing toroidz
plasma in EBT are also given.

- oy
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1. ENERGETIC PARTICLE INJELTION

v

The paman ¢fTor of the Energetac Partacie Imecnion
Growp has been ahnvaucn and relndie operzisss: of
the ORMAK veam ines. Two nestrai-nmpecizon heating
anits were msrafted on OKMAK. Each urur s canadie of
Jeddvenng up o 100 X% of neutralinected power. Botk
<od gas streamimg ad msmpainly omnpat Jue ic beam
Spenation ire wihin aoeabie innts.

Improvements n gind desigr have sgufiandy m-
sroved the beam powe: sifkrency . Plasma siudies have
2d to the develoomenit of 2 Maslia sokiroe which widl be
2 prototy e f0r an oA source emplovieg 3 [ Ovmdam
extraction grid. an mcrexse of a factor of I over the
present ORMAK cource.

n
E214]

5. ATOMIC CROSS SECTIONS . PLASMA
DIAGNOSTICS . AND THE CONTROLU'ED

FUSION ATOMIC DATA CENTER
110, W2 have

As part of our study of D produs

measured the ot and Qifferential watienag cross
formation when D°. D;". ané D, pass

sectons for D7
:irwgh cesium vapor. The scatiening of D7 rormed by
dosdie elect apture was izss than 0 for 90T
o tanment the N Scatienng from madent DL
i Dy” was much larger and showed strucrure mdica-
tve of election capture into repuisive levels of D, and
Dy Measurements have been compieiad f ihe cross
sections for D™ product on from H;". H,". and HD:®
i .ui on H: gas i the energy range 100 :0 600 keV
Cross sections decreased monctonwaity with energy.
and ‘he negative 1on equiibnum fraction was the same
as that expected tor an egumvaient-veiwify proton
passing through H, To aid i the interpretation of the
heavy-ton preee as 2 plasma diagnosiic technigue. we
have measured the efectron capture and juss -oss
secitons of thaliium and potassium on brams pasung
through H,

In diagnostic deveiopments. the resolution of the
ORMAK perpendicuiar neutral particle spectrometer
has been decreased. resuiting i mncreased counting rates
and better siatistics A paraliel spectromeier has been
constructed and cahibrated Preuminary results obiained
from a typical ORMAK nlasma mdicate that (i) the
parailel iemperature 15 equal to the perpendicuiar
temperature. (2) the energy speciium of inpected
neutrals shows a hroad spectrum peaking between 8 and
14 keV. {3) wanning across the honizonial plane of
ORMAK 1indicated a flat density profile for the Max-
wellian plastna During the vear. improvements have
been made on the pyroelectn: bolometer which is to be
used 1o medsure energy How from the ORMAK plasma.

TG
3
H

B

i
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6. MAGNETICS AND SUPERCONDUCTIVITY

The 2fforts of the Magnetios and Supersonducinii

roap have been im 5ppotl of Joth 1he present ~agrma
ohsecs progratas @ the dnurom and e planning of
sre prograEns. For the present programs 2 varels of
amahvtoy studees of magnei designs. inc.uding ema
srfomuance and Geld szheizions, have bern com-
pleied. A ressstancevptimuzed SORG oo for ORMAK
with orcuiar bore 2.d cecimguisr exiernz shade has
beer: zbnaaied from machined Jopper piate 2w
ready for viuum rotimg wuh 2poxy . Proof iesting of
s cou s plamned for the conung vear The cods for
the ELMO Bumpy Torus have been compieted 2 4
placed i service atter extensive performance and safets
tests showed that openation 21 307 above deiign
current would be nermissibie. Freid errors are very low
(15 x 107" umes the unperturbed aval fieldr as
required for the expermenid progran

Isvesugzton of planmum underiavers for goid-oated
stainless steel 1o reduce migration of substrate constite-
ents was compleiad. 2nd this double-aver technijue
was used ic coat 2 new imer jor ORMAK. Numeious
dragrostic compunents were aise cozied for ORMAK. A
LLogam 1o sysiemaikaliy investigate refractons metal
cdatmng for future sladma physics expenmenis has been
started. The {irst maternais of convern are vanadrum and
nobiwim.

The iG6-kG. 7 S<m-bore NbEySn superconducting
magriet wzs damaeed by internai arcing dunng Guench
discharges an2 has beer rewound on 2 newly designed
spoot 1o prevent simular damage in the future A 150G
ND;Sa magnet has been designed for the Physws
Dw.sion and maienals ordered Yor coastruction early
uwext vear. The major thrust of the supercanductmity
program has beer: toward large cods required for future
torordal confinement devices. Conceptual and feasi-
buity designs are bemg prepared for the feaubiinty
burming expermental device proposais.

7. CRYOGENIC DIELECTRIC MEASUREMENTS

A literature search has established the hmitations of
existing data on the dielectnc strength of cryogenic
Iiquids and gases A program 1o exterd the data with
statistically evaluated measurements has started. with
imtal resafts confirming and extending the existing
datz in the literature. These early measurements are
confined 1) intermediate uc voltages up to 130 kV. but
extensions to 80 kV ac and subsequently to 600 kV d..
700 kV ac. and 1700 k' impulse are planned



The conducror matenals programs 2 the Metals and
Ceramrsss Division proceeded 1o muial characienzation
bt are on stzadby doe to vk of funds for FY (973

One paper was presested 2t the Annua NASN\RC
Daclecines and Insataizon Conference.

§_ FUSION REACTOR TECHNOLO(.Y

Dunng the pasi vear the fugon reaior lechin sy
stedess have indizded the tollowmng areas of mvesizga-

on. 1} magnetohv drady ram effects in fuson rea-
10r blaakets. (2) matenals compaimunty studzes. ¢3)
neutronks. (4) radaiion damage studies. (3) surfae
studies. 161 system studies. and (7) intum handimg ang
Fescwen: .



e

1. The ORMAK Program

_Bates' G.R Dyer
; P.H. Edmonds

Cokhm G R Haste
G. A Culton R E Hilt?
J.S. Cae® GG Kelley
S. M. GeCarp N H Lazar
J. L. Duniap

1.1 OHMICALLY HEATED £ XPERIMENTS

1.1.1 lon Temperatures m ORMAK
fmnDoppium’

J R McNailv. Ji. R V. Newigh

Rapd scannmg specirometrc techniques have per-
matted the Gsterrmapation Of of iemperatures in
ORMAK (Ozk Ridge tokamak) » : function of tme
dunng the lrecharge pulse (2- ORMAK rlssma curzents
ap o 130 kA. Emission spectra of hydrogen atoms are
Coppler broadened mn the hne wings. characterisii of
ihe mstial proton motions pnor o charge exchange. and
mve on Clemperatures” generally less thar k7. ~ 300
eV. Impunty spectre of C 1l and O V. as well as the
spectra of ki 1T helum discharges. fead to somewhat
hotier ton remperatures ranging up o 2 maxumum cf
kT. ~"00 eV

1.1.2 lon Eaergy Cortamnment in the
Oak Ridge Tokamak*

L A Berry J F Clarke
J T.Hogan

The ORMAK (Oak Ridge tokanuk) expeniment pves
the first extenave measuremen: of 1on transpcrt in 2
cnilisionless plasma We fiad 2 transition from neutral
domnation to a thermal-conduction himut as the ratio
of central electron density to central neutral density
vanes by an order of magnitude. The results agree watl
neoclassical predictions of on thermal transport
throughout the whole range.

S.0. Lews? R V. Nedign
D.C. Lousteas® T. F. Ravbum
J.F.Lyvos W_J Resmond
L A Massengiil R. G. Remhardt
J. R McNally IJr. Michae! Robert;
V.1 Meece 1.D. Rvlarder®
Masnor Munkanr W R Wing

1.13 Thomsca Scattermg Messsrements
m ORMAK®

M Muraiame W.R Wiy
P. H. Edmonds

Measurements have been —mde of ciectron tem-
peratures in the Ozk Ridge ~kamak. ORMAK. using
Tremson-scattered ght from 2 Qawitched ruby laser.
The mwasurements described here were made dunng the
prng of 1973, The measured electron temperature
ranges frem 0.20 keV ic 1.2 keV for zverage electron
densiires of 1 ¥ 10'2 to 3% 1072 om 7). The raduai
section iemperaiure grofiles otserved in :fable dis-
charges are broad (fiat over about hJf the himaier
radius). while & tendency toward sharpened profiles
appears when the dis. harges Secome unstable at icw
safety ‘acisr. In these measurerents. Sy (plasma ket
pressure. polordal magnetic field pressure) is cbserved to
vary s n, /. and the remstivity enhancement or
ancmaly facior (expenimental resistimty ‘Spitzer resis-
tuvitys as [, at constant current. An empinca
expresston fcr :he energy confinement time s dis-
cussed.

1 instrumentation and Controls Dywiann

2. Genera! Fagneenng Drvismn.

Y} Abstract of paper 1n Nucl Funion 13.919(197 1

4  Absiract of paper in Phis Rev 211 32,36 (11974)

§ Abstract of papvr accepted for pudiication by Nuclex
Fugnor.
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1.1.4 The Hot lon Distribution

Function in ORMAKS®
J.F.Clarke R. V. Neidigh
D.J.Sigmar”  J.R. M:Nally. Jr.

It one adds to the neoclassical theory of plasma
transport in axisymmetric tcroidal confinement sys-
tems, the effect of a frictional drag due to charge
exchange. then the nositive charge acquired by the
plasma during iuitial breakdown should lead to a
poloidal retation in the collisional early stages of the
discharge. The theory indicates that the pcloidal rota-
tion should be damped by chargeexchange triction
with an e-folding time approximately egual to the
chargeexchange lifetime. A distertion m the distribe-
tion of hot ions. dependent upon £ effeciive and the
ion temperature gradient, is observed as a tormdal
plasma fTow and becemes the evuilibrium condition for
1ons ir 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 M. Murakami

G. R. Haste R. V. Neidigh
G G.Kelley  J.E. Simpkins
J.F.Lyon W. R. ¥ing

ORMAK is a diftuse toroida. pinch with typical

plasma currents of 100 KA. elec'ron temperatures f

R00 eV, and ior temperatures of 300 eV. The walls of
the plasma region are made of stainless steel coated
with an intermediate laver of platinum 0.05 u thick and
an outer i- te 2 lever of golu. Tests with an fon
mcroprobe mass analyzer have shown that the plati-
num acts to decrease diffusion of impurities from the
stainless steel to the surtace. Gold was chosen to inhibit
the surface chemical adsorption of gases. Studies with a
movable limiter lead us to believe that electron energy
1s lost at the plasma cdge 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, 'ine radiation, and. in addition,
hremsstrahlung ® rays. The flux of energetic neutrals is

6. Ahsiract of paper submitted to Phivsical Review Lettrrs.

7. Consulbuant, Massachusetts Institute of Technology, Cam-
bridge, Mass,

K. Abstract of paper to be pubhished in the proceedings of the
Conterence on Surface Frtects in Controlled Thermonuclear

Fusion Devices and Reactors, in g ~peaial issue of the Journal of

Nuclear Materals.

1]
[
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measur :d by a charge-exchange analyzer. Wall bombard-
ment by such neutrals should cause sputteriny. and gold
has been observed spectroscopically nzar the himiter.
increasing with time dvring a shot. However, analysis of
impurities coated or a window by the discharge
indicated vary little gold sputtering and redeposition.
To measure tie spittering rate, a wall sample was
coaied with 105 A ot 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 carbcn
contamination of the sample prevents us from any fin.l
concinsions.

1.1.6 Modification of Thomsen
Scattering Measurements

Following two years of serial redesign ind replace-
meni of components in the original Thomson scattering
system provided by the University of Rochester. that
system has been replaced completely. The original
system, together with its problems, is descrited in
ORNL-TM-4354. The system has been replaced by
“SCAT-PAK,” a single-unit Thomson scaiter'ng package
carefully designed to provide maximum sigral and
signal-to-noise ratio.’ The improvement has been dra-
matic, a factor of more than 10 increase in available
photons and a similar decrease in stray faser light and
background plasma Jight. Simultaneously, the laser
access has been redesigned to piovide six radial laser
measurement points instead o three. Lastly, a com-
puter interface for data acquizition has been imple-
mented.!” [t reads (digitizes and storzs) the laser
power, as well as all channels of scattered light and
plasma background light for eacih of up to four laser
pulses. The interface operates completely in parallel
with tlie oscillosccpes used for monitoring the system
performance and in a0 way perturbs the data signals.

Three e::amples of data obtained using this system are
presented betow toillustrate the range of questions that
are being attack>d with the more detailed and statisti-
cally significant dat» “"SCAT-PAK" gives us

9. 5. S Culver na M. Muiakami, “'Mechanical and Optical
Coupling of a Thomson Scattering Laser T, Measurement to the
ORMAK Machinc.” to be published in the Proceedings of the
Fifth Symposium on Engincering Problems of Fusion Reseaich,
Princeten Hniversity, Princeton, NoJ., Noveinber 5 -9, 1973,

{0, G. R. Dyer and M. Murakaini, “A Low Noise Data
Colleciton System for the Thomson Scattering Apparatus on
ORMARK.” to be published in the Proceedings of the Fifth
Symposium on Ekagineering Problems of Fusion Research,
Princeton University, Princeton, N.J., November 5 9, 1973,
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In Fig. 1.1, profiles obtained on the *new™ and “old™
Thomsor: scattering systems are compared. Although
plasma conditions are difterent. the reduced scatter in
the iemperature data is substantially due to the
improved equipment. In addition. we can now measure
the relative electron density picfile because the sensi-
tivity of the system is constant for all spatial points.
Tae discharge: from which Fig. 1.1B was mace.
‘ncidentallv, hive oue of the low.:t resistance anom-
alies (referred to the Spitzer reastance) we have
measured. Assuming full current penetration, we find
R/Rspicrer = 2.3. This is equiralent to a plasma with a
uniform effective charge (Z.¢¢) of 3.1.

The initial conditions for the discharges from which
the data in rig. 1.2 were obtained differ only in initial
nydrogen gas filling pressure. For corvenience we c¢.'l
the narrow, higher density discharge a type A discharge
and the broader, lower filling pressure density dis-
charges a type B. The most characteristic signzture of a
given type of discharge is the magnitude of the helical
perturbation in its toroidal current. A type A discharge
has a perturbation (Ep/Bp) = 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 roiating helical
structure are detected by small magnetic pickup loops.
One such loop gives us an estimate of the magnitude of
the perturbation, while additional loops which are
distributed around minor and major circumferences of

T THOMSTY STATTERING
NG 2526-2551
fo: 118 A, 23 3y
5+ =180

.
A, Tt e

-3

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 = | mode. The top trace in Fig. 1.3 is a fully
developed disturbance (here 2n n = 2 mode but
occasionally an n = 3) which is characteristic of a type
A discnarge. and the bottcm trace is a weak, higher
order mode which is typical <f a type B.

Using the profiles at 1 = 33 msec and the measured
input power we can construct the follcwing tzble:

Type dp R RSp Zeyf g (msec)
A 0.35 36 45 43
B 0.29 53 2 28

In this tahle, 7g is average plasma energy lifetime and
Bp the rc.io of plasma pressure to poloidal magnetic
field pressure. The trend of larger 3. lower R Rg,,. 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 mode! has
been proposed to explain similar behavior on the T-%
experimeat.!' It invoives impurity transport due to
current fluctuations in discharges similar to our type A.

