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INTRODUCTION

This has been another perind in which the coubined strengths of the Oak Ridge Mational Laboratory
(0RM.) Fusion Energy Program in theoretical and experimental plaswa confinement and fusion technology
have resulted in a broad spectrum of significant accomplishments. The breadth and siglificance of these
’acmhslmnts are illustrated in the unique physics accomplishments of the Impurity Study .xnerimts
(ISX-A and ISX-8) and the Eimo Bumpy Torus (EBT); the techmology advances in mestral injection, pellet .
fueling, superconducting magnets, and materials; the. mtegratim of all these program sumﬂls into the
EBT-P and Long Pulse Technology Tokamak {LPTT) designs: and the remg!ition of our advanced design capa-
bility by the location of the natiomal Engineering Test Facility (ETF) Design Center at ORML. These.
accamp] ishments were possible because of the effectwe integration of our broad progra and the cmtri—
butions of a large nusber of orgam ‘“tious that include other ORML divisions, LCC-KD Engineering,
private inﬂustries. and other laby
are the most -effective role for. ﬂ:em‘ Fusicn Energy- ]Hvisfon. and we are striving to mtime this ,
thewe with EBT-P, LPTT, advanced teclnologies. and the E'F design. ’ :

es. WNe believe this breadth and. -lltiorganiudml 1mlv§ufutu =

The highlights given in this introduction illustrace both the breadth Jnd. siguificance of the ORNL L "

program. These mjor achievements give us confidence that we are making pvogress towards our goal of

developing a viaole fusion energy source for the future of mankind. While ccwpleting the projects and
programs highlighted in this year's rcport, we have continued to plan prograns and develop coapcnents
essential for future contributions.

Conversion of the EBT-I experiment to EBT-5 was completed in the first haif of 197& concurvently
with the development of 28-GHz, high power, cw gyrotrons by Varian. During 1978 Varian demonstrated
Cw powe™ output greater than 100 ki, and experimental gyrotrons resulting from this effort were utilized
in the pr =y ECH system for operation of EBT-S. Operation with these first 28-GHz sources was, how-
ever, very limited and was restricted to a power of about 50 kK. As predicted from theereticai icaling .
considerations, -a rise in toroidal plasma density of approximately 50% was observed in EET-S operation.
However, the electrun and ion temperatures remained roughly constant, also as expected, because toroidal
plasma temperatures scale with total microwave power, which so far has been the same as in the EBT-I_
~ moce, The simple theoretical stability criteria previously'used for EBT have been substantiated througi
more detafled analysis of kinetic effects, and most of the primary experimental observations have been
explained theoretically on the basis of neocclassical transport. These phenomena include the ambipolar
potential, the level and scaling of thermal losses, the formation of a nonthermal fon distribution, and
the tendency to operate at a very low degree of {mpurity contamination.

Studies of otmically heated plasmas were made in ISX-A under a wide variety of conditions. Optimm
confinement parameters were " 30 msec and Zeff = 1.5. The initfally linear increase of tg reached a
limit as a function of plasma density, apparently as a result of transition from electron-dominated to
ion-dominated loss regimes. In joint work with the Genera) Atomic Company (GA), the inward transport of
£ neon test impurity was significantly reduced by poloidally asymmetric injection of hydrcgen gas into
the discharge, a result consistent with the impurity flow reversal effect as predicted by neoclassical
transport theory. Operation of ISX-A sas completed in March, and conversion began to the upgraded
I5X-B tokimak, The new facility is equipped with neutra) beim injectors und provisions for noncircular
plasma cross sections, anc its primary goal is study of the limits on plasma beta. With up to 0.7-W
neutral beam power, the results alresdy obtained include an average toroidal beta of 1.4% and a central
toroidal beta of 7%. Theoretical work on high beta tokamaks that was pioneered and made credible at
ORNL has culminated in the demonstration of (1) stable equi*i.ria at beta values as high as 105 for
aspect ratio 4, (2) longevity of high beta cases in the nresenc: of resistive skin diffusion, and (3)
benign reaction to the full range of transport phenomesz. As a result, the type of operation required
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for aigh energy-density. long-lived discharges in the LPIT device appears o Jinje. Early testing of
nigh beta theory has been made possible through our design of a very flexiple plasme gpntrol field i
system for the second phase of the ISX-B device. -

Significant advances have contirued in the development of pellet injectors and neutral besx in-
ectors. The pneumatwc-type,oe}\et injector was upgraded from a pellet velocity of 330 w/sec to lDu\‘ -
n/sec with l-me-diam pellets. [njection speriments on ISX-B showed that for 600-700-e¥ ceniral plasma
. temperatures, the pellets can peuéiga&e the entire plasma discharge and impact or the inueh'ugll."iheg
‘accompanied by neutral beam injection, the plasma remains quiescent even with a fartor of 2-3 demsity: -
increase.>and the pellet penetrates 20-30 cm into the discharge. A prototype centrifugal mechanfcal
irjector has been operated with 0.8-m-diam pellets at 2 feed rate of 150 pe1f§$s/set and has achieved =
* pellet velocities of 290 m/sec. in the neutral beam development prograa, two ISX-B injectors srlﬁlar tc .
those developed for the Princeton Large Torus {PLT) but with shaped extractw“ pertures were !ested uw ‘
the Medium tnergy Test.FaczIrty (METF}. At extraction parameters of 82
‘delivered 900 M¥-of H? power. The last of the four PLT beam lines we. , to Princeton Plasma ©
Physics taboratory (PPPL), and the four injectors raised the- PLT fon tenperafnre to 6.5 ke¥. A 30—:!#
grid-giam POX {Poioidal Divertor Experlment) ion source has, in prellnlnary testlﬁg. produced 170-A
hoame at 4! vy for 100.mcoc nglces, An eaergy recovery experiment based on the 00ML concent of trans-
verse magnetic field electron blocking yielded preliminary recsvery efficiencies of 60 = 20%. . This is a
very sigaificant advancement in the development of high energy, steady-state injectors for future exper-
iments Gecause it simultanecusly improves the system efficiency and drastically simplifies the beam
target cooling oroblems. This continued advancement in both of these critical fueling and heating

zechnologies is crucial to the future of advanced fusion devices.

The orogra~ to develop large toroidal superconducting magnets is now well established. Three majer
U.S. equipment manufacturers, under subcentracts to design and build one test coil each, spent the year
ia detciled design ané in supporting verification tests. Japan and Switzerland joined EURATOM and the
“£.5. in 'n internztional agreement that will rulminate in tests of 3 six-coil torcidal array at bﬂﬂi.
The desiyr. of the U.S. coils has benefited significantly from the research and development support of
wie Magnetics and Cuperconductivity Sectior of the Fusion Energy Division. Several facilities have been
constructed fir verification testing of superconductors. The development, instrumentation, diagﬁostics,'
and protection systems have also made up a large part of the research and development. Another arvea of
work involving considerable interaction with the subcontractors is coil rabrication teznnology. Con-
struction of the Large (oil Test Facility (LCTF) tegan with preparing the site. ;ouring the concrete
base for the vacuum tank in Buildina 3204-1, end forming tne tan« sectiorns. -

In September 1978 the Departient o, Zaergy {DOZ) introduced a new policy statement for fusion
energy. One key element of the strategy outlined in this policy was the decision to hiave an Engineering-
Test Facility built to serve as the vehicle oy which the fusion program would move from the scientific
phase into the engineering test phase. The ETF would provide a tesibed for reactor components in a
fusion environment. Following the review of recommendations from GA, ORMNL, and PPP., DOE selected ORNL
to host an ETF Design Center with the responsibility of developing a detailed mission statement for an
ETF that could begin operation in the late 1980's, 4 reference design for a facility with this mission,
and recomendations on what program elements are necessary |0 ensure the technical success of the
facility. The ETF Design Center team has been established with significant supporting responsibility
being accepted by the major fusion centers of GA, PPPL, and the Massachusetts Institute of Tec'uology.
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Aty euic s, Conversicr of the ELMO Bumpy Terus
\EBT-I} esperiment to EBT-Scale (EBT-S)
continged in the first half of 1978 simul-
taneous iy wi*h the Yarian’ crogram under Oak
Ridqe Netisnal taboratory (QRNL) cubcentract
for developrment of 28-GHz, c<uperpower,
zontinuous wave (cw) dyratrons. Ouring 1978
varian demonstrated cw power cutput greater
tnan 1JC kk, and experimentai gyrotrons
resylting from this efiort were utilized in
the prirary electron cyclotron heating (ECH)
syster for cperation of £27-S  Qperation

witn 2o-Gtz power was. however, very limited
and was restricted to a power of about S0 kW.
Ls predicted from theoretical scaling con-
sideraticns, a rise in toroidal plasma density
of approximately 50% was observed in EBT-S
operation. However, tha electron and ion
temperatures remained roughly ccnstant, also

as expected, because torcidal plasma tempera-
tures scale with total microwave power, which
%35 the sawe a5 in the EBT-] made.

Additional work was directed towards
refining diagnostic techniques and coordi-
nating diagnostic measurements. A new Thomson
scattering system and a charge exchange
analyzer that measures ions from the mirror
throat were installed near the end of the
year during the overhaul of two of the motor-
generators that provide magnetic field power
for EGT.

Stucies of ohmically heated plasmas were
made in tne Impurity Study Experiment (1SX-A)
tokamak under a wide variety of conditions.
Optimum confinement parameters were I3 30 msec
and leff = 1.5. The initially linear increise
of e reached a limit as & function of plasma
density, apparently as a result of transition
from electron-dominated to ion-dominated loss
regimes. The inward transport of a nean test
impurity was siynificantly reduced by poloi-
dally asymetric injertion of hydrogen gas
into the discharge, a result consistent with
the impurity flow reversal effect as predicted
by neoclassical transport theory. Operation
of [5X-A ceased in March for conversion to
the upgradred [SX-B tokamak. Thi iatter

facility is equipped with neutral beam injectors
and provisions for noncircular plasma cross
sections. The primary goal is 3 study of the
limits on plasma beta. With up to 0.7-M«
neutral beam power, the results aiready
obtained i1clude an average tcroidal beta of
1.4z and a central toroidal beta of 7%.
Solid-hydrogen-pellet injection into ISX-B
discharges has produced factors of 2-3
agensity increase. Detaris oy a number of
plasma measurements, the neutral beam system,
and progress towards an upgrade of these
syvstems are included. The results of the
Impurity Study Program and the status of the
Long Pulse Technology Tokamak (LPTT) are
reviewed.

1.1 INTRODUCTION

The Experimental Confinem:nt Section was
formed by a merging of the two separate
sections previously involved in this work:
the Experimental Tokamak Section under
J. Sheffield and the Hioh Beta Plasma Section
under R. A. Dandl, now retired. The work
reported here was done mostly under the
earlier administrative arrangement. The pro-
grammatic organization of the section is shown
in Fig. 1.1, which alsa serves as an aid in
identifying the principals irvolved in the
different areas. The Atomic Physics and
Diagnostic Development Group in the Physics
Division, whose affiliation with the section
is indicated in the figure, sumarizes its
work in Sects. 2 and 4 of thys report.

The EBT experiment is described in
Sect.. 1.2. In Sects. 1.2.1-1.2.5 the principal
diagnostic development programs are described.
The effects of field errors on EBT plasma
confinement are examined in Sect. 1.2.6, and a
study of the absorption of the ordinary wave
in a8 finite temperature EBT plasma 5 dis-
cussed in Sect. 1.2.7. In Sect. 1.2.8 the
EBT-11 developments are given. Sections 1.2.9-
1.2.11 describe the microwave technology
deve 1opments for 1978, and Sect. 1.2.9 is a
det.cription of the EBT-S ECH system.
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Fig. 1.1. Experimental Confinement Sectfan
programmatic organization.
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are Iiven in Sect. 1.3 2, along with reperts
of progress towards tne Eln and neutral beam
syste,.  Sectior 1.3.3 deals with the Irpurity
Study Frogram ,nd 1.3.% with the desicn

studies for the 27T,

1.2.1 Soft X-Ray Measurci.":s

G. R. Haste S. Birge

The soft x-ray data reported in privious
years have been taken with a single delector
that views the plasma along the diameter, In
the course of the past year, an array of such
detectors has been added. This array, shown
in Fig. 1.2, consists of five detectors
collimated to view the plasmas along five
parallel lines. The experience witn tne
single-channel detector has proven very
valuable in the design and operation of the
five-channel system., For example, the colli-
mation, the shielding from visible 'ight, ara
the vacuum control techriques are directly
applied. The same in situ caiibraticn method
is also used.

The purrose of tnis new array is to pro-
vide profile information. The resulty cf
some of the first measuranents are shown in
Fig. 1.3, with only four of the five channels
represented. These preliminary data seem to
indicate that the temperature profile is flat
and that the density prafile is peaked with a
center a little above the machine midplane.

1.2.2 Charge Exchange Measurements

F. W. Baity J. C. Glowienka
B. H. Quon

There were two types of charge exchange
danalyzers used on EBT during 1978, one
employing a conventional nitrogen stripping
cell for converting the escaping energetic
neutral atoms to positive ions and the other
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Fig. 1.2. Geometry of the five-channel soft x-ray detector.
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Fig. 1.3. Preliminary electron tempera-
ture and density profiles taken with the
five-channel soft x-ray detector under typical
T-mode condftions.

employing a cesium chirge exchange cell for
converting the neutrals to negative ions.

The cesium cell danalyzer, a new development
spacifically for application on EBT, has been
previously described.”

The calibration for both srectrometers
was carried out in the laboratory using 2
small diameter, monoenergetic neutral beam of
low intensity. The intensity of tne neuytrai
beam was inferred by intersecting the beam
with a Faraday cup and measuring the current
due to seccndary emission from the copper
plate in the cup. 1he Faraday cup, in turn,
was calibratea by an ion beam of the same
energy, and the assumption was made that the
secondary emission coefficients were the Same
for both ions and neutral particles. To test
the validity of this assumption, a more
sophisticated direct measurement was made of
the secondary emission coefficient of neutral
hydrogen atoms on copper.? It was discovered
that, at energies greater than 100 eV, the
secondary emission coefficients for ions and
neutrals agree within 10% but that below
100 eV there is & large disparity in the two
values, with the difference increasing rapidly
as the energy decreases. These new Seconcary
emission data were used to correct the caii-
bration curves for both analyzers; also used
was 3 new analysis that fits the charge
exchange spectrum by adding several (usually
three) Maxwellian distributions of different
temperature. Simultaneous measurements were
r-ade with both analyzers and then compared.®
Because of unresolved uncertainties, the
toroidal plasma ion temperature determined by
the cesium arilyzer was higher by 10-20%,
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tut the ion-neutral density product was lower
by more than an orcer of magnitude. wWark is
ncw under way to determine the souyrce of the
errcr in the cestum anazlyzer results so that
the improved Yow energy capability and
increased count rate of this promising tech-
nique might be exploited.

During the period of downtime at the end
of the year, a new charge exchange analyzer
was installed that detects neutrals emitted
in the mirror throat region of EBT. This
analyzer ,anuld give information concerning
the distribution of ion pitch angles in EBT.

1.2.3 Thomson Scattering

J. A. Cobble R. A. Dandl
M. C. Becker M. F. Hesse

Jecause of the low electron density, the
high plasma light l2vel, and the harsh x-ray
environment, earlier laser scattering experi-
ments on EBT have not generally been useful.
This year installation of an imprcved Thamson
scattering system was begun, and pveliminary
results indicate that plasms electron tempera-
ture and density will be measurable with the
diagnostic. Initial experiments used new
analog processing instrumentation to accu-
mylate data from up to ten 500-MW laser ﬁhots
per monochrometer setting. Signal-to-noise
ratios of five have been recorded 100 A from
the ruby wavelength,

These first efforts showed the importance
of 3 good viewing dump to si, 155 Stray
light and of shutters tc protect vacuum
windows from deposition of sputtered material.
Also noted was the necessity of better
radiation shielding for detectors and of more
frequent system calibration.

Delivery is expected soon on a five-
channel polychrometer that will decrease data
acquisition time and the number of laser
shots required. In addition, work has begun
on a mirror rotation technique for obtaining
spatial information.

1.2.4 Heavy lon Eeam Prcbe

S. P, Kuo F. M. Sieniosek

Measurements with tre ion beam probe
have been continued under F77-I conditions.
Areas of ..vestication have been the effect
on the space potential cf r.icrowave heating
and field errors and the continuity of
potential along field lines.

The result of 2 study of the scaling
with pressure and power for a number of space
potential scans is illustrat in Fig. 1.4.
Of interest is the evident swonthing of the
potential well when 10.6-GH: profile heating
ic introduced.

Aisc, the continuity of the space
potentia® along toroidai magnetic field lines
has been investigated by eliminating the
microwave power from tle cavity in which the
peam probe operates and from adjacent cavities.
No appreciable change in the potential profile
has been observed. It can be inferred from
these measurements that the potential drap
along field lines is negligible when compared
to radiai variations,
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Fig. 1.4, Potential well depth vs ambient
pressure for the cases with and without profile
heating at 10.6 GHz,



Tre operating range of the heavy (or
tea~ 2rghe has been expanded to handie the
Lrredssl voitage raquirements, which 2re
neles o because of the higher magnelic
Tigld ar £87-S. The entire beam “ine has
Leen vpgraded from 80 kV tc 60 kV.

forther, the stability and accuracy of
tne nigh valtage detection circuit have teen
improved.  TNis circult must have temperature
ani voizaze stabilizy of one part in 10°-10-.
Thz ron gun Structure has been modified to
2icarodate a commercial alkali emitter. The
s oroved pucity of tnis source allows measure-
Sent Jver & broader regicn of the plasma

Lrate Sectign,

y -

P.2.5 Torgidel Plasra Irpurities from vuv

Emissions
N.ot.oLazar ¥. r. Carpenter

Aralysis of geta from spatial scans’ of
sacuur sitreviclet {vuv; ermissions of aluminum
arad carbor iTpurities wis continued in :E7-I
411 2 —ndified algebraic reconstruction

4
H

serrnigue,”  farli

il

r estimates of low impurity
dersities in tne tornidal plasma were confirmed.
Surrarized in Table 1.1 are impurity ion
densities at the center of the midplane.

Table 1.1, impurity ion densities in the
region of the toroidally confined plasma,
assuming an electron density

of 2.0 £ 10+ em™"

Density {er™ )

lon charqge state atr 0
HI .2 x 107
c Il 5.9 x 10
¢ Il 3.9 x 107
C iy 1.0 x 107
cv “1.4 ¢ 107
Al I 47 x10°
3 ¥ 15

Al 11 1.

The glo.2l field compensetian it £57 is
used to reduse cr ernkanie trz syster jlobal
field error, thus permitiing stuytivs of

clasma stabitity and cenfirenant wizh fiel

(2%

error as 3 parateter. -

In sréer te show the effect of field
error On L. Strusturf: Qr the potential
profile, the notentiai profile was measurea
for a number 2f freld error conditions with
fixed pressure anc power [see Figs. i.5{a}
ard 1.5(%j.. Figure 1.5(a) shows the measured
torpoidal Crrrent a5 a function of applied
horizontal correction field; at five peints
on this curve, potential profiles were measured
along a canted vertical path defined by the
neav, ion beam through the bottom kalf of the
plasra {see Fig. 1.3{67]. Tnese figures are
relatecd a¢< foliows. In the region of minimyr
net toroidal current {Letween cases 3 and §),
the poten:ial profiles remain nearly the sare
and are consistent with the t{ypical two-
dimensional (2-D) profile that exhibits a
deen potential well. Outside this region, in
botn direction , the potential well is found
to decreasse as both field errors and the net
taoraidal current increase. Cases 1 and S
show similar potential profiles at opposite
extremes of toroidal current. In both
directions the potential well is found to
decrease as net tcroidal current increases.
The potential asymmetry that develops at
these extremes appears to be related to the
vertical drift of electrons whose drift
surfaces intersect the System wall.

The fedture of minimum net tor)idal
current, as observed in Fig. 1.5(a), suggests
that an essentially current-free confiquration

is maintained when field err..  are cancelled
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Fig. 1.5. (a) Toroidal current as a
function of horizontal correction current;
(b) radiai potential profiles for the cases
indicated in (a) under the plasma conuiticns
of total applied microwave power, a3 k¥, 3l
at 18 GHz, and an ambient L.essure of
6.1 x 10°% Torr.

out. In order to confirm this conjecture,
four independent current pickup loops located
on the outer surface at four different
poloidal angles (4 = 60°, 150°, 240°, and
330°) have been used. The signals obtained
from each of these pickup coils are plotted
in Fig. 1.6. [t is fouad from these measy . -
ments that, for error fields larger the~ the
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Fig. 1.6. Detailed current variation
detected by four extra current pickup loops
Tocated at 60°, 150°, 240°, and 230°
poloidal angle. The :zero lines are provided
for comparison.

critical value :8/8 = (iB/B)cr. all four
toroidal current signals are of the same sign
and increase simyltancously to large ampli-
tudes. ([n the region of swall net toraidal
current, the amplitudes of all signals reduce
to small values, 2s expected. ‘However, there
is some detailed structure on the small
residue current in this range of field errors.
Each of these signals seems to vary sin;soi~
dally and to cross zero once as the mrizontal
field error sweeps through this range. The
sinusoidal behavior of each signal appears to
be consistent with that expected from a
diffusion-driven current Jh = (2 x E}gjnnﬁ =
2:‘rﬁ,8‘}/nv.u.
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1.2.7 Absorption of the Ordinary MWave in which leads to

Ax) = i - ax)
T. Juaan - T Ve

In EBT the coupling of the microwases to .
the plasma is made through the electric field qeti T i
at the cavity por® cpenings. Some portion of = DR S E I
the wave energy is deposited in thé region i
where the propagation f.equency is near the

;USing €qs. (1.2) and (1.3) in Eq. 0, ue

electron cyclotron frequency. The electrons
are heated as a result of this resonsnt = - . : LT
irteraction with the wave. The pouér ab;{}gﬁtiml‘ S wP.ere o
of the wove at the efectron cyclotr.:)gr.f}"{e‘q%enciy‘ S
zan be estimeted from the injected wave, - o LT )
considering the finite electron t.empereiure_,' ‘ g = £ "’("p/"P} LI A i1.5)
effeccs -beciwse celd plasma iheory does not , : , '
predici a4y absorption for the ordinary wave. o, (_P)2 s . : » ,

in the cavity the ¢ dinary wave is - L Yoo B P {1.6)
proszgating rerpgendiculi - to the ::agne?_':r.’ '
7 fielc B with the freque cy =, which s higher

and ¢ < 1, which accounts for the other wave-

than the e fregu: [y . . The microwve . <
tha plasne freqi: ¥ < ® mierosve damping mechanises.

electric field, € = F ,e‘(‘t“kx), myst satisfy The sclution of tq. (1.4} can be expressed

- the following wave equ. tion. in terms of the khitiaker functions,?®
i W, ..../{x}. Usin the largé argument

CEL (=N, £ag v(\ 1 " oxpansion of W, fx) for x » G anc x < 0,
SR B2l B =0 . L1 e ; : .

dx- (c) ‘22 tie moduli of the reflection and transmission

coefficients are? \as « ~ 0]

Here “yz is the dielectric constant; for

Mzywel liar, elecirons with the first order iR: = 1 - axp (-2n) ,

Larmor radius ¢ corrections, it takes the

form iT] = exp (-7n/2) . : (1.7)

Ry (e - :
€, %) (" ) (- P ) , (1.2} Here q = (:) g,/g,- Hence, the fraction of

the absorbed power A becemes

where i = k*%/2 = T fm ¢t and - = ieiB/m.c

= -t - - 3 . .

fs the cyclotron frequency, Further assime A = exp (-mn}(} - exp {-rn}] . {7.8)
that the inhomogeneous maqnetic ficid at the e
resonance region may be qiven as . The characteristic magretic field scale

length 2~ ! mey be expressed in terms of the
828 (1-ar), mirrg- ratin K and the plasma radius a in the

v form

leid )

m_cC

e




Fo? the present EBY, ¥ = Z: thus,

.-,j-'i _-’Asa i' ’ (1_9)':

Using tgs. [1.5), {1.€}). and (1.9) in

CBg. (1.7}, we get

SO0 ()

A i (1.19)

The fraction of the power that is absorbed at
the electron cyclotron resomance (ECR)

region in EBT-S can now be estimated by the
toroidal plasma with the following typical
plasma parameters: “p/& = 0.7, w/2s = 28 Ghz,
Te = 600 eV, and 2 = 12 cm. From Eqs. (1.8)
and (1.10), it . found that almost 16: of

-the incident microwave power is absorbed.