11. V. A. Vershkov et al.. “‘Plasma Behavior with Large
Discharge Currents in Tokamak-4.” Matt-TRANS-112 (IAE-
2291), Princeton Univ., Princeton, N.J.
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Fig. 1.1. Discharge profiles. The closed circics (T,) represent individual experimentai points. The open circles (n1,) are an average.
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Fig. 1.2. Comparison »f efectron temperature end dengity profiles for s type A and s type B discharge. The solid (type A) and
dashed (tyre B) arrows indicate the position of the discharge center as meamred by a set of in-out loops. In both cases the plasma
voltage drive was taken to zero at ¢ = 60 insec.



TYPE A

TYPE B

-

10 msec

wn

A e e e e S R T e T AT Y T Y S

PHOTO 1930- 74

Bp SIGNAL

DISCHARGE CURRENT

Bp SIGNAL

DISCHARGE CURRENT

Fig 1.3. Extremes of MHD (poloidal field fluctuation) behavior. The upper traces in ~ack photo are signals obtained from a

small pickup {oop near the discharge measuring B,

It is apparsnt 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 predictad piasma
characteristics.

1.2 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 timc have been
previously presented.!"'* In this section a plasma
neutral beam heating calculation will be discussed and

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 Engneering
Problems of Fusion Research. Princeton University, Princeton,
N.J., November 5-9,1973.

13. D. C. Lousteau et al., “Mechanical Interfacing th= t¥igh
Puwer Neutra) 'njecticn Heaters to ORMAK,” to be publisted
in the Proceedings of the Fifth Symposium on Engineering
Problems of Fusion Research, Princeton Universty, Princeton,
N.J., November 5--9, 1973, ‘

14. S. M. DeCamp and J. D. Ryland2r, ‘“Development,
Fabrication and Assembly of a Thin Wall, Low 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.J., November 5-9. 1973. .

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 AT, Due to
Injection Hesting

A computer code has been written which combines
various elements of injection heating theory developed
previously ! *'7 Assumirg that the temperature rise
due to beam heating can be treated as a perturbation,
one can write the proportions

8T 2 Puj,i

T 3 P.i

AT, _Pigj, e * Vs Pinj. s

Te POH“Pe-i

where P,p; , and ij. i are the injection heating powers
going to the electrons and ions, Poy is the power input

15. R. J. Colchin, J. D. Callen, S. Matsuda, and J. A. Rome,
Budl. Amer. Phys. Soc. 18(10), 1271.

16. 1. A. Rome, ). D. Callen, and 1. F. Qarke, ORNL-TM-
4332,

17. 1. D. Gailen, J. F. Qarke, and J. A. Rome, paper E-14 3t
the Third International Symposium on Toroidal Plasma Con-
finement, Garching, Germany, March 26 -30, 1974,
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rrom Ohmic heating. and 7, , 15 the power transterred
from electren: o ions by collisions. The ¥ propor-
oty constant in the tirst equation anses from the
tact that wns. heated by the beam. pass some of this
:uded enecgy slong to the eiectrons. This erergy shows
apas ¥y Py, ; in the sevond equarion.

The power inputs to the electrons and ions via beam
beating (Prp; . and Py, ) are complicated functions of
the injection geomeiry.” * the slowing-dean time. ard

e chargs ~x. hange iuss time. Using electron heating as
an example.

3 Pa(l' )
Pm!_r =
A

\(I Hir. ENGur E)y 2nrdr
where a is the radius of the plasma and Pg(£;) is the
input beam heating power at eneigy £,. There are three
energy components in the beam resuiting trom the
aceeleration of H* and the breakur of H," and Hy'
molecules. The function H(r. E}) contains geometry
parameters. The beam is assumed fo have a racius of 6
cm and a {measured) cucrent profile of the form

{= Ioe—r,,'lb.67 .

where rs is the local beam radius in centimeters. H(r,
F;) also includes the effects of beam attenuation and
trapping. The function G.(r. E;) gives the fraction of
the power imparted to the electrons in the face of
vharge-exchange losses. In both H(r, £;) and G.(r, E;).
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 '?
The quantity P, is given by

k ad
b= -‘t’f"r("ﬂ T')dlf
‘e
where 7¢ is the slowing-down 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
T.(ry. Tiry. and r(r). A precise comparison with
experiment requires a knowledge of n,. Although our
charge-exchange neutral measurements allow an esti-
mate ¢f ihe neutral density, it is sufficient here to note
that AT; decreases as n,. increases for fixed ng. The

V&, Thermonucleer (v, Annu. Progr. Rep. Dec. 31, 1970,
ORNIL4688, p. 56, scct. 34.2.

‘"
‘l' ‘
« ,

dominani r2ason for this scaling is that at the higher
clectron densities there is less beam power per iwon.
Adadiricnally . we see that for ng in the mid 10® om™?
fange (about what we expect)® an ion temperature
increase of 25 to 307 would be expected for the lower
value of n,.

122 lon Heating

The time-ressnved ion temperatures shown in Fig. [.o
are typical of the ion heating we have observed due to
neutral beam inject:on. 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. fon

SIS -2WS Ca-GTer

226 .
t
TON H

>3 —
= Lo
. A T
< SooLi
. 83 SERE!
g A e
: o o
- COJECTCN !
S 6 I - - .
87 COUNTER INJECTION :
i i
w L \ _
108 2 5 10? 2 ) 10'0

LTAREY Bet-M
A fem™ 3

Fig. 1.4. Caiculated electron and ion heating a3 . function of
the central neutral dmnty The parameters u:z~1 were n,(0) = 2
x 10'3 electrons/em®, T,(0) = 750 eV, T;(0) = 250 V.1,
i200kA, V=3V. and lOO—lrW beam injection power.

CRNL-DWG 74-§742

2GC —

—8 Ty CONJECTON |
SOUNTER INJECTION

3 o
4

K i
N H
q X
« 30 ;
=] :
- 1
: 4
N v
2

~
O

T AT TONIECT.ON

;
AT COUMTER INJEC TN \
0 b : b s e - .

0 2 5 “? 2 5 +5'0

‘Vq tem Y

Fig. 1.5. Calculated electron and ion heating 135 a function of
the cenml neutral dengity. The parameters :ised were n (0) =
£ 10" T,(0) = 750 eV, T1(0) =250 eV. [, = 120 kA, V = 3 v,
and lOD-kW beam injected power.



temperatures with and without injection (the coinjector
only) are lotted a: 2 function of the aerage electror
line density in Fig. 1...

We infer from the data presented in the two previous
figues that

I. the coinjected (parallel 1o the plasma current) beam
effects an ion temperature increase of from 10 to
40%, which saturates in 10 to 20 msec,

2. no further heating is ohserved 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 instigatcd by this
beam,

4. the general decrease of AT; as n, increases agrees
with the trend predicted in Sect. 1.2.1.
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Fig. 1.6. lon temperatures for different injection heating
configurations. The plasma current was held flat from ¢ = 20 to
60 msec, and the injection time was from ¢ = 25 to 65 msec.
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1.2.3 Electron Heating

Electron heating due to neutral beam injectior has
also been observed. The datz are nce simply inter-
pretable because in addition to th: eiectron tempera-
ture increase there is a density increase, 2s seen in Fig.
1.8. The situation is even moie compiicated for a2 type
B discharge (Fig. 1.9) because even though the central
electron temperature hes increased. the profile has
narrowed and the aversge temperature has actually
dropped. The large in:reast in deasity more than
compersates for this dicp. however, and we find that
Bp has actually increas:d. The results are summarized in
Table 1.1 for ¢ = 48 mse:.
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Table 1.1. Electron heating due to neutral beam: injection
and Ohmic heating

Discharge Injector Ohmic agp a7, AT.0 an, Aneo
type power power ap 5— T— T e .
(kW) (kW) P e 0 e 0
A 0 270 0.26
A 100 250 0.29 0.12 0.27 0.1 0.10 0.18
B 0 340 0.26
B 100 320 0.13 0.27 -0.02 0.37 0.23 0.59

atath b
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s
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It 15 obvious that the perturbation-type analysis used
in Sect. 1.2.1 is not immediately applicable. bevause no
allowance has been made for allowing the _eam to
selfvonsistently modify the plasma profiles. The ovenll
magnitude of the clectron effects whnh we see is.
however. st the 10 to 207 level which this incomplete
theory predic's (Figs. | 4 and 1.3).

1.3 ORMAK PLANNING AND

ENGINEERING GROUP
D.D. Cannon® D. C. Lousteau?®
W._ Halchin? D. G. McAlees?!
P.N. Haubenreich'® R McCarrell?
R. E. Hil? M. Roberts
M. H. Kunselman? J. D. Rylander?
A Lege'® L. M. Vinyard?
S. 0. Lewis® D. R. Wallace?
R.S. Lord?®

The cngincering associated with te translation of the
idea of injection heating into usable hardware centered
about the contrul. 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 abhreviated testing program conducted in vacuum at
liquid nitrogen temperature that did bring to light 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 diagnosiic 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 tive main
vacuum tank system will be separately pumped. This
separation in topology will permit access without
disturbing the main tank vacuum.

The idea of increasing the toroidai 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 coil but not at the center constriction

19. Reactor Dvivon.
20, Phyacs Division.
21. Onleave from the Univeraty of Wiwonun, Madison.

i0

'y

regon gave nse o 2 scenano in which the existing
generators coukd be used to drive the asymmeinic cotl to
30 kG. Further study revealed an alternate approach
woukd be preierable. namely. develop a higher voltage.
large 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 Preliminacy Proposal 564) for
coasideration by AEC-DCTR at the end of the year.

Evaluation by AEC-DCTR of the increasing level of
confidence in the p-ogress in confinement experiments
and expected results in heating experments led to the
mitiaticn of 2 study 1med at filling in the basic
framework of SCORE - a feasibility D-T buming
device conceived last year. At midyear. an emght-man-
year effort was undertaken (ORNL-TM-4342) 10 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 project aimed at fzasibility and buraing
experiments (F/BX). By year's end a core of people had
been trained and had produced a2 comprehensive first-
drafi coverage of a version | refercnce 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 ard a first lcok 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 - circuler plasma.
circular toroidal field coils. an ironcore 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 2 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 1. The estimate of the size required tv
demonstrate power hreak-even with a D-T plasma is
based on the cautious assumption that high losscs
associated with trapped ion effects will be encountered
before the desired plasma conditions are reached. Other
assumptions are that in the feasibility experiments the
stahility factor, g(A), must not be less than 4 and rhat
the maximum toroidal field (at the coil) will be limited
to 75 kG. A “hest guess™ (neither particularly conserva-
tive nor especially optimistic) was used in the very
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mmporiant but highly unvertain 2:¢2 of plasr: copurn-
ties. {We assumed that impunties would be ¢ juivalent
10 Zesr = 20) These design bases and decisic ss led to
I2rge plzerms o the order of 1.9 m ronor redius nd
565 m mayor radius. A shield arou: d 60 ¢m thkk
would be required. On this basis we seected 55 m as
the bore diameter of the torowdal neld coils for
reference design version 1.

Conservatisin in physics specifications inevitably im-
pased unprecedented demands on technology . One such
area i< pla.na heating, where 8 to 15 MW must be
deliv2red inito 1 e large plasims. Another is the toroidal
field coils. which are of unprecedented size. For the
burning experiments 2 long pulse is desirable. and the
reference design requires that the equipment be capable
of 1naintaining the fields and plasma current for 100 sec
(assuming that plasma losses will tum out to permit a
pulse this fong).

Consideration of the unusual requirements on the
torcidal field coils led to the decision to use in the
F/BX reference design NbTi in ihe form of multiple
filaments embedded in a rectangular matrix of copper
or aluminum: the operating temperature. current den-
sity. and magnetic field iniensity are limited so that the
NETi operates in the superconducting mode. Material of
this type has already heen developed. and there is every
reason to expect that st.rdy coils meeting F/BX
requirentents can ve successfully developed and fabri-
cated. The decision to go this way in the reference
design s basically a judgment that the chances of timely
development and constructicn and reliable operation of
F/BX are better with toroidal field coils of this matenal
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 tn
present a more expensive option.

In a number of critical physics areas. such as impurity
control involving the magnetic limiter and liner wall,
and lasge 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 he unproved as yet.

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

1l
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way or suggesieq. iavolve lengthy progressions of
technologcal mvestgation requiring intersive. creative
work but do not depend upon athievement of any
fundamental advances or breakthroughs.

As a resuit of the ugh cost mvolved with the large
device tnphied by reterence design version 1. the design
study empuasis was relocused at years end on a
scrnewhat less conservative approach to somewhat
lessei goals. This new referene design version 2 would
be atmed at power hreak-even in D-T including beam-
plasma interactions in addition to the less conservative
parameters.

1.4 FUSION DYNAMICS OF LOSSY

REACTOR SYSTEMS
J.Rand McNally Jr.  J. F.Tarke
R.D. Sharp?? R. H. Fowler??

Nuclear fusion reactivity caiculations have heen made
of various types of magnetically confined lossy reactor
systemns after the method of Etzweiler. Clarke. and
Fowler.2? Radiation-dominated D-T. D-D. D->He. and
D-® Li fueled plasmas reveal a positive reactivity above 5
keV. 50 keV. 50 keV. and 90 keV. respectively, in large
jeactor systems (@ = 5 m) at densities of about 10'*
electrons/cm® and higher 2*

Beaim-plasma reactions in a pulsed-mode F/BX device
(@=175m R=600m. V" ~363m>. By =46 kG. /I, =
310MA. Zegr = V. Pyny = 8 MW 41 180 keV D% into a
DT or T plasma, T, ~ 1.5 keV. n,q = 554X 10'?
m?. 7, € 10'? H®/m?) utilizing 1rapped-particledoss-
dominated.25-28 radiation-damped conditions lead to
about a 2077 increase in plasma reactivity in the case
150-keV D® = D-T vs H® -+ D-T.

Large reactor systems (2 = 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 £, is greater than
shout % 1T, + T_). Since energy conduction and

22. Computer Sciences Division.

23. J. F. Euzweiler. J. ¥. Qarke, and R. H. Fowler, USAEC
report ORNL4083 (19713).

24. J. R. McNally, Jr., R. D. Sharp. R. H. Fowler, and J. .
(larke, “Reactivity of (losed Fusion Reactor Systems for
Advanced Fuels,” submitted 1o 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. 0. Dean, 3 D. Callen, J. ¥. Clarke, H. P. Furth, T.
Ohkawa, and P. Rutherford, Sratus and Objectivec of Tokamak
Systeris for Fusion Research, USAEC report WASH-1295, to
be published.
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particle diffusion losses are ahout equal. ¥ is approxs-
mately 2. Plasma “blowout™ s caused by the deposition
of too much net power (P, t Pixj — Pg) i the plasma
from alpha particles and injection beam compared to
the radiation power. This mcreased power depositior
tends to drive the temperature up, but since the trapoed
jon losses increase as 7,7-5. the plagna density de-
creases drastically (see Fig. 1.10). Injection of 300-keV
D° and T° at 74 kW/m> into a 1.5keV D-T plasma
leads to plasma igniticn at T ~ S keV after 2 sec of
injection and then a positive reactivity (temperature
and power excursion) for 3 sec. As T, approaches 20
keV the plasna “blows out™ during the next 5 or more
seconds to a very low-density, high-temperature tegime
until equilibrium is established at

- 3
Eo= 3 NT, + To) - APy - Pe).
d €
Here, P, is the alpha power density producesd from the

D-T reaction, Pg is the radiation power density, and 7 is
the particle loss time, which is proportional to 7,-3-5.