1.2.5 EBT-11

J. C. Glowienka

An engineering scoping study of the next
generation LBT device (EBT-]]) has been
completed.” Uxcept for an already funded,
millincter wavelength, very high power
microwave scurce developmens program, ihe
study stressed design compatibility with
existing technology so as to pcrmit 2stab-
lishing a baseline cost for the machine,

The EBT-1] device represents a dramatic
advance for EBT physics and technology and is
based on two critical assumptions

( {1y Electron and fon transport in EBT-11 will

be neoclassica¥, a< in the present EQT
experiment.

(2) The requisite microwave and super-
condurting technology will be available
if sufficient lead time is allowed for
development.

vy

- —

T EBT-TH maching will be able to test

- aogFessively the validity of meoclassical

sczling because of the increases in basic
device parameters of microwave frequency w
magnetic field E, and mechanical aspect
ralié. C " I

The first stage of the experiment wils
“concentrate on examining the scglinq’uédg;
possible with the deviie improvements. The
higher . and B should allow operation at
higher d;nsity where, as an added benefit,
plasma diagnostics -are mcre reliable. In
addition, the larger aspect ratio should
improve the neoclassicel confinement time,
which scales as tne aspect ratio squared, by
an order of wagnitude. An additiora)
feature designed into ti.: device is the
ability to control flexibly and to increase '
the cffective aspect ratio with supplsmentary
toroidal aspect ratio enhancement (ARE)
coils, thereby pushing the scaling test ever
further. The courrent design calls for an ARE
ractor of about 2, which should increase
the neoclassicuslly calculated lifetime about
a factor of 4. Under optimum conditions )
this phase of operation may yicld confinement
times of -0.2 sec, temperaturcs of -3 keV,
and n: of -10' % sec/om’,

The second phase will certer on the -
addition of auxiliary heating, most probatly
‘neutral beam heating. Wiih the added heat
and particle saurce allowing control of the
electric firld, we estimate an increase by a
factor of 2 in energy lifetime at increased
plasma density. It i5 possible to demonstrate
reactor-like conditions in hydrogen with
w o 109,

The parameters of the EBT-11 scoping
study are given in Table 1.2 and are compared
with those of EBT-1 and EBT-S. Uesign sStudies
are continuing and are aimed at establishing
o more cohesive overall EBT program that
embraces (1) EBT-S, {2) the required develop-
ment activities for EBT-1! that can be
addressed both on and independently of EBT-S,
and (3) EBT-11.



Table 1.2. Machine and plasma parameters for tBT-1. EBT-S, and [BT-1!

Past
‘]
- €8Y-1 SO o x -1 .1 S
experiments conc luded EBT-S

No/ember 1977
(measured)

Machine

Magnetic field (midplane,
mirror)

Magnetic fieid power
Yoroidal field <oils
ARE coils
Torus volume
Major radius
o1l mean radius
Aspect ratio

Microwave power,
continuous wave {(cw)

F.ix heating
Profile heating
Neutral beam

0,457, 0,971

7.5 MW
None

1350 liters
150 cm
1g.8 ¢m
3:1

60 kW, 18 GI.*
30 kW, 10.6 GH.

N o 2 . o o o @ i e i

experiments started
summer 1978

0.65T7T,1.37
10 MW

1350 liters
150 ¢m
18.8 cm

8:1

200 kW, 28 GHz
60 kW, 18 GHz

. future

LeT-11
reference design
{anticipated)

361,607

1.3 kW (refrigeration)
15 MW

5500 1iters

r20 cm

24 ¢m

~20:1

1.6 MW, 120 GHz
300 kW, 70-90 GHz

heating (cw) None None | MW at 20 kv
Hot electron annulus
‘e 2-5 « 10!} cm™! 2-5 x 10} m7? 1-6 x 107 em™?
’ =100 keV =100 kev $00-2000 keV
F anulus 10-40: 10-40% 10-50%
Toroiual plasma :
Antictpated at Anticipated at With auxiliary
Measured full power outset heating
n 1-2 x 102 ¢cm™3 EBT-1 temperaturvs at 2-6 x 10!? em”}' 85 x 103 em”?
_ higher densities .
Te 150-600 ev (preliminary results) 300-800 eV 3 kev 8 kevy
Ti 70-150 eV 100-200 eV 3 kev 8 kev
3max 0.2-0.6% ~0.5% » 1% 10%
Midplane minor radius 10 ¢m 10 cm <17 ¢m
Effective aspect ratio 8:1 8:1 =40:)
Yolume 400 liters 400 Viters <2000 liters

nt

5 x 1010 gsex cm™?

2101} gac cm™?

~1013 sec cm”?

ot
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1.2.9 The 28-GHz, 203-kW cw & ectrom
Cyclotron Feating System for £B7-S

7. L. white
R. E. Wintenberg

H. J. Eason
G. F. %ierce

Experirents in the EBT-I facility, a
24-sector, bumpy toroidal, dc magnetic trap
heated at 18 GHz, nave shewn that plasma
currents produced by microwave-heated, hot
electron annuli can provide macroscopically
stabie plasma confinement in a steady-state
The EBT concept is attractive
for extension to a fusion reactor and has
been selected by the Department of Energy
(DOE) as the leading alternative to the

bumpy torus.

tokamak znd mirrar anorpaches to controiled

fusion. Crucial to this extension is the
develsprent of high efficiency, multimegawatt,
cw FCH systems operating at millimeter
wavelength. I[nitial scaling experiments are
being conducted at a neating frequency of
28 GHz in the EBET-S facility, a modification
of £E8T-] peraitting operation at higher
magnetic ficld strenatn.

Primary ECH power at 28 GHz for EBT-S
is .rovided by a type VYGA-8000 cw gyrotron
oscillator developed by Varien Associates:
under ORNL subcontract and desiqred for
operation at a power output Gf up to 20C <k Cw.
The basic princ.ple of its operation invclves
cyclotron resonance interaction of a hollow
elertron beam having larqge transverse energy
with 3 cylindrical resscnator operating in the
Tt

inciude the electron gun, the microwave

mcde. The basic elements of the gyrotron

interactiica circuit, the electron beam
collector, the microwave output coupling
system, and ‘he magnetic syste™, which is
essential for focusing the electron Lea~ and
for the cyclotron resonance interaction.
The EBT-5 28-GHz gyrotron tCH system,
which utiiizes a power supply system con-
structed by Universal Voltronice, Mount
Kisco, New York, to ORNL performance :peci-
fication, includes an adjustable, neqative
100-kY, dc, 10-A beam supply isolated fror

ground for ranitoring of beam interception.
It aiso includes a heater supply and an
adjustable, well-regulated, low current,
40-k¥ positive supply referenced to the
negative high voltage terminal for operation
of the magneiron injection electron gun.

Both the beam supply and the electron gun
supply are equipped with fast crowbars to
divert stored energy in tne event of a fault.
Typical VGA-8000 operating parameters are as
follows: beam voltage of &0 kV, beam current
of 2 A, and electron gun accelerating voltage
of 27 kV. The required magnetic field of

=11 kG is provided by a water-cocled copper
magnet energized by a bank of four well-
requlated, high current, low voltage supplies.
Microwave power Sutput 15 Controiied over 4
dynamic range of 18 dB by variation of the
transverse energy component of the electren
beam. Transgverse energy control is acc.m-
clisned by & cortination of small magnetic
tri- coils surrounding the electron gun and
The

gyrotron is constructed with a large, water-

by variation of tne éxtraction volteje.

tooled, copper collector capable of dissi-
rating the full 640-kiW power of tne electron
beam. Syster cooling requirements are met by
3 closed loop heat excthange system using
demireralized ~ater. The coliector fliow
requirement s 300 gpm at a pressure drop of
150 psi.

The output wavequide of the VGA-EGO0 nas
a 6.35-cm-diarm circular cross section, and
the output power propagates primarily in the
Tt,, mode, one of the family of circular
electric modes that have sp y jow-10sS trans-
mission characteristics. The output wave-
guide window of the gyrotron consists of two
transverse disks of BeQ ceramic separated by
130/2 and cocled by circulation of a low-Tloss
fluorocarbon liquid througn the space between.
The output wavequide is capable of supporting
almest 100 propagating modes at 28 GHz, and
extreme care is exercised to maintain constant
cross section and minimize discontinuities in
the transmission system, tne objective being

to minimize conversion of power hetween mgodes



e
s
(0

tZ avoid trapped-mode resonances in the

wn

s8%e. Miter bends of 9¢° are used ¢
222 %en changes in wavejuide direction. A
ress Jutde” directional coupler, developed
for romitoring gyrotron ocu'put power and
power reflected from tBV-3, 15 comprised of
intersecting, circular wavéguides with a 45°
=gtailic septum perforated with an array of
circular hcles. integral power measurements
are sotained by calorimetric loads of iow
thermal capacity connectyd tc the coupled
Additional

fast response mnitoring of power and fre-

pores of tne dirscttonal coupler.

quency s accomplished through use of samplers
that respond primar-ly to TE;h ~pdes.

a3veguice materia: i copper except for short
‘enjins of <tainless stee! wavequide inserted

ints eacn straighy run foar the purpose of
£

sndez. ThUo results in darping of

2E resTnanies.  sdvequide arg

acoomgitLres Ly & pnottelentric
b

wh the Gutpul windcw and

[3Y
oy
L%

-
m

“£7, Tre LOver Supbiy Crowhar. aave-
J.U%6 ant Coronrerts are water coolied for
aryiegnment2l corpatibiiity with associated

essiprent. The wavegquice vacuun window uced

for entry into EET-L i¢ similar in design to

that yse¢ On the gyrotren. “he wavequide
transsission systes is operated at 3 slight
positive pressure of dry nitrogen to ninimize
corrosion and to prevent the entry of moisture
or foreiqgn matter. Tie 22-GHz microwave

oower is fed into a large, copper-plated,
w3ter-cooled, stainless steel torgidal manifold
»aicr diareter = 200 cm; miror diameter =

27 cm) that also serves as 3 vacuum pumping
nan14314 for ERT-S. Radio frequercy (rf)
1yaiation of tne vacuum pumps is provided hy
:ctoer slaves cerforated with an array of

Power at 28 GHZ

o fictronuted to eann of tre 24 sectors of

e ow-nutaff sircuiar rgles,

LBT-T cnrqunh additiorai serforated copoer

Y

“laten, 2arh nasing 3y centrally lozated,

12

circular coupling aperture saveral wavelengths
in diameter. Thus, the rt distributicon
manifold funciions ¢s 3 very low-0Q reflecting
chamber in which the ioading is provided by
strong coupling to the cyclotron-resomant
magactic field reqgions of L6T-S.  Power
distribuiion is adjusted empirically by
Measured plas.e
parwmeters, witich are strongly deperdent upon

-apslied ECS power {viz.. balance of the stored

charging aperture diameters.

energy in the high beta, hot electron rings
in all of the 24 sectors of EBT-S) are used
3s criteria for adjustment of power distri-
bution. lritial operation of EBT-S at jower
levels. «xceeding 50 k¥ cw was attained durinc
Sep.ember 1978.

1.2.10 28-Giz Oversized Haveguide Develope. -t

T. L. White

dork during the past year has concen-
trated on irproving cur measurement tech-
niques in an oversized wavequide at 28 GHz. in
particular, a miter benc detector was developed
to measure r variations in the £ field in a
5.35-cm-diam cversized waveguide: and a
rotary detsctor was built to measure 2 and
z variations in the v_ fizld at the wall of
the wavequide. Tne:e‘me35uremerts greatly
incresgse our understanding of the effects on
mode purity of miter bends, tapers, and cther
components in oversized systems.

Alsc, methods of measuring low level
(~1 mW) iicrowave power independent of mode
content are being investigated so that over-
sized waveguide components can be characterized
hy their quasi-optical transmission properties
rather than by a complete mode-by-mode
description.

In 2ddition, the electronic measurement
techniques have been improved by the use of
Tock-in amplifiers and other signal processing
techniques to improve signal-to-noise ratieo-.



A Tff@ e IE - mede transducer was
developed te test a new output Coupiing
system applicable to yyrotrons. Tkis trans-
ducer has exceilent mode purity, and similar
techniques can be used to excxte any T£ o mnde.
The transducer consists of & TE . rﬂsonant
ving, that is, an integer nymber of guide
wavelengths in aean circumference. wrapped
arcund a cylindrice) cavity. Coupling to the
cavity is achieved by using the same integer
number of coupling holes (all in phase} that
p'eferennal ly excite the |£ modes in the
cevity. The cavity has large irises at each
end tc resonate the desired Ttbn: mode with a
high Q while allowing lower order, circular
electric rodes to radiate out at very low
levels, The IE:n: mode 15 16aded by coupiing
out of the cavity through one of the irises
into a circular wavequide, thus producing a
TE " zode of nigh purity suitable for testing
oversized wavejuide componernts.

1.2.i1 Wall Effects an the Absorptiom
of Electron Cycigtron Waves
in an EET Plasma

T. Uckan

The absorption of electron cyclotron waves
nropaqating along an externally applied naynetic
field in a uniform plasma surrounded by 2
cylindrical, metaliic cavity wall was studied.
In the model the cavity wall, the vacuum-
plasme interface, and the effects of finite
electron temperature were considered, and
the dispersion relation for the wave oropa-
gation was derived. The results were then
Applied to the EET-1 plasma and the propa-
gation cha.acteristics computed. The wave
ahsorption in the ordinary mode was found
to be a result of the wall effects, whick
cannot be predicted with the infinite plasme
theory. The loaded quality factar QL was
also estimated from the model to be about 12,
which is in good agreement witn the oxperi-
mentally observed value,

-section, moderate 5iz

1.3 TOKAMAK RESEARCH

1.3.1 The ISX-A Tokamak’

Plasma Confinement and quurlty Flouk
- Reversal igpgriments in the JS!-A Tokanak‘v

M. Myrakami 5. . H. E. Ketterer
K. H. Burrell S o H._Kyng:
7. €. Jernigan ,I’L'T,R: h. Lengley -

4. £ Lyon
B K ncumn

R E. ﬂaysmy“

R.73. Colclﬂn 0. N ,
€. ¢ Crume, Or. = AP, Yavarro
2. L DeBos S ELA. HeiGiyn
J. L. Duslap = G. H. leilson
. G. 2. Dyer . V. . %aré
- P. F. Edmonds P. Prater
L. €. Emerson M. J. Salumersh
- A (. England . ). Schaffer
£. S. Ensberg J. E. Sirpkins
C. A Fester. J. ¥. Swain
Y. Gomay J. B. dilgen
K. W. Hill WL R MWing
H. C. Howe $. K. Wong
R. €. Isder 5. lurre

This paper c¢cicribes oxperinental studies
in [5X-A, a tohamak aith circular lross

o, and relatively low
teroidal fiele, 8, 15 Tre confinerernt -
studies investiyated pla..w behavior (espe-
cially effects of impurities on plasma con-
“inement) under a wide range of discharge
conditions, wall cleanliness (discrarge
cleaning vs titanium gettering), limiter
materials {stainless steel, varbon, and
molybdenum), plasma fueling metnods {gas
pufring and pellet injuctisn), and working
qases (hydrogen and deuterium). Optimum
confinement parameters (;E = 30 msec, lﬁff =
1.5} resulted with o stainless steel Timiter
ard titaniuw: gettering. The initially linear

increase of qross enerqy confinement time -

L

T
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wis tupporied by deliberaie injection of
: . GrGs s rq. -n €3 en ires -. 3
tumisten into the discharge. Studies of Gross energy confinecent tires to in

. TCY L, % i iar £
Larit, behavicr were hagulighted by the tne i5X-r tokamak exceeded predictions of 'he

Sorits Fiow reversal experirent. A soloi- usuel empirical scaling relations. wWe att-i-
Al awetric snurce of oratnng guhctarn tute this performance to reductions of impurity
1 b 2z H 3 x Loy L s DL SNy LT
“1elly 1ltered the transport of ar injected radiation and magnetohydrodynamically ariven

- . Teee = b 1 - che
necn to.t dwurity, and tne chandes observed tost cnanrsls. The vaiue of - resched a

were Consistent with expectations baset on 5 2 function of plasma density. e

&
: N : e [ trie Se A+ capedti
sitple negciassical transasort models. varigesat that this Timit i due to 2 transition

froo electron-dorinates to ion~ucminated loss

. _ resites. Mazinur attainable values of £

Laperinental Observation of the Irpurity- . . . .
T e T e e e e P e incressed with discnarge current, in agree-
Ficw-Reversa’t Effect in a Tokamak Plasma-: ) o )
T T s T T T TR e s e nent wilh this interpretation.

¥, H, Burrell P. J. Colchin
J. C. DeBoa P. . Ednonds Spectrescopic studies
£. S. Enstery oW WD
R, C. Isler
R. Prater R. C. Isler
§. K. dorg 7. C. Jernigan One aspect of the confinement studies in
C. L. Bush M. Muragkami ISX-A concerned correlation of the total
G. K. Neilson ) sower losses at the walls of the device with
spectraily resolyed intensity measurements in
The inward transpart of a neon test order to assess tre rajiative losses from
impurity injected into the plasma in the [5X varigus impurity .ons. This program was
tokamak has been significantly reduced by pursued over a wide variety of experimental
poloidally asymretric injection of hydrogen conditions and, in particular, over a range
gas into the discharge. The result is con- of values of ~7 .- from ©-6.
Listent with the impurity flow revercal Two spectrometers were used to investi-
nffect as predicted Ly neoclercical tran.port qa3te the vuv reqgion where nost of the radia-

theory. tive Tosses occur. A McPherson model 225
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rorui-incidence irstrorent was emzig.ed ‘o
the spectral region beétween 360 A and 1230 N,
anc @ McPherson model 247 grazing-incicence
spectrometer was used for photosraghic studies
between 15 \ and 650 \. Tre efficiency of
‘e normal-incidencze spectroreter end of the
detectors used with it was deterrined sepa-
rately in grder tco obtiin an absclute cali-
braticn of the system. Power iosses fror
specific ions were obtained during eacn
sequence of shots from tirme-dependent measure-
ments of the intensities of several spectral
lines tcgethner with the use of photograghic
spectra that enabled us to estimate the
relative intensities of lines above and below
366 A.

The results for three sequences of shots
are shown in Tables 1.3-1.5. The agreenent
between the radiometer data (which measures
the total power appearing at the wall)} and
the spectroscopic estimates is within 30 for
most of the cases studied. A notable excep-
tion is the result at 50 msec after breakdown
presented in Table 1.3; here the two measure-
ments Giffer by a factor of more than 2.5.
Figures 1.7 and 7.8 show tke evolution of the
electron concentration, the radiometer signal,
and several spectral 1ines during the dis-
charges from whicn Table 1.3 was constructed.
A strong hydrogen ges puff is introduced into
the lasma at B0 msec after breakdown. The
electron concentration increases by a factor
of almost 4, but the radiometer signal qoes
up only by 2 factor of 2. In contrast, the
impurity line radiation rises; by factors cf
3-7 between 80 and 100 msec.
indicate that as much as 20-30 kW of the

radiometer signal in the low density part of

Those results

the discharge may be due to energetic neutral
This
conc lusion is substantiated by other experi-

particles that escape from the plasma.

ments in which large, rapid changes of the
electron concentration were employed. It
appeared that at concentrations nf hé 5

1.0 » 1013, 20-40 kW of the radiometer signal
could be attributed to neutral particles.
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Fig. 1.7. Time dependences of (a} radio-

reter signal and (b} n, for a shot fror iSX-A

during which a rapid, strong puff of hydroqen
is introducea 2t 75 meec.

One other striking feature of the discharqes
analyzed in Tatles 1.3-1.5 i5 that tne
hydrogen radiatian not only accounts for 2
larger fraction of the power 10cs ¢ vzef,
becomes lower byt that the absclute inter.itie,

2150 increase.

Energy flux measurements on [5X-A

C. £. Bush G. R. Dyer

R. E. Worsham

Time and spatially resolved enerqgy flux
measurements on [SX-A were carried out using
single uncollimated detectors and an array of
six collimated detectors. Uncallimated
detectors give the total power 15 to the
wallc, and the array allows deteimination of
Initial
results were documented in the Jast report. i+

the spatial ariqgin of these losses.



Table 1.3,

-
o

Time after breakdown (msec)

Analysis of clasmas with

.7 .
“eff

® ¢

50 160 150
tmission rate/power (gR)a (kK) {yR} (ki) {gR} {kh}
HI: 1s-2p 4.0 3.1 i01.2 7.2 9.7 2.8
Ovl: 2s-2p 7.1 0.6 52.9 4.4 50.8 4.2
NV: 25-2p 2.6 0.2 26.0 1.8 19.4 1.4
CIII: 2s°-252p 1.3 0.1 45 0.4 2.V 0.2
CFeXvi: 3s-3p 4.4 0.7 a8 0.7 1.3 1.5
Estimated power (ku) (k) (ku)
Hydrogen 3.9 9.1 3.5
“ Oxygen 4.5 35.8 30.7
Nitrogen 1.3 2.9 9.5
Carbon 2.0 6.6 3.1
_ Ketals 8.0 8.0 na
T Total 19.7 72.4 63.9
Radiometer signal " 54 KW 101 kW 1M1 kW
’oﬁ 252 bW 226 ki 212 kM
<Zeff> . 2.2
He 0.9 x 10! 3/cm? 3.5 x 1013/em? 4.5 x 1012 /em?

%gR = giga RAYLEIGH = 1075 photons cm? sec™!.

Table 1.4. Analysis of plasmas with <Zeff) <2

Hydrogen puff into
hydrogen plasma

Deuterium puff into
hydrogen plasma

Emission rate/power (gR) (kW) {gR) (k)
HI: 1s-2p 292.3 22.4 88.2 6.8
OvVI: 2s5-2p 13.2 1.1 22.4 1.8
NV: 2s-2p 13.2 1.0 14.7 1.3
CITl: 2s2-2s2p 1.6 0.1 1.3 6.1
FeXvl: 3s-3p 0.8 0.7 4.4 0.7

Estinated power (kW) (kW)
Hydrogen 28.6 8.7
Oxygen 8.3 13.5
Nitrogen 7.0 7.7
Carbon 1.8 1.8
Matals 3.0 16.0

Tota! 48.7 47.7

Radiometer signal 35 kW 55 kW

POH 225 kW 210 kW

<Zeff> 1,07 1.68

n 3.8 x 1013/cm? 4.7 x 10!3/cm3

e




Table 1.8. Analysis of plasmas with xze"- = 5.6

Time after breakdown (msec)

100 120 140
fmission rate/power (gR} (kW) (gR) (kM) (gR) 1))
HI: 1s-2p 30.8 2.4 30.8 2.4 48.3 3.7
ovl: 2s-2p 83.0 6.7 74.0 6.7 74.0 5.5
NV: 25-2p 18.5 1.3 26.4 1.9 22.9 1.7
CIll: 2s°-2s2p 31.2 . 2.8 33.2 2.8 33.2 2.9
Fexvi: J3s-3p 22.0 3.3 24.2 3.6 26.5 4.0
Estimated power (kW) (kW) (Ki)
Hydr ~n 3.1 3.5 4.7
Oxygen 50.3 50.3 41.3
Kitrogen 9.1 13.3 1.9
Carbon 48.5 51.6 51.6
Metals 3.6 410 5.6
= Total 149.0 160.0 155.0
Radiometer signal S 130 140 kN 130 kW
c Pox 223 wd 234 K 219 kW
<Tyge> 5.6 5.8 8.7
Ee : 2.0 x 1014/ em’ 2.0 x 10%3/em* 1.95 «x lO”/cm?