Alternatively if Ey s lowered 10 Eg”" = 10 keV after
gnition, a steady-state tokamak or orthogonal toka-
mak?” 5 possible with Q' = Poy/P.q ~ 70. Charge-
exchange losses will decrease this value of Q'; however,
tailoring of the plawny density profile will reduce the
trapped ion losses and thus may permnit some increase
of charge-exchange losses. The use of injection energies
wnich are ipprogriately lower than that used here for
ignition of the plasma (300 keV) will produce a
flatteninz of the density profile as a result of the
reduced penetration of the erergetic neutra - into the
plasma — this decreases the irapped ion lasses, which
vary as [(1/nXdn/dr)}* according to Kadomtsev and
Pogutse.>® An injection enzrgy of 50—100 keV would
give quite good peaetration for fueling, reduce the
density gradients, and even eliminate the severity of the
“blowout™ in the absence of any reduced density
gradieat — for 100 keV, Q = 3.8, and for 50 keV, Q=
9.7

27. 1. R. McNsily, Ji., Proc. Paris IAEA Symposem, Nuclesr
Dats in Science and Technology. ot 2,p. 41, 1973.
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2. Plasma Theory and Computation

2.1. PLASMA CONFINEMENT AND
HEATING IN TOKAMAKS

2.1.1 Impurity Effects on Tokamek Discharges

2.1.1.1 Radition. 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 Resistsnce anomaly. £E. C. Crume has ana-
lyzed publirhed data on tokamak discharges in hydro-
gen using various impurity models (with and without
neoclassical modificatioas 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
umpurity ionization states are calculated in various ways

1. Computer Sciences Division.

2. Present address: Massachusetis Institute of Technology.
Cambridge.

3. Formerly of Target Plasma Group, now ir ORMAK Group.

4. Present address: Plasma Physics Laboratory, Princeton
Universily, Princeton, N.J.

5. Present address: University of Arizona, Tucson.

6. On leave from University of Wisconsin, Madisoa.

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.
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including those mentioned in Sect. 2.1.1.1 under
various 2ssumptions 2s to the prior electron tempera-
ture and densitv. Resistance anomalies range from 2.3
to 10, relative to Spitzer. and 18 to 6, relative to
reoclassicai. Although different impurity models yield
results which differ considerably in detail (and in some
coniclusions). there are some ge ieral similarities: (1) If
only low-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 collisiona! throughout the discharge. (3) Models
in which the impurity concentrations are peaked near
the center of the discharge can yield g (safety factor)
profiles predicted to be MHD unstable, in keeping with
recent explanations of observations made on tokamak
T4.

2.1.2 Neutral Injection Heating in ORMAK

2.1.2.1 Neutral-beam injection into a tokamak: Part
1: fast-jon spatial distribution for tangential injection’ °
(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 ave calculated and
discussed in detail. Maximum beam absorption for a
parabolic density profile is shown to occur for injection

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




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 inyection trajectory. ths is not an imporiant
optimization. Since the drift orbit surface area over
which the fast tons are disributed is roughly propor-
tional to the distance from the magretic axis. the
fastion 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 etfect is strong enough
to overrome the =xponential beam attentuation and
cause the fast-ion densi'~ and consequent beam energy
denesition to be peaked at the plasma center as fong as
Xo 2 ald. Charge exchange can deplete the fast-ion
populatior. 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 effectivens<c ' heating.

2.1.2.2 The power trendfered to phasma ions and
electrons from injected ions. J. D. Callen and J. A.
Rome have improved upen 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 displaye in Fig. 2.1, which shows the
fractional powers G, and G, as functions of the initial
energy o relative to the energy E_.. 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 E_.. have no significant effect on this
calculation.

2.1.23 Plasma heating induced by neutral beam
mjection. 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
estimaiing the other plasma perturbations'' (current,
momentum, and densiy) produced by neutral beam
injection. These calculations were illustrated for a
particuiar 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

1t. J. D. Callen, J. ¥. Ciarke, and J. A. Rome, paper E-14
presented at the Third Int. Symp. on Toroidal Plaima Confine-
ment, March 26 30, 1973, Garching, Germany.
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Fig. 2.1. Fraction of fast ion energy transferred to plasma
ions (G,) and electrons (G, in the presence of chasge-exchange
aeutnls.

with a FokkerPlanck collision term using a multiple
time scale analysis. If the fast-ion speed. v, . is much
greater than the plasma-ion thermal speed. v;. but much
less than the electron thermal speed. v, /v, € v, <€v,).
the appropiiate Rosentiuth potentials may be ex-
panded in an asymptotic series and the resulting kineiic
equation averaged over the quasi-periodic hounce or-
bits. giving a complicated but tractable equation for
of (v, $)or. Here ¢ = (vy/v)g-o is a convenient
pitch-angle variable. This averaged Fokker-Planck equa-
tion has been solved analytically in limiting cases with
v, ® v, 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 imial
conditions chosen to model experiments in ORMAK.
Typical results at two different levels of impurity
concentration. > = 1 and 10, are shown in Fig. 2.2.
The addition of high-Z impurities greatly enhances the
pitch-angle scatiering. even if £ » £ .

2.1.3 Diagnostic Application of Neuiral Beams

J. A. Rome (in collaboration with H. W. Eubank, of
Princeton) and G. E. Gusst 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
fimiter. The edge of the region of contained ions can be
measured by a tangen.ial charge-exchange analyzer.
Using conservation of canonical angular momentum,
the poloidal flux profile can he obtained, and from this
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the pol~idal 5 field and heating current profiles can be
easily calculated. Guest’s technique utilizes the so<alled
stagriation: orbit, that is. the guidingenter drift orbit
which remains in the equatorial plane. Particles in the
stagnation orbit satisfy a relation ¢ B,(r,) = Mv, /R, so
that a measurement of the energy of such a particle
determine: the puloidal magnetic fieid at that point.
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2.1.4 Two-Dimensional Tokamak Equilibria

R. A. Dory and R. H. Fowler have extended earlier
work on two-dimensional. ideai MHD equiiibna to
inclrde various elerments of current interest, utilizing
the extensive data on pressure profiles from ORMAK to
rarrow the range of parameters. For CRMAK (with
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Fig. 2.2. Temporal development of the fast-in diszribution function for cainjection with </ = |, 10,



circular cross section) they have studied perturbaticrs
of the magnetic flux surfaces caused by the vertical
field coils, finding possibly significani effects as shown
ir Fig. 2.3. More generally they have examined equi-
libria with noncircular cross sections, ranging contin-
uously from elliptical to D-shaped. Together w.*h C. O.
Beasley and G. E. Guest. Dory and Fowler have studied
the guiding-center drift motions of trapped particles
with special emphasis on the < ibility of collisionless
trapped-particie modes. Ir interesting regimes (e.g.. high
Ppotordat)- Plasma diamagnetism is partially successful
in providing favorable drifts to stabilize the collisionless
trapped-ion modes and mitigate the dissipative trapped-
ion modes. It is found, however, that the observed drift
speeds. while in the stable sense for most of the plasima
volume. are smal' 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 techniyue for solvirg
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 cof the fluid
motions. but treatmeat of realistic boundarics s
proved difficult. In related aaalyses. D. B. Nelson has
obtained a simple one-dimensional reduction of the
tliree-dimensional variational principle result for 4W.
The technique gives estimates of stahility boundaries,
growth rates, the stahilizing effects of shear. and
magnetic field gradients which can be used to select
initial conditions for evamination via the numerical
solution of equations of motion. This work is in
progress.

Fig. 2.3. Surface distortion from verticat field coils.
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2.1.6 Runaway Electron Physics

D.A.Spong J.F.Clarke

Two aspects of runaway-dominated discharges which
have been investigated are the evolution of runaway
electron drift surfaces’ 2 and the stability of a toroidal
celativistic electron beam against kink-type pertnrba-
tons.'? New results indicated by the drift surface
analysis are a shrinkage of the runaway beam radius
with time and a Limitation on the maximum attainatie
Ve Tmax S ‘\wl.,,'wm)z. The kink mode stability
analysis was motivated by a parameter study'* made of
ORMAK runaway discharges which indicated that
values of ¢ (the inverse rotational transtorm) less than 1
may have been rzached. The stability analysis was
fashioned after work done by Lee:'® 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,
wherezs those peaked in the center of the beam are
somewt.at more stable.

2.1.7 Magnetic Island Formation in a Tokamak
Plasma from Helical Perturbations
of the Plasma Current' ®

P.Chrisman J. F.Clarke J. A. Rome

We have studizd the formation. structure, and some
of the consequen.2s of magnetic islands in a tokamuk
piasma. which mav be produced from nelical current
perturhations in the plisma. The existence, structure,
and magnitude of the current perturbations causing the
isiand formation are deduced from experimental meas-
urements of the time rate of change of the poloidal
magnetic fic'd in the ORMAK device.

The exact cistribution of the current perturbations in
the plasma causing these poloidal magnetic field varia-
tions is not kn>wn, but hased on the experimental
results and theore izal models of the resistive tearing
mode instabilitics, we chose what we helieve to be a
satisfactory  model tor the perturbations. We give
physical justification for cur model and shew that it
leads to the formation cf magnetic islands of ~3.cm
width in the plasma. We aiso give some physical insight

12. D. A Spongand J ¥, Clarke, ORNL-TM4432(1973).

13. D. A. Spongand 1. F. Clarke, ORNL-TM4512(1974).

14, B\ Spong, J. F. Clarke, J. A. Rome, and T. Kammash
(1o be published in Nuclear Fusion).

1S. ¥.P. Lee, Phys. Fluids 16,1072 {1973).

16. Ahsiract of ORNL-TM4501.



as to the structure of the islands and how they break uvp
into so-<alled ergodic regions as the perturbation
strength increases. Finally we commeat on the rel-
evance of magnetic istands o tokamak phenomena.

2.2 PLASMA CONFINEMENT AND HEATING
IN THE ELMO BU%-?Y 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 a
Zdirected magnetic field which is uniform in the
absence of plasma. With plasma present, a diamagnetic
current flows in the negative ¥ 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 siabilivy of plasma waves which extend
indefinitely in zZ, propagate in the ¥ direction, and are
polarized with the wave n.ignetic field in the 2
direction (the analysis is localized in X), using the
iinearized Vlasov equation to calculate the charge and
current densities associated with the waves. Low-
frequency (w <€ ;. the ion gyrofrequency) instabilities
are found which have properties similar to those
attributed to the ballooning modes predicted in vana-
tional analyses; in particular, the modes are not
stabilized by the magnetic well prcduced by plasma
currer ts. Fiowever, the characteristic frequency of the
unstable wave is around the guiding-center drift fre-
quency: and in a hot-electron plasma of moderate size
(eg.. 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 in Fig. 2.4, where the charac-
teristic frequency increases with (. the independent
parameter of the model.

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

D.B.Nelsorr C.L.Hedrick G.O. Spies

In this memorandum we consider truly toroidal,
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-TM4109.
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Fig 2.4. Growth rate s 3 function of plasma pressure, 3, for
several values of the parzmeter D = 2 /(22 nd).

If we label magneti~ lines by . ruir of flux coordi-
nates (a. f§}, then, in general, the {ur “tioi-2 form of the
equilibrium pressure tensor is P(B, «. ). i this work
we shall deinand that P depend on only e fux
coordinate, that is. A(B, y). and we shali 3, ne =2
the constant ¥ contours form nested toi: Socn
equilibria are only partly two-dimensional becaux %
magnetic field is assuredly not constant on a ¥ conto..
However, by employing an extension of Hamada
coordinztes to anisotropic equilibria, we arrive at a
stability problem which closely resembles thc two-
dimensional axisymmetric case.

To determine the stability of these equilibria, we
consider the secord variation of potential energy, 6 W,
and we define stability as positivity of 6F’ for all
allowable perturbations and instability as negativity for
some allowable perturbation. We are unable to find a
singie 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 unailowable 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 resuits are valid for the guiding-
center fluid {or double adiabatic fiuid) as well, and in
the scalar pressure limit are comparable to infinite
conductivity scalar pressure MHD. Nome of the analysis
requires an assumption of low plasma pressure although



in tnis limiting case certain of the expressions are
simpliited.

2.2.3 Some Techniques for Determining Tensor
Pressure Equilibria' ®

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

In ihis report we discuss several iterative techniques
for computing {inite-beta, tensor-pressure equiltbria of
guidingcente: piasmas. These techniques have evolved
in the course of investigatiens of the equil.brium and
stability of plasmas confined in several existing and
pooposed expenmental devices at ORNL: ELMO. the
Canted-Mirror  Facility. 1he ELMQ Bumpy Torus.
INTEREM. 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-Fne
torus. For tkis reason the present review must deal with
several distinct plasma mwodels of varying compiexity
required o describe the experimentaily observed equi-
libria in these different devices.

2.2 4 Sufficient Stzbility Cnteria for Plasma
Equilibria with Tensor Pressure'®

G.0O.Spies  D.B. Neison

Sufficient stability criteria are derived which are valid
in all situations for which an energy principle holds
tensor or scalar pressure. collisionlecs or collisional
dynamics. toroidal or open-ended geometry. conducting
or insuiating walls. closed or ergodic magnetic field
lin-s. These critenia reduce to well-known ones in
tovoidal equilibna with scalar pressure. They are clese
to necessary criterta in low-beta equilibria. allowing tor
interchanges. Various well-known faverable properties
ieood curvature. magnetic well. negative 37, line-tying)
ate recovered by onsidering special classes of equi-
libein. But since none ol these properties appears to be
cructal i1 general. the piesent critena are capable of
v. 'ding a variety of hitherto unknown stably confined
equikih..

2.3 CONSINEMENT AND HEATING
IN MAGNEFIC MIRRORS

2.3.1 Importance of Cold-Electron Drifts in

Shatlow-Weli ECH Mirror Plasmas®”
E.C.Crume J L Dunlap J F.Lyon

txperiments on lowg, shaliow-wali ECH rairror plas-
mas show that faverable nonrelativistic electron dnfts
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(vaceum aJ:ar < O at the resonant heaiing contour are
required for generacion of the plasma and also deter-
mine the radial 2xtent o the plasma.

2.3.2 Radativistic Election Adiahaticity in the
Finite3 Plasmas of FLMO and IMP-*

E.C.Crime

Estimates of the maximun adiabatic energy of
electrons heated by ECH in two ORNL mirror experi-
men:s have b-en made usirg primitive criteria and
compared with results frons experiments. The critena
are of the usud rne Sased on guiding-ceazer theory
that provids estimates of the m xtmum particle energy
for particie confinement in inhomogeneous magnetic
fields. The criteria were evaluated along calculated field
lires tor both the vacuum fielas and the {inited
medified fields of numerically calculated plasa equi-
libria. For the ELMO machine. a mirror machine in
whiich the hot (relativisiic) electron plasma forms a
cyhudrical annuius, the calculations indicate that the
grimary effect of finite 3 on admbaticity is to reduce
tte plasma volume in which th. highest energy elec-
trons are wdiabatic from that in the vacuum ficld. On
the other hand. for the minimum-B IMP machine. the
calculations indicate that the primary effect is to reduce
the maximum adiabatic energy from that in the vacuum
tield. Experimental results from both machmes are in
agreernent with these primitive estimates.

2.3.3 Microinstabilities in Inhomogeneous
Plasmas II: Numerical Resuits® ?

C.0. Beasley. Jr.
H. R Hicks

W.M. Farr
J. E.McCune

Resulis ore presented from studies of microinsta-
bilities in « madel mizror plasma. The model has a
Gaussian density  distnibution of jons znd clectrons
along a varving magnetic field and a radial density
gradient perpendicufar to this field. Particles are con-
tained self-consistently by a fictitious confining poten-
tial modeling mirror confinemen!. The 100 velocity-
space distribution is the finite-plasma eguivalent of a

18. Abstract of ORNL-TM4076.

19. Abstract o ORNL-TM4452.

20, Abstract of paper submitted to Phyvsice of Fluids for
pubiication as a Research Note.

21. Abstract of paper 1A14 presented at the 1973 Annual
Meeting of the Division of Plasma Physics (Philadelphia. Pa.).

22. Abstract of ORNL-TM452) and accepted for publication
wm Nuclear Fusion.



Guest-Dory  loss~one discribution, and the electron
distribution allows for finite temperature efiects. in-
cluding Landau damping. Resonant and nonresonant
losscone instabilities are discussed. It is found that
resonant instabilities are stabilired when the plarma
length is less than a critical length which s dependent
upon electron temperaturz. but modes corresponding to
flute modes in hoinogenesus plasmas (Dory-Guest-
Harris and dnftcone) are found to remain unstable at
all piasma lengths.

2.3.4 Program IPP6 — Microinstabilities in
Inhomogeneous Mirror-Contained Plasmas®?

C.0.Beasley. Jr. H.R. Hicks

A description of the program IPP6. the program for
finding unstable loss<cone modes in a model mirror-
contained plasma. is given. The inpurt data are de-
scribed. the output is oxplainzd. and the intemal
workings of the vatous subprograms are given. Connec-
tion is made with the previously published analytical
derivation of equations used in formulating the model.

2.3.5 Subroutine CAUCHY - Complex Roots of a
Function Using a Cauchy Integral Technique?*

C.D.Beaslev. Jr.  H._K.Meier

A desciiption of the subroutine CAUCHY. the pro-
gram for finding 7eros of an amalytic function fiz)
within a contour in the complex = plane. is given.
Calculations of eros for several different examples are
given.

2.4 DATA HANDLING GROUP

R A Donv J. E. Franais
N. A Bets C. k. Parker
P.D.Brooke O.C.Yonts

The Data Handiing Group was formed in July 14573 to
coordinate the data handling necds of the Thermo-
nuclear Division. Prior to this time. the same peoplc
carried on the same work without formal recognition of
the scope of the project or an allocated budget for
implementing the werk.

Through December 1973, this group planned and
acquired a computing network® -7 1o provide data
acquisitton facilities for the severai CTR expenments
and include provision for transfer of experimental and

231, Absiract of ORNL-TM 4475
24, Abstract of ORNL-TM4588:
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theoretizal data to and from ihe Qak Ridg: Computer
Center tacilities.

interconnection of the data acquisition compulers
{DACs) through 2 remote entry station (RESY has been
effected ard testing of the communications hardware
carried out. The control sofiware for making data
transmission a reality i1as been implemented but not vet
fully checked out or placed inte operation. Certain
subsets of the netwo:k 2re operational in a provisional
sense.

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

The DAC function for the ORMAK facility?? has
been put into operation. including acquisition of 24
channels of time-resolved information through the main
DAC. a Cigital Equipment Cerporation PDP-12. and
through the “*froni-end” PDP-8/¢’s which provide the
high data rates requited. Tte data from the three
computers aie collected in the PDP-12 and stored
permanently on sn:all magnetic tapes for future refer-
ence. and 2nalysis of those data whose processing is
understood is :carried out between experimen:al shots
and Jisplaved on a vidvo scieen. In the near future. the
data wili be tsansferred via the RES to the Computer
Center. where the information will be available :o
scienitists who will analyze i, using the time-sharing
facilities of the PDP-10 and video output dispiays in the
Thermonuclear Division.

A simiar implementation of 2 data sysiem for the
ELMO Bumpy Torus expenment has been carrieg out
by J. Reyrolds of the Instrumentation and Controls
Division. under the direction of R. A. Dandl. This
sysicm Is now apprezshmg compleiion.

A third system. ongirally acguired o handle data
from the now-terminated IMP expeniment. is used for
advanced development of data acquisition systems fo;
other experiments. initial usage by the Magnetics and
Superconductivity Development Group 15 expected
shortly. and a first software implementation has beer
completed and is now n the testing stage.

25. N. Betz. R. A. Dory, J. k. Francis. and Q. C. Yonts,
Proposal for Dats Syvstem for ORN| Fusion Expenments.
ORNL-TM-3593 (1971).

6. 0. C. Yontc and J. E. Finais. “Thermonuclear Division
Data Sy<tem.” Proceedings DICUS Conference Philadelphic.
1973

27. ). F. Francis, O. C. Yaris, and W. R. Wing, "ORMAK
Data Handhng System.” Princeton Fusion Fnginecning Confer-
ence, 1973



Data systems have been sketched out for advanced
experiments under discussion in the Thermonuclear
Division, namely, ORMAK-II and F/BX versions I and
HE

Division needs in the aiea of large-scale computing
have been anticipated ‘hrough participation in three ad
hoc committees® convineg by the AEC Division of
CTR to justify and spec.fy the proposed CTR Com-
puter Center tc be based at Lawrence Livermcre
Laboratory with fast communication lines to four
temote user service computers, one of which would be
located in this division.

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

2.5 PLASMA ENGINEERING STUDIES

As experimenta) 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 for use in the engineering design of
next-generztion experiments, those involved in this
acuwvity will mitiate and evaluate concepts applicable to
future devices.

A piototype for such an effort was recently under-
taken. As part of the feasibility-buming experiment
conceptual design?? 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 plaana reference pirameters,
determined self-consistently from beth the physice and
engineering points of view, which were incorporaied
into a feasibility-burning experiment conceptual study.

The detaiied orbit dynamics of ~3.5-MeV alpha
particles in a tokamak geometry were analyzed.’?
Based on alpha particles produced isotropically 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 reactor). Results to
date indicate that <20% of the aipha particles are lost
from a device with a plasma current / = 2 10 3 MA and
that <1% are lost from a reactor characterized by / = 15
to 20 MA. Implications of such losses aze presently
being analyzed. Kesultc from the alpha-particle con-
siderations are applicable to future deuterivm-trittum—
fueled devices.

28 Rerorts are forthcoming from A EC Division of CTR.

29. M. Robests, The ORMAK - F/BX Focility - Preliminary
Considerstions, ORNL-TM-4342 (1973).

30. D. G. McAjees and H. K. Yorsen, Bull Amer. Phys Scc
18, 1305 (1973).




3. High-Beta Plasmas

R. A. Dandl!
H.O. Eason
A.C. England
H. lkegami?

31 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
refiable and useful experimental data.

The EBT is a specific toroidal array closely modeled
afier stable, steady-state, high-beta. hot-electron pizs-
mas produced earlier in the ELMO open-ended trap by
election cyclotron heating. The EBT is expected to
derive. MHD stability from the average minimum 8
generated by the high-beta, mirrorconfined, hat-
electron shells typical of the ELMO plasma. Such
annular hot-electron piasmas have been experimentally
generated in each mirror section of EBT with only the
outermost edges of the annuli line-tied against flutes by
cold-plasma conduction to chambe: 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 ;tabilizatior. stems from the electro-
static confinement of 2 cold-electron component pro-
duced by ionization of the ambient background gas.?

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

1 v
—_—ypd ) ———
D!ZVT)Q:’I.

R. L. Livesey
M. W.McGuffin

1.

W. Reynotds’

R. E. Wintenberg'
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where Q is the precessional frequency. vy is the
toroidal drift velocity, and v is the effective collision
frequency. The plasma confinement time in EBT of 2
collisionless, neoclassical plasma can be approximately
given by

-

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

A schematic of EBT is shown in Fig. 3.1. The 24 coils
are arranged in the bumpy torus configuration so as to
give 2 mirror ratio of 2:1 with 15° cant angle between
the planes of adjacent coils. This requirement is bascd
upon experiments in the canted-mirror facility in which
total stored plasma energy was observed to decrease by
only 25% for I5° as compared with 50% for 22.5° zant
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 Divigion.

2. On leave from Imstitute of Plasma Physics, Nagoya
University, Nagoya, Japen.

3. G. E. Guest and E. G. Harris, PAys. Rev. Lens. 27, 1500
(1971).

4. B. B. Kadomtsev and O. P. Pognise Nucl Fusion 11, 67
(1971).

S. L. M. Kowrizhnykh, MATT-TRANS-82 (October 1968).

6. L. M. Kowrizhnykh, Soviet Phys JETP 29. 475 (1969).
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enciosing hot-electron annaki 1s 30 cm wath a mavmum
midplane magnetic murror licid of 6500 G.

The plasma is formed and heated by two 18-GH?
kivstron amplifiers with 30 kW (cw) divided into 24
equal paris m order to previde separate power feed 16
each mdmidual mirror region of the torus. Resonant
power feed o each nurror region 1s necessary for
balanced excitanon. because of the strong plasma
absorption of power at the eleciron cyclotron fre-
quency . Each kiystron feeds alternate mirror regons in
order 1o mantain wverall power leed balance. A
signficant feature of the mrowave technology 1s the
degree of control of plasma parameters. such as density,
temperaturs. amouni of hot eclectrons. and. conse-
quently. the location oF dnift surfaces. by the use of
resonant and off-resonant requencies. Two traveling
wave amplifiers. st 55 GH7 with 10 kW cw_generate the
oft-resonant power. which 15 almost entirely absorbed
by the hot-electron annufus

Tne average plasina density was determined by
microwave interferometry and by measuring the per-
pendicular energy by diamagnetic loops coupled to the
hot-electron shells. radial profiles. by skimmer probes:
bremsstrahlung analysis allowed estimation of ihe hot-
electron temperature and density . and Lang auir probes
are used to determine the cold-plasma teraperature and
density profiles.

Magneiic field errors are known to destroy plasma
canfinement in closed-line devices. such as bumpy ton
and multipoles. by causing the magnetic field Jines to
sprral out and strrke the wall. In order to estimate the
amount of error field in EBT. the shift of 2 pulsed
electron beam trajectory caused by an artificially
mmposed error tield was measured. The error field due
to the asymmetny of she toroidal coill assembly (as-
sumed 1o he uniformly distnbuted over the entire
tovoidal axis) was measured 1o be about 1.5 X 107 of
the tormdal field A more complete anaivsis of plasma



losses due to error fields wiows them to be the
dominant icss mechanism in EBT for a piasma of
density less than 10’ ? cm ™ with the electron tempera-
ture 100 eV.

Preliminary expenimental results were obtained with 4
out of the 24 cavities energized with 18-GHz resonant
power (full-power operation will be under way in
mid-March,.

Although EBT in this initial phase was more like a
vacuum bumpy torus than the high-beta EBT concept.
we have made s:veral imporant observations: the
formation of stable annular plasmas (with significantly
high beta) in 2ach microwave-fed cavity 'with only edge
stabilization by means of cold plasma line-tying. very
efficient local power absorption (Jow-Q coupling) (90%)
of the 18-GHz power in each fed cavity. nonlocal
absorption (high-Q coupling) of the upper-off-resonance
heating (UORH) power (55 GHz) shown in Fig. 3.2,
and a toroidal plasma(10'! <n, < 10'?) confined for
several milliseconds. Figure 3.3 shows the dependence
of two important plasma parameters as a function of
microwave power: the total stored encrgy in the
high-beta stabilizing relativistic 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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calculated form. The uppermost curve shows the
expected toroidal density vs power with all 24 high-beta
annuli erergized. Under some conditions the tcroidal
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 all 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 S X 10'' ¢cm ™. and after
turnoff of the microwave heating power, plasma density
remains at S X 10'" cm™? for about | msec (Fig. 3.4)
then decreases to 3 X 10" ¢m™ in the next | 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

T e AR O e
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Fig. 3.4. Plasma density decay imdicating high-beta anasins
stabitiration effect. The upper trace s x-ray-sizgnal-detected by 2
small onization chamaber inserted on the inner wall of one of
the fcur energized chambers (resonant power 18 GHz at 6 kW
and offresonant power 53 GHz at 2 xW). The lower trace is the
70-Gliz microwave interferometer zignal. Steady hydrogen gas
feed at 3 x 107 torr.

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

The cold-electron temperature as measured by Lang-
muir piobes 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-
clectron shell. that is. 10 V;cm. and the temperature of
the toroidal plasma just on the inner edge of the
hot-eleciron shell 1s observed to be more than 20 eV.
The eleciron temperature of toroidally confined plasma
cannot be conveniently measured by this probe
method. We are preparing to use saft-x-ray detectors to
measure the temperature of this component.

The electron density ragial profile measured by the
10n saturation current aiso delireated the cenfined
plasma inside the hot-clectron shell from the uncon-
tined cold plasma outside the shell.

All of the basic machine functions. that is. micio-
waves. magnelics, vacuum, anc conirols_have been very
satisfactory from the start. and the magnatic field hines
of this 10-ft-diam torus Ziused to within .5 mm
without corrector frods. Unz of the more pleasant
exnerimen{al observations was macrostable annulus
formation 3t a presyire considerably below the pres-
sures usual for simple ECH mirior expeniments.

The high-beta experiment: starting in mid-January.
will be confinement onented with special emphasis on
the quantitative effects of average favorzblc/ (/8!
stabilization of the toroidal plasmia. <o that the effect
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on confinement of such things as the magnitude and
perturbed shape of the siabilizing 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
medivm collisional regime into the collisionless regme.
(2) We also expect to control the plasma pressure in the
hot-electron shell and to some extent its geometry so
that MHD stabiiization can be optimized. These resilis
could provids insight into stable, high-beta toroidal
confinement.

3.2 POLARIZATION OF FREE-FREE
BREMSSTRAHLUNG FROM MAGNETICALLY
CONFINED PLASMAS’

A.C. England

The polarization of bremsstrahlung from electron-ion
collisions is calculated for magne:i:ally confined elec-
trons in the Bomn approximation. The polarization at
high temperature is found to be of opposite sign to the
low-temperature result anJ of smaller magnitude.

3.3 HIGH-+ PLASMA BEHAVIOR IN A

CANTED MIRROR*
R.A.Dandi A.C.England
H.O.Eason 1. C.Sprott

A high{ hot-electron plisma was studied in an
asymmetric magnetic mirror device with a vanable cant
angle. The plasma was produced by microwave heating
at a frequency corresponding to cold-electron cyclotran
resonan.ce together with a higher frequency suitabie for
upper-off-resonance heating. The position of the high8
plasma annulus was studied as 2 function of cant angle
and was found to correspend apprmximately to the
posttion of & mudplane modulus-B contour. Highg
efiects did modify the spatial location of the losses of
energetic electron: mto the loss cone but had hittle
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-plasma loss with respect to the equatonal piane
was observed at small cant angles. and an electric field
model was conjectured to explain this behavior.

7. Abstract of ORNL-TM4103, alsc Phvs Rev A 8, 1475
(1973,

8. Abctract of ORNL-TM4153. also Nucl Fusion 13, 693
(1973
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4. Energetic Particle Injection

R. C. Davis
J.C. Ezell

R. R.Hall
T.C. Jernigan

4.1 ORMAK INJECTION

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

Two neutral-injection heating units were installed on
ORMAK. One of these uaits 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
34n. valve is located in the beam line which allows the
ion source to be removed while ORMAK is cold and
under vacuum.