(\
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Fig. 1.8. Power emitted by several spectral lines when n_ evolves
as shown in Fig. 1.7, ¢



The dei-; analysis 13 now fairly complete, and
the guaiitative conciusions presented tnere
have been verified. for example, Fig. 1.9
shaws the scaling of losses to the wall Pu
with input ohmic power POH’ For a wide

variety of discharges, the fraction PH/POH ~ 303

This is about half that observed for the Cak
Ridge Tokamak (ORMAK), which had a tungsten
limiter rather than the stainless steel
limiter or ISX. The low radiative losses
found on ISX-A {and wore recently on [SX-B)
apparently resulted from the absence of
kigh-7 con@nination. This conclusion was
suppor:ed by the tungsten blowoff experiment
for which uncollimated and chordsl intensity
(from the six-detector array} datg;*fe
presented in the earlier .repor:. The data
point 3 at PH/PGﬁ v 70% is for the tungsten
blowoff experiment. This is slightly greater
than dovble that without tungsten. ,

The graphite limiter experiment on
ISX-A gave additional support te the high-Z
argument. In that experiment a graphite
limiter w2s inserted beyond the stainjess

OPML /OWG/FEC-78-v02TR
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Fig. 1.9. The fraction of power lost to
the wall §n 1SX-A was ~30% on the average.
This is -0.5 that found on ORMAK. The dats
point ! above the 60% line (&t ~70%) resulted
fror the tungsten injection experiment.

steel limiter. Vacuur ultraviolet spectro-
scopic data showed a resulting reduction in
the intensity of line radiation due to oxygen
and ather impurities to about half that
observed with the stainless steel limiter
(graphite limiter withdrawn}. Some of the
spectroscopic data are sumarized in Table 1.6.
figure 1.10 shows the uncollimated radiometer
signal, with and without the graphite limiter

inserted, along with other parameters.

The

radiometer shows the radiative losses to the
wall to be reduced by ~50% with the graphite
Vimiter; this is in good agreement with wuv

data.

Tatle 1.6. Lowmparison of plasma parameters

Stainless steel Graphite
1 (kn) 120.0 120.0
vV {volts) 2.0 1.6
. ie (103 cm™3) 2.15 1.25
<Zeff> 5.6 5.1
Emission rate/ﬁe
(grR/1013 cm™3)
1034 A — OVI 47.0 28.3
629 A — 0V 9.4 5.8
977 A - CII11 14.5 4.5
1216 A - HI 14.1 5.8
PH/POH 0.55 0.25
Sdft x-ray enhancement factors
A. P. Navarro J. L. Dunlap
E. C. Crume, Jr. V. K. Paré

Analysis of the soft x-ray data included
3 systematic study of the enhancement factor
¢y the ratio by which the measured signal
exceeds that expected for a pure hydrugen
plasma. The detector viewed a minor diameter
and was operated with 2 low energy cutoff of
~1500 eV. Expected signal levels were cal-
culated using "e(r) and T.(r) from Thomson
scattering. When operation was with only
stainless steel limiters in th> machine and
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Fig. 1.10. Time history of (a) plasma
parameters "e' 1, and V; (b) Pys and (c) P“/P

with and without graphite limiter inserted.
Energy flux to the wall with graphite limiter
was less than half that with the stainless
steel limiter. This agrees with the spectro-
scopic data given in Table 1.6.

19

withnut deliberate introduction of impurit'es,
5 was in the range 5-25 without gettering,

-6 with light titanium gettering, ard ~1 . 1°h
heavy gettering. Values of Zeff were 1.6-4.4
without gettering and 1-2 with gettering. In
most of the cases, the observed signal level
was consistent with that calculated, including
carbon and oxygen impurities in the amounts
determined spectroscopically.

Charge exchange excitation of impurity
ions in tokamaks

R. C. Isler _E. C. Crume, Jr.

Although electron collisions usually
dominate atomic processes in tokamak-produced
plasmas, charge transfer fram hvdrogen atoms
should theoretically constitute‘an important
recombinztion process for certain impurity
ions. The charge transfer takes place into
excited states, and in some circumstances
excitation via this mechanism should dominate

-axcitation by electrons. Charge transfer had

previously been observed through the sudden
increase of radiation fram the n = 3 » n = 2
transition of 07* vhen 10-30-keV hydrogen
beams are injected into a tokamak,!“ but
detection nf this process had not been
reported for the more typical, noninjected
discharges where the temperature of hydrogen
atoms is <1 kev and their ambient current
densities ny<v> are one to two orders of
magnitude smaller than the current densities
of the beams. Ir the ISX-A tokamak we
observed certain spectral lines of 05% and
0°* that appeared to be too anomalously
intense to have been excited solely by
electrons, Howcver, these anomalies are
consistent with theoretical considerations of
excitation through charge transfer.!S

1.3.2 The IS%-B_ Tokamak

Cescription and program

In early 1377 a proposal was made to broaden
the scope of the ori-,‘nal ISX experimenta)



program to include the study of the stability
and cenfinement of high beta plasmas with
roncircular cross section subjected to massive
external heating [many times the shmic hesting
(0K} power}. This required replacing the ISX
vacuum vessel and poloidal coils with mw

ones to make and control noncircular piaimas
and strengthening the torque structur:. [n
addition, the heating required the instella-
tion of two neutral beam injectors tha'. were
griginaily intended for the ORMAK Upg-ade and

were ».ready under construction. This praposal

wa’, approved in June 1977, and work started

irmediately on the construction of the necessary

casponents. The estimaed cost of the project
vas $2.36 million, with a completion date of
<me ¥, 1978. A description of the tokamak
and neutral beam parameters, as well as pre-

dicted plasma parameters for ISX-B, are in last

year's annual report.i®

In January 1678 another experiment was
added to the ISX-B experimental program: a
ripple injection experiment ta be done in
coilaboration with Princeton Plasma Physics
Laboratory (PPPL). This experiment is
designed to test the concept of the injection
of neutral beams into a localized ripple in
the torcidal field, a technique that may

" allow the use of much lower energy beams for
the heating of reactor-size tokamaks., The
construction of additional equipment for this
experment (in particular, two ripple coils
by PPPL) moved the scheduled completion date
to August 31 and postponed the shutdown of
ISX-A from February 1 to March 5.

The conversion from ISX-A to ISX-B was
completed at estimated cost and on schedule.
The First 100-kA tokamak discharge was
obtained on June 24, and the neutral beam

installation phase was completed on August 21.

A floor plan of the new facility is given as
Fig. 1.11.

The primary goal of the ISX-B facility
is to study the 1imits on beta that can be
achieved with neutral beam injection and
electron cyclotron heating. Up to 1.8 MW of
neutral beam injection will be available in

1979, witn an upgrade of power to 3 ¥ pianned
{see below}. ECH experimeats in 1979 will
use up to 200 ki at 28 Gh’z! and an upgrade %9
VM IS prupused. )

The confinement, high beta, shaped plasma
studies will constitute the major research
Program with [SX-B. ‘owever, we will also be
conducting vigorous Stuo es in the ares~ -
surface physics and plasma edge effects,
ripple injection, ather ECH applications,
impurity fiow reversal, fueling by pelle*
injection, and advanced diagnostic develop-
ment. As with ISX-A, collaboration with
Gther research and technology groups is a

significant feature of the program.

Confinement and heating studies

Introduction. In the short time since
the startup of the ISX-B experiment, we have
reproduced essentially 211 the wzjor resuits
of che ORMAK!7,1E and [SX-A1%,12 experiments
and have produced relatively high beta
circular plasmas. Successes in control of
macroscopic i~stapilities and in control of
impurities vithout the aid of titanium
gettering have led to confirement times as
favorabls and an operational space as wide as
thase achieved in ISX-A under similar experi-
mental conditions. Neutral beam injection of
up to 0.7 MW (which is four to five times
larger than the OH input power} into rlean
plasmas has demonstrated significant ion and
electron heating and provided improved macro-
scopic stability. The combination of these
favorable features has led to higner values
of 8; [<&T> up 0 1.4% and aT(o) up to 7%]
than those obtained in previous tokamaks.
Fellet injection, started in OFMAK!3 and
continued in [SY-A,20 has been applied to
[SX-3, where {t has produced factors of 2-3
increases of plarma density. Initial results
with combined pellet and neutral beam injection
suggest that the combination will be very use-
tul in attaining higher values of By

Compar jsons of 15X-B discharge charac-
teristics with those of IS(-A. Considering
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rany features (particularly machine dimensions
and the relatively Jow toroidal field)
inherited from ISX-A and some significant
‘changes as well (such as the poloidal fieid
system and the discharge vessel), it was
jmportant to verify at an early stage of
" operation that the basic characteristics of
plasma in ISX-B are similar to those in
ISX-A.
The most fundamental contributor to the
- good performance of ISX-A was the ciearliness
of the plasma. With the exception that no
titanium gettering is exploved, the ISX-B
“experiments utilize basically the si_ne pro-
cedures for impurity control as those used in

ISX-A and have obtained 3 degree of cleanliness

similar tc that of ISX-A. High-7 (Z - 28)
materials were excluded in the initial machine
configuration through the use of stainiess
steel limiters, In addition to H, (or 0;)
discharge cleaning as employed in ![5X-A,
heTium glow discharges are used to clean the

discharge volume prior to a day's operation.
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Feedback contrél is 4zed to keep the equilib-
rim plassa pdéi'ion“cbse’t&the center Qf.

_the vaturm vessel both. horizvufally and ]
-“hese efferts ha»n led to clean -
plasmas. Ym 1 off value fron the fesu(.‘vit}' ’

verncany

measurements 1re h&tween L an" 2.5. The "7,
rauo of the radigtive mwer %0 the ..d nower ,
as mezsuredoy a- pyroelectnc ¢~teCuf is
-30:. Yagyom ulzraviok—r spectfoscopy
‘trdicates that the poucr radva\'.ed fros 1r¢r’
‘upuriti&.- is soewhat mgher tran tlut. in:
ISX-A. . - T -::.
p‘reanliness of tne plqsmas -contributos
to macroscopts magmtohydrgdyn#ic (m)
stability. -

developed in ISX-A:10. a mpdérate devel of
gas puffing with appropriate tiring. This.
procedure results in the majerity of dis-
charges baing characterized by Jow -Tevels of
Mirnov 6sc1ll:»ttons and clear internal dss-
rugtions. The maximum values of Re achieved

The restdual WD activity often 'f;
_ opserved at the be:,mninq of tr2 r*gwu;d
“current phase is controlfed /l;y ‘the lechnwn
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withaut dicruptive instabilities have been

8w dit emt st 8. 12 AG. Tris value is

adsut sewen times. larger (ham that resulting
and is higher

from the usual 5,.-"';.0'_ scating- -

tran that attained in ISX-2 (7 x 10¢) a3}, -

Low imourity content ané suppression of
MR gscillatinns have led to 390d enevgy
corfinerent tizes e in [SX-B, where e
values significantly exceed gredictions of
the gsual scaling laws. Figure 1.12 shoﬁs,
superimposed upon the daty from ISX-A, 82
veiues of - as a function 9f line-averageq
elactron "..e:zsity in ISX-B under unifoca
experinenta! conditions (1 = 120 KA, ST =
11.5 k6, D - D*). The values of s in
{5X-8 are 2bout equa’! to those in ISK-A at
the ssme densities with similar field and
current, especially considering the fact that
the 1o determination for [SX-8 doe§ not
include the slight noncircularity {(b/2 = 1.2}.
The [$X-E data also exhibit the limitation.
of E as 3 function of plasma density that
was interpreted in ISX-A a5 a transition from
electran-dominated to {essentially neoclas-
sicai ). ion-dominated loss regimes.'Z»7% A
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-

Fig. 1.12.
confinement times in [SX-A and ISX-B.

Comparison of gross energy

calculation ¢f the detailed eneray halance
from these data is now in pragress.
Plesma !iating with neutrai bess injection.

_Up te 760 W of -45-keV hydrogen beam power

has been-injectec inte iSX-5 through a single
bear line (the West Beam Line). The majority
of the data has been taken wiih deuterium
plasmas. The response of the ion temperatura
with 66G-ki fngsction is shown in Fig. 1.13.
At densities of ~3 x 10!% cx?, the heating
ccafficient observed (=3 x 10°5 eV cm~3/kW)
is like that in ORMAK!® and the Princeton
ﬁarge Torus (PLT).Z% Howaver, it shows ar
unexpecteily large ﬁedéiﬁ} dependence; the
details are under investigation.

Figure 1.14 Shows the Te(rf,) and n,(r}
profiles with ~630-kW H® injection intc a
high density deuterium disi:!;arge. For com-

© parison, a typical dis-harge at a similar

density but with ohmic heating only is also
showe. The density-averaged eiectron tempera-
ture approximately doubles, and the tempera-
The
increases are nearly independent of electron

ture profile is broadened by injection.

dersity, essentially confirming the scaling

't E{e. Significant decreases in loop

voltage accompany injection. The vaiues of
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Fig. 1.13. Peak ion temperature vs time

with neutral beam injection into a plasma of
moderate density.
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Fig. 1.14. Radial profiles of T  and Ne

with and without neutral beam injection.

Zeff estimated from the resistivity usually
remain the same (=1.3) before and after
injection. The wall energy flux measurement
with a simple pyroelectric detector indicates
that the ratio of the wali flux to the total
input power {s -30% and frequently decreases
with injection.

Cleanliness and possibly profile broad-

ening appear to improve macroscopic stabitity.

Tnis effect leads to a wider parameter regime
for operation. Figure 1,!5 depicts the
central chord soft x-ray emission detected by
3 Pi% diod= Yoy discharges with and without
injection. The discharges with injection

exhibit sawtooth oscillations with a4 Yong

MNo $387¢
NC NJELT.ON

D1O0E

LCOR

Fig. 1.15.
signals with and without neutral ream injec-
tion. Gas input rates were the same.

Soft x-ray and ragnetic loop

relaxation pericd, indicative of a relatively
stable, well-confined discharge, whereas the
discharge without injection shows repeated
minor external disruptions for gas puffing of
an equal throughput. This illustrates the
tendency of increasing attainatle maximum
density with injection power. However,
systematic studies of the maximum density and
the minimum a, attainable with injection are
yet to bz done.

Attainment of high beta.
heated discharges, vclume-averaged poloidal
beta <g,- is commonly observed to scale
with ne/I. This scaling can be Zranslated to
"8 he/Bqu. Neutral beam injection
should be effective in achieving higher BT by
increasing the input power (without deterio-
reting confinement), increasing the maximum
dens ity achievable, and a!lowing operation at
fowe * q. than with ohmic heating alone.

In ohmically

Fiqure 1.16 chows improvement of values
of "By for injected plasmas over those with
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foe amd ror 70 oo cave been obtaired
with e el Inlectron T, Ttose a2 lles
are 3Nt the Rignest over sobiewved in

toka aks.  The vorrespandie:; volume-averaged
:n oF €29 is also amon; the nignest fer
Guasi-stsady, as oppdsed %0 trarsient, stiates.
fecaus? these measurements were at high
densities wnere the beam contribution is
reletively small, uncertainties in achieved

ix values due to fést icn iosses unaccounted
for by theory are relativeiy small. Signifi-
cant beam heating is demonstrated by cospari-
son with Gt results, which follow closeiy the
scating of =p - ﬁe/BTq;. variations cf 8.
ang q. have been limited in tre injection
experiments zo far; thus, the ependerces of

s+ values or these pararmeters ar- uncertain

witn injection. Tne mein effect of increasing

injection power, especialiy 3t high density,
is broadening of the terperature profiles;
significent increases {roughly lingar} of
Tzqo are cghserved with heam dower at a fixed
value of ﬁé/ETq;, but only small increases of
2410} are observed.

’ The forthcoming increase in beam power
(with the use of the second beam line) and
optimization of plasma paracerers (ne, BT'
and q )

are expected te raise the 3. values
substantially. However, MHO theory’ - predicts
that ballooning modes are l:kely to limit the

s values al = 2-3% in circular plasmas.

Tne theory a!sorpredicts an agvantage for
vertically elongated, D-shaped plasma cross
sections, i.e., raising the threshold i

In 15X-B,

noacirzylar plasmac with an elongation rdatic

values for the instabilities.

of 1.5 have been created, and the magnetics
and contro! studies of sucn noncircular
plasmas are under way.
Pellet injection. Solid-hydrangen-pellet
injection into 15%-f demonstratad that the
tecnnique of plasma fueling could produce
subsiantial density increases (of up to 30
or more) without apparent deleterious effects
o plasma stability and coniinement. ¢ [n

TUE-B tha study has been extended to larger
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selist size and nigner injection spéec and o0
preration witn neytral ped - iniection.

Tre peilet irlecior is, as descrited in
Sect. 5, an uptrades versico oF the injecior
soed in [SX-A. rFeliets appreoximately 1w in
dia~eter (containing < x 15- ° hydrogen ators)
are injected witn a speed of 858 =/sec.
feceuse 0t tne larger <ize and higrer speed,
peliets perngtraie :ariher than tngse in
ISa-R, as revealec in rictures taken tangen-
tiziiy by & nigh speec frecing camera. The
atlation rate of an injected pellet is moni-
tared Ly a8 photediode recording the Ea light
emangting freo the luminous cioud Gf neutral
ryGérogen around .he peilet. The ablation
rate and, thus, the resporse of the piasza
are sensitive te the preinjection elec’ror
temperature. At lcw temperature the low
sblation rate usually resuits in an unablated
fraction of the pellet strising the inrer
w2ll of the vacuum chamber to cause a gas
Lurat. ~t Aigh tesperature [re(o; 1 rev],
nuwever, peliets are corpletely acsorted
before or upon reaching the ceater ot the
plasma.

‘e
I msec after pellet injection compared with

Figure '.1¢ shows 7 _{r) and ne(r) at
those without peliet injection in an ohmically
heated discharge., The line-gveraned electron
density (based on these profiles} increzsed
from 1.2 x 107" te 4.9 x 10-° ¢m™*. The
calculated increase in total electron density
is (2.8 - 0.4} x 10- ", wnich is in reasonable
agreermnt with the total hydrogen atoms in
the pellet less the unablated fraction,
Therefore, simple particle balance is obtaired.
This result is in contrast to the density
incredse with gas puffing, in which oniy one-
third to ore-fourth of the injected gas is
absorbed in the plasma. Although tne audition
of cold electrons (plus a small ionization
loss; dramatically locwers the electron tempera-
ture, the totai elaectron energy conteng
remains roughiy constant (i.2 - 0.15% kJ before
injection and 1.0 - 0.3 ko after it)

Fiqure 1.19 illustrates the time evolution
of the central electron temperature and

r
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Fig. 1.18. Radial profiles of Te ard n

with and without pellet irjection. €

density with pellet njection under experi-
nental conditions similar tc the above, but
with slightly lower centrai electron tempera-
ture. The pellet reaches the outer edqe of

the plasma at t = 0 and the center at 300 .sec.
An additional 130 _sec is regquired ror the
central plasma viewed at the lacer diagnostic
port, almost 120" around the torus from the
pellet, to respond. Therefore, tne 500-.sec
points essentially correspond to the initial
conditions for evolution after pellet injection.
A central density of 2 x 10-" em* was
recorded at that time. The initial density
distribution 15 sharpiy peaked at the center
because of the higher temperature there

hefore injection and the small volume of the
central flux tubes. This distribution guickly
relaxes to cne of normal shape (Fig. 1.18)

but elevated value. Pellet injection can
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axcite iarge Mirnov oscillations and subse-
quently repeated "soft’ disruptions but
rarely "hard” (or curreat} disruptions.
Injection can alse damp out Mirnav oscil-
Tations.

gear-neated plasmas are less susceptidle
to MG instability upon peilet injection thnen
are those that are only ohmically heated. A
aarticularly interesting aspect of injection
into beam-heated plasmas 15 erhanced ablation
of the vellet by the trapped fast ion component.
The perpendicular charge exchange diagnostic
indicates a very rapid siowing down of the
fast ion population and neating of the pellet
ions and only a small temporary caoling of
the background ions. Electron cooling is
less than with ohmic heating alone, and a low
level ¢f Mirnoy oscillation is retained.
These preliminary observations are encourajing
for attaining higher beta in [SX-B.

Charge exchange measurements on ISX-B

G. H. Neilson 0. R. Overbey
E. C. Mocre . . Mihalczo
J. F. Lyon R. £. Worshar

Chatge exchange neutral measurements arc
made or: ISX-0 usfng @ mass-resolving neutral
particle analyzer viewing along a fixed,

quasi-perpendicular, midplane chord. This

26

analyzer has been used gn [SX-A and was
described in trne previous annual report.-*
Onls minor modifications to the instrument
itcclf nave peen made in the interim
Lowever, the PDP-S-basad data acquistion
system has been upgraded, employing C/MAC
instruentation to provide greater operational
lexibility and on-line analysic capability.
In 1979 the present analyzer will be
reconfigured to view the plasma tangentially.
A spatially scanning velocity fiiter/parallel
plate analyzer will then be used on the
perpendicular viewing port. The diagnostic
capability will be further enhanced by the
addition of a vertical diagnostic beam that
will also be used for ripple injection studies.
In neutral-beam-heating studies done to
date, up to 700 kW of hydrogen neutrals has
Ceniral
ion temperatures inferved from the thermal
{deuterium) spectrum are plotted a: a function

becn injected into deuteriuc plasmas.

of time Yor a typical case in fig. 1.13. The
solid and dashed curves were gbtained by
fitting the datz ocut to 3 keV and 6 keV,
respectively. The higher apparent temperature
for the latter and those from neutron measure-
ments reflect the existence of 2 non-Maxwellian
tail on the ion distribution that appears
immediately after beam turnon and disappears
later in time, as shown in Fig. 1.22{a).
The nature of this distortion and its dis-
appearance are not-fully explairad at this
time, although qualitatively similar phenomena
have been observed in other experiments, for
example, T-11.%7

We have measured fast ion (hydregen)
spectra out tz 40 keV, with results for the
aforementioned case shown in Fig. 1.20(L).
For a perpendicular spectrum, the early
spectrum exhibits a remarkable degree of
structure, evidently corresponcing to the
one-third, one-half, and full energy beam
components. This structure gradually "washes
cut” and is no longer seen later in the
discharge. Detailed analysis of these
observations is now beginning,
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Fig. 1.20. (a) Thermal ion spectra for the cace shown in Fig. 1.13,
The non-Maxwellian tail at earlier times distorts the inferred tempara-
ture when included in the analysis. (b) Fast fon spectra. Beam-component-
related structure appears after beam turn on; the spectrum smooths out

with time.
Energy flux measurements on [SX-o on [SX-B shows the average ratio PH/POH to
; be 30%. However, there are some differences
! €. E. Bush R C. Isler in parametric dependence. For example, on
; G. R. Dyer R. £. Worsham ISX-A, with n_ and By held constant, P/Po, -
; appeared to decrease with iacreasing plasms
Energy flux measurements similar t¢ current Ip whereas on [5X-8, a preliminary
those made on [SX-A have been made and are in scan in Ip showed this fraction to increase
progress on [5X-B. As on [SK-A, radiometry significantly with increasing I_, i.e., from

P
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roaddition to the usual confinement
experirzents, energy flux studies with neutral
bzam 1njection heating are also beinj made on
IS¥-£. On DRMAK the ratio pw/PLota}'
pcatel = FOH + Pinj’ was approximately the
same with and without injection. For injection

where

on iSX-B, this constancy has not been observed,
\{&nd a clear picture has yat to be formuiited.

5
woises to the wall with irjection on ISX-B

1
-

- n va, e fonm 0 £ D aou
can vasy from 30 ¢ total
implying that in certain cases the increase

deun to 10-15,
of Pw is proporticnal to the input injection
nower_ and that in others theresuiting Increase
is much less.. For fixed injector parameters
(40 kV. 60y kﬁi and BT and Ip, the lossas ta
the wai.s appear to decreese with increising
Ee' In general, houwever, racionetry ci
[5X-B with injection appears to support
results on ORMAK that showed little or no
additional contamination of the plasma 35 a
result of neutral beam injection.

The power not accounted for as energy
flux to the walls, which can be groater than
85%, with and without injection is usua'ly
assumed to be deposited at the limiters. An
AGA €80 infrared camera is now being used to
monitor the temperature of, and, thus, the
enci'gy flux incident on, the limiters of
{SX-B 1n order to determine whether or not
this is the case. Preliminary data for a
1imited number of runs show no extreme net
heatup of the outer limiter (beyond ~100 to
200°C) during a day of operation. The
measurements were complicated somewhat by the
glow discharge cleaning that precedes each
day's operation. DOuring glow discharge

cleaning, the outer limiter is used as the
electrode, and it neats linearly with time to

el ra Zdr T (DL, et IuTirl o tre
Cay's gperaticn, Indicating tnat tne Allua-
g enersy T mar, JNots lepotiteld 2t otrne
tter 1s mucn less trarn tnat oel.iges b,
25 i ¢f giow clischarge (leegning.,  Ins
of several such neating and ceoling curves i<

reproduced in Figl 1.2 Fature —achnire

ogperation will inciuce several runs in wnil

the glow discharce preconditioning is elivi-

nated.
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Fig. 1.21. Heating-cooling curve for the
outer limiter obtained using the infrared
camera. Heatup was due to glow discharge
cleaning and was linear with time. The resu't-
ing temperutur2 was hiGi enough that the
limiter cooled wo.m during the series of
tokamak discha-~ges.

Sirgle un:oilimated radiomcters for
determining radiative and charge exchange
losses associated with peliet injeciion are
completed and awaiting installation, along
with an array of 12 coilimated detectors.

The array is to be mounted on tnp of ISX on a
rectangular port and will monitor emitted
intensity along 12 wedge-shaped vertical
chords. The chordal iniensities are to be
inverted in order to obtain spatially resolved
emission profiies.

Neutron measurements on [SX-8

J. T. Mihalczo A. C. England

The 15X-8 1s equipped with 3He propor-
tional counters and <4°U fission chambers.
An absolute calibration of these detectors
has been perfcrmed with a 257Cf neutron



tne ingegendence ¢F the reaction
rate on toraidal angie.  lon terperatures

fromorezftion rate reasurerents with onticalis
3525 or plasmas neated by neutral
beaw injecticn agree with tnose froo charge
ercnanie medsurerants except for cerlain dow
density plasmas soon after injection starts.
In these the Max 21iian distritution is
distertes by a high energy tail. FResuits of

P

tne Teaturenents are snown in Fig. 1.iZ.

for [7¥-E
d. 7. Winalczo . FLoLyen
J. A, Ray F. D, Wall
P. b, Worshain G. b heilson

One prototype velocity filter/electro-
static analyzer moaule of 3 nultimodule
array- for charge exchange anaiysis od
ISx-C 15 under develcprient. A commercially
available velocity filter was obtained and
incorporated into the system, and the combined
System wa, tested bcth with ion and neutral
particle beams. The analyzer is undergoing
final modificationt and calibration before
installation on 'SX-U. There it can be moved
between plasma discharges so as %o view
various chords thvough the plasma and thus
provide spatial ion temperature profiles.

ECH experiments on [5%-8

C. M. Loring
0. C. Eldridge

G. L. Campen
A. C. England

A 200-kv gyrotron from the EBT program
will be used for ECH heating in [SX-8. This
qgyrotron is not suitable for cw operation but

carrent cnarging saogly.
e located on the piaticr Above tne [S1-%
SGRTraT roqe. adlacent to the diggnastic

AR gversize wavedguide
o B LT Wil run froe the gyretron over the
TIN-L onclosure wail ard then tarn down tc
ore ©f several ports on the [SK-B vacuur tank

as5signed to tne tCH prog

nitiaily, several kinds of antennas
w11 ve used. A novel way to produce approri-
~ately iinesrly polarized radiation has been
found. With tnic teshnique extraorainary
ue jeunched from the nigh fieid
side of tne tokamak et the mldplane. Antennas

in cthier oo=ots will teunin unpolarized

raaition, Ordinary puldrized waves will be
leunched from the guttide if & Luitable port
cay be found,

The construction iy under we g, and
in:tiai operaticon of the jyretron sheuld
degin in late sprir with experivents erxpected

to start in pighussier of 1579,

Neutral tear systers for [SX-B

e
-

HiT oo Ll Guenn
. 0. hefurdy
f.

C. ™ Lloring

pLad

reriy “. L. trirling

4. L. Aright

Introduction. The purpose of this task
Wads o desiqn, procure, and construct neutral
beari sy.tems for the initial phase of | .=-B
excerimentation. Twe neutral beam ,ysteﬁs
consisting of begim tineu, electrical systems,
and related instrumentation were compleced;
installation of these systens wan performeg
under the 12X-b (Major Devize Fabrication
funding cateory) task, New accel power
upplies are being purchased and installed
under thisn task but were not scneduled for

initial 19%-8 nperation; for an inter:a
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tey for o Aniving 1549-4 100 sources.

FLT-type 10n sgurce, with

the Ti-A source teing developed for the
Pricidgal Divertor fxperiment {POX), and make
cuner nodifications to increase [SK-L inigztion
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carettin

Lyt 3 MA

Lryocondens ing pup procurenent.  tach
sx-f bea line includes a cryocandensing
purn that is identical to the Tyne A pury
developed and supplied by Arngld Lnginecrin:
Seveleprent Center (AEJC) for tne PLT injection
syotets. Procurerent of these CryGpumps wes
1dentitied as a potential schedule proble at
the start of the [SX-E prograr,

Paralle!l procurement efforts were carried
out in which three pumps were obtained from
AEDC and two pumps of somewhat different
design were obtaimcd frem United Technologies
Research Center (UTRC). Two of the AEDC
purps were the first to become operational
and were installed on ISX-B: the other three
pimps are assigned to Plasma Technology
programs. The two UTRC cryopumps have not
been performance tested. A single attempi
was made to test each !'TRC pump, but in each
case the test wds terminated when the pump
developed a vacuum leak upon heing conled
down to cryogenic temperature. A further
effort will te made to performance test these
pumps when a test facility can be scheduied.

Accel power supplies. Twn identical
supplies are being procured and installed.
Provisions are being made in the installatio.
for accommodatirg two additional power supplies

2% @ Tater sate ant for tiTe snuarity 2f tne

troTatie 1,70 tne e susplies cen alsc fe
Ysel tojetner in 3 seriel or ravaliel arranie-
ment to doutle either volitace ov currert

ity. A tep toard is nroviced for
conveniert selection of tne gperating rcde
ang for connecting tne cutputl to an elternate

1cad.

Table 1.7. ISX-E neutral bear. accel oower
supply specifications
Qutput rating 63-A4 or 100-2 pulses
at 9 =V to 60 kV

Duty
€3-A pulses 10 Quty
) meec 3t 1.cac
intervals

30 sec at 100¢-sec
intervals

Secar 24ary irsulation 132 kY DL
Regul stion

J3d o full-load 10 max
Puaring pyise I maw

Primary voltage
controlier Tap changer
Crowbars 50/day

Short Circuit current 6600 A max

All components of the nower supplies
except the step voltage reguiators (tap
changers) were received from the UVC supplier
in Octaber 1473. However, in August 1972 the
step voltage requlator failed to pass the
specified 6600-A short circuit test; these
units are being redesigned and rebuilt by
Siemens-A11is supplie~ to Universal! Voltronics.

Posttest examination of the failed
requlator revealed that the transformer coils
ware damaged beyond use hy the short circuit
forces because the construction did not
prcvide adequate structural support for the
conductor. Siemens-Allis redesigned the
transformer coil and cory assembly, including
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Tre TtrLotura’olraling, 3nlovaLtioturel 3
SUrlTEsra e DO, T8 TN2T Was NCerl Ctreugtt
sRSLel Am o Lelevter L3TH Ll Iri.e tre relised
tesiam. Tre orotot,pe coil feilec by coen

resuived for the specified 1957, nowever,
posTtest ead—ination showes trat the coi! was
Jndarated except near 10cal voids and unbonded
rejiors at lead conrestions and cocling
crarnels.  Sierens-Allis will fabricate and
test a second sirjle-pghase groctotype coid
ingorpurating improvements in design details
and fabrication pracedure.

The new accel power supplies are expected
tc be completed in June 1979.

ISX-B neutral peam power increase

S. Y. Delamp H. C. McCurdy

F. H. Edmonds W L. Stirling

R. L. Johnson P. W. Whitfieid
R. E. Worsham

A follow-on program was initiated in
October 1972 to increase ISX-§ neutral beam
heating capability to 2 MW by modifying the
eristing systems to use the 10G-A ion sources
teing developed under the Plasma Techmology
program for initial use on PDX. The modifi-
cations, which will cost an estimated $2.3
nillion including two new ion sources, are
expected to be coupleted in March 1380;
conversion will require a shutdown ot [SX-B
for approximately three months beginning in
January 1980.

Baseline performance goals for the
modified reutral beam systems are given in
Table 1.8. For comparison, the performance
goats for the present ISX-E and for PDX
neutrai beam systems are alsc shown, Otner
desirable goals for ISX-B are {1} capability
for 500-msec pulse length and (2) ability to
operate over the range of 30-50-kV injection
energy. For these latter goals, however, we
will accept whatever power level can be
obtained from the system optimized for the
baseline performance goals.

re baste pian iy to o Tairigate rew on
SCurCEs AN fraat engg ant fo mpdity the
entLting e Tires On-STlE b, tadpping o4t

corponents.  Uther Sear line cornenents will

e ~odified ar repiaced to accorrodate the

o

iearcer 100-4 for source. The existing decel
power supplies will be replaced.

Asses5ly and conditioning of tne ion
sources were identified as critical path
schedule acztivities. Agreement was reached
on a plan €~ 'oave the FDX oprototype Lear
line at CRNL. thus assuring that a test
facility will pe available for conditioning
the 1SX-B ion scurces. The completion
schedule of March 1920 is consistent with the
present schedule for PDX and with the !SX-E
ion sources to be done rmediately after the
FOX sources.

Although we wich to take maxinum advantine
of the designs prepared for POX, full use of
PDX component designs would ircrease saurce-
to-plasm2 distance on 1SX-B fror 4.1 ¢ to
3.4 m ard almost certainly preclude meetin:
the 3-Mx performance chjective. We chose to
redesign several ©oumponents and Lo move the
existing vacuun enclosures towards the tokarek
in order to reduce source-to-plasma di-tance
ard thereby increase neutral bear power
reaching the plasma.

The nes front end has pravisinn for a
Type C cryopump and incorporate; an inertial
calorimeter that is a shertered version of
tne PDX design. In view of the relatively
shor: pulise length (200 msec) specified for
ISX-L, it is not certain that the front ena
cryopump will be required; the shorter calori-
meter is per.issible because of the shorter
pulse length.

The new front end design, together with
a new electric break/isolation valve arrange-
ment, will permit the existing vacuum enclosure
to be moved ~0.5 m closer to the tokamak.
Angther 0.1-0.18-m reduction in beam line
length will be achieved by modifying the PDX
beam aliynment assembly design. The total
effect of the redesign effort will be to
reduce the source-to-plasma distance to
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S.ooand t0 take 2 OM] 0of nestral Lower a
crezivle performance qgoal.
Juring 1373 a detaileg design of the
‘ocifications will be performed, and compo-

rents will be procured or fabricated.

L. F. Appleton R. A. Langley”
n. 2. (lausing P. Mioduszewski
=, v. Colcrin J. B. Roberto
L. C. ticerson J. E. Simpkins
. L. Haisted S. P.oWitnrow
L. teatherly R. A, Zuhr
introduction

The purpase of the [mpurity Study Program
is to identify the contrglling impurity
generation mecharisms and to minimize their
effects. The approach of the ORNL program is
a vigorous, interactive coalition of surface
scientists and plasma physicists that focuses
[t has

coordinated eftorts in four main task areas:

on in situ tokamak experiments.

(1) in situ measurements, (2} development of
new diagnostics, (3) plasma-materials simu-
lation experiments, and (4) controlled
laboratory investigations.

The program involves the study of
hydrogen recycle, the study of impurity
introduction mechanisms, the in situ testing
of special materials such as limiters, beam
dumps, armor plate, and divertor plates, the

» :
Program Coordinator

Teréor—ance

DOWET TRy

wat

Lresent

s

MOT Pt T

Ceasarerent of impLrity cnarze ttate in the
piesra scrape-2f° rejisn ang the study of
cleanup techniGues.

Inoorder i pursue these tasks, in situ
experirents were undertaken on ISX-A, T-12
ikyrcnztov Institutel, IS4-3, and Doublet !II
General Atonic,.  These experiments were
supported by contro.ieg iaporatory investii-
inforation may be found

gations. Zetaiied

in references given at eacn subheading.

POM-Ae o

ISK-A vwas designed to sty plasma-wall
interections and the role of irpurities in
tokamak plasmac. [t was constructed with
vacuum cleanliness as a primary concern.

Both a quadrupoie rass analyzer and a surface
analysis system coupled with a vacuum transfer
system were installed before tokamak operation.
The analysis provided data on typical wall
material and a variety of other materials
exposed at positions between the surface of
the first wail and the limiter inner radius.
Samples were introduced from air into the
ultrahigh vacuum transport system without
disturbing the vacuwi in [SX-A or the analysis
system, The samples were then prepared (by
sputter cleaning or outgassing), analyzed
before exposure to the plasma, and subse-
quently reanalyzed by Auger electron spectro-
scopy (AES) to determine what changes had
occurred. The analysis station, together
with the residual gas analyzer and plasma
diagnostics, has provided information on the
initial cleanyp, changing wall conditions,
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Ly transpirt and nidrogen 150tope
recycting in [S1v-n were completed.  Sa-ples
¢f singie-crystat siiicon and silicon with an
amorpncus near-surface rezicn were exposed.
rralysis by ion scattering and ion-induced
ruciear reaction fechniques was uted tg

detarming the Gquantity and ceptn distribution

of impyrilies ane nydrogen isotopes implentad
intc the exposed sa~ples. Radiation darage
analysis of silicon sa=ples exposed in [SK-~
indicates 3ignificant cisplacerent dacaje 1o
e deptr of 170 \. Tnis correlates well with
tne observed deptn distribution of deuteriuym
in the sarpies as determined from the D{ ‘ke,p)
“te reaction. The range a~d damage distri-
bution are consistent with 300-eV deuterium
bombardnent of the wal.. Spatial anaiysis of
metallic impurity deposition stows a marked
decrease a5 distance behind the limiter
increases. Time-resolved studies of iron and
titanium deposition during the discharge
indicate increased deposition rates during
MHD instabilities in the startup and decay of
the plasma.

As part of the 15X surface physics
program and the TFTR materials research
program, ATJS graphite rail limiters were
installed in the ISX tokamak in order to
compare them with the existing stainless
steel limiters and to investiqgate any dele-
terious effects arising from operation at
elevated temperatures of the graphite, To
facilitate the latter experiment, heaters
were installed in the graphite limiters

TELiLsE the loeer Jepssition on tre ililer

e TN G, enpelte

erndus were Shserved In tne electron te~rerg-

sure density prefiles, or
N runs with the stain-
L]

Terss graphite limiters.

Tnere was., raviewer, a monotonic decrease in
Zeff for both cases from 5.6 in the first
vurt following tne instaliation of the graphite
Ti-iters to 2.0 after a two-weebh period when
the experiment was terinated because of a
scheduled shutdown. hormral-incidence ultra-
violet spectroscopic measurements of carbon,
nitrogen, oxygen, and hydrogen radiation

showed 2 factor of 3-4 gr-eater hydrogen light
for the stainless steel case over the carbon
case and systematic differences in the impuri®-
radiation light. Arc tracks were gbserved on
the graphite limiters upon removal, and scanning
electron microscope {SEM) aralysis was per-
forr:ed <o that the amaunt of rmaterial removed
could te estimated. In the hot grephite

liriter experimont, the temperature of one of
the graphite limiters was increased on suc-
cessive shots, The hydrocarbons formed, as
determined by residual gas analysis (RGA),
inc-eased monotonically with increasing

limiter temperatyre; for axample, mass 16
(presumed to be CH.) increased about a factor

of 2 a4 the temperature was raised froms 150

to 506 C. The carbon iripurity radiation was
also observed to increase by a factor of 2 as
the limiter temperature was raised from 150

to 560 C.

T-12 (Kurchatov Institute) '

The ORNL portable surface analysis
station provided a valuable new insight into
helium qlow discharge cleaning as a result of
a joint experiment on T-12 at the Kurchatov
Institute. This experiment showed that
helium glow di.charge cleaning was very
effective and provided faster and easier wall
claaning than hydéroq:n discharge cleaning.
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Tne stydies hkave been continued ofi ISX-E ang
in faboratory simulation experirents with

axcellens results,

t‘\
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Tne surface analysis facilities were
ssec to fellow chah;es'in surface composition
dyr ing tokamak cleanup ard noymai niasma
operations. ZLleanup techniques were dptimized
to reduce plasma impurities to acceptable
tevels in minimum times. A combination of
glﬁ& discharge cleaning using a zixture of
hydrogen and helium foljowed by a brief
series of weak hydrogen or &euter\um dis-

. charges has reduced the: cleasep tize to the T

point that Tong time penaities are no longer
Jdncurred by venting the wacnine to air for .
diagnostic changes or maintenance. This
facilitates machine operations and saves
considerable time and money. The mechanisms
‘of cleanup are graduaily being understood,
but studies must ve continued so that cleanup
can be optimized and technoXogy transferred
to other tokamaks, ‘

Arcing has been propaosed os a major
source of metal impurities in tokamak plasmas.
Arc tracks have been observed in the ISX-B
tokamak on tne limiter, tne inner wall surface,
and the samples expased to the plasma from
the surface anclysis station. Linear and
fern-1like ¢vz tracks have beer observed.

From optical and StM ana.ysis of the tracks,
it was estimated that about 10'*-10!7 atoms
were released per arc. To study the influence
of arcing on the tokamak discharge, an experi-
ment was set up to measure electrical and
optical signals of arcing in situ. In well-
controlled tokamak discharges, arcing was
observed only during the initial breakdown of
the plasma and during the quenching phase at
the end of the discharge. In disrupted
discharges each plasma disruption was accom-
panied by arcing. The pulse length of a
single unipolar arc was measured to be 50 .sec,
and the current amplitude was typically

~20 A. Erosion rates were measured to be
~10-7-10-% kq,/C.

After completion 5f the T-12 exderirent,,
tre ORNL portable surface 2naiysis station

was moved to Doublet III, where it was gi of
the first diegnostics used. It has Deen used
for cleanup studies from the very start of
rmachinre operation. Its use has optimizes B
machine cleanup, thereby raduycing ;leahua ,
time. In addition 7o cleanup studies, the
transpert of limiter- material (90: tantalm/
102 tungsten) was measured. During early
tokaaok discharges when the plasma position .
uas nﬂ; well controlled, the wzll became

,covered thh l:mtt.r material. Inese- result).
" Heve provided a strang impetus to charge the
’vl)uiters to-2 naterla. cf‘1ouer atonlc number .

1.3.4 Long Puise Technaiogy Tokamak -
1. ¢. Jernigan J. Sneffield -

In the recent publication Tiie Jepartment
¢4 Energy Policy §on Fuscon Engrgy Reraanea,?®
John M. Deutsch, Director of Energy Research,
enumerated nine critical technical issues
upon which significant progress must be made
ir, order to make and operate an economically
satisfactory magnetic fusion power plant.

Six of these nine issues pertain to generic
fusion reactor problems or to tokamak fusion
reactor problems specifically:??

(1) detailed understanding of particle and
energy confinement in tokamaks and of
scaling laws for sucn confinement; ltmita-
tions on plasma and magnetic field
density;

(2) 1imitations on the pulse length of
tokamaks operating under burn conditions;

(3) impurity control in tokamaks;

(4) first wall conditions and 1ifetimes in
both tokamak and mirror reactors;

(7) limiting powers and efficiencies of
auxiliar, heating techniques for both
tokamaks and mirrors; and

A
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The Fysion Ecergy Divisior (FED) has

been invclved actively for the past ten years
in the study and development of solutions to
precisely these technolegicel and physics

Guestions.

GRNL has played and continues to

play a maior role in the development of sany
reactor-relevant technologies (e.g., reutral-
bear-nezting systems, pellet fueling systems,
superconduéting coil systems, high teta
tokamdks, high power microwave Sources, and

materials stugies).

Utilizing the experience

from this technolcgical background, a scopirg

study has develop2d the outline for 2 proposed
new facility at ORNL, the Long Pu;se Technology

Tckamak (LPTTS.

It is generally considered that ecgroaic

power troduction by magnetic fusion will be
achieved in devices that include certsin

features.

Flasmas with the following

minimum parameters are required:

1

T

nt

Py
eff

5-10 keV

> 10i* em™? sec

= 5-10%

~ 20-100 ¥/cm- thermal

< 2, with few nigh-2 impurities.

The device will aimost certainly require

superconducting cotls, a plasma Juraticn
considerably in excess of 10 sec, a high duty
factor, and components that are reliable,
long 1ived, and practical to maintain because
the reactor must operate and be serviced in a
hostile radiation environment.

In the U.S. program as presently con-

ceived, all of these features will come
together for the first time in an Engineering

Test Facility (ETF).

One perspective of a

tokamak version is that it will have a pulse
length of at least 20 se< ind perhaps as much

a5 300 sec with 0.25-0.5 duty factor.

At

Tonger pulse length it will be necessary to

[

[l

"

precosed to support and speed

ton

{h

(2)

(3)

(4)

(5)

recve heliys
M

rigs

ash produced by Tre deuterium-

T {C-T) tarn. The LFT7 progrem is
up the realiza-

of an £ETF by

addrassing the chalienge of demonstrating
production and suztenance of 2 high betx
(>5%) plasma with Zeff < 1 at Teactor
level thermal power fluxes {>20 W/cm-)
for at least sooe tens of seconds (issues
1 82, and &4 above!;

doveloping an ETF-relavant, long pulse
impurity control scheme for which a
superconducting bundle divertor is Jro-
posed for the first por. of the projram
{issues #3 and #8 abcie):

developing superconavcting coils systems
integration experience in a tokamak
environment;

capitalizing vpon the new physics cur-
rently being developed (plasma cross-
section optimization, peliet fueiing,
etc.) so as to maintain the momeatum of
the fusion program; and

estabiishing a program to develop
reliable, long pulse, high duty factor,
ETF-relevant componer.ts, cuch as first
walls, divertor t’rgets, pumps, heating,
and fueling sysioms (issue o7 abeve).

Thus, the LPIT program is iatended to

form a complementary part of the L.S.-U0E
magnetic fusion program by tackling, in
collaboration with industry and other labora-

tories, areas not being pursued and bty rein-

forcing other areas that receive inadequate
attention in the present program,

After varfous fterations the LPTT design

scoping study has arrived at the following
pirameters for the tokamak:

9

1-

R
a
b/a

8

superconducting NbTi TF coils

3 superconducting bungle divertors
= 1.6m
0.45m
1.€

miniman plasma dimensions
at low ripple

in

8. -8
L TP R W

ma * Bmi
x n 1.7 at R« 2,06 m
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2. DIAGNOSTIC DEVELOPMENT

-

€. F. narnett®
9, P.
C. 4. Mac
J. A, Hay-

Abs¢vacs. rurtner investigations of the
uh<tlabie resgnatar-oscillator spectral
characteristics of the 1-Md 0.0 ion Thamson
scattering laser nave indicated the presence
of transverse mode structure. 70 eliminate
these unwonted frequencies, the jaser con-
figuration was cﬁangec to a linear oscillator
with sgde-select’ng optics. The formic acid
submiilimeter-laser, single-channel inter-
fercmeter was operated successfully on the
second phase of the Impurity Study Experiment
{I7x-2) and was expanded to muitichannels to
inziude plasma current density measurements
using faraday rotation of the polarization
vector. A tast K atom secondary emission
detector was caiibrated in the energy range of
30 eV-2.5 keV by photodetaching K to provide
a known neam af B, Preliminary plasma ion
temperature measurements were made in [$X-B
using the meinod of reutron transmissien

through 1iquid oxygen.

2.1 THE MEASUREMENT OF PLASMA ION TEMPERATURE
BY THOMSON SCATTERING

During the past year work has continued
towards the deveiopment of a high power,
rarrow bénd, submillimeter laser for ion
Thomson scattering. An unstable resonator-
oscillator was coupled with a 3-m amplifier
to produce power levels of 1 MW from D.,0 at a
wavelength of 385 um. An injection-locked,
rarrow line CO, laser, which can produce up
to 150-J pulses, was used to pump the Sub-

millimeter oscillator-amplifier configuration.