O. B. Morgan
L.D. Stewart
W. L. Stirling
R.E. Wright

To significantly heat the plasma, the beam power
input must be comparable tc 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-injecte¢ power pe: source. This 15
typically composed of 45% 25.kV H®, 45% 12'%-kV
H®, and 10% 8% -kV H°.!'? The plasma attenuation of
these neutra! beam fractions ic calculated to be 93,97,
and 99% respectively '

1. L. D. Stewast, R_C.Davis, J. C. £2zell, T. C. Jemigan, O. B.
Morgan. W. L. Stirting, and R. E. Wright, “Design of High Power
Injection Heaters for the ORMAK System.” Proceedings of
Conference on Engineering Problems of Fusion Research,
Princeton. N.J., November 1973 (1¢ be published).
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Table 4.1. ORMAK cold gas input due to ingector.

Inpected Peak gas flow rate Total @s input in 60 msec
power {atoms e 73 sec ™!y tatoms/cm?)
kW) Without getiering With getiering Without getering With getrering
7i 1.9 10%3 1.1 % 10? 8.5 x 10! 48 x 10"
238 s1x 10" 29 x 10"? 23x10'? 1.3 x 103

T-3 data: T affected whea @ > 2 « 105 atoms cm ™2 sec”

Typical ORMAK Slling density =6 ¢ 10'2 atoms/cm?

The injectors have been designed to have high gas
efficiency and sufficieni auxiliary pumping to keep cold
gas streaming down to a level which should not perturb
the tokamak plasma.'-? Up to 837 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 zre in atoms per second divided by
the liner volunie. for 71-kW operation on one injector.
at which the data were taken. and for 235 kW. which
represents optimization of the two instailed injector
systzms. Thege 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 10'® atoms
cm ™3 sec 7' Alse shown in Table 4.1 is the total atomic
density added to the liner by this streaming during a
s0-msec discharge. Note that these are the maximums
attained at the end of » 60-msec pulse. For comparison.
a .ypical ORMAK filling density s 6 X [0'?
atoms cm” . so the integrated sireaming gas is a small
perturbation on this

Besides the cold gas streaming. another potentially
bad cide effect of injection is the increase of the
tokamak plasma effective Z because of beam impurities.
This 1s an increase m tie effective charge number of the
plasma ions and can cloud the interpretation of data.
The ORMAK ecftective 7 1s 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 been
made '-? The deminant beam impunty 1s oxygen. and
1t can be maniained at <0577 With a 0.5°7 heam
impunty level of oxygen. which hbecomes fuily stripped
atter entering the ORMAK plasma. we calculate a
neghgble increase mn the effective /Z with two injectors
and the present 60-msev discharge. and we calculate a
less-than-87° change for future operation with four
miectors and a 100-msec pulse time.

A number of engineering problems have been solved
in order to obtain successful operation®* 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 dispiacement. 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 657% range to the 75 to 80% range of the total
power supply output.

The ORMAK sources use grid curvature to match the
densitv gradieni ard for thermal stability. Beam focus-
ing is achieved by a ptogrammed radially inward
displacement of the apertures in the target cathode with
respect to _he positions of the corresponding apertares
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.
0. B. Morgan. and W. L. Stirling. “Neutral Beam Injection
Heating of ORMAK ™ Proc. Third Int. Symp. Toroidal Piasma
Confinement. (zarching. Germany. March 1973.

3. R. C. Dawis, T. C. Jermgan. O. B. Morgan. L. D. Stewart,
and W. L Surling. “Fomneering Considerations of the
DuoPiGatron fon Source.” Proceedings of Conference on
Enginecring Probleras of Fusion tesearch. Princeton, N.J..
November {973 ito be published).

4. D. C Lousteau. S. M. DeCamp. W. Halchin, T. C. Jernigas:
S. O Lewis. O. B. Morgar. J. D. Rylander. and L. D. Stewart,
“Mechanical Interfacing of the Hath Power Neutral Injection
Heaters 10 ORMAK.” Procecdings of Conference on Enmaeer-
ing Problems of Fuwon Research. Princeton. N.J.. November
1973 110 be published).



ception by the grids or beamlet profile spreading.
Detailed experimental studies for single circular aper-
tures on the 7~m ORMAK source are summarized in
Fig. 4.2. The deflection angle 8 is given by

8 = 18.4 Ax/z degrees.

where Ax is the aperture displacement and :z is the
extraction gap. Experimental studies were also done
with slit 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 Piasma Studies

The main 2ffort has been to produce a plasma with
sufficient density and uniformity to afford extraction
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from a 10<m-diam sou-:2. Figure 4.4 shows the
¢lectrode configuration for the proiile shown in Fig.
4.5. The density distribution of the 7-m ORMAK
soree is also shown in Fig. 4.5.

The source of Fig. 4.4 differs from the ORMAK
source principally in three respects. First all com-
ponents are radially iarger; second. tl.2 plasma feed
from the intermediate electrode to the PIG region is
apr.ular due to the axial “*button™: and third. the epoxy
insulator immediately 2bove the target cathode permits
an electrical connection emyloying two anode struc-
tures. One may electrically connect anode 2 to the
target cathode and operaie in conventionai ORMAK
fashion. Anode 1 receives about three-fourths of the arc
curient when operating as shown in the figure. The
plasma is very quiet at low magnetic fields. dn/n ~ a
few percent; the plasma uniformity is *~10% at 3-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.
Simuitancously the density uniformity decreases to
+~20% and the noise level increases to An/n ~ 207 10
407%. In this operation mode the source is insensitive to
utilizing anode 2 as an ancde 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 ¢m 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 sources wiil be useful
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for mxt-generation ex:periments such as PLT at Pnace-
ton. Doublet 111 at General Atomic, or a :ew tokamak
proposed for ORNL. Pulse lengths of u few hundred
milliseconds will be adequate, but the iest stand w:ll
provide “or pulses up to 1 or 2 sec. Also pemng proposed
is a new test siand Yor development and testing of 10-
10 40-A sources at eaergies between 150 and 200 keV.
These sources will be necessary for the future two-
component torus experinnents being proposed both at
Princeton aind ORNL. This development program will
of necessity :nclude develc pment of multistage extrac-
tion systers and negative io.1 source technology .



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

1gnacio Alvare!

(. F. Barnett

(. E.Bush
Carn en Cisneros’

J A Ray

5.1 ATOMIC PHYSICS

5.1.1 Angular Differential Scattering
Cross Sections

St (BD)+ N; -~ (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 otal
cross section measured directly. We have measused and
compared the difterential cross sections for the reac-
tions: H? + N; = H* +N; +eand D® + N, =D + N\,
+ ¢ the cuergy range 0.5 to 4 keV. The results are
showa i Fig. 5.1, where the differential scattering cross
sections are plotted as a function of the scattenng
angle. From hard-sphere classical scattering theory . one
would predict that the angular differential cross section
would he the same for both H and D at the same
center-ot-mass energy. From Fig. 5 I 1t is seen that the
cross section for scattening of H in the inelastic collision
is smaller than that for D at the corresponding
center-uf-mass energy. Integratior of these cross sec-
tions over the spatial angles. # and ¢, results in the total
cross Lection tor electron loss 0. stripping, as shown in
Fig. 5.2. The stripping cross sections for both Hand D
ate the same at the same cnergy per nucleon or the
same velooity. Companson of these rtesults with the
total .neasurements of Stier and Barnett? and McNeal
and Clark” indwates excellent agreement between the
two methods o measurement. In Stier and Barnetl's
work. a heam attenuation method was used which was
msensittve to scattering. In McNeal and Clark’s work,
the rate of increase of the H® was meussured as the
taimet pressure was increased. This method 1s sensitive
to scattening 1n that alt of the H” jons formed were
probably not collected due to the geometry used. These

measurentents indicate that with proper precaution it is
possible to deterr.une differential scattering cross sec-
tions which. whon 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
neutral 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 cnergies of 1 to 2 keV convert approxi-
mately 2077 of the i.acident beam to D™ atoms. These
D7 ions are accelerated to the desired energy and passed
through a gas ceil. where approximately 8077 of the
negative iuns are converted to deuterium awonis. To
estimate possible scattering lusses in the previous
measurements of Grabler et al® and Schlachter et al_.®
we have measured the differential scattering cross
sections for tormation of D™ from both D° and D” in
cesium vaper in the energy range 0.5 to 2.5 keV.
Results of these measurements are shown in Fig. 5.3 for
the reaction D* + Cs = D™ + Cs*. 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 tor the double electron capture
collision is plotted as a function of the incident D*
energy. The present result; are in reasonabie agreement
with Grubler 2t 3°..% bein;y a factor of 2 greaterat 1.5

I. Visiting scientist, Institite of Phy<ics. UNAM, Mexico.
DF.

2. P. M. Stier and C. F. Barnetv Phys Rev. 103, 896 (1956).

3. R.S. McNeal and D. C. Clark, J. Geophys. Res. 14, S065
1969).

4. W. Grubler, P. A. Schrelzback. V. Kon'ng. and P. Marmier,
Helv Phys. Acta 43, 254 (1970).

S. A. S. Schlachte;. P. J. Borkhoim, [. H. Loyd, L. W.
Anderson, and W. Haeberli. Fhys. Rev. 177, {84 (1669).
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Fig. 5.2. Electron loss or stripping cross sections (ag . ) for H®
and D° in N, gas. The D°® energy has been divided by two to
compare to H? at the same vejocity .

keV and a factor of 0.6 at 2.5 keV. Shown in Fig. 5.5
are th:e results obtained for energetic D® atoms incident
on the cesium vapor. The results are consistently greater
than those of Schiachter 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 the D*, D",
and D° particles leaving the cesium vapor cell. Shown in
Fig 5.6 are the angles in which 50% (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 scatiering is
less than |° 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 un “atisfactory in that
the resutts of Schiachter et al. indicatz a maximum at
15 weV. whereas the present values for the negative
equilibrium fraction are still increasing at the lowest
energy of 0.5 keV.

2 3 4

|
¢

5.1.1.3 D, in cesium. For the formation of D™ from
D." incident on a cesium target. the collision dvoamics
become more involved. The D™ can be formed esther by
electron capture inio a repulsive siate of Dy . 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 <> P7_ The differeatial
scattering cross sections. do/dS2. for the formation of
D*. D°. and D~ are shown in Fig. 5.8 as a function of
scattering angle for 2-keV ircident D;". Using the
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 captire
into the b *T°, 2po repuliive state of D; or the

ORW- SWG T4-1215

G

12

e YN
M

-/’.’/—-
- g
'/. !
. -
4 'l. '
o ,.'
[s]
(¢ i

e, _ folt cm?/aram a0)
8
&
e ®
/
-
e
o
J
.’-.
JE
d
J
3
L

N -
- \ AN T
. [ 2 .
10-97 E . . \.‘, 5 eV . . . 3
: \ *~e
' N S, (107D :
3 4 '\ ““'-._._" .
e \ '\. Ot :
i S A S To : !
: \ e i
, *eon,.  107% i
H \, - !
'C"’ g ) .\.‘ N - ..".‘,.-"‘ 4
: Sl 25 nev i
e M i
' Sonee, (11074 '
10-20 | . . . L .
E %
|
e |
10 — —_— —
t 2 3
ANGLE ideg)

Fig. 5.3. Differential scattering cross sections for the imelastic
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capture of two electrons to form the b ¢+ ¢~ *Z°

repuisive state of H,™. The smaller peaks around $° do
not correspond to either a capture into a repulsive level
or 2 FranckCondon transition to 2 repulsive level.
However, the D’ -urve shows no structure, whica
should be present if dissocistive collisions are predomi-
nzat. It is standard practice in the measurement of
atomic collisions to verify that only single 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,

we were vnable 1o determine if single<ollision condi-
tions were present. Thus. we cannot at the present tme
predict that D~ is formed through a singie coilision or
through multiple collisions. The absence of structuie in
the D° component is nct explainable from the data
obtained.
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Fig. 5.6. The sattesing angle in which 50% (6.5) and 0%
(6.9) of the beam were contsined for single and multiple colls-
sioms. Scattering results from formation of D~ from D* in

cesium vapor.
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Fig. 5.7. Equiiiriom feaction of D~ from e pesege of D
thwough Cs vapor.
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0. energy. 2 keV.

By mulupiying the mitensity of the beam at the angle
% by win @, we obtamn the beam wattered into an angular
nng at gage ¥ This result 15 shownan Fig. 39, where
N9y un 8 1 plotted as a Tumcbon ot 8 Since wnd =0
% =0 the cunve i the repon ks than 0 757 shuuld
be agnored. In presenting the wattering in this nunner,
the contnbution due to the structure shuws up very
distimtively . Plotted i big. § 10 4 the halfvone angle
tthe ange :nto whach S of the D 1 wattered) as a
tuttion of the slant partcle encrgy  Two cases are
down (h formaten ol D trom D° and €23 formation
ol D trom D7 The sattenng s greater by mute than
an order of magnitude tor Cicident 1)y than for D°

S1.0.4 D, m cevimm. With D,” invident on cesium,
the D) tormed has a brosder disindution. a1 shuwn in
big. S 11 where I0) i plotted as a function ot @ oy
FSkeV D, wns AL 457 structute was Tound snnlar
1o that found 15 [);° Since ihe energy levels are not
well known tor the tnstomie 1on. we were unshle to
detetnune the state respuoasibic Tos thes steuctuee If the
ntemity i3 multiphed by un @ 1o ubtain swatteting into
an annular nng. we obtain the results shown in Fig,

LA e TA-6TYY

' v - ’ 3

. s
s,

Fig. 5.9. The snguiwr dintribution of D scattered into 30
sanuler ring ot sagle 0 Rewis are (or 2keV Dy’ paming
through Cs vapor.
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3.12. Again the curve is inaccurate as sin 8 approaches
sero. With D57 we 1ind tha! the structure present at
4.537 contributes vaiy a small fraction to the scattenng.

§.1.2 Formation of H™ from Dissociative
Collisions of H.". H,".and HD "

We have measured the H™ and D™ fermation cross
section from dissociative collisions of H,". Hy'. and
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Fig. 5.10. Comparison of the scattering angles in which 50%
of the beam was contained for the reactions D™ + Cs - D™ +
Cs” and Dy’ +Cs~D +Cs"+D".
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Fig. $.11. Differential scattering crosm sections for the forma-
tion of D™ as 1.5-keV D' was passed through Cs vapor.
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Fig. 5.12. The angular distribution of D~ scattered into an
aanular rir- 2t angle 9. Results are for 1.5-keV D3 pasang
through Cs vapor.
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HD," in H;. The measurements are straightforward in
that the diatomic of tnatomic ion beam is accelerated
to the Jesired 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 negatire ion
production s plotted as 2 function of the parucle
velociiy. The Jow velocity corresponds to a negative jon
energy of 20 keV. while the upper velocity corresponds
1o 120 keV. The tnatomic ioas have the same cross
sections within the accuracy of the expeniment, while
for Hy' there was a defmite departure at higher
energies. As expected the magnitude of the cross
sections was small. Surprisingly. the H™ sigral from
HD," dissociation was bess than background. As the gas
cell pressure was increased. the fraction of H™ or D™
increased 10 3 maximum value and then decreased to an
equilib-tum value which is the same as that for an
equive.ocity proton incident on the gas cell. The peak
fraction or maximum fraction of the negative ion as 2
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 2 target atom produces a2 much
greater fraction of H™ than an H, target. Prelimmary
measurements indicated that in this energy range. the
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Fig 5.14. Equilibriom fractior of H ov D™ formed from
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fraction of negative toes using xenon in the gas cell was
less than a factor of 2 move than when Hy was used.