1. Physics Division.
2. Participant from the University of
Mississippi,

niversity, Mississippi.
3. Participant irom the University of Denver,
Denver, Colorado.
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Linewidth measurements of the pulsed submil-
limeter laser were made with a Fabry-Perot
interferometer and a fast tiansient recorder.
Previous measurements made with a transient
recorder on a 200-kW oscillator-amplifier
system indicated that the linewidth was less
than the 50-MHz maximum linewidth required
for the Thomson scattering experiment.
However, as the system was scaled to the

1-Md level, additional frequencies were
detected beyond the permissible linewidth
limits. Using a Tektronix transient digitizer
with the capability of fast Fourier transform
analysis, we determined that some of che
additional emission spectra are due to modes
in the unstable optics oscillator caused by
spurious reflections from smooth metal sur-
faces within the optical cavity and the
vacuum enclosure. These oscillations were
idertified and partiaiiy removed with suitable
baffling and minor modifications in the
oscillator design. However, wideband struc-
ture remdined in the laser output. This
wideband emission has been attributed to two
sources: (1) superradiant emission from the
amplifier that ras not been removed by the
strong {-200-300-kW) oscillator output and
{2) unwanted transverse mode structure in the
oscillator itself. The unstable oscillator
was originally selected for its two main
advartages: (1) excellent transverse mode
suppression and (2) large volume-to-length
ratio to provide for good pump laser absorp-
tion. -Apparently, in media with extremely
large gain coefficients such as those in a
submillimeter laser, the unstable resorator
does not produce spectrally pure emissions.
One of the ways to solve the emission problems
is to replace the oscillator-amplifier con-
figuration with a scaled-up, 1-MW uscillator
having scme type of mode-selecting optics to
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rrevent wideband transverse structure.
Secause of the particular scheme of optical
Lumging, the unstatle reso ator dees not lend
ttanld 1o the addition of an intracavity mode
selactor. Therefere, a different high power
vscillator employing an incerna! mode selector
s being constructed. It

The design of the receiver fer the
Thomson scattering experiment has been
conplieted, 2ng the receiver, essentially a
Soutie conversion, superheterodyn2 receiver,
5 currentiy undes construction. The front
anc cgnsists of a Schottky dinde niixer with
a ‘subnmi f Timeter laser/iocal oscillator
operating at a fregquency 2.4 GHz above the
frequency of the 0,0 scattering laser. The
Thomson-scattered signal, converted to
sidebands impressed onran 8.47§Hz carrier by
the first mixer, will be amglified by a low-
wise Baks FET arplifier with a bandwidth of
2.5#2 and a neise temperature of +100K. The
ane M1V 1ed 3.4-6Hz signat will be mixed in a
second conventional X-band mixer with an
3 8. 4-0Hz osciIlath;tQ provide 2n output con-
 tainiAg the scattered spectra from G-1000 MHz.
“Tnis information will be stored on a fast
’Qtrapgﬁgn; recorder Yor analysis by fast
~Fow'fer_iransform. The receiver noise is
iexpected to be in the viciaity of 20,000K
whek completed. -
”'&h& optical system necassary to imple-

: mth'the Thorsan scattering experiment on the
I1SX-B tokamak during the next year is now
under design. '

2.2 MEASUREMENT OF TOKAMAK CURRENT PROFILES
- 8Y SURMILLIMETER FARADA! RUTATION

Further progress has been_made on a
combined electron density interfercmeter/
Faraday rotation polarimeter for the wnvesti-
gation of tokamak plasmas.
when extended to several chznnels or chords
cutting across the plasma, will yield both
the electron density and current density
profiles of the plasma discharge,

This instrumen.,

&=

~

A two-laser, reterodyne interferometer/
polarimeter was installied on the Rensselaer
Torus (RENTOR; tokamak at Rensseiaer Poly-
techric [nstitute to test the polarimeter
apparatus in preparatior for the design of a
more sophisticated muyltichannel aralyzer for
the ISX-B tokamak.
density of this small tokamak was too low and

Howaver, the electron

t.e plusma too unstable to permit mesdsurement
of a Fararay rotation signal. A four-channel}
system has been placed on the ISX-B tokamak,
and preliminary measurements of the electron
density have been made in preparation for tne
Faraday rotation experiments. At moderate
densities (ne < 1-5 x 10:? em™ *) where bcth
the 2-mm microwave interferometer and the
submillimeter interferometer are operaticnal,
‘he two Systems agreed on measurements uf the
tine-averaged electron density. The amourt
of faraday rotation expected at these den-
sities for typicai plasma currents of 100 kA
is .50 milliradians, well above the -1-milli-

radian sensitivity of the polarimeter.

2.3 ABSCLUTE CALIBRATION OF A H ATOM
SECONDARY EMISSION DETECTOR

Most neutral particie analyzers used to
measure plasma ion temneratures by detecting
low velocity H*, H®, and H™ have been cali-
brated under the assumption that secondary
electron emission is the same for both ions
and atoms. This assumption has remained
untested because of the difficulty of deter-
mining the absolute flux of Jow energy atoms
independent of secondary electron emission.
An independent calibration of the HO flux
was achievea by photodetaching a H™ beam
passed through a neodymiun laser cavity. The
attenuation of the I~ beam provided a known
absnlute flux of H atoms. Over the energy
range 30-2500 eV, the secondary emission by H
was 155 greater than that by H’. as shown in
Fig. 2.1.
emission of K~ was consistentiy greater than
that for H* or H®, being a factor of 6

In this energy range tiie secondary
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Fig. 2.1. Secondar; emission coefficient

for #7, vt and B impact on a gas-covered
copper syrface.

greater at 5G e¥. For clean surfaces the
secondary emission yield should be dominated
by fotent al electron ejection below 200 eV
and 3 cha:acterized by the electron yield
being indipendent of incident particle energy.
At energies as low as 30 eV, there was no
evidence of the potential electron ejection
mechanism. Comparison of the data in Fig. 2.1
wiih cross sections for production of free
electrons in 0. and N. and with electron
yields from clean surfaces gave indications
that thé'se:ondary yield from surfaces
normally found in vacuum systems is dominated
by the gas :contamination on the surface. The

absolute measurements of neutral particles

permit tne use of both reutral particle
aratyrers and tiswe-0f-f,1gnt anglyzer. for
low energy neutral parcicies coning Trom

piasmas or reflacted from surfaces.

[
§a

PLASMA [GR" TEMPERATURE MEASURED
5Y MCUTRCY TRANSMISSION THROUGH
LigUID OXVGEN

At a wrutron energy of Z2.3% MeV, the
total neutron cross section T of oxygen has
an unusu2lly deep minimum, do&n to 0.1 b,
comvared with values of over 1 b sn the
shoulders.. The mran energy of che deuterium-
deuterium {D-D) neutrons, 2.46 Me¥, places
these neuvtrons vn the shoclder of the minimum
in the 1 for oxygen. Howsver, the kinetic
breader ing in neutron energies from the
glasma D-D reactions puts some of these
nautrers intu the ninimum region. Because
tie fraction of neutrons in the minimum
region is a strong function of ion tempera-
tire, Qne can use a simple transmission
measurenent to deduce the ion temperature.
Calculations indicate that for a thick
orys1en sample, a 5. accuracy in a trans-
mission measurement resuits in a 10. accuracy
in the -emperature determination, which is
independent of both the absolute D-0 cross
section and the ion density. Preliminary
measurements on the ISX plasma were incon-
clusive because the ion temperature was
approximately 0.3 keV. This mecthod should
be cuccessful for determining ion temperatures

from 1 to 10 keV.
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Aptraci. ATang the broad spectrum of advances
rade by the Theory Section in the ynderstanding
M0

oLt 25 1tems 0f special

s b

Bwmpy Torus {EZT).

of tokamaks jnd the Swnpy
the “oliawing stand

ingariance to the fusion prograr:

{1} The high beta tokarak approach
pioneered and nade credible at Gak Ridge
national Loboratory {ORNL) has culminated in
the demeastration of (1} stable equilibria
at beta values as high as 1C: for aspect
ratio &, (2! iongevity of high beta cases in
the presence af resistive skin diffusion, and
{3} benign reaction to the full range of
As 2 result, the type
of cperation required for high energy-density,

wransport phenomena.

fong-lived discharges in the Lonyg Pulse
Technology Tokamak (LPTT) device appears
:redible, and early testing of high beta

TN o td
RRtisrel

has been made possitle through our
design of a very flexible plasma control
field system for the second phase of the
Impurity Study Experiment (ISX-B) device.
{2}
today's low beta, short pulse length devices

The major experimental features of

have been explained adequately using the
well-crafted models daveloped at ORNL of the
resistive magnetohydredynamic {MHD} insta-
bilities ard kinetic mades (drift, trapped
particle, etc.). These, together with
advanced knowledge of impurity and neutral
injection physics, provide natural explanatfon
for the observed energy confinement scaling,
Mirnov and sawtooth oscillations, the
relaxation of skin current distritutions,
major and minor plasma disruptions, and the
poor performance that dominates devices that
are insufficiently clean and magnetically

well controlied.

(3) For the EBT device, the simp ified
stability criteria previously used have been
substantfa’ed through more detailed analysis
of kinetic effects, and most of the primary
experimental observations have been explained
on the basis of neoclassical transport theory.
These phenomena include the ambipolar potential,
the level and scaling of thermal losses, the

Tgr=atian of e nontnerral izn distributiorn

function, 2nd the tencenc; T gperate av 2
very ! ]

aith the resylting undersiending, =< are atle
to identify two Quislending critical prodlens
in the theuretical area: (i) the behavier

of tre hct electron rings (particulerly

energy lcss mechanisms and sceling) and (2! the
The

latter ties the ring dynamics very closely to

physics of the low collisignality regire.

the behavior of the toroidal plasma (es is
seen experimentally in the transition inte the
noisy M-mode and theoretically in thermal
excursion phenomena;. The need is clear for
still further refinements in the treatment
of gradients near the plasma erdge and the rings.
The conclusions rest on a firm and broad
base of contrioutory work that should be
apparent from the many other topics discussed

in the body of this section of the report.

3.1 EBT THEORY
. B. Batchelor L. E. Deleany
R. (. Goldfinger D. B. Nelson
C. L. Hedrick, Jr.” £. F. Jaeger
L. W. Owen D. A. Spong
A. H. Kritz J. S. Tolliver
H. Weitzner

During this reporting period, the €8T
Taeory Section has

(1) codified a basic scaling law for €8T in
conjunction with the EBT Experimental
Group (see Sect. 3.1.1),

(2) participated in design studies of future
EBT experiments,?

(3) developed stability criteria {see
Sects. 3.1.2 and 3.1.3),

(4] developed new expressions for transport
coefficients for EBT (see Sect. 3.1.4), and

{5) applied these transport coefficients

through a radially resolved transport
code (see Sect. 3.1.%).

e = ——— - o ——

*
Group Leader



3.1.1 ELMO Burpy Torus-
L. A. Berry C. L. Hedrick, Jr.

N. AL tckan

The EBT program of experiment, theory,
and reactor studies has been a remarkably
successful one. In the five years since
EBT-I began operating, work has progtessed
from a demonstration of macrostability to an
increasingly detailed understanding of trans-
port properties. Collisionless scaling (rE
increases with temperature} has been observed,
and the magnitude of the energy confinement
time is consistent with neoclassical theory.
Experiments on EBT-S (for scale) are now
being conducted at the increased magnetic
field levels and higher microwave power and
frequency made possible by a 28-GHz gyrotron
development program,
our assumptions of neoclassical scaling. In
conjunction with the experimental advances,

Initial results confirm

EET theory now has 3 well-d2veloped transport
theory that models the physics we row think
to be important:
negative ambipolar electric fields that are
Stability
calculations continue to predict stable
equilibrium with Bring . icore -~ 20-40..
) Based on experiment and theory, projected
reactor concepts are economically competitive
with those of other geometries, and they
offer flexibility to deal with the critical
reactor guestions of maintenance, accessibility,
fueling, ash removal, impurity control, and
power handling.
_relatively modest and, with the exception of
microwave power sources, can be met within
existing programs. Moreover, rapid progress
is being made in wmicrowdve tube develgpment.
When we examine the dimens{onless plasma
parameters required for an EBT reactor {EBTR),
we find that, with the exception of beta, the
EBT-I experiment is already operating in the
correct regimes. Thus, it is possible to

for example, it yields

consistent with thos> measured.

Technological demands are

¥
Director, ORNL fusion Program
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supply the necessary btridge tc reactor levels
with one major experiment. AL the same time,
this experiment should achieve, ir Phase [,

n 5 x 10" em?, Te = 3 keV, I 1 keV,
and & - 2.. For FPhase il. with neutral
injection, we expect n - 10i* cm™3, Te

5-10 ke¥, T, - 5-10 keV, and & - 5-10%.
Performance at this level would provide a
¢ritical test of ecuilibrium, stability, and
transport properties of EBT's and of ocur
ability to heat and fuel a larger, denser
plasma.

The succestful operation of EBT-II
will provide the physics base for a reactor-
scéle extension of the concept.

Finally, it should be noted that the
operation of a large, superconducting, micro-
wave-heated, steady-state device would benefit
the entire magnetic confinement fusion com-
murity.

3.1.2 A Preliminary Investigation of Trapped
Particle Instabilities in EBT’

D. B. Batchelor C. L. Hedrick, Jr,

An investigation is presented of the
role trapped particles might play in the
drift wave stability of £EBT. The model
adopted consists of a bounce-averaged drift
kinetic equation with a Krcok collision
operator. Care has been taken to model, at
least in an elementary way, the features that
gistinguish the physics of EBT from that of
tokamaks, namely the large magnitude and
velocity space dependence of the poloidal
drift frecuency .., the relatively small
cotlisionality v/:, the enhancement of Veff
for passing particles, and the closed nature
of the field lines. Instabilities are found
that have a somewhat dissipative character;
however, the precessional drift is found to
be a significant stabilizing influence. In
most cases, the modes are completely stabilized
when o/t - 1 for normal oradients. For
reversed gradients (w,/i. < 0}, svability is
greatly enhanced.



3.0.5 Magroscopic Stapiiity ane o limits
n the LM Burpy Torus
3. E. helson C. L. hedrick, Jr.

“Yijnetonydrodynatic statility limits are
detersined for {FT. The relativistic nhot
electron arnyle are considered to he rigid,
modif.ing tre magnetic Tield Butl nat incter-
a0 tinT witn tne instabilic,. A medified
eners: principle 15 used, and the stability
orotier 15 reduced to determinition of the
eigenvaliues of an ordinary cifferential
equation 2ionjg each field line. A threshold
hot electrorn current is required for stability:
its value agrees with experimental measure-
~ents. The calculations show that stable

figh teta equilibria are easily created.

- Trensport Froperties of a Sunpy

N T . G. ~arris
Too.. raIvice, dr,
Weusiasniial transiirt coefficients for

3 bumpy torus rase peen Zaluuizted by sclving
a bounce-averaged Arift rinetic equation
Tocally in radius. In contrast with previous
work , where the ambipoier field was assumed
to he large relitive to the plasma thermal
enerqy (ej;/ij 1), tuite electric fields
are considered here [ej;/ij = 0(1)]). B8och
thw Landau operator and the particle-~ and
energy-conserving BGK model operator have
been used, and A camparison of the two sets
of results indicates reasonable agreement.
The resulting transport coefficients exhibit
a strong dependence on the ambipolar field
and on plasma collisionality; in the large
field limit, the present results correlate

closely with earlier work.

*
University of Tennessee

o

eutral aru cnared particie densities

and terperatures are Jliculated as fyrctions
{ radivs for the toreical pilassa in £ET.
Enerqy-dependent iorization and charge
exchange rates, artipolar diffusion, and
self-consistent radial electric field pro-
files are included. Variations in the maq-
netic field due to finite toroidal plasma
pressure and iransport due :g drift waves and
magnetic fTield errcrs are neglected. &hen
the large electric field linit of the neo-

classical transport coefficients is used,

results are linited to relatively cool electrons

(kTe ~ 100-£30 eV} and collisionai scaling

for radially inward pointing electric fields.

3.2 MsD TegQey

C. H. An J. A. Holmes
R. G. Bateman, Jr. J. K. Munro, Jr.
B. Carreras D. B. Yelson”
L. A. Charlton Y-K. M. Peng
k. B. Dory D. 3. Strickler
H. R. Hicks G. Vakala

B. V. Waddell

In the past year the MHD group has
continued (0 pursue its two main goals of
understanding the equilibrium and stability
tehavior of present tokamaks and developing
tokamak concepts with optimally high beta.
(Beta is the rario of plasma energy to mag-
netic energy. )

The MHD behavior of present tokamaks
appears to bte dominated by resistive tearing
modes, which are responsible for them = )
sawtooth oscillatinns observed near the

*
Group Leader
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certzr of the discnarce, the — = 2 Mirngy

-

cscitlaticns ctservec rear the edge, and the

major disruptive instadiliny nac enau.fs tne
enlire cross section. Tnere 15 by now var
5008 experi—entzl and corputetional evidence
that the mejor disruption is precipitazesd by
the nonlinear interaction ¢f the = = !

3

o

.

(2/1) and 3/2 rodes ilects. 3.2.1, 3.2

3.2.5, 3.2.6, 3.2.7, 3.2.5, 3.2.10, 2.2.11}.
Fortunately, this realizatioe has led to the
discovery of 3 possible feedback 3sstec 1o
suppress the interaction and avoid disrustlion
(Sect. 3.2.9.. If experiment proves the
validity of this method, very large savings
in cost and improvement in reiiabivity of
tokamak reactsrs could result. The Mimov
oscillations are ateost certainiy saturated
m = 2 modes near the 7imiter, as shown by the
agreement tetween thecry and experimert
(Sect. 3.2.2). 8ecause thkey limit confine-
ment in present toksmaks, extrapelztion of
their tenavior (0 Tuture experiments is
important.

e have continued to stily eveiution to
high beta using varicus apgroximetioas of
piasma pehavior (Sects. 3.2.12, 2.2.13).
Extersive 2nalyses of resulting stability
Tizits on beta have been carvied out
{Sect. 3.2.15). The earlier predictions of
stable beta for ideal MHD mcdes in the range
5-10% have teen darne out by carefyl analysis.
Inclusion of resistivity has shown that the
actual stability may be tomewhat lower but
saould be evidenced by Jal worsening of
confinement rather tharn by sudden catastrophe
(Sect. 3.2.1€}. Shaping can lead to improve-
ment in beta, but too great an elongation is
undesirable {Sect. 3.2.18).

In other directions recognition of the
desirability of a higher duty cycle for
tokamaks has led to a novel proposal for a
continuous tokamak {Sect. 3.2.18). Also, we
have continued ovur extension of M0 by
inclusion of tensor pressure and other com-
plicating prenomena (Sect. 3.2.17}.

3.7.1 analyric Model for the honlinesr Inter:
sstion of Tmaring Modes of Different
Fiten in Cy indcical Geometry’

S. {arreras B. ¥. Waddel
#. R. Hicks

An anaiytic madel has been develoved for
describing the aonlinear interaction of
tearing moces of different pitch in cylin-
driczl geometry for equilibria characterized
by flat safety factor protiles. The_andiysis
shows that the 2/} tearing mode can destabilize
odd = modes, particularly the 3/2 mode. The
rodel compares well with our three-dimensional
{3-b} code with respect to the time evolution
of the 079, /1, 2/1, 3/2. and 5/3 nodes.
Scaling ru.es are obtained for the positior
and lccation in tike of the maximm or peak
in the 3/2 growth rate. The characteristic
tine of dectabilization of the odd m modes
predicted by tne rodel correlates well with
the observed time scele for the rajor dis-
ruption in tokamabhs.

3.2.2 Poloidal Magnetic Field Fluctuations

in Tokamaks”
5. Carreras E. V. Kaddel:
H, R. Hicks

Elementary noniinear tearing mode thegry
in a 2-D cylindrical jeometry is used to
predgict accurately the amplitude of the m = 2
poloidal magnetic field fluctuations {(Mirnov
oscillaticns) at the limiter of a toksmak.

Th2e ingut required is the electron tempera-
ture radial prafile from which the safety
factocr profile can be inferred. The saturation
anplitude of tne m = 2 tearing mode is cal-
tulated from the safety factnr profile using

a nonfinear 4’ analysis. This gives an

absolute result (nn arbitrary factors} for
the amplitude of the perturbation in the

poleidal megnetic field averywhere, at the
Tirtiter in particular. An analysis of ihe
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siv Sipme Toigmas (0RMANG el

T-4 safety
comoe prsfites (inferred from electron
cproorat re nrofiles) gives resyits fhat arz
1n oporeerenl with The axperirental data {ses
Fryo Goh

2 study ot 2 general profile shows that
a3 3 ‘unction of the satety factor 2t the
Tiviter, a @aximyg occurs in the amplitude of
whe Mirngv gscillation, The magnitude of the
—Ay I ARCreases with 3 decreasc in tempera-

-
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vear the limiler.
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Fig. 3.1. Comparisun of the experimental
and theoretical valucs of 8 /B, at the limiter
2s a function of g at vhe limiter for ORMAY.

humerical Algeritnas

for Studying Tearinyg Modes®

sy, Haddeli M. N. Rosentlutn®
D. A. Monticetlo” £. B. white’

3. Carrefas

The rumerical methads that have recently
neen developed to study the nomlinear ewvoluticn
ot tearing modes in tokamaks are sumarized.
The essential feaiures of tearing modes can
be described by tne resistive MhD equations.
The numerical algorithms described here are
based on a reduced set of 2-0 resistive MHD
equations that are numerically tractable.

Two distinct types of numerical methods are
described in detail. In the first method,
referrad to as the £ASSLESS algorithm, the
inertia is neglected. On the other hand, in
the second method, referred to as the MASS
algorithm, the inertia is retained; conse-
guently, the scheme is capable of handling a

'Iarger’variety of problems. Codes based on

these two algorithms give similar results for
the nonlinear evolution of the m = 2 tearing
mode .
3.2.4 (omments on "Simulation of Large Magneti.
~Islands: A Possible Mechanism
for_a Major Tokamak Disruation"}?

Ny

B. Carreras
B. V. Haddell

H. R. Hicks
S. J. Lynch

in this Comment it is established that
the numerical results for the nonlinear
avolution of the m = 2 tearing mode are
affected by the density of the poloidal grid.

*
Institute for Advanced Study
‘Princeton Plasma Physics Laboratory
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% ccarse arid nives rewyling that are duanti-

tetively and gqueittativei; incorrect. The
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inporant Gualitative errcor is that with a

a

coarse rid the growth of the width of tne
assocrared magnetic icland is exponential
rather taan algebraic.-

3.2.5 Mecnanism Yor Major Disruptions

in Tokamaks:*

£. V. waddell %, R. Hicks
g. Carreras J. A. Holmes
D. K. Lee

We propose a mechanism for the major
disruption in tokamaks that involves the
nonlinear destabilization of tearing modes by
the 2/1 tearing mode, where m and n cenote
the poloidal and toroidal mode numbers, ~
respectively. The maqgnetic islands generated
can extend across the plasma cross section.
For resistivities of the order of magnitude
of these in TOSCA end LT-3. the time scale
for their appearance is consistent with the
time for the major disruption.

3.2.6 Nonlinear Interaction of Tearing Modes
in_Highly Resistive Tokamaks-*

B. V. Waadel}
B. Carreras

H. K. Hicks
J. A._lmimes

R mechanism for the major disruption in
tokemaks is proposed invclving the nonlinear
destabilization of learing modes by the 2/}
tearing node, where m and n denote the poloidal
and toroida! mode nunbers, respect{vély: A
3-0 cylindrical nonlinear code based on a set
of equations valid in tke limit of- low bets
and large ratio of the toroida} and noloidal
magnetic fields has been constructed.
essential result is that for safety factor

The

profiles flat in the plasma core (square
profiles), the 2/1 mnde significantly decta-
bilizes other modes, particularly odd modes

2 node, defere he 200

0y

Saln 2% tne 3 L ans

in the single-pitcn linit ras expandest o it
mavirur width, Man, ragretic islands of
different pitch are produced, 2n¢ tre corre-
sponding deformation of the toroidal curveat
density is more severe than in tne 2-0
{single-pitch) case. The magnetic isiernds
generated can extend across the plasma cross
section; presumably, the corresponding erqgodic
meonetic fields can resull in the escape cf
particles and heat ‘run tae plasma cere. An
aralytic model in agreement with these resuits
it aiso presented.

With respect to experiment, the 372 node
has teen reported to be observed in the LI-3
tokamak . dis-
the
but the

fFor

% poloidal ssymmetrv in the
ruption has heen cbserved in ALLCATOR,
Princeton Large Torus {PLT}, and T-4,
mode numbers have not been datermined.
resistivities thatl correspond to those in
TOSCA and LT-3, the time scale for the
appearance of the islands is consistent with
the cbserved time for the maicr disrupticn.
[f tne results are extrapolated to smal)
resistivities using the enalyiic model, the
time scale is consicient with PLT and a
variety of other machines.

Fiqure 3.2 iliustrates norlinear cou iing
effects.

3.2.7 Hagnetic “lslandr aphy” in Tokamars -

J. D. Callen J. 4. Holmes
6. V. Waddel! D. K. Lee

B. Carreras S. . LyAch
M. Azumi J. Sm un

0. ). Catto M. Soler

H. R. Hicks K. 7. Tseng

J. C. Whitsun

Tearing modes are shown to be responsible
for most of the experimentally observed
macroscopic behavior of tokamak discharges.

The effects of these collective magnetic
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fig. 3.2. Noniinear coupling of unstable tearing modes of different helicity

can lead to a disruptive instability.

perturbations on magnetic topology and plasra
trarsport in tokamaks are shown to provide
plausible explanations for internal dis-
ruptions (m/n = 1), Mirnov oscillations

(m/n = 2,3,...), and major disruptions
(coupling of 2/1-3/2 modes). The nonlinear
evolution of the tearing modes is followed
with fully 3-D computer codes. The effects
on plasma confinement of the magnetic jslands
or stochastic field lines induced by the
macroscopic tearing modes are discussed and
compared with experiment. Finally, micro-
scopic magnetic perturbations are shown to
provide 3 natural model for the microscopic
anomalous transpcrt processes in tokamaks.

3.2.8 Tearing Mode Activity for Hollow
Current Profiles!™

B. Carreras H. R. Hicks
B. V. Waddel]

We present the results of a study of
the nonlinear stability of tearinqg modes
for hollow current profiles in cylindrical

geometiry. We have studied their nonlinear
evolution that, through magnetic island
formation, leads either to saturation of the
tearing mcde (a new nonaxisymmetric equilibrium
is reached) or to a redistribution of the

flux and field line reconnection in Kadomtsev's
sense (a new axisymmetric equilibrium is
cbtained). An empirical predicticn for the
accessibility of the reconnected state is
given. In particular, we consider tearing
modes with low poloidal mole number (m = 2, 3)
to interpret some minor disruptions observed

in tokamaks, namely, m = 3 minor disruptions

in PLT. We have also considered tearing

modes with higher poloidal mode number.

3.2.9 Stabilization of Tearing Modes to
Suppress Major Disruptions in Tokamaks!®

J. A. Holmes H. R. Hicks
8. Carreras S. J. Lynch
B. V. Waddell

We show, for g-profiles that lead to a
disruption, that the control of the amplitude



of tne 2/1 tearing mode avcids the disruption.
We have studiea g-prafiles measured in 1-4
and PLT before a major disruption. Two
methods of controlling the 2/1 mode amplitude
have been considered: (1) Feedback stabili-
cation with the feedback signal locked in
phase with the 2/1 mode. The major disrypticn
is suppressed if the feedback parameters
(time delay and gain) are properly chosen.
Otherwise, we observe only a delay in the
disruption. (2) Heating slightly ocutside the
q = 2 surface. Modifying the current density
profile can decreise, and even eliminate, the
2/1-3/2 interaction. In this way the dis-
ruption is avoided.

In both cases it is only necessary to
decrease the 2/1 mode amplitude to suppress
the disruption. [t is not always necessary
to stabilize the unstable modes fully.

3.2.10 Tearing Mode Analyses of MHD Activity

in ISX-A
8. Carreras J. L. Dunlap”
A. P. Navarro” H. R. Hicks
R. D. Burris H. Murakami®
V. K. Paré"

We have studied an ]SX-A sequence of
ISX-A discharges that became disruptive after
tungsten was injected at 100 msec. These
discharges can be classified into two groups
from the point of vie. of MHD activity:
type K discharges {hard disruption) and
type S discharges (soft disruption). This
different behavior has been compared with
nonlinear tearing mode theory. The 3/2 mode
is found to be stable for the current profiles
associated with type S discharges and unstable
for type H discharges. In cylindrical approxi-
mation this Teads to identifying type S
discharges as those dominated by a single 2/1
mode and type H discharges as those involving
mizxed helicities,

*Experimenta\ Confinement Section

3.2.11 Effects on the Nonlinear Interaction
cf Tearing Modes due to Temperature
Evolution
K. R. Hicks 8. V. Waddell
B. Carreras 0. K. Lee

Previously we presented numerical results
of the nonlinear interactions of tearing

nodes as a mechanism for the major disruption.

[n the cases studied, instead of using a

< ime-independent resistivity, we utilized
Spitzer resistivity in conjunction with an
electron temperature equation. The effect of
evolving resistivity on the saturation of
<ingle-helicity tearing modes can, in principle,
bte large. However, as realistic values of
resistivity and parallel electran thermal
conductivity are approached, the effect
beccmes minimal. The effect on multihelicity
cases is to speed up slightly the process by
which a large regicn of stochastic field

lines is formed.

3.2.12 Evolution of Flux Conserving Tokamak

tquilibria with reprogrammed Cross

Sections!®
J. A. Holmes Y-K. M. Peng
S. J. Lynch

The evolutian of MHD equilibria towards
high beta is modeled by magnetic flux con-
servation with a given g(v) and by particle
and energy balances tnat determine p(y,t).
One-dirensional single-fluid transport
equations, written with the magnetic flux y
as the independent variable, are coupled to
the 2-D axisymmetric MHD equilibrium and flux
conservation equatiaons through ; and p{,,.t).

In moving boundary studies (plasma compression)},
the resulting system of equations is advanced

in time from an initial state by a procedure
that utilizes two nested predictor-corrector
loops together with an implicit time-stepping
technique. The inner predictor-corrector
loop advances the transport equations subject



t> . given equilibrium configuration while
the outer loop evolves the equilibriu- using
a fixed bourdary flux-cerserving code. For
fixed plasma boundaries, tﬁis procedure is
modified € r greater zomputational speed.
Our results show satisfactory quality in
numerical convergence. The use sf the fixed
boundary equilibriun technicue allows the
evolution of the plasma cross section to be
programmed. This method can be applied to
tre study of flux-conserving evclution of
ecuiitbria favolving dramatic changes of
plasma position, shape, and profiles while
prescribing the evolution of the plasma
bourdary.
scaiing laws of Furth and Yoshikawa are
modified for small aspect ratio.

A; an eaample, the compressional

3.2.13 Intense Neuytra! Beam Heating in the

Adjabatic Approximation!?

0. B. Neison

The economic viability of tokamak fusion
reactors improves significantly if beta can
be raised above 5% to 10%. High-powered
neutral particle injection makes possible the
attainment of such beta values if the corre-
sponding equilibria exist, are dynamically
accessible, and can be maintained against
instabilities and transport. Early analytic
work seemed tc indicate 3 restrictive equi-
librium constraint, apol - 1fe or s < ¢/,
with ¢ the inverse aspect ratio (typically
1/3 to 1/5) and q the safety factor at the
wall (typically 3 to 5). The physical praocess
that limits beta was the appearance of a
poloidal field (PF) null (stagnation point)}
at the inside edge of the plasma. However,
i1f energy is deposited on a time scale that
1s rapid compared with the resfstive skin
time, the magnetic flux remains frozen. The
piasma then evolves 3s a flux-conserving
tokamak (FCT), and a stagnation point cannot
move into the plasma. Recent calculations
have exploited the FCT corcept to produce
equilibria with beta exceecing 30%, con-
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siderably above the supposed limit. These
calculations do not demonstrate the dynamic
acceszibility of hign beta aguilibria; in
fact, the authors were able to calculate FCT
eGuilibria only aver & limited rance cf
parameters. IT this . ere due to nonexistence
of equilibrium, the initial state and heat
deposition profile would have to be carefully
tailored to achieve success.

This paper exhibits a sinple method for
following the dynamir evoluticn of the plasma
under neutral beam heating. While thc method
used is also being applied tc more general
transport calculations, for these results it
is assumed that the heating is rapid compared
with resistive diffusion or cross field heat
conductivity. Thus, the plasma evolves
adiabatically, i.e., according to the ideal
MHD equations. [t is found that high beta
states can be attained with a wide variety of
initial conditions and heating profi’es.

3.2.14 Continuous Tokamaks!:

Y-K. M. Peng

We propose a tokamak configuration that
permits the ranid replacement of a plasme
discharge in a burn chamber by another one in
a time scale much shorter than the elementary
therma) time constant of the chamber first
wall. Thus, with respect to the chamber, the
effective duty cycle factor can be made
arbitrarily ciose to unity, minimizing the
cyclic thermal stress in the first wall. At
least one plasma discharge always exists in
the new tokamak configuratior, hence, we have
a continuous tokamak. By incorporating
adiabatic toroidal compression, configurations
of continuous tokamak compressors are intro-
duced. To operate continuous iokamaks, it is
necessary to introduce the concept of mixed
PF coils, which spatially groups all the PF
coils into three‘sets. ail} contributing
simultaneously to inducing the plasma current
and maintaining the proper plasma shape and
position. Preliminary numerical calculations



of axisymmetric MiD equilibria in continuous
tokamaks indicate the feasibility of their
continued plasma operation (see Fig. 3.3 and
Table 3.1}. Advanced concepts of continuous
tokamaks to reduce the topological complexity
and to allow the burn plasma aspect ratio to
decrease for increased beta are then sugge.ted.
Comparisons with conventional iokamaks are
myde ir the light of reactor applications,
indicating several potential advantages of
some advanced continuous tokamaks that require
comparable toroidal magnetic field energy to
produce comparable fusion power.

. ‘,,gﬁ,l.lv-slreo re-m -

PLASMA
BOUNDARIES +

Fig. 3.3.
a1l current sources in a continuous tokamak
compressor with plasmas B and C of Table 3.1).

Poloidal flux groduced by

3.2.15 Very Small Aspect Ratio Tokamaks'?

Y-K. M. Peng R. A. Dory

Magnetohydrodynamic (MWD) stability
analyses are carried out for tokamak equi-
1ibria with A = 2,0 aad 1.5, q{boundary)/
glaxis) = 2, and 8p = A/2 (see Fig. 3.4).

Khen a conducting wall is at a distance C.2a
from the plasma with A = 1.5, the & ‘ical
ET(= 8+p/By,} values are found to be 0.47,

.0.37, and (.33 fer toroidal mode numbers . ’ L ‘

N =1, 2, and 3, respectively (see Tadle 3.2}. -~ -
A linear-extrapolation in /N - 0 results in :
a El’c of 0.28, which s consistent with the

resu’ts ba,sfd on analyses of laroe ballovaing
modes on eah flux surface. For the'case of .
A = 2.0, §;_ values on plasm parameters are
quantified together tnth suggested approaches =~ -
to produce the vhsn v 1diabatic compression. /
For dmustrat'ng lliyu gl. Vithk = 2, Bl’o
1.2 7, and ll = lsa:p via a w'essmn ratlo
of C = 3.amtnlha'pamofﬂlll. .
resistive coil power w 2 ", aua 3 cwpressxon
energy inout of 3. 3%J in 1.4 msec would be
required. For demsnstrating thermonuciear
ignition with A = 1.5, s‘,o =4.0T, and
R, = F cn via a coepression-ratio of C = 4,
a neutral Deam power of -5 MM, 3 resistive
coil power of ~170 Wi, and & compression
input energy of ~6 WJ in 0.2 sec wuld be
required. Based on reasonable scaling ' :
assuaptions, the plasma would ignite with a ’
total fusion power of ~100 MW. With a burn-
time of 6 sec {which is o~= third of the = -
L IR ), the plasma energy gi.n per discharge )
IS esulr.ated to be “50. PAecause of the
reduced toroidal transit length for supra-
thermal ions and the ircreased beta and
pressure gradient, it becomes relatively easy
to drive large current via neutral beam -
injection or the bootstrap effect. Comparisons
with other toroidal concepts show that, given
th. calculated high ET vatues, very small
aspect ratio tokamaks have relatively goud
confinement and efficient use of field energy.

3.2.16 Low C_..sity Ignition Scenarios Using
Injection Heating

J. A. Holmes
J. A. Rome

Y-K. M. Peng
S. J. Lynch

By taking advantage of central alpha
heating, grofile effects, and flux surface



Table 3.1. Currents in coils for plasias B and C when they are alene
‘ and when thes are coexisting jn"a continuous tokarak compressor
i carresponding to the equilibria shown in Fig. 3.4
{ Fiasma s (i =3 1 Plasma € (1 = -2 1,
i : ip = 16 Iy = -7.6)
’ Coil No. S SR S SHEICHAR
| z 1 0 -n.219 0 1.128
| 2 5.465 0.630 0.293 -0.571
L3 0 -0 0 0.201
§ 8 0.210 n.225 0.089 -0.027
' 5 0.210 0.167 0.089 0.054
6 - 210 .21 0.089 0.012
7 T o.210 0.139 0.089 0.67t
8 0 ~0.131 0 -0.158
: 9 0.465 0.088 0.393 0.613
< .10 0 ] . 039 0 -0.445
, ] 6.205 0.426 0.143 -0.007
T 1z 0.205 6.085 0.143 0.268
13 e < 0.038 0 -D.046
= . 14 0.205 0.206 0.143 0.159
T - 15 0 0. 006 0 -0.031
) 18 0 C.004 0 0.015
A 17 0.205 0.207 0.143 0.097
18" 0 0.009 0 0.187
19 0.205 2.196 0. 143 -0.492
g L 20 0.205 ° 0.211 - 0.143 0.952
B S . ORN' ,DWG/F D 78-7 /AR
] W~ SURFACES, ~-—  |B] SURFLrES
T T —
12 tai 60 | " i
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8 [49] b
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A
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. 3.4. Constent y érd |B] surfaces for MHD equilibria with
and 1.5 and parameters shown in Table 3.1,




Table 3.2.
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Parameters of marginal stability based

on the equilibria shown in Table 3.1 and fig. 3.4

Aspect ratic (A)

2.0 1.5
Major radius (Ro) 16 60
Minor radius (a) 8 40
Elongation (-} 1.65 1.65
BTO (R = Ro) 1.20 x 10 G £.0 x 10" G
Flasma current (!p) 0.268 x 10¢ A 6.54 x 10" A
9, .59 2.08
e 3.25 4.47
p 0.99 0.75
3 {: 8=pfE") G.14 0.17
1c 0.12 0.28
re (peak) 0.40 0.57
B, (R = R, - a) 2.40 x 10 G 12.0 x 10 6
BT (R = Ro + ) 0.80 x 10" G 2.4 x 10" G
BP (R Ro - a) 0.681 x 10* G 3.65 x 10% G
B, (R = Ry * a) 0.597 x 10* G 2.58 x 10~ 6
Vp 2.91 x 10~ cm? 2.70 x 10¢ om?

shifts in elongated plasmas, it is possible
to ignite a modele., prototypical reactor
plasma using 100-150 keV (D*) neutral beanms.
To do this, the plasma is started at full
bore but low density. The density is *
increased by peripheral fueling so t. -
central core begins to ignite at the

when the neutral beams no longer peretrate to
this region. The fusion alpha particles take
over the heating requirements in the core
region.

Examples of our results are shown in
Figs. 3.5 and 3.6. As seen in Fig. 3.5,
igniticn is achieved with 92 MW of neutral
veam power despite pessimistic heat conduction
coefficfents of x, = IO‘B/ne cm?/sec and
G = 2 X Xneoclassical’ Comparable results
are obtained with 50 MW of neutral beam power
when y, =5 x 1017/ne cm?/sec and Xy *
Xneoclassical” As the density increases, the
neutral beam heiting is increasingly screened
out of the plasma center, but the increased
nuclear heating in the center takes over.

Also, the piasme center shifis with increasing
ST.

Because of the decreasing beam Tine
efficiency with increasing energy, it is
found that a nearly constant extracted powes
is needed for ignition in the range studied.
There is, thus, little economic difference in
this energy range. However, the higher
energies ~.15C key imply fewer injectors and
perhaps lower impurity production rates
during heating to ignition.

3.2.17 Resistive-Ballooning-Mode Equation®?

R. G. sateman, Jr. D. B. kelson

A second order ordinary differential
equation on 2ach flux surface is derived for
the high-mode-nun.or 1imit of resistive MHD
ballooning modes in tokamaks with arbitrary
cross section, aspect ratio, and shear. The
equatfon is structurally similar to that used
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Fig. 3.5. Electron density, temperature, neutral beam heating, and
alpha heating profiles are shown at several times for a 120-kevV (D*) run.
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Fig. 3.6, This case is identical to that shown in Fig. 3.5 except
that MHD equilibrium effects of the flux surface shifts and related com-
pression were not included. The main difference in the results is seen
in the overall magnitude and shape of the electron density profiie.



to study ideal MHD baliocring modes com-
putationally. The model used in this paper
osredicts iinear instability in the high-mode-
auber linit, with growth rate proportional
to resistivity when the pressure gradient is
small compared with the critical value needed
Tor ideal MHD strahility,

3.2.18 tNecessary S*tability Criterion for

Plasma tEquilibria witn Tensor

Pressure- *

D. B. Nelson G. 0. Spies”
€. L. Hedrick, Jr.

k necessary stability criterion is
derived that is valid within ideal MHD, one-
fluid guiding center theory, and double-
adiabatic theory. The equilibria considered
are Such tnat the magnetic field lines either
are closed or intersec: insulating end plate:.
Due to tne inclusion of ballooning pertur-
bations, the ¢riterion is stronger than that
for stabiiity to line-preserving perturbations;
uniike the latter, it is violated in the bulk
of the plasma of EBT-like equilibria. This
disagreement with observations suggests that
kinetic effects must be included to explain
the experiment.

"3.2.19 Stability of Tokamaks with Elongated
Cross Section?’

fixed boundery n = 1 MHD instabilities
are <tudied computationally as a function of
diamagnetism (g ‘) and current profile in
elongated toroidal equilibria (1 - b/a < 4).
It is found that even slightly diamagnetic
plasmas with broad current profile and a
highly elongated cross sectinn are subject to
a ballooning instability for g-values well
above unity at the magnetic axis. A peaked
current profile in a miidly diamagnetic

. .
New York University
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plasma decreases the elongation of the inner
flux surfaces and reduces the marginal y-value
by suppressing ballooning modes. The maximum
stable vGlume-averagea beta is achieved with
a brcad current profile ard either a para-
magnetic plasma (ipol - 1) with a highly
elongated cross section (b/a - 2) or a dia-
magnetic plasma (;pOl - 1) with only a mildly

€longated cross section (b/a - 2).

3.3 KIKETIC THEORY

€. 0. Beasley, Jr. K. K. Meier

J. 9. Callen J. A. Rome

P. J. (atto D. J. Siguar"

E. €. Crume, Jr. J. Smith

J. Denavit K. M. Stacey, Jr.
S. P. Hirshman K. T. Tsang

L. M. Hively G. Vahala

J. E. McCune W. 1. van Rij

J. C. Whitsor

Kinetic Theory research will be broken
down into the following categories: (1} anom-
alous transport (Sect. 3.3.1), {2} neoclass‘.al
transport and analytic finite beta 2quilibrium
(Sect. 3.3.2}, {3) energetic particle orbits
and neutral beam injection {Sect. 3.3.3), and
(4) numerical simulation of collisional
transport and drift waves (Sect. 3.3.4). For
each area a summary will be given, followed
by short abstracts of individual work.
following are some overall highlights.

Foremost, there were major contributions
to the linear and nonlinear theory of anomalous
drift-like transport in tokamaks. Linearly,

a new branch of finite beti shear Alfvén

waves was discovered in sheared tokamak
equilibria. Nonlinearly, the longstanding
resonance broadening theory of drift waves

was fundamentally extended to sheared magnetic
fields and to include a seif-consistent
determination of the saturation amplitudes.
Returning to linear theory, the low m and &

Group lLeader



stezr ~ifvén radial eigenmodes in & tokamak
© reactor were showm to be strongly destabilized

by 3 drift resonance due t- the density
gradient of the 2lpha particles, and a high
frequency mode driven by t'e nonthermal
velocity distribution of tne: alpha particles
was found indicating anomalously rapic alpha
slowing down. ’

3.3.1 Anomalous Trancport

Besides the results just mentioned,
there was systematic progress regarding the
stability behavior of the drift Alfvén wave
branch {3t high-mode numberc). This area was
-reviewed 3 the American Physecal Society
(RPS} meeting, and alpha particle eynamics

_ were reviewd at the Gordon Conference. The
more fundamental work on drift and drift
shear Alfvén waves predaninated over the
previgus empha:. 15 on trapped-electron ‘nsta-
bilities wisie ireatnent, however, 250
“advancet¢ to inciude the 2-D e‘genvalue problem.

. ks an intermediate step between the historic
resonance broadenirg theory in chearless
geometry and the most recent self-consistent
advance to sheared magnetic field geometry, 3
turbulenc: theory for the dissipative trapped
electron instability appeared i Physics of
Fluwids. ‘

Anoma’'ous Alpha-Particle Tﬁnspgrg
in_Trermonuclear Tokamak PlasmaZ3

D. J. Sigmar H. C. Chan" -

Because of the strong localization of
the fusion-born alpha particles in velocity
and configuration space and their coupling to
Alfvén waves in the background plasma, the
relaxation of alphas is anomalous. In a
finite system, the enhanced electromagnetic
fluctuations can Jroduce rapid spatial losses
of alpha population and energy. These losses
prevent the alpha velocity distribution from
attaining a stanle collisional equilibrium,

'Massachusetcs [nstitute of Technoloyy

thys maintaining @ steady-state turbulence
level. A self-consistent numerical quasi-
linear calculation is performed for one of

the most daminant low-¥'equency modes, showing
the evolation of the alpha distribution and -
yielding the anomalous loss rates.

Adiabatic Modifications to Plasma
.. Turbulence Theories?*

o

P. J. Catto

Improved particle trajectories are

' em}oyed to treat the adiabatic or Maxwell-

Boltzmann responte of 2 plasma in order to
choose between contradictory prescriptions

for obtaining the nonlinear dispersion relation
from the linear one.

Turbulence Theory for the Dissipative
Trapped Electron Instability?s

K. T. Tsang J. D. Callen
' G. Vahala

-Orift orbit diffusion induced by turbu-
lence acting on trapped electrons is shown to
reduce and broaden the magnetic drift resonance
and produce ‘the dominant nonlinear saturation
mechanism for the dissipative trapped slectron
instabflity. The fluctuation level obtained
from such a theory is found to be consistent
with present experimental observations.

Trapped Electron InstgbilitLin Tokamaks :
Analytic Solution of the Two-Dimensionat
£igenvalue ProbYem?®

P. J. Catto K. T. Tsang

The 2-D efgenvalue equatiun for the
trapped electron instability in tokamaks is
solved analytically by both a perturbation
technigne and a fiore exact method of matched
asymptotic expansions. -The important physical
effect i3 shown to be the radial localization
of the trapped electron term caused by the
difference between the pitch of the magnetic
field and that of the mode. This localization



results in 2 completely new form for the
dispersion relation and does not impede
magnetic shear stabilization. Coupling of
neighboring rational surfaces is shown to
result in an increase of only 7/Z (at most)
in tne gv;outh rate.

Linearized Gyro-Kinetics~7’

P. J. Catto

Finite gyroradius effects are retained
_in a for simpler mammer than previous *reat-
ments by transforming to the guiding center
variables and gyroaveraging before introducing
‘magnetic coordinates. '

"Absolute Universal Instability”
Is Not Universal2®

K. T. Tsang J. C. Whitson
P. J. Catto J. Smith

The roots-of an improved analytic eigen-
value equation for the absolute universai or
collisionless drift instability in a sheared
sacpetic field are found numerically and
- ¢wmpared with the eigenvalues obtained from a
numerical solution of the exact differential
equation. The startling rescit is that both
techniques predict stability, no matter how
weak the shear or how large the transverse
wave number, in contradiction to all rrevious
work. Stability is due primarily to 'he
stabilizing influence of the muorz.unant
electrons,

Drift Alfvén Waves in Tokamaks??

K. 7. Tsang J. D. Callen
J. €, Whitson P. J. Catto
J. Smith

- A new branch of solutions of the finite
beta, drift wave radial eigenmode equations
has been found. The branch is heavily damped
in the low beta regime and identified with
the shear Alfvén wave. This branch and the

61

usual electrostatic branch are damped in a
collisionless plasma. Including trapped
electron effects introduces an instability
that is potentially harmful to plasma con-
finement.