$.13 Electrorn Captwre and Loss Cross Sectioas

If vaous collision cross sections are known. 2
heavy-ion beam probe can be used to measure absolute
spatial densities i high-temperature plasmas. To aid m
the interprrtation of density measurements in the
EIMO Bumpy Torus (EBT). we have measured ihe
electron capture and loss cross sections for K* and K°®
particles im H; gas. Other pertinent cross sections are
the electron ionization of K* and the charge-exchange
cross section of K* with H*. The clectron ionization
cross sections are known from previous measurements.
and R. A Mapieton of the Canbridge Rescarch
Laboratonies is presently computing the charge-
exchange cross sections. Results of the measurements
are shown in Fig. S.15. where the cross sections are
plotted as a function of the incident potassivm energy .
Four cross sections are shown: {1) single electron joss
(0e4) for K®: (2) double electron loss (a3 ) for K2;(3)
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Fig 5.16. Electron capture and loss cross sections for
tellurium particles passing through H; gas.

single electron loss (0,3) for K*; (4) single electron
capture (0,o) for K*. The single electron loss or
stripping cross sections are relatively constant above
100 keV, while the other charge-changing cross sections
increase monotonically with energy in the region 50 to
600 keV. Similar measurements have been made for
thallium beams in H;, and the results are shown in Fig.
5.16. The 0y 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 T1* ion
beam diagnostic apparatus on ORMAK, then these
results will aid in data reduction.

5.2 PLASMA DIAGNOSTICS
5.2.1 Tangential Neutral-Particle Spectrameter

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

ST AR e e TR S e AT e e B g T Lt BT T

horizontal plane could be scanned in the snergy region
1 to 30 keV. By mounting the analyzer on a low-energy
accelerztor, 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/neutrals in) are plotted as a function of the
particle energy. N, gas was used in the conversion cell.
For the channel (No. 7) furthsst away from the N, cell.
curves ate shown for N; 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
collis.onal scattering at the higher pressures of 10
millitorr. 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 insualled 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.
5.18. 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. Thamonuclear Diviion Annual Progress Report. ORNL-
4896, p. 35(197D).
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rig. 5.17. Calibration of the tangential electrostatic analyzer
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Fig 518 Eserpy spectrum obtaimed with the tangeatind
particie spectromeeter ‘ur 25-keV scstral beam heating.

to calculate the energy 2xchange or equiidriiion iime
between the fast ions and the thermai plasma particles.

5.2.2 Pyroelectric Detector

A pyroelecine crystal has been used to measure the
energy flow ir the form of photons and neutral
particles from tre ORMAK plasima. In the past. when
the energy inciaent on ihe probe was summed over ihe
plasma surface_ it was found the measurement mdicated
that the energy lost by these channels was several tines
‘ne input energy. During the past year the thickness of
the front electrode has been decreased. resulting in an

'
I, ‘
.

increase mosensiady by 2 factor of 2 and the ume
consiant decreased v less than i msec. Also. clectrons
weie bemg iost from the front ekecirode of the cnstal
B secondan or photoelecine emisgon. Thy enmusion
2dded i the polanzation curreni as measured by the
operationai  amplifier. This emusion has beem sup-
pressed by 2 buxs electrod2. bui the probe response =
stiif 2 facior of § too large. This may he the resuit of
wo faciors (1) aonunifom radunce over the plasma
safizce and () the cnysial has been calibrated with an
He-Ne lacer. and the response may be diiferent for
aeutrai partiches. These two sources of iroubie mili be

exaruned m the near iuture.

5.2 3 Potassmm lon-Beam Probe

A K® ton beam will be used ic probe the satal
density and space potential in the ELMO Bump: Torus.
In additton we anticipate being abie to measure the beta
in the hot eleciror: ring plasima by determuning the
deflection of the K° beam with and withcut ihe
electron plasma. During the pasi year. aff compunents
have been procured and assembied. Preleminany tests
wili be made on 2 solenxdal magnetic field witn
gaseous jonization to simulate plasma electron ioniza-
tron.
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6. Magnetics and Superconductivity
€ A Ben’ K Kosamz! £ C Moore
KW Demy H M Long J_E. Sampkine
C. M Fizpatak M. S Lodei: W.C T Sioddant®
W F. Gauster® 1N Luton P L. Waisirom
6.1 MAGNETICS i 3 finme-clement siress cude ard 15 Heing used in the

The anaiysis of ressfanceopimzed 25y maeisa cotls
fe produce Iuvrordal frelds was continued with consd-
erzuion of cicuiar hore codis having arcalar. cestan-
fuiar and rourded~ormer sxiesdai snapes The caleu-
lated rzsiancs was checked with s ne cuii shapes cit
from resistanc e paper and feund to agee wmihun =12
The a3y moweine conl siudy cuiminated n the design and
fabacation of 2 30-kG coil for ORMAK with 2 s6vim
bore ind 2 132.4um by 91 4am exiernal dimension
with rounded corners. The copper coil shapes were
machined tfrom 0.95-<m-thick plate using 2 numerically
controlled machine and were fitted with a hollow
copper cuoiing tube by soft soldering Four such shapes
were insulaied with {iber glass and are 1o be vacuum
putied n a steel restraiming frame to form the 24-tum
coil. The per-turn resistance of these coils is only
ore-fourth of that of the present ORMAK coils. s0 that
the present generators can be used to provide a2 33-kG
torordal field. Vacuum potting and final tests of these
coils are scneduled 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.®* The only requirement for these
coils is that their axes lie in 2 plane. The code also
provides for vertical field coils. the only resiniction
being that their axes are perpendicular io the axes of
the horizontal-axis cols. This code includes the full
torus case as a subset. The code is being incorporated

1. Co-op student, Unwveruty of Tennessee.

2. Consultant.

3. Un leave of absence from Electrotechaical Laborat y,
5-4-1 Mukodarcno, Tanashi-city, Tokyo. fanan.

4. Fnpncering Analyus.

5. M. W. Garrett, ORNL-TM-3375.
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preimineny muagnenn desegn of cotl test faciiiuees for the
superconducting cotl developmen: program and for the
High Faeid ORMAK Progam.

A code for ihe calcuiatron of self- zd mutual
inductances of [offections of rectangular-cross-section
axsymmelnc coils hes been developed. This code
provides us with the essential tocls for designing
protecuon circuits. cakulating chargng time. ang other
iranstent condstions for collections of cails.

Strain-gage-ugnai-ccnditioning moduies for dynamic
coil testing were designed and are under construction.
Investimtions were made. and continue !c be made.
into the probiem of magnetic fieid effects on strain
gages and lead wires.

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

The maximum permissibie current in a pulsed magnet
coil will usually be determined by the maximum
permissible temperature increase. which. in tum. de-
pends on the power supply. the cross-sectional area of
cor juctors. and the specitic heat of the conductor
matenial. The ume between puises or the time needed
to coci the coil back to its original temperature is more
complicated to calculate. The obvious variables inciude
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 subtie is the influence of the
electrical insulation between the turns of the coil. if the
layer of insulation is thin or ineffective as 2 thermal
insulation. the coil will tend to be a uniform tempera-
ture throughou:. and no moving cold front will be
established. Hence, heat will be removed rather dug-
gishly. If. on the other Hand. the tums are weli

bty
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insulated from each other. 2 muving coid front 15 set up
and eifamnid sweeps ihe heat ot of the conducton
Thss in.esugation. based on ORMAK coris. chowed that
the thermal imking of the tums does indeed increase
the cowing ione beiween puises by as much a3 2 facior
=1 2 The sosuing of thes analyses and provivus gkl
nons of 2 67 K heat exchanser were emnioyad by the
ORMAK group 1o mstigte the desgn of an addiucn to
ihe ORMAK cyvogenw sistem 1o ailoa operation down
12 67K, The desamn and instaelatzon of thas addition
wili he completed nexty2ar

Eapneenng for magres ldbonatory areralions amd
addinons has begun. A lomizod room wil be con-
siructed 1n the center of two large iaboratory rooms.
The cast abofziory 1octa will remaa largely un-
changed. The mmmum goals for aext year wii be 1o
complete ihe conirol room. reiocate the gemerator
controls. and install sufficeen: unlitees 10 begin super-
conducung tesis i the west bboratory.

A progam was undeiiaken i develop 2 method for
xuum smpiegraung tuck mmgnet covls contamning
wmnpermeabie sheet insulatiun and 10 determine some
properties of the cured epoxy such as tensile and bond
strengths. No aitempt was made tc find the “best™
epoxy . we resticted ourséives to the mixture used on
the ORMAK torvidal field coils. which has prowen
satisfactory through several years' use in other appa-
ratus 1n the Thezmonuclear Dvisivn. The first coil to be
impregnated is the asymmetric high-field prototype for
ORMAK. This coil has S-mil smooth Kapion film
between turns and between each of the four layers and
dry glass cloth or 1zpe on each side of the Kapton. {¢
was therefore deemed necessary to impregnate success-
fully samples of glass cloth bounded by copper on one
side and Kapton on the other {which represent a coi’
section) to show that the properties of tie cured
msulation would be satisfactory.

A test section 155 ¢m high with glass cloth between a
heated copper plate and a transparent plastic cover was
wpregnated. The condiions for impregnation were
nvestigated. and electricai and mechanical tests howed
that a satisfactory impregnation scheme for the High
Field ORMAK cutls could be prescribed. This im; cy-
nation is scheduled for the coming year.

The coils® for ihe ELMO Bumpy Torus have been
completed and tested and are in service. During the
safety test of the full 24-coil torus, the current was
raised to 7850 A, 107 above the design value. and the
magnetic forces were further increased by deenergizing

6. Thermonuclewr Div. Annu Progr Rep. Dec. 31. 1972,
ORNL-4896, pp. 45 46. . ,

seiected coils to sumutate fach conditions. The largest
chserved stress sas 6000 psi (n the ammnum flanges),
and ail voltages. fields. iemperatures. etc.. were npormal.
it appears from the test data that if more power were
available 23¢ of care were aken o pretighten the
mechanxcal structure so that it would be symmeincally
stressed. the oot system could b operated successfolly
at 9300 A_ 30% above the design value. The High-Beta
Plzsmas Group kas mferred from therr electron eam
measurements” that the fieid error averaged along the
miiicr forus axss 5 1.5 X 0™ rumes the unperterbed
Heid. Thes vaiue is the et st of all field errors and
nchades the effects of coit manufacturing inaccuracies.
coii mrsplacement and misalgnment. unperfect lead
compensation. and the ambient field.

6.2 VACUUM CSATING AND THIN FilMS

investigations concernmg the effectiveness of th=
platinum diffusson barmier that isnits the diffusion of
many of the constiter:s of sisnless steel from
negrating through the goid fitm on the ORMAK liner
have been completed. The liner coating operation.
which consisted of the application of 2 u of gold with a
500-A platinum underlaver by means of ion plating. is
also complete. Various oti<i components that “see™
the plasma. such as microwave guides. laser paits. and
sevenal hundred seals and piugs. were aiso coated.
Photomultipher tubes used in the Thomson scatiering
svstem {SCAT-PAK) were coated with silver, increasing
sensitivity by a facter of 2.

Large sputtering targets were designed and con-
structed to demonstrate the feasibility of sputter-
cozting large substrates (¢.g.. coating an ORMAK liner
in situ). 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.

Consicerable effort has been exerted toward develop-
ment of a thin-film bolometer with fast response to be
used as o1 energy analyzer in ORMAK. Sputtered Ge
(Ga) films have shown promising resulis, although more
woik in thrs area is required.

A small ~acuum deposition system was constructed
for the degasition of beryllium films but was not used
for this purpuse, since aluminum films were substituted.
Howeve:, th. vacuum system was utilized to deposit
thin gold filmis 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 1 nrt.



A program has been prepared to conduct a sy stemai
investigation Oi various promising materials (eg.
vanadium. nobium) for coating the High Fieid ORMAK
Ilmer. and these investigations are now undetr way.

63 SUPERCONDUCTIVITY

The dxamagneuc code. developed in 1972, wa
applied 0 2 100kG niobium-t:n superconducting
sclenoad ® The caiculaied and mezsured fidd vaiues
ag.ced wen. With this code. we now have the capebaiity
oi dculating central fiedds of superconductag sole-
noics exactly for design or other parposes.

Magnetac design of 2 1S0-KG supercondixciing sole-
noid 107 the Physics Division (ORNL) was carried out.
Expermments on the floxjump stability of niobrum-tin
supercondecting nbbon with various amounts of aiemi-
num interieaving were performed to qualify the ma-
terial for use @ this ! S0-kG solenaid.

The 106-kG. 7.5-cm bore magnet wound with Nb,Sa
conductors and damaged by intermal arcmg has been
rebuilt. The new design replaced the perforated load-
beasing stanless-steel spool 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<m perforated stanless-steel outer sleeve.
maintained in tension by large Bellville spring washers
at either end of the solencid. compresess the windings
axially. Thus. thermal and magnetic breathing 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
spovl. 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 smallscale experi-
ments on short samples and coils to considerations
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 finst that superconducting magnets
were superior to copper coils; second, to provide a
conceptual design of a superconducting toroidal system
for a fusion feasibility and buming experiment-size
machine; and third, to emphasize the need for a
development program. All three of these prograni; "vere
successfully carried out during the year. The advantages

8. ORNL-TM-4456 (accepted for publication in the Journal
of Applied Physics, May 1974).
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of superconducting magnets and comparisons between
superonaducting and cryoresistive coils will be covered
further in papers prepared by the F BX goup and
technical memas prepared by members of the Eng-
peering Science Greup. Our design efforts on a2
feasibilrv-sized toroidal system will be injuded in the
ORMAK FBX. ¢ Tokamsk Fusion Test Resctor
,.‘1m4634)mmmmge-zasm:me
BEVECEDES: R v TITT I CTing magnets wil
umdnammmmfa
evaiuation by the DCTR office.

6.4 DIAMAGNETIC EFFECTS IN A TAPE-WOUND
SUPERCONDUCTING SOLENOID®

P. L. Waistrom

The effect of damagnetic shieiding currents on the
magnetic field in 2 tape-wound superconducting sole-
noid is calcubxted on the basis of the isothermal critcal
state modei and compared with measured vaives. The
alculation & found to be in reasonable agreement with
the data. Additional caiculations showing the effect of
the tape width on the diamagnetic correction to the
central freld are presented.

6.5 ON THE INFLUENCE OF THE BETWEEN-THE-
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 turn, 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 imponant
roles. More subtle is the way in which the turns are
connected to each other. If the layer of insulatior, is
poor the coil tends toward a uniforn: temperature, and

9. Abstract of paper submitted for publication in the Jowrne!
of Applied Physics: aviilable as ORNL-TM-4456 (January
1974).

10. Abstract of paper in Proceedings of the Fifth Symposium
on Engincering Problems of Fusion Resesrch, Princeton. N.J.,
November 6-9. 1973, IEEE Put. No. 73 CHO843-3-NPS, p.
376.
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6.7 DEVELOPMENT OF THE 50-kG TOROIDAL
FIELD COIL FOR HIGH FIELD ORMAK ' *

N Luton fro R W Derby
[. Brown W. . T. Stoddart

The main ttoroidal) field of ORMAK of 25 kG
of-axis i produced by 36 copper cothy pubed trom
motor-generator power suppiies and cooled with hiquid
nitrogen. It s desired to replace the present toroidal
field vystem with one which produces twice the field
strength hut does not requure the replacement of such
major machine components as the plasma hiner. alun-

L1 Abstract ot paperan Procecdiigs of the Frron Ssmposion
on Francermg Problems of Fusvon Kevearch, Princeton. N J
Sovember 6 9 T973 HEE Pub. N 73 CHOR4 Y 3NPS, p.
REDY

120 ABStract et papet st Proceedimys of the Fitth Symposnam
ot Fugneering Prohlem of Fusion Research Princeton. v 7
November a0 1975 HEEE Pub N T3 (i i0nR43-3NPS, p
VI

Skl 3ELT o dothiing o

The »>ubUUenI Nl
tenis ang the
Isred protolype ool are discussed.