Numerical Studies of Electromagnetic
Drift Mave Stability in a Sheared

Magnetic Field3?

K. T. Tsang

Fbr beta values of :present-day tokamaks,
B> "e/"i; the electms;?tic approximation
for drift waves begins to break dowm and
finite beta effects become important. The
radial eigenmode equations for electromagnetic
drift waves in a sbgéred‘fiagltetic iield
consist of two coupled second order differential
equations that, in the local approximation,
depict the coupling between the diift wave
and the shear Alfvén wave due to finite Larmor
radius effects. In the nonlocal analytic
calculation, only the drift eigenmode has
been unambigLously recovered. We investigate

" this fouw-th order system numerically and

discover two distinct eigemmode branches.

One of them is the finite beta modified drift
wave eigemmode that reduces to the electro- .
static drift wave as beta decrases to zero.
The other branch, whose eigenfrequency scales
roughly like g~1/2 for low beta, has no
electrostatic 1imit. The drift branch is
further stabilized by finite beta effects
while the second branch, which we call the
Alfvén branch, is destabilized by finite
beta. In a collisionless plasma, both
eigenmodes are absolutely stable. Including
electron collisions by a number-conserving
Krook collision term with energy-independent
collision frequency, we find collisions have

" a stabflizing influence. Both modes can be

destabilized by a parallel current, although
the critical current is high. Inclusion of
trapped electrons phenomenologically can also
lead to instabilities. In these calculations
ve have retained the full ion plasma dispersion




by a finite 2.

function. If the high phase velocity expansion
(u./'i,.“ v, 1) in the ion response is used,

then a spurious unstable mode can te found.
However, the eigenfrequency of this mode
gracually goes(_m Zero as we switch from the
high phase velocity expansion n the inn 7
function. For very small perpendicular wave
number, eigenmodes with parity odd for the
perturbed electrostatic potential and even

for the perturbed radial magnetic field have
infinite radial extent. When boundary con-
ditions are ~hanged to match the external MHD
selution, kinetic tearing modes can be obtained.
Only the shear Alfvén branch car be destabilized
We conclude from these

studies that the skear Aifvén eigemmode is
prabably more relevant to,pr'esent experiments
‘than the drift wave eigenmode.

Yomerical Study of Drift-Alfvén Maves
in_a Sheared Magneti. Field?!

K. T. Tsang J. C. Whitson
J. Smith

In this study the coupled radial eigen-
mode ‘equations for electromagnetic drift waves
in a sheared magnetic field are solved numer- -
jically. In addition to the familiar drift
eigenmodes, a different set of eigenmodes was
found that is the analog of the sheared Alfvén
waves of local) theory in a sheared ..agnetic
field. The drift mode is mainly electrostatic,
and the shear Alfvén mode is mainly electre-
magnetic and closely related to the high order
tearing modes,

Turbulent Destabilization and Saturation
of the Universal Drift Mode in 3 Sheared

Magnetic Field3?

S. P. Hirshman K. Molvig"

In 2 sheared magnetic fieid, turbulent
diffusion of electrons in the vicinity of a
mode ratfonal surface can eliminate the

irl‘lassachusett.s Institute of Technology

stabilizing influence of nonresonant electrons
and lead to an absolute instability at small
but finite wave amplitudes. As the turbulence
grows, the inverse electron Landau resonance
is broadened in both velocity and confis a-
tion cpace, and the Cunvediive shear aasping
due to ions-is enhanced by turbulent’ spatul
broadening of the mode unti, saturation occurs.

Anomalous Slowing Down of Alpha Particles
in Toroidal Plasma®? -

K. Molvig 0. J. Signer

A systematic search for alpha-driven
high frequency instabilities with substantial
anomalous: transport consequences results in
bands of modes in the frequency range
<= < zpqs With the fastect mode near

“ci pi
being mainly electrostatic. For the wave
vector k such thatm = i = 0, k = k., to

Towest order, the lack of poloidal ricde
structure leads to spatial detuning of the
destabilizing term and an essentially unmag-
neti1zed response function.

We calculate the iinear growth rate and )
the alpha threshold density, solve the steady-
state quasi-linear equations for fm and Dm,
and determine the relaxation time of perpen-
gicular alpha energy. (The resonance does
not affect the parallel energy, to leading
order.) This instability provides anomalous
slowing down to near thermal energy at a rate
much faster than collisional, as will be
shown quantitatively.

" Sheer Alfvén Wave Destabilized by Alpha
Particles in a Tokamak Reactor3®

D. J. Signar  S. P. Hirshman
¢. C. Whitson

Recently, Tsang et &41.75 have Gemon-
strated the existence of a shear Alfvén
radial eigenmode in a sheared magnetic field
geometry and found destabtlization by trapped
electrons. In a tokamak reactor this mode
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; Z<  Qur. longstanding etfort in a) the
_  fundamental development of multispecies
(impurity) transpors, (2] its application to
tokamaks, and (3] the numerical evaluztion of

(1) and (2) has led to a larger-thar-average Ana’gtic High &, Flux U"SC"'"‘Q .
strear. of publications in 1578. An extremely Equilibria for Cylindrical TolwmkS” U
. useful constitutive relatiun between the 0. J. Sigur 6. vohale  ° B -
" neociassical paraliel viscous force and the - . ST e
. - “poloidal flow velocity, valid for all col- ; . A . RS ;

Using Grad’s theory of generalized

lisionality regimes and arbitrary tokamak differential equations, the temporal evolution

equilibriu has_enabled a complete fluid - from Jow to high beta due ta adiabatic and -
equation formulation of neoclassical theory. nonadiabatic (i.e., nestral beao injectior)
~ Thic in turn has facilitated the extension of - heating of a cylindrical tokamak plasma with
this theory to include particle and momentum circular cruss section and pesked current
sources {2 forthcoming need of our ISX-B profiles is calculated analytica’ly. The
program) following an earlier paper this year influence of shaping the initial safety
on the time evolution of the ambipolar factor profile and the beam deposition pro- °
potential in axisymmetric ueoc]glssica) . file and the effect of minor radius com- .
Plasmas. Mumerically, our Collisional pression on the equilibrium are analyzed.
Plasma Model {CPM) code was used for precise _
studfes of the transition from the platewn fundamental Time Scales for Flux Con-
- to the collisional regime. Mumerour other serving Tokamak Heating and Certain
important contributions are abstracted in Global FCT Equilibriue Properties*’
this section. )
" Related to and necessary for collisional ’ 0. J. Sigmar

transport theory in this laboratory, orients-
tion towards higher beta tokamaks has moti-
vated us to analyze analytically as far as
possible finite beta, noncircular cross- o
section MHD equilibria. ' University of Michigan

Because the existence of high beta,
flux-conserving equilibr ia has been estab-
lished, it becomes important to analyze the



accessibility of these equilibria via aux- evoluuon that rehx 16 asymoto; L va!ucs
iliary heating, to discuss the resistive . I | nrr sca}e thet is ..narccteﬂ;uc of tlr" -+
-decay o7 the safety isctor profile, and %o '
.extend the virial theory to noncircular
(- Plasma cross sections.

Hot-Ion Distribution Function in MK”
the Oak Ridge Tcolmml:"l

Lo : R. v. Keuhgh R Siéner‘}'

A distortion of the Haxuelh;n mn'

-energy distributicn function in toﬁa-ak—

. _ produced plasmas may be revealed in the

< " spectral Vine radiation. e report expers-
. -wental evidence that (l} 2 change in the

) the Ba!mr—s (5563 A) hne-of hydrogen The
S dlstoruon is analyzed m—’temsrof an effec—
tive toroidal dnft ve!ocxty. wn-teﬁperafure

relation. . ) Z . E '

‘Scmuter Coutributim t' ueoclassu:al
Prffuswn“ ] SR

Comnents ori the Effects of Gas lruection z
Upon Radial Partn:le Fluxes “ir the I.;X-A )
. Flow Reversal Expenmt"‘ ‘ L

W. M. Stacey, o . D. -}, Sigmar

'S;P..:lﬁrsmanﬂ; E.CCrme,dr. = T oo

. _ The cmtnbutwn £o tbe neocla.;srca'l .
transport coeffh;lerts in an axisymet) ic -

ey
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) ' s toroidal p‘rasma that arises from t.he pcloida’t _
- . h recently fomlateédheory abou.,;_,t,he ‘Jf’:%' tr'variatmn of_the paralle'l frichon forcas fs ~ . e
nffects of -sources upon Particle transpavt in < 'mw:-stigated in the transihon between p'lateau L S
¢ the collisional regime is applied’to esﬁmte g and Pfirsch-Schiiter (PS) regimes. A- )
the magnitude of effects that would be

- coupled s/stem of kinetic equations for the ‘ S
expected in-the ISX-A flow reverss) experi- =0, 1 velocity harmonics of the distribu- , |
*’{t' i tion function is obtained. This system is ’ ’ S
solved using a generalized moment expansfon ’

The Response of a Tokamak Plasma - whose closure is based on a mini-max vari-

to Particle and Momentus Sources'’ ational procedire, Although the PS diffu-
W. M. Stacey, Jr. D. J Sigeu’r ; sion coefficients scale as uqzo_c in all
) } c¢ollision frequency regimes, the magnitude of

The response of an axisymmetric toroidal the numerical coefficient o undergoes a
tokmk plasma to first order particle and transition from a collisionless value*s to a
momentum sources fs investigated. The collisional value*S when v sVE ~ a} f.e.,
momentum sources drive coupled poloidal and e3/2y; - (v /v )1/2 > (bere. vg and v are
torofdal mass flows and electrostatic field . the manentun and energy exchange conision

— 'Research dbne at Princeton Plasms Physics
Experimental Confinement Section ) - Laboratory . N




frequencies]. Ir contrast to previsus treai-
ments utilizing 2 maximal variational prin-
ciple~® or a model collision cperator,*” the
fluxes ~mputed here are asymptotically equal
The
cipie®® is Tound to overestimate
the PS contribytion. Comparing the total
“neoclessical flux (PS and anisotropy-driven
_partions) with Ref. 47, it is found that the.
modet operator method anderestimates the PS

: Gur results are fitted to simple

10 the exact collisional values.™?

jex."m:' ovin

flux.
“forwulas for numerical application.

Analytical High Beta Tokamak Eﬁui?ffﬁ;l'iaaﬁ

H. x.f«,gw;»ier © B Sigur

- In response to the expermental (e q..
ISX B) and theoretical need for ana.ytlc.

8 < a/R, elongaied, tigh¥ aspect :tio
tokamak equilibria, we have investigated
solutigns to the Grad-Shafranov equation of
the “inverse form,” R = ZRn(y} cos ne, '
1= In{x) sin nc, where ; is the poloidal
flux:variable and 6 a suitable poloidal aagle
chosen to minimize the number of harmonics
required. Given a Solov’ev solution ¢{R,Z),
it is passible to derive the inverss form
purély analytically. Ffor more general equi-
Tibria the Fourier amplitudes Rn and In can
readily be determined numerically. The
fundamental 9roblem, namely to prescribe
p'(v), FF'{y) and a boundary in order to
determine the amplitudes Rn and In for high
beta, leads to a highly nonlinear set of
second order ordinary differential equations
still under investigation.

Summary of Collisional Par:ticle Fluxes
11 a Tokamak Plasma“?

S. P. Hirshman

The neoclassical (long mean free path)
and generalized PS contributions to the
particle flux are summarized in a concise
form readily amenable for comparison with
experimental data.

particles are strongly increasing.

3.3.3 Energetic Particle Orbits and Reutral

[nfiuenced by our experimental program,
the theoretizal and computational needs for
tie descrintion of injected ions and/or alpha
We bave
advanced the pure theory via extensions of

-the higher order guidieg venter theory and

the creativn of a suitable constants-of-
motion (COM) phise space and Grbit descrip-
tion. Numerically, a Monte Carlo bews
deposition code for a;tn'trﬁry équilibria and

- a npple buodle divértor code were brougnt on
line; these are descrlbed in more detail as
% fol Tows.. :

v Effects of ripple coils on fast ions

J. A. Rome J. _F._Lyon’

T . - R. K. Fowler

ISX-B will have two sources of strong
external magnetic field ripple due to the
bundle divertor coils and ihe ripple injector
The twc bundle divertor <oils are
centered on the'equatorial wlane, and the two
ripple injector coils are under the vacuum
chamber. However, the two coil sets are
stmilar in that each produces a large minimum
in |B| flanked on either side (toroidally) by
a sharp maximum.

An undesirable effect of these coils is
the loss of certain fast particles. This can
be seen by the following arqument. Because
the ripple is localized, an ion orbit is the
same as it is without the ripple; that is,
the magnetic moment u, energy c, and toroidal
canonfcal angular momentum P° are aly on-
served except near the ripple, where P, is no
Tonger conserved. This change of P0 is
especially severe at bamana tips, where
W| = 0 and P0 = -¢y, Thus, if the ripple
causes the banana tips to occur early or
1ate, the flux surface o which the tip

coiis.

'Experimental Confinement Section
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sccure w311 ghange and P will change. This

argurent can be extended tc spo.. that the
cnarse of tne maximus velue of , along the

orbit is given by
fa} )
« Y{eBY
R

Although this is & crude estimate, it
agrees quite well with the behavior of cal-
culated quiding center orbits if '8 15 not
192 large. Thus, orbits whose banana tips
accur near the ripple can walk cut of the
machine, and there is, in effect, a new
ripnle-generated loss region. This loss
“region Gccurs when (VN at o= g ) s
_pos.tive { 0.2 for the divertor coils) in the

coM v, -, *maz) stace.”? This is unfortunate
because the orginary banana loss region®!

Ty el
[SIULRV A

when - is negative and is usually
inaccess ole Jor coirjected particles.
Accordingly, we estimated tne loss of
coinjected ione in [SX -8B to the bundle
givertor 1955 region by using the Fokker-
Planck equation which included the effects of
slowing down, pitch angle scattering, and
charge exchange. 7o simplify the analysis we
aumed that the loss region occurred at
- = 10,

from the injection velocity downward for H®

Figure 3.7 shows the integr:ated loss

injected into a 0" plasma in [SX-B with
parameters cf Te = 1.5 keVv, Zeff = 2, and
:S/rCx = 0.5. About 35" of the fast ion
energy is lost to the ripple loss region.
This amount will be sigaificant but tolerable.
If D* is injected into ", the loss is reduced
to 26. because the pitch angle scattering
parameter is proportional to mi/mb‘

To see if bundle divertors are viable in
a reactor due to possible ripple-induced
alpha particle losses, we performed similar
calculations for a prototypical reactor.
Because the alpha particles primarily slow
down without pitch angle scattering, the
worst effect of the ripple is to cause those
alpha particles born in the loss region to be
This effect amounts to 20-30. of the

alpha energy.

lost.

ORNL-OWG 79-2649 FED
v, 2 g H T
© S D SR N B
T » CHARGE EXCHANGE.F AT T,-0098
08 |~ . «SCATTERING,F AT T, - 0.350 -
5+T0 1ONS,F AT T, - 0470
S TG TLECTRONS,F AT T -0.364
o6 |- -

L0%S FRACTION

Fig. 3.7. Param-

Integrated energy loss.
eters are: Te(kev) = 1.50. Zeff = 2.00,

:S/zcx = 0.50, Moeam - 1.00, Mion 2.00, and
:- = 0.60.

Fokker-Planck calculations for energetic

ions

L. M. Hively J. A. Rome

Fast ions have large banana-width guiding
center orbits in noncircular tokamaks, causing
the usual locally defined distribution func-
tions to lose much of their ysefulness.
Accordingly, we are formulating the fast ion
slowing-down problem in tue 3-D COM space
tnat characterizes axisymmetric tokamak
orbits. Finding the fast ijon distribution
function in this space is equivalent to
knowing all the bounce-averaged quantities
for every particle in the machine.

In particular, we treat the alpha
particle slowing-down problem by at first
ignoring pitch-angle scattering and speed
diffusion, This reduces the drift-kinetic
equation to a first order, 3-D partial dif-
ferential equation. Using multiple time
scale analysis, bounce integrals average only
the coefficients of the differential operators,



and only particle flows on the slowirng-down
time scale remain. [n contrast, bounce
averages of the collision operator in local
coordinates yield a 3-D integrodifferential
equation that is intractable.

The slowing-down code at present deter-
mines the flux-surface-averaged alpha particle
source rate ﬁ‘(o) and the rate of increase of
the net alpha current 1;(‘)' This net current
‘arises because some alpha birth orbits inter-
sect the wall. We find the resulting alpha
heatirg is peaked on axis but is somewhat
lower and broader than the alpha birth dis-
tribution due to the large, banana-width
orbits and losses to the wall. Ina g = Q.87
plasma, the total alpha current increase is
57 of the plasma current in one slowing-down
- time. The effect of this current could be
important in prolonged discharges because the
associated nomentum is continuously delivered
to the plasma.

Extensions of Guiding Center Motion
to Higher Order '

T. G. Northrop J. A. Rome

In a static magnetic field, some well-
known quiding center equations maintain their
form when extended to next arder in gyro-
radius. In these cases it is only necessary
to include the next order term in the magnetic
moment series. The differential equation for
guiding center motion that describes both the
parallei and perpendicular velocities correctly
through first order in gyroradius is given.

The question of how to define the guiding
center position through second order arises
* is discussed, and second order drifts are

derived for one usual definition.

ar

The toroidal
canonical anqular momentum P, of the quiding
center in an axisymmetric fiéld ic shown to

be conserved using the guiding center velocity
correct through first order. When second
order motion is included, Po i5 no longer a

constant. The above extensions of quiding

'Goddard Space Flight Center

e7

center theory help t6 rescive the different
tokamaw orb.ts obtained either by using the
guiding centar equations of motion or by
uving conservation of P .

Fasion: Meutral Beam Technology™®

J. A. Rome W. A. Houlberg
Y-K. M. Peng

We strongly disagree with the statement
by William D. Metz™~ that "it is gunerally
acknowledged that the neutrel beam technology
used at Princeton f{based on positive ions)
cannot be extrapolated to a reactor-level
plasma because the already modest efficiency
plumnets when tne beam energy is raised.” In
fact, we believe it is likely that very high
energy beams will not be needed for tokamak
reactors. Early assessments“” of neutral
beam energy requirements indeed led to Metz'c
conclusion. However, these were typically made
for circular, cross-section plasmas with
neutral beams injected tangent to the inside
edge of the plasma and with some combination
of large plasma size, high density, or both.
Conservative assumptions were also made about
the required depth of penetration for the
neutral beams. The resulting rules of thumb
for injection requirements are not bor.ie out
in current conceptuai design; for tokamak
plasmas heated to ignition.

Because of increaced understanding of
tokamak plasmas, recent reassessments of bean
energy requirements have led to a relaxaetion
nf some nf the conservative assumptions.
Smalier, elongated plasmas with nearly per-
pendicular injection will provide for a large
decrease in beam energy requirements. These
energy requiraments are further reduced by
low plasma density (n) during the injection
heating phase {n - 10i" jons per cubic centi-
meter), outward shift of the magnetic axis as
the plasma pressure increases, neating of the
core of the plasma by alpha particle. pro-
duced in fusion reactions, and the possibility
of expanding the plasma radius during the
approach to ignition,



These considerations have been incorpo-
rated into new assessments®” of the required
neutral beam energies for a noncircular
tokamak reactor plasma with 2 minor radius of
1.25 m. Beam energies in the range of 100 to
150 ke¥ (deuterium} c-e calculated to provide
" adequite penetration for heating to ignition.
Lewering the beam energy requires increasing
.ower input to the plasma, but the higher
neutralization efficiency of lower energy
pasitive ign beams leads to roughly constant
power supply requirements over the range of
ener3ias considered (100 to 150 keV deuterium).
Direct conversion of the unneutralized pos-
itive ion beams has already been Jemonstrateds7?
and, when perferted, will make neutral beams
based on positive jon sources an efficiert
heating mechanism.

If the oresently estimated sizes for
conceptual reactor plasmas prove to be coﬁect.
positive ion deuterium beams below 20G keV
can be efficiently used to heat tokamaks to
ignition, at least through the first demon-
stration reactor. The PLT results have
certainly helped increase our confidence both
in neutral beam heatirg and in scaling to
reactor plasmas.

The Topology of Tokamak Orbits>?

J. A. Rome Y-K. M. Peng

The topology of all contained tokamak
guiding center orbits is displayed in a 3-)
COM space. The treatment is perfectly general
and holds for arbitrary axisymmetric MHD
equilibria. We show that significant topo-
logical changes occur in the high beta (>6%)
cases that are associated with a region of
absolute minimum 8 ‘n the plasma.

The Topology of Tokamak QOrpits>®

J. A. Rome Y-K. M. ?venq

Guiding center orbits in noncircular
axisymmetric tokamak plasmas are studied in
the COM space of (v, 7, wm). Here, v i5 the

particie speed, - is the pitch angle with
respect to the parallel equilibriux current
Jy o and g is the maximum value of the
poloidal flux function (increasing from the
magnetic axis) along the guiding center
orbit. Two D-shaped equilibria in a flux-
conserving tokamak naving betas of i.3% and
7.7% are used as examples. [In this space
each confined orbit corresponds to one and
only one poirt, and different types of orbits
(e.g., circulating, trapped, stagnation, and
pinch orbits) are represented by separate
regions or surfaces in the space. It is also
shown that the existence of an absolute
minioum 8 in the higher beta (7.73) equi-
1ibrium results in a dramatically different
orbit tupology frg't!uat of the lower beta
case. The differences indicate the confine-
ment of additi qal %igh energy (v - c, within
the guiding center approximation) trapped,
cocirculating, and countercirculating par-
ticles whose orbit Y falls within the
absoiute B well.

The Topology of ‘arge Banara-Width
Tokamak Orbits®?

J. A. Rome Y-K. M. Peng

To properly understand nritral injection
or alpha particle heating in l.r e banana-
width systems, a detailed knowiedge of guiding
center orbits is required. Previous treat-
ments of such orbit-related topics as beam
deposition, loss regions, and wall loading
have reliec on large amounts of computational
effort to account for the possible orbits,
birth points in the plasma, pitch angles, and
energies of interest. These approaches
beccme increasingly more difficult when high
b2ta, noncircular plasmas are involved.

These problems can be systematically treated
by proper categorizatfon and description of
the orbits.

In an axisymmetric \okamak, each quiding
center orbit is completely described by a
point in a 3-D COM space. In particular, we


file:///okamak

choose the speed (v), the maximum value of
peloidal flux along the orbit (p.). and the
value of v, /v at vplc). The various types of
orbits {banana, circulating, stzgnatiom,
etc.) cam be depicted by different regions
and surfaces in this space. In this space
each orbit is represented only once, and the
loss regions are easily and fully represented.
Beam deposition and the complete fast ion -
siowing-down problem may be wro2 easily done
in the COM space. i :
Some preliminary resilts ‘of this detailed
analysis arc as follows: 1) for high enough .
energies, no particles are trapped, (2)

- particies with pitch angles of 90° are barely -

trapped, (3) particles can go:from being "co”
to being “counter” only by scattering throdg,
the orbit on which the points of the banens -
weet, and (4) all topological properties of -
the orbits depend only upon B(p), F(¢), and

their y derivatives on the equatorial plane. - -

-The_Role of Beam induced Curvents
in High-8, Experiments®?

J. F. Lyon J. A. Rome - --
J. T. Hogan

The high power injection experiments

planned for “he Poloidal Divertor E)tperinent, :

(PDX) and ISX-B may have strikingﬁ different
outcomes. wWhile injection into POX is planned
to be predominantly perpendicular and balanced
in direction, the I5X-B beams are parallel

and unidirectional. Thus, with the beam
currents in ISX-8 (40 A}, beam-induced cur-
rents comparable with the plasma current -
(~200 kA) may be produced in contrast with
PDX, where such currents should be minimal.
Transport calculations predict such currents
for 1SX-8 with T,(0) ~ 2-3 kev, n, ~ 2 x 1013
cm™3, and Zogg ™ 3. WHD/transport caicula-
tions further show that these currents have a
strong effect on the stabflity criteria both
for ballooning modes and for nonlinearly
saturated resistive tearing modes. In a
.typical 1.8-MW ISX-B case, beam-induced

«‘t flux Surfaces To detemiue\the localuanon

~
currents are resyoasrb\e for a change -of

‘safety factor ratio. 1a, ;s from 3. & .

to'3.0 (for coinjectiou) and fru- 3.6 4.3

of the measarements of the fon. temperatare c i

_and injected ion distribution function, a -

computer code follows the fast fons backwards .
in time from the point of chafge exchange. - =
For fast neutrals with, velacity vectors in

“the equatorial plane, the fon orbits studied I
arv more localized as-the analyzer is moved*
closer to a direction perpendicular ‘to B.
However, ripple due to the toroidal field

cofls causes trapping of the fast ions if the
viewing angle {s closer than 7° to the per-
pendicular in ISX. These calculations become
even more important for analysis of ripple
injection experiments’.