6.% ANALYSIS OF THE 50-kG TOROIDAL
FIELD COIL FOR HIGH FIELD ORMAK**

Wk Gaustier PO L. Wabirom

Due 1 space hmuialions on ih2 windirs. ihe power
eiticienciey ot forodal frend cotis for fokamak expert-
smenly are i zeneral rather poor. Very senstantal
nnprosement can be acimeved by wing asy nmetneal
magnet coti destgns. Mathematical analssis ad electne
current fiow plotiing of variaus ypes of asymmeirical
il desgns are discussed. ard resuits 0f resistance
measurements with the High Field ORMAX prototype
coil are presented.

6.9 PASSIVATION OF THE ORMAK
VACUUM LINER'?

J k. Sunpkins

The inner vacaum fimer in ORMAK. which was
constructed of 1vpe 364 L stamles. steel. has been
codted with a - to 2-u gold film. The resuliant surface
1v considerably  more mert than the bare stainless
surface and reduces plasma-wall interactions. We found.
however, that some of the constituents of the stainless

13 Abstract ot papet in Proceedings of the Fifth Symposium
o Fngineering Problems of Fision Researe h. Princeton. N.J .
Sovemiber 6 G 1073 [EFE Pub. No. 73 CHOR43-3-NVS. p
367

14 Ahstract oF paper in Prowecdings of the Fifth Symposmn
vt Engmecring Problemis of Fusiont Resegren. Protceton. N J
Sovember 609 1973 HEE Pub. No. 73 CHOR43-3-NPS, p.
RS
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6.10 DIFFUSION THROUGH GOLD FILMS
ON STAINLESS STEEL™

J b Smphans

Goldeziad tupe 304 stamiess siec! has heen used 1
the Gmer of the plamz chwmber
sypertments 3t this ihoratory. T be mios effecine
these coaiing shex

ho

d provide an neril worption-free
sartace. bove good heat retlecting properties and strong
adherenc . and prinduce the mimimai increase o 2lec-
tricai conductivity. Thin fiims of gold on tmndess
satisfy mosi of these requirements. except that ofier a
short heat treatment. many of the constituents in the
stainiess were tound o diffuse tnrough the goid fifm.
Mass scans of a gold-coated stainless steel susface and of
a hare stainless surface showed almost identwal in.-
purity distributions. Tison et al. reported that. for a
phtinum  tilm  on titamum. diffusion  through  the
platinum  wz. suppressed by the formation of the
internwiallic compound TiyPr at the mtertace. We have
found that a SFA film of platinum bcrween the gold
and stamless also acts as a oarner to the diffusion
process in this system and greatly reduces the amount
of contamination at the gold surface. Mass wcans ot the
gold surface with placinum underlayer after heat treat-
ment revealed very sittle ditfusion through the gold. In
addition. the ion micrprobe mass analy zer was used to
monitor P20 73§70 RS 78 and ket -
tensities as a function of depth into the il n cross
section. This technique also indicsted that the platinum
acts as a barner to diffusion through the gold.

6.11 SAFETY WITH HIGH MAGNETIC
FIELD SYSTEMS'"

J.N Luton, Jy.

This paper first reviews the magnetic forces within
and bhetween coils, forces on coil leads and iron. eddy
currents, coil heating. and energy stored in the magnetic
ficld. Four quite different magnet systems are qualita-
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6.12 MAGNETIC INSTASILITY IN HARD
SUPERCONDUCTORS ™

K. Konama

By copsdeniag the eleciric

moiien. the requirement for stabifization of & huard
supereoaduct-r against N iumps hes been 1onnd 1
J‘,: < L:(‘ST,, fE=eD, D, P owhiere C s the hess
capactty per unit volume of the ssmer onductor. T, 5
Jaad 5T LB, avd D, oare the thermg

and mazretic Iittusivities ofF the superconducion, re-

gnen hy
specivels . and £° is the smallest namber satistying e
time-independent

A AT Usang the zhove cnitenion. we

tollowing

THAT) =
derive the stability requirements i both sdiabatic and
dyvnamic stability fimiis. We then discuss the stabiiity o
commercial supercondsctors covered by normal metal.

temperature  equaiion:

The staoility criterts can he obtsined by replaaing D,
in the mequality wiik “he average magnetic dut i
of the normal metal 2:d superconducior.

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

P. L Walstrom  M_S. Lubeil

The ratio of maximum radial field to maximum axial
field has been calculated wumerically for axisvmmetric

15, Presented at the New Mexivo Chapter A V.S | 9th Annual
Symposiun. Albuquerque. NM. Apnil 9 11, 1973: availabic
on video tape from A V.S 338 E o 4Sth StUNY.Co 10077,

16. Abstiact of paper presented at the Southern Area
Rescarch and  Development Symposium, Apnl 1973 Con-
ference proc ~dings 10 be published. Available ov ORNI-
TM-4313.

17. Abstract of paperinJ. Appl Phyvs. 44, 5531 411973,

I8, Abstract of paj-2r i J. Appl. Phys 43,4195 (1973,



solenoids of rectangular cross section and constant
current density over a wide range of coil configurations.
It is also shown that for a certain vange of coil shapes
the maximum modulus ot the magnetic field occurs on
the end {aces of the windings. These considerations are
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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 field parallel to the surface. and (2) large
radial fields can cause catastrophic flux jumps.

Llo%
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7. Cryogenic Dielectric Measurements

W_F. Gauster!

R.H. Kernohan?
S. W._Schwentedy?

7.1 CRYOELECTRIC RESEARCH?

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 kV dc,
5 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 peen 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 supplv. Several manufacturers have been
contacted regarding the purchase of an impulse genera-
tor rated at about 1.5 MV. A sensitive Biddle bridge-
type detecter 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.
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H. M. Long
W._ 1. Schill

The experimental program has concentrated on the
intermediate-voltage cryostat. A large amount of dc
breakdown data® have been obtained in slowly boiiing
liquid helium using sphere and plane electrodes. After
varivus improvements were made in the cryostat design,
the heat leak to the electrodes became so low that
recent data agree weil with values published by
Gerhold® for nonboiling helium and are much higher
than values published by Meats® 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 gener:.\or 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 io 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.

. Consultant.

. Solid State Division.

. ORNL-TM-4187, Appendix A (Marck 1973).

. ORNL-TM4476, January 1974.

. J. Gerhold, Cryogenics 12, 370 (1972).

. R. 1. Meats, Proc. Inst. Elec. Eng. 119, 760 (1972).
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7.2 DIELECTRICS FOR SUPERCONDUCTING
SYSTEMS’

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 supcrconducting systems is under
way at the Oak Ridge National Laborztory as part of
the AEC 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 seclids in liquid helium.
Extersiun to impulse measurements is expected in the
near future. A prime objective of the investigation is to
determine <caling 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 resonaat transfer to 700 kV rms

and for dc¢ testing to 600 kV. A high-voltage cryostat
has been designed for service to 1000 kV with provision
for optical as well as electrical recording of both
breakdown and prebreakdown phenomena. Other ap-
paratus for testing to lower voltages is aisv available.
Instrumentation for partial discharge measurements by
muftichannel pulse-height analysis. high-speed oscilio-
scope. and bridge detection is available.

The influence of electrode surfaces and impurtties 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-
dow. and surface flashover of butk and lzminated solids
in liquid helium and in vacvum 3t huid ielium
temperatures are to be included in the . westigations.

7. Abstract of paper presented at the Annual NAS/NRC
Dielectric and Insulation Conference, Munireal. Canada, Octo-
ber 29 31, 1973, to be published in the Annual Report of the
Conference and the annual Digest of ! iterature in Dielectrics.



8. Fusion Reactor Technology

R. G. Alsmilker' J R. DlS!eI:mu L. H. Jenkins® N. Nozawa” J. L. Scout*

). Barish® L. Dresner® C.E. Klabunde® E. M. Oblow' F.J. Smih?

D. E. Bartine® C.K.H.Dubuse* R.L.Kluch® 0.8, Oen? D. Stemner

). 1. Bell? W_P. Eatherdy* 1. T. Kriese® J. K. Redman? R. A. Strehiow®
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Ww. H. Couk? A F. Fraas’ J. Narayan® R T Santoro’ F.W. Witfen

! H. DeVan* T. A Gabriel’' T.S. Noggle® H. C. Savage’ F.J Young''
8.1 MAGNETOHYDRODYNAMIC EFFECTS 8.1.2 Magnc*ohydrodynamic Blanket Scaling

IN FUSION REACTOR BLANKETS in a Toroidal Fusion Reactor'
F.J. Yeung

8.1.1 Effects of a Strorg Magnetic Field
on Boding of Potassium' *

AP Fraas D.P Lloyd R.E. 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 inis approach might
have the disadvantage that magnetohydrodynamic ef-
fects might inhibit nucleate botling. 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 ficlds ranging from C to 50.000 G.
This work indicates that the presence of a strong
magnetic  field will have small effects on nucleate
boiling of potassium. but there should be no senous
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
smz!l change in the distnibution of energy input
between nucleation sites in going from a zero magnetic
field to a strong magnetic field.
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The blanket region of a toroidal fusion reactor is a
vital link in the chain of energy conversion provesses
aecessary for the generation of electricity from thermo-
nuclear fusion. In a typical full-scale reactor the blanket
would contain 2800 metric tons of lithium. whick
would be pumped along the toroidal magnetic flux
tubes. Even in a well-designed blanket. it is not pussible
to avuid having some regions in which the lithium
would be charneled perpendicular to the magnetic field
lines. The resulting magnetohydrodynamic phenomena
cause increasec viscous and eddy-current losses. It is
important to understand and to be able to predict ihe

1. Neutron Phy sics Division

2. Computer Sciences Division.

3. Chemical Technology Diviwon

4. Metals and C2ramics Division.

5. Solid State Division.

6. Chemastry Division.

7. Reactor Dwision.

R. Present address: Westinghouse Flectric Corpuration. Bettis
Atomic Power Laboratory, West Miffhin, Pa.

9. Visiting Scientict, JAERI, Japan.

10. Physis Dwvision.

11. Vising Scientist,
Pittsburgh. Pa.

12. Abstract of ORNL-TM-4218 (February 1974).
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requtsite pumping power. Although the pumping power
appears as heat. large amounts of pumping power
flowing into the blanket aggravate formidable intrinsic
heat iransfer and thermal stress problems present in the
blanke! 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 z major role. and this implies the
need for experimental data. The lithium blanket envi-
sioned is hard to simulate with ene- 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 bianket is investigared 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 eguations of magnetohydrodynamic channel flow
and heat transfer were subjected to 2 dimensionless
analysis. Of all ihe possible dimensionless parameters
describing MHD channel flow and heat transfer, the
mwst important were identified. For the present lithium
blanket design. ithey are gven by: Reynolds number,
210.000: magnetic Reynolds number, 0.34 (in pumping
region) and 1134 (in field-flow-aligned region); mag-
netic Mach number, 0.00:125 (‘mplying a Hartmaan
number of 63,000); and Pec'et nuinber, 4000.

The properties of many liquid metals were studied as
possible candidates for the scale-model liquid. It was
determined that either NaK (447 Na) or NaK (78% N:1)
can be used to obtain MHD similarity provided the
fluids are heated to temperatures of 180°C and 135°C
respectively. I it is assumed that the magnetic field is
supplied by « superconducting niobium-titanium magnet
producing a field of 7.5 T. the model scale factor for
NaK (447 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 Lithjum'*
J.H.DeVan R. L. Klueh

The partitioning of oxygen between liquid lithum
and a-vanadium was investigated between 600 and
1000°C. At all test temperatures the interstitial oxygen
content of the vanadium was decreased by contact with
lithium, even when the lithium contained excess Li,O.
Vanadium containing as much as 2200 ppm O resisted
lithium attack at 815°C. Additions of oxygen to the
lithium did not enhance the dissolution of vanadium.
The oxygen content of V 20% Ti also was decreased

by exposare to lithium at 800 and 1000°C; however,
the decrease at 800°C was apparently slowed by the
diffusion kiretics of oxygen in the alloy.

8.2.2 Corrosion of Niobium and Tantalum
by Lithium' S
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
oxvgen concentrations in sodium ané 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 (ie., 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 in-reasing oxygen
concentration. At higher oxygen concentrations. trans-
granular attack also occurred. The threshold oxygen
concentrations for attack (grain-bovndary penetration)
were determined to be 400 and 100 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 Jithium containment at 500°C

of beiow has the base composition 2% Cr- 1 Mo-bal
Fe. A modification of this alloy has been developed for

14. Abstract of "The Effect of Oxygen on the Corrosion of
Vanadium and V207 Ti by Liquid Lithium,” paper presented
at ANS Winter Mceting, San Francisco, California, November
11 16,1973, to be published in Nuclear Applications.

15. Abstract of ORNL-TM-4069 (March 1973), to be pub-
lished in Met. Trans. § (April 1974).
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sodium service that contains 1% Nb to retard decarbuni-
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 600°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-Mark Calculation of
Tritium Breeding in 2 Fusion Reactor Blanket' ¢

D. Steiner

A fusion reactor vperating 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 lithiuni. via the ®Lin.ar) and the
"Li(n,n’ar) 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 Labcratory,
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 diiferences 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 (S4)
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 brceding.

2. Aa S,; 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 modeis.

8.3.2 Magnet Shield Design for
Fusion Reactors'’

J.T.Krese 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 neuirons, adequate
shielding must be provided for the cryogenically cooled
coils. The magr.et shield must limit botk nuciear heating
and radiation damage in the coil region. We have
surveyed alternate shielding materials with regard to
their nuclear enzineering characteristics in deuterium-
tritium fusion: reactors. The topics considered in~lude
(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 a2
Structural Material in Fusion Reactor Blankets'®

D. Steiner

Several early conceptual designs of fusion reactors
employed niobium as the structural matenal for the
blanket. Subsequent neutronic analyses of these designs
irdicated 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 requirzments 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 of ORNL-TM-4256 (June 1973).

18. Abstract of ORNL-TM4353 (October 1973); also Nucl
Fusion 14, 33 -44 (1974).
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ray (21 groupsy crossoection sets have been devefoped
tor caleulating fuxes in conceptua fusion reactor
designs. These cross-section setls are suttable for use
with either the discrete-ordinates code ANISN or the
Monte Carlo code MORSE. This library includes data
for H. ®Li. "Li- B. '°C. O. Mg. ALV, Fe, Cu. Nb. Ta.
and Pb. These duta sets cun be obtained on request
from the  Radiarion  Shiclding  Inforration Center
‘RSICH at ORNI. The crosssection sets wili be updated
as nea data and esvaluations become available.

8.4 RADIATION DAMACGE STUDIES

8.4.1 The Tensile Properties of Fast Reactor
Neutron-Irradiated BCC Metals and Alloys®*

F. W Witfen

Rod tensile samgles oi niobium. molybdenum. tanta-
lam. one alloy based on 2ach of these metals. and two
vanadivmi-base alioys have been irradiated in EBR-11 at
temperatures hetween 390 and 1140°C 1o neutron
fluences in the range 1.5 o 6.1 X 10°° peutrons wm?
t>0.1 MeV). The effect of neutron irradiation at these
fluences and temperatures on the strength and ductlity
properties was determined n tensile tests at tempera-
tures hetween 20 and 300°C at strain rates of 0.02
min " or slower. The etfect of irradiation is most severe
in molybdenum-base systems. Irradiation near 400°C
renders Mo 307 Re brittle to at least 300°C. Similar
irradiation of molybdenum and Mo 0.3 7 Ti produces a
high concentration of small disfocation foops in the
microstructure and raises the strain-rate-dependent ter-
sile ductile-brittle transition temperature trom below
room temperature to the range 400 to 550°C. Brittle
failures occur with a mixed cleavage and grain bounc iy
separation fracture mode.  Specimens of  tentalum.
T-111. and Nb 1'7 Zr exhibited zero uniform elonga-
tion but had total elonvations in the range 4 to 1077
with ductife-mode fractures for most test condiu.is
Niobium. V1077 Cr. and VANSTAR-7 had 5 to 17
total clongation and uniform elongations in the range
1.5 to 107, Marked strength increases over control
values were tound in all samples. The results are
discussed in terms of the microstructures and traciure
modes. It is concluded that dislocation channeling is the
process responsible for the complete loss of uniform
clongation where loop hardening predominates.

220 Abstract of published paper. p. 17610 Defects and Defect
Clusters 11 B.C.C Mctals and Their Allovs.ed. R, ). Arsenanlt,
Nuclear Metallurgy. vol 18 11973y,
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8.4.2 Effect of High Helium Content on
Stainless Steel Swelling

F W _Witten E.E._Bloom

Type 310 stainless steel specimens have been irra-
diated in the HFIR reactor at temperatures between
3%0 and 6390°C to displacernent damage levels up to
120 displacements per atom and transmutation-
produced helium contents up to 6090 ppin. Swelling in
solutivn-anrealed samples was found to be larger than
predicted by either helium swelling models or fast
reactor irradiation results. and the temperature depend-
ence of swelling was alse not in agreement with either
madel. Cold work was effective in reducing sweiling for
irradiation temperatures up to 600°C but was ineffec-
ive at ~R0°C_ For both annealed and cold-worked
materials the swelling was nearly temperature-independ-
eat hetween 380 and 600°C but increased mackedly at
680°C. Present models are inadequate to explain the
swelling results in the presence of these high helium
concentrations.

8.4.3 Neutron Imadiation Damage in Niobium
and Nb-177 Z7**

F. W Witten

The tavored candidate structural material in several
CTR conceptual designs s a niobium alloy. possibly
Nb 17 Zr. These designs give operating temperatures
between 400 and 1000°C and total neutron flux at the
first wail of 1.6 to 20 X 10'* neutrons cm ™ * sec ™' A
probable <hoice ot the tirst-wall neutron foading s |
MW:m?. This corresponds to a flux of 28 X 10'*
neutrons «cm”” sec ™t (0.1 MeV). and contitiuous
operatton for sne year will result in 22 displacements
per atom (dpid and transmutation reactions yielding
1200 ppm Zr. 90 ppm H. and 26 ppm He. Of these. the
displacement damage and helium accumulation  will
have the most important eftects on the structural
msterial  properties. Specimens irradiated in fission
reactors are being fested to examine the effects of
displacement damage in the absence of trausmutation
products.

Fully recrystailized samples of commercially pure
niobium and Nb 17 Zr were irradiated in LBR-H in

23 Abstracr of paper preserited in “Fusion Reactor M-
tertals™ sesson at the American Nuclear Society meeting 1n
November 1973 [Trans Arcer. Nuel Soc 17, 1431019700 4nd
submntted 1or pubhication in Nuclear Technology,

24 Sumnwry of paper presented m CFusion Reactor My
terials” wssion 4t the Amencan Nuclear Socdiety mecting in
Navember 1973 [Trans Amer. Nucl Soc. 17, 1400197 Dt
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the range 390 to 1000°C. up to 34 dpa, and fluences up
to 3.7 X 10*? neutronsicm® (>0.1 MeV). Thesc
irradiations produced 1 to 2 ppm He. At 2.5 X 10%?
neutrons/cm? (26 dpa). electron microscopy estab-
lished swelling due to void formation in niobium for
irradiation temperatures of 425 to 1000°C. The maxr
mum void swelling was 4.8% at 585°C. suggesting a
swelling vs temperature curve for niohium 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 observatious. Postirradia-
tion anncaling the samples to 900°C simplified the
microstructures 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 10?2 neutrons/cm?
(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
ultirnate 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-1% 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 Applications?*

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

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

52

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 2nd temperature
as they detzrmine 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 siored
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 10°? down to 0.4 X 10*? neu-
trons/cm? (>S50 keV). (The energy for all neutrons
referred to in this report is >50 keV.) The greatest
fluence acquired to date in studies of various grades of
graphite is 4 X 10%? neutrons/cm? at temperatures in
the vicinity of 700°C. Fast-neutron irradiations at high
temperatures have been made up to 1300°C. but the
fluences generaliy range from only 1.5 X 10?? to 2 X
102 neutronsf/cm?.

We use temperature profiles. flux distribution. and
existing i:radiation data to predict Jifetimes 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 1000°C) and unconventional fabiica-
tion techniques. Although these new experirental

25. Summary of paper presented in “Fusion Reactor Ma-
terials” session at American Nuclear Society meeting, November
1973 [Trans. Amer. Nucl. Soc. 17, 146 (1973)].
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grades are in the early developmental stages, they show
promise of significantly longer lifetimes and improved
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 Development of lon kradiation 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 desiga 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 attain.able in the Experimental Breeder Reactor 11
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?®®
0.S.0en T. S. Noggle

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

J. Narayan

of the stopping of energetic (MeV) particies in solids.
The theory is largely untested by experiment, particu-
rarly 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 resuits of a2 combined theoretical and
experimental program to relate the predicted and
observed damage in copper imadiated with 1-MeV
protons at yoom temperature. The nascent displacement
damage was calcujated as a function of proton pcnetra-
tion depth, including such factors as straggling of the
pmton beam. Experimental targets were sectioned
parallel to the range of the ions. The damage was
observed in the electron microscope as disiocation 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 agresment with respect to the
range of the protons and in semiquantitative agreement
with i1espect 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 ioops have beer. detected here, although
approximately equal numbers of vacancies and inter-
stitials are observed in dislocation loops in fast-neutron-
irradiated copper. Second, onily about 1% 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®’

R.R.Coltman, Jr. J. X. 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
neutrzn or ion damage, a program has teen 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 lon Beams to
Merals, Plenum Press, April 1974,

27. Abstract of paper in Solid State Div. Annu. Progr. Rep..
Dec. 31, 1973, ORNL4952,p. 29.



and two in Furope. each providing special irradiation
fa:ilities. Experunental samples. consisting of 23um-
thick fuils of alloys of vanadium, niobium. and moly b-
denum containing V.03 percent zirconium. have been
prepared. analyzed. and characterized at ORNL. These
samples have tecently been distributed 1o the other
laberatories tfor damage production experniments. The
fission-peutron irradiations will be performed in the
ORNL Low Temperature lrradiation Facility using a
3350 converter especially designed jo operate within a
superconducting magnet.

8.5 SURFACE STUDIES

8.5.1 Remarks on the Theory of
Fast-Neutron Sputtering’®

M. T. Robinson

Theoretical estimates of neutron sputtering vields are
in serivus disagreement with experiment. unlike the
situation with ion sputterirg. 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 compiete 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. 1. Saltmarsh

Investizations have begun in two aress ol surface
physics of inierest in CTR devices. The surprising
neutron  sputtering  results  obtained  recently by
Kaminsky 2?
sputiening experiment using a neutron heam  from
ORIC. produced by deuteron stripping reactions in
berylliwm or lithium. Neutron spectra have been meas-
ured m these targets. and other necessary apparatus is
under construction. Targets of gold and niobium wiil be
used. The ORIC source will allow neutron flux densities
near 10'% cn? sec™' and doses greater than 10'°
¢m . both numbers considerably exceeding those used

heretotore.??

have promipled us to design a neutron

2R, Abstract ot paper presented at 4 conferonee on Surface
Frfects i Contiolled  Thermonuclear Tusion  Devices and
Reactors. Argonne Natonal Laboranory, January 100 12,1974

200 M Kammnsky and S. K. Das. paper presenicd ot o
corf.rence on Surface Fffects an Controlled Thermonuciear
Fusion Devices and Reactoss, Arconne National Laboratose |
January 10 12,1974

Theoretical investigations of the refiection of low-
energy (about 10° V) hydrogen atoms from metal
surfaces have bepun using the compu:i®: program
MARLOWE *?® designed for studies involving atomic
collisions tn solids. Calculations to date for copper
((01) surfaces show the crucial importance of inelas-
ticities in the collisions as well as expected crystallo-
zraphic etfects. 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 Reactors® !

M. Nozawa  D. Steiner

A general formalism has been developed for analysis
of the ¢nergy 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-pinch fusion. and
the tokamiak fusion reactor concept. On the basis of a
critical examinaticn of the reactor plant subsystems.
sets of reference parameters were adopted for each
coneept. 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-cven and the nect power
requirements to variations from the reference points
was examined in detail. We note th- following points
with regard to the results of this stuc_ .

. The tusion enetgy multiplication factor Q. the ratio
of fusion energy to heating energy absorbed by the
plasma, appears Lo he a more fundamental measure
ol fusion power achicvement than the Lawson
number, #7r. This is particularly true for pulsed
systems. where 77 is 4 time-averaged quantity.

2. The power break-even value of Q. Q.. is a measure
of the inherent energy handling and conversion
efficiency of the reactor plant. In this sense the
mirror reactor has relatively high inherent efficiency.
while the laser fusion reactor has relatively low
inherent cfficiency. When the power nreak-2ven
requirement is cast in terms of the fractional burnup
of fuel. the tokamak and theta-pinch reactor exhibit

WM. T Robinwn and 1. M. Toarens, Pavs Rev. 8 (197 4Hn
press.

Jt. Absteact of ORNL-TM4421 (January 1974). to be
published tn Nuclear Fusion.
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the least demanding requirements. about 17 frac-
tional burnups.

- The rativ of ¢ 10 @ V. tor a given overall plant
efficiency. is a measure of the extent to which
fusion perfurmance must be extended bevond the
power break-even (feasibility) point. In orager to
achieve overall plant efficiency to about 407 at
maodest @ to @ rativs (Y about 3 to 4). it appears to
be necessary to dewelop advanced thermmal con-
version systems with efiiciencies approaching 607.
With conventional thermal conversion systems (e!hi-
ciency about 407). @ tu @, ratios of at least {0 will
be required to achieve overall plant efficiencies of
abuut 307,

‘oe

4. For a given overall plant ctficiency. (a) the mirror
reactor requires the lowest value of . while the
laser fusion reactor requires the high.2st value of Q.
and tb) the twkamak and theta-pinch reactors
require the lowest values of fractional burnup.

"

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

6. The sensitivity of the energy i.andling and conver-
sion characteristic. Q.. to variations in subsystem
efficiencies is a useful measure of cost-benefit with
respect to tusion technology research and develop-
ment. The theta-pinch reacior exhibits high sensi-
tivity coefficients that exczed 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 information on the fusica plant subsystem and
eperating conditions. This will refine the values of the
reference parameteis and will allow a more precise
determination of the power-balance characteristics. The
basic formalism developed in this study should prove
uscful 1n future assessment of fusion power require-
mants and implications.

8.6.2 Mechanical Engineering Design Considerations
for a Tokamak Scientific Feasibility
Experiment and Plasma Test Reactor”*

A P Fraas  J. J. Tudor

A substantial fraction of the cost of both the design
and the construction of a fusion facility will be
dependent on the structure of the facility . the auxiliary
cquipment required. and the building in which it s
instalicd. This memo is intended to indicate how some

8 et i e e TSR R AT R T

of these problemns might be handled. what the eguip-
ment might look like. and what its cost might te. The
elfects of a number of different design choices for
major components are given particuiar attention.

8.6.3 Relations between the Major Size and
Cost Parameters of Tokamaks®’

A.P. Fraas

A set 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 alowances 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 chjective was to show trends for major
parameters, not absoiute 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 ficld. The results indicate further that, for a
modest increase in the cost of superconducting magnets
for the toroidal field, it should be possible to huild 2
feasibility experiment so that it can be ccnverted
readily into a plasma physics test reactor.

8.6.4 Conceptual Design of the Blanket and Shi=ld
Region and Related Systems for a Full-Scale
Toroidal Fusion Reactor®*

A.P. Fraas

An effort has been made to delincate the many
boundary conditions that must be met in the design ~f
a ftull-scale tormdal fusion reactor power plant. with
particular emphasis on the problems associated with the

32. Abstract of ORNL-TM4371 (Novem.cr 1973).
33, Absiract of ORNL-TM-4080 (January 1974).
34. Abstrict of ORNL-TM-3096 (May 1973).

I I T, BT

s

Py Rt -

=

-
%
".’,

B TP SO



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 cc.asiderations,
materials compatibility. fahrication, 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 wellbalanced design with
reasonable compromises throughout.

8.6.5 Mechanical Stress in the Pressure Vessel of 2
Lithium-Fiiled Exploding-Pellet
Thermonuclear Reactor’

Lawrence Dresaer

Lubin and Fraas have proposed a thermonuclear
reactor powered by a laser-ignited pellet of solid
deuterium-tritium (D-T)2® 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. fn 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.

Abou! 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 nevtron pulse occur
simultaneously. and the pressure waves to which they
give 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 time are great. and we mast 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 Evajuations

J.S. Watson  R.C. Forrester

During the past year. our engineering evaluations of
tritium processing technigues and problems have con-

35, Abstraci of ORNI TM4050 tJuly 1973).

centrated 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 expeniments will be applicable to
ultimate commercial systems. Some real differences do
exist. Powar reactors will 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 {bu: 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 diverter
designs. Major changes in our present tritium processing
concepts therefore appear unlikely.

Major process steps required for plasma recvcle from
a power reactor are: (1) 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
cvclic 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 urarium 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 {or power reactors. Present plans
for ORMAK F/BX are to feed pur. 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 experirient such as GRMAK F/BX (but not.
of course. for a power reactor). it may prove desirable
10 use separation services availabl* at other AEC sites.

36. M. J. Lubin and A. P. Frazs, “Fusion by Laser.” Sci.
Amer. 224(6), 21 (Jure 1971).



8.7.2 Experimental Studies

J.T.Bell H. C. Savage
S. Cantor F.J. Smith

L. M. Ferris R. A. Strehlow
R.C.Forrester J.S.Watson

An experimental study of the sorption of tritium
from liguid 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 technioue 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. Qur
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 H; and D, partial pressures
above liquid solutions containing LiH or LiD in lithium
over the 800 to 1000°C range. The results have shown
that the square root of H, or D, pressure varies linearly
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with the LiH or LiD mole fraction in the lithium for
mole fracticns up to 0.16. Equations for the Sieverts
constant as a function of temperature are log K; =
4360 - 2820/T and log K; = 3980 - 2300/T for
hydrogen and deuterium respectiveiy. The experimental
apparatus has now been assemb’sd for T,-Listudies. 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,.

Oxides on steam generator heat transfer surfaces may
provide useful impedance to tritium permeation from
thermonudear reactors. Completed studies on three
alloys show that. under controlled conditions. oxides
can be formed that provide significant impedance to
permeation. Similar corrosion fiims may form on these
alioys (Incoloy 800, type 406 stainless steel. and Croloy
T9) in a2 CTR steam generator and serve as bariers 1o
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/Q-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 thz magnetic field were negligible. A
critical compilation of thermophysical properties and
heat-transfer pecformance of Li,BeF, (a proposed
blanket fluic) is being prepared.
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