FIFPC — A Fast Ton Fokker-Planck Code®? -

R. #. Fowler -J. Smith
J. A. Rome

The distribution function of fast ions -
resulting from neutral beam injection into a
tokamak plasma fs calculated. The Fast Ion
Fokker-Planck Code (FIFPC) also computes the
momentum and pcwer deljvered to the electrons
and fons in the background plasma, the power
lost through charge exchange, the particle
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plasma. The collisionless guiding center
equations of motion are integrated to find
the orbits of single particles in realistic
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mental to the plasma, the magnetic flux
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av;-r;ie >,a'e‘ve\t m’ L,udsi"'leu;l"d ‘t,r der:veﬂ The initial perturbation is proportional to
earller. : : ) . “: and. because it is an exact eigenmode of 3
' ‘drift wave, would not exhibit the high fre-
[‘f:“ ot ‘,—-'_ o (?3.2} g.ency effective plasma osciilation. However,
the-first narmonic (. = 2} does naturally
ahpear witn this plasma oscillation if one
used Poisson's equation to calculate the

electric field [see Fig. 3.&(b}].

(3.3) < By adding a 10 admixture of plasma

necillation to the fundamentai [see Fic.
ltéséégg Zae sc]utlan 0t s'able dr}ft dave, 3.2(aj] an¢ then using the juasi-neutra. o
'Has fa]lzuea’numerlcallv asing the 3 formalism, we are able to reproduce correctly : e . T

- the low frequency parts of the spectrum while -
filtering the modified plasma oscillations in * R
_both the fumiamental [Fig. 3.B(c)] and the ' v
} ~ first harmonic [Fig. 3.8(d)]. i ‘ ~
i . :
!

. The plaJne equilibrfum

»
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- ..“"The initiai distribution function perturbation

7 Was taken as the fundamental mode sclution

‘.df,gne,diﬁbe%sion relation resulting from
'Iinﬁéffzirg Eq. (3.1} for ions and electrons.
Parameters used were:

IMAGNBRY L.
123 %6 368 48¢
= Ry A « 10
! 0 0 213 TIML,YW,".!U TIME, T, (P

I

i

!

j
. j ;

.o t - i e e eh e
P o 2% 6 368 eard
K fat

fig. 3.8. Etlectric field (¢ component)
of a stable drift wave and its first narmonic

®. s (_2L. hu\ = 3.33 % 1077 - as calculated by the CPM code DKES using
AT K : ' Poisson’s equation and guasi-neutrality.
[ \& P’ ot /
B R4 pe
= "v" S V@” - . v, These calr«)zlions shuw that {1) the CPM
’c . - s FE?X LS T 3 - : is able to carrectly model a Tocal stable
ue Y\ "'i

drift wave and (2} the quasi-neutral for-
malism " does correctly pa2rmit the calculation
of low frequency behavior independent of the

~ presence of a nqgr frequency plasma oscilla-

. -1 d. - N tion.
’ 0.08 cm g _‘Tc 0 )

S T =T 1 key

W

g-'; ir N

; : , Sinulation of an unstable yuasi-drift
E s B = 20 kG o D
‘ _ 0 ' mydE kg the (M

‘ For either unstable or damped modes,
(“%}7 = 1071, where ]“/r) R O difficulty in properiy representing the
y B B
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Landau resonance by the (PM resiricted studies
to either very high growth rate rmodes [where
the resonances ire broadened) or to cases in
which the resonances occurred an the tail of
the distribution (i.e., the species was
"ce'd"}. This latter case corresponds to &
tudy of the local behavior of g drift mode
very close to a mode rational surface. This
is seen in Fig. 3.9, where we show the vocal
(k. = 9) solution to a drift mode at fixed
-density with shear:in the viciaity of a
ka = 0 surface. ‘(Tne case shown has ky'i 7o,
but the behavior is the same for the 0 Larmor
radius case.) Although « - «, for the case
shown, which has a density gradient but no
.temperature gradient, we can also find cases
in which < ~ .., when we have both a tempera-
“ture gradient and_en electron current. [t is_
such 3 case that we study.
The drifr kinetic equation is identicul
to £Eg. {3.1) in the previous section. The

ORNL-0OWG 79.2645  FEQ

8
A -
[N Y
N\ e Ty
H ) [-TX3 1]

\w ) m, *25m

! ~ luﬂu :.! . 103 !
i -~ il
; \ 2, i

Fig. 3.9. Frequency, growth rate, and
phase velocity of a 1acal drift mode near .
mode rational surface.

parameters are as follows:

T =T, =1 key

. - S "L
 Camalia 0.5299 ¢m
Bo = 20 kG . N0 =107 em™"
. k. -
ol 107°

The fundamental is ar unstable mode with low
growth rate- the harmonics have higher growth
rates:

‘lk’,.‘ le S "/'DE 'v/~r

Fundamental 4.46 3.16  0.695 0.223
Ist harmonic 2.54 1.80 0.688 0.580
Znd harmonic 1.87 1.32 0.75% 0.673
Ird harmonic 1.51 1.07 0.819 0.682

As seen from m/;pe -1, Poisson's equa-
tion must be used to determine : rather than
assuming quasi-neutrality.

In the time evolution of the fundamental
and first two harmonics shown in Fig. 3.10,
the frequencies and growth rates are very
cyose to prediction. The harmonics are
aonlinearly excited, and the first harmonic
eventually grows to dominate tne electric
field.

Due to 3 combination of (1) the diffi-
culty in representing the Landau resonance
and {2) a qross distortion of the distribution
from a Maxwellian resulting from the lack of
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Fig. 3.10. The Fourier components of :
for an unstable drift mode.

a damping mechanism, the results well into
the nonlinear regime are of limited value.
However, we show a comparison of the electric
distribution function at t = 0 (with the pure
perturbation in the fundamental) and at onset
of nonlinearity of the fundamental mode and
its harmonics in Fig. 3.11. Ficures 3.11{a)
and 3.11(d) represent the . - G {spatially
homageneous ) Ts' showing in 3.11(z¢) the
streaming electrons at t = 0, and in 3.11{d)
the change in that distributior die to non-
1inear effects. Similarly, 3.11:0), (c},
{e), and (f) show these perturtations for the
w - Y component at 9 = 0 and o = 180° at the
two .imes. Finally, 3.11(4), (n), and (i)
show *he u = 2 and . = 3 components at the
final time (a% t = U these were 0). Note the
scale factors at t = 3.8 x 10”7 sec; the
first harmonic is the largest mode, but stil)
ed/T « 2%,

In summary, we have demonstratod that
the CPM can calculate a nualinear drift
kinetic time evolution of a set of unstable

73

-tion.

waves iocally, proviced Landau damping is not
t00 important. The iimitations of lack of
finite Larmor radius are dealt with elsewhere,
but iimitations to a Tocal treatment and
avoidance of cases with strong Landau damping
present major obstacles to practicgl use of

the CPM in studying interesting instabilities.

Inclusion of finite Larmor radius effects
in _the CPE

We note here a formalisw that permits
the addition of finite Larmor radius (FLR)
effects to the CPM without a rewriting of the
code to include a complete gyrokinetic equa-
However, these FLR effects are presently
only in the linear sense.

. We begin by noting the similarity between

the nonadiabatic part of the linear drift
kinetic distribution function perturbatica,

e w oy
hok * T‘(u n k‘;v“) fo »

(3.5)

and the corresponding part of the distribution
function, which is a solution of the Vlasov
equation,

e: x k, v k v
= Ay Ak
h=q §=_a Jm( . )"n( = )

m,

R NN :
- i(m=-n)(&-6)
" k“v“ Tl ® fo :

(3.6)
1f we take the low frequency (u < )

limit of Eq. {3.6) and average over gyro-
angle &,

_ e B kl\" w ¥ oy
hEr T o for

(3.7)

and if we make the ansatz that the FLR cor-
rection to hDK from Eq. (3.5) may be written

K = hoe 1 ib) (3.8)
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Fig. 3.11. Perturbation of f(vl. v. ) from a Maxwellian as t = 0
and onset of nonlinlrity. :

the same ansatz {£q. (3.8)] is not valid for

where
calculating ‘;1 , the perpendicular current.
kfu’ Using Eq. (3.8}, we may then write the
b . ;';'" ' drift kinetic distribution function with FLR

efiucts

then we note that

frafeste )P - §r (3.10)

v dvh' s [T v dvh (3.9)
/o 1 /o 1Y and
W0 of ef . LAY
or that we obtain the same density and A & b o
at P Io(b) it-e [a(b” i

parallel current perturbations using Eq. (3.8)
as we do from Eq. (3.7). It was noted that
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Tru:, e can follow the drift Ginetic distri-
tutier ir time, including linear FLR effects
fror 3 knowledze of b and k- = k- * k7 and
the 4rift kinetic f. ) ‘

Tnis rodel was checked numerically by

following e time evslution of ¢ nign growth

- Torgze drift mnde with the following parameters:

= (.62 - = 0.315
L8 ze ~
T, 01 hed Voo 0.1 ked
50 = 51,76 b = 0.05
k.
k"be = 0.1866 R:'; 0.012%
d.n No v
e 7 -0.024 =075

In Fig. 3.12, we factor out the Tinear 4rowth
rate; in this case a pure oscillavion whould
ensue. Although nnt readily apparent, siall
discrepancies exist; these may be attriluted
to difficulties of the LMK reprﬁsentation'ih
nandling tne Landau resonance, . .

Ia surmary, we have shown thaiEwe Tuft
‘include Yinear FLR effgct; ir the nonlinear
oM. '

Teul: A_aumeracal model for studying the
T thwr evoiution of drift instabilitier

ve hosve bagun wurk rnoa new model to
study nrift instahitities, including Ltheir

w

- - 4 aa .

LK
L=
o

TW- T L e -'74.“5
Fiy. 2.12. Time evoiution ot a lLinear

mode sceled by e 'C.

radial eigenmode structure in sheared magnetic
fields. Eventyally the code shouid be able
Lo provideva tine evolution picture of a
nonlinear, finite beta drift mode in a
tornidal system {i_.e., including trapped
particle «ffects). However, our first calcu-
Yation will be simpler, using slab qeometry
and following the linear time evolution of a
low beta plasma (i.e., retaining the electro-
static approximation). We solve the apprn-
priate drift or gyrokinetic equation on a
qgrid in velocity space. Iﬁn approprizie
v-inteqral (to obtsin the density or current}
then iriviatly yie)ds‘the correct Lancau
damping. This h;;'alrgady been verified in
an earlier caleulation. '

“Srudies of nonlocalt drift azves are not
now., Hosever, in atudies to date, nhl$imu}d-
fioh of the distribuiion fanction has been
attenpted; normelly uﬁ»eiqenaalué_proh!cm s
posed, with welocity inteqrals having been
done anzlytically. ilsing a distributisn
function ﬁEfmitQ‘tfé analytically difficul,

'tiappind prot:lems to be nandled trivially.

1t also permits a maximun amount of infonna-
tion with 8 minimum number of approximattons,
Hence, this work may be labiled a simylation
effort rather than 3 numerical soluticn to an
anatyticaily pozed problem,

Thers are two options with regaras to -
treating Lhe linear problem. Une. approach,
the efgenvaiue approach, will we used by



Jenavit and (rystai gt ortnmestern, Luie

SRAGLInG FOdes Jeweloned 5t
vatlalis tn & Looperativi o v, Tho
second, & time evolatian proabler ooy
pursued 3 URNL,  Tne forrer aril
sutcker and wil! e yiefll v larse Jarameter
$¢ans af the oroperftes of R J19% A3,Ttal]
state. In the other rmand, tre second methoad
15 wseful in providing rntorration of the
rine evniution ana radi2i procandtion prou-
erties of the unstabls Jdrift waves and assures
one as well that the maximac growing rmede
will always be tound,

The initial meode! s based an the
v -integral of (atto’s linear jyrokinetic

equation” - for the nonadiadatic part of the
r

distributian function for ions,

! ; Lef | ‘ 1,
e i vy -1 - R r
t ! R )

(3.13}

ang on the drift kinetic equation for elec-

trons,
4g° _e ef®t .
—— + i’kyv“q ERNN QR m'e 4+ ]
a3t Te At
2 I
+ m-"-( Lo ")]‘;(xvt + (1']4)
. ﬂ; 21 7

where vy = x/Ls, LS is the shear length,

r e 1 (b)), 1 = modified Bessel function,
¢ 0 1
b=k ali and o = VvV 2T/m. By integrating

o

. a bEDoang ig. JE,
SItamn on o ant ko, whick mag be Cnplied D
' [ i :

sasni-pagtratity  for b larg

Torssan’y equdtlion DYor b
froper boundary conditiang ngst be

g buded in grder t9 preswel norpnysicat end

cffect phenaoena Suih as reflection.  Because

w: a}c cancerned with rodes in the region of

3 acde ratronal surface (where v = G, we

Ty Bapose Sywrf:ry comtitions at tiis point

for Targe x we rave a chorce of

s of epplying houndary cqgﬁitions_

inese are currently being rested:

[e cummary, we nave developed a wodel
for studyirg the time evolution of- nontocal
drift waves. Thz modei i5 extendatle in'a:
straightforward manner to include zuraidal
trapping, finite Deta, ana nonlinear effecis.

we are currently testing the sodel. -

Precision {alculation of Reoclassical
Blectren Transport Ceefficients using .

the CPH

4. . van Ri; E. €. Crume, Jr.

.. FL Rothe

The patential precision of the SEES com-
puter wrograr that implements  the CFMCT i
great gnocugh that DYES resuits could oe uses
as standards of camparison for analytic
treatments of neoclassical transport prnblerms.
To gain confidence in such comparisons, DKES
resuits require caiibration against known
analytic results., We have calculated electron

perticle and heat transport coefficients in

an electron-ion plasma over the wholx range of
electron collisionality and cowpared them
with more recent anzlytic results?8 4~

than were used in an earlier comparison.”!
Generally, we find agreement to within u105.
However, we-find larger discrepancies when ve
compare DKES-calcalated fluxes with fluxcs
calculated using the analytically defined
transp.rt coefficients when those fluxes
depend un difference, betweer these coef-
ficients,
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Tokamak transport medeling nas seen 2
feng-standing model ‘or ic6 cenfine=ent con-
vincingly affirred in recen nigh power
reutral tea~ heating esperiments. This
LucCess. however, reempnasizes that the
central problers opposing the operation of a -
clean, Righ Seta LoRezak FGr econumicaiiy
useful pu”se lengths are that the scaling of
transport losses in the high pressure regime
is ynknown at present, that plasma-wall
‘intersction physics is in » primitive state
of ungerstanding, ané that even the funda-
mental predictions of reociassical theory for
the movesent (and eventual accumyiation) of
imgurities are uncertain becavie of the
computational compleaity of this muitisperies
'problem. .

In order to preg>rs the way for an
understanding of high pressure transport
scaling, an icprovement nas been sought in
our models for such low pressunc prenomend as
sawtooth lnstablllties. ssturated resistive
tearing modes, and relaxation due to nor-
monotone current density profiles. With
sriteria developed by Waddell, Carreras,
Hicks, and coworkers, we have beew able to
obtain agreement bgtueeh transport models and
basic experimental trends due to these pro-
cesses, so they should not confuse our inter-
pretation of high beta scaling changes.’”
Work on incorporating stability cviteria for-
high beta directly into the 1 1/2-D transport
code has been completed {see Sect. 3.4.9).

lon confinement has been studied in
detail in conjunction with [SX-A experimental
work. The neoclassicai mode! has seen shown
to be valid within a factor of 2 for these
moderate collisfonality experiments,”?

ISX-A has also provided meaningful tests of

Gruup Leader

iTpaTily rate angd transport theory. {oepara-

Tive ~edeing of

tne 1njection of tumgsten

1aty ISK-A4 ang argen into the 1-4 device at

eh vurchatov Institute in Moscow has provided

& vseful test ¢f neoclassical impurily jon

sheary. Tre (now absent) charge erchange
gata for nyd}oqgn—imourity interactions at

iow emargy have teen shcun'tQVQg critical

teth - getailed spgctroscopfé‘studies an¢
fc,;vr estimating imu}ity sputtering rates (see
Sec:.:ﬁ,d.z‘. !he,impurity flow reversal
experizent on I~ has been studied in
ae;qil with “odes deveioped earlier. ’

Feltet fuzj\ng nx cemtenporary exderiments
ras oeen modeled 3n dt’axl beth o assess
pellet ablatiorn models and 10 .study the
clasma part!cle’laiﬁnce.

With the role of stability clarifiegd by
future h:ah pressure injection experiments,
the ijdentificaticn of the specific rechanisn
for impurity oroduction at high pgwer loading
will become critizal. With a valic high
pressure energy loss modei and improvements
in pur particle‘and inourity transport rndels.
this Question should be answered byf%ong
pulse neutral injection 2xperiments.

3.4.1 Simulation of Multispecies Impurity
Transport in Tokamaks *

T. Amano £E. C. Cryme, Jr.

To simulate rultispecies impurity trans-
port in tokamaks, a set of coupled continuity
equations including source and sink terms
from atomic processes (rate terms) was solved
numerically. The diffusion and rate terms
are integrated separately in time using a
fractional step-splitting technigue that is
accurate to second order in the time sten.
The rate terms are integrated using an
elgenvalyue method that allows such 3 large
time step that diffusion constrains the step
size. For the diffusion coefficients, approxi-
mate forms of the PS coefficients calculated
by kirshman were generally used {to save
computer time), but the exdct fores were used
for certain comparisons. Anomalous diffysion
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. was treated using a pseuddclassical diffusion )
coefficient. “Calculations were pevformed
treating individually all the ionizatien

s stages ( of f oxygen and iron imrlues in a
h:m*ogeh plasma. Calculated § v: “and © VII
relative densn:; profiles agree qualitatively

sﬁét-féreﬁfes qeasured m tbe Adiabatic | )

Torn\dal Caq:ressor (F.TC) tokamak uhen purel_v“"

Because the calculatzd profiles are’ also- very »7

gives nearly as good aqreeueut uitlt experment
as,‘one with-only neoclassical. getter resolu-
tion of fhls problem vequires. coordmated

e - masuremts—o? absolute htensltfes of

b lmpunty spect.ram radial proflles along
/-mth of.!;er 9lasma parmeters Such as the

- ~eIecl'.v'on density and tmerature profiles and

' the don temperature. profile. Additionally,

’ msurewents of impurity source parameters

such as tne ueutral énergy or energy dlstrlbu-

. tion are needed

. ,3;4.2'; gh_a‘gg-lransfer txcitation of Impurity
R ‘«‘!‘ons in_Tokamaks®®

R. C Isler E C. Crume, Jr.

‘Detailed studies of spectra from the

R 3 tokmk at ‘ORNL haye shown that certain

oxygen-ion lims appear-too anomalously
intense to have been excited solely by electron
collisions. These results sre interpreted as
being due to charge trensfer and suggest the
necessity of incorporating this mechanism

into analyses of tokamak plasmas.

iE:zper'lmem:al Confinement Section

:ne.oclassical diffusion ooefftcuents are used.: - - ‘ pmd» i plas-gs are 2ltered by nectral ‘beam

~ injection and, in some cases, by the simul-

ielectron teweratures and mncentrations are

. continuity equations of tha-several fonic -
‘\species of this element. Ad hoc transport
- velocrtres are utilized, and a couplet.e '

3 4 3 Impurity Behavior durlnLMtral Beam

inJectlon and Gas Puffing into ORMAKSI

" R. C. lsler E. C. Crume, Jr.
© H. <. Howe

_Variations of the intensities of spectral

~ Vines are utilized to det:rmine the extent to

which the impurity concenirations of ORMAK-

taneous introduction of a puff_of hydrogen
Concurrent variations of: oxyggn enissions
resulting fm alterations in the: profiles of

taken into accouut through solving the coupled 2

rtcychng mdel is assumed.

,3.‘4._4 v y_g_grical Modeling of Impurity Effects®?

- J. T. Hogan A. T. Mense .

“Atomic collisions — H® with multicharged
ions

The presence of iron, molybdenum, tung-

~ sten, cxygen, and/or titapium in tokamak

experiments has led to well-documented effects
on the overall energy balance. There are two
areas in which modeling can suggest the need
for additional data. ‘
Neutral injection. A possible beam
deposition instability, caused by the trapping
of injected neutral beams by impurity fons of
charge 21, was proposed earTier. Detailed
calculations, to be presented elsewhere, show
that with the scaling of the total electron
Toss cross section that is now understood
(2% a°< 1.4), the beam deposition instability
is not a factor in the performance of devices

"such as the Tokamak Fusfon Test Reactor

(TFTR) with minor radius <1 m and injection
energy <60 keV/AMU. Larger devices with
higher injection energy and longer pulse
length may still- be affected, pending further
atomic physics information,




Recycling. The electron loss cross sec-
tion for the interaction of neutral atons and
sulticharged ions at lower (? ev'< E <

2 keV) energy is unknown and may affect the

interpretation of two issuves in present
confinement experiments. B
(1) Confinement scaling: Ion confinement

~ 'scaliné s described either by the “extended -
“ plateau” or the neoclassical platéau-banana

lodel.» The interpretation depends, in some

cases, on estimates of the T (r) profile;

ulnch is inferred, in tur-l. fru- a model for .
the radial profile of neutral density. C_

- (2) 6as piffing: lnjectim of low
energy (~s ev) neutrals 15 used to fuel -
_present tokamak devices. A sigaificant i

- amount of oxygen can enter with this gas even

though the resu‘lnng leff A 1.3. The electron ;

- loss reaction provides a new jonization loss
for electrons and- 2 mechanisw- for depressing ©
the charge state of oxygen. TMs reaction
say, thus, play a role in resolG‘Iug the
present amly concerning the fast relaxatmn

of n (r) f.o a mtonic sbape. T

<~

) gggress‘lon and beag metals
: powev loss from Ileavy

o

:_ity. , A prollising techngque

A1l densities

radivs.

mﬂy iucmus 13 c" i
‘ Igunﬂm wml 3 u‘lf-msisum. compres-

-vlon -mdel (1-0 transport coupled with g 2-D

e

e IR

o SR N s
by !
4

~ 4D codej dtsclose significant differences
- _from the ususl instantaneous compression
--mode) in this case in that compression

aomlly decreases the neutron output if '

- -heavy metal iwuruics such as tungsm an

present.

Redial (1-0) modeling of the POX and
ASDEX tokamaks using a self-consistent particle

“

79

»,v‘f A

. wodei.

and energy loss model for the divertor zone
shows that fueling by gas pu_f{:ing uy be

feasible. For otarically heated dtschargs .
with average densities in the range 3-8 x-

10 ¥/ca?, calculatipns have been wade for an <

assu-ed separatrix-nn spacmg ‘of 5;: -
Ilnder ar varxety» !

Tokadmak transport simulation codes are

~ intended to model the evolution of a discharge
on a “diffusive” time scale. However, the
usual theoretital separation into diffusive
and Alfven time scales, with fast motions
ignored in the former, breaks down when
resistive M, instabilities play a role in

the energy balance or when fast time scale

- instabilities saturate at a finite amplitude.
Models that describe the intermediate time
scale evolution are inherently 3-D and are

computationally expensive. Although they are

" essential for a description of the stability

problem, the transport calculation requires

a faithfdl approximation that can be checked
against the 3-D \‘model but that provides a
time- and flux-surface-averaged description
of the enhanced transport across cxisymetric
flux surfaces (1-D).

We have developed such models for three -

. different MRD/transport probiems: (1) the
‘finite omplitude saturated helical modes m =
26, 8ndn>1, 2; (2) the interns! mini- -
disruption (sawtooth). and (3) the ballooning

1nsubiluy due to high beta tokamak operation “

- Each of these cases requires a study of the
Yast time scale behavior to determine the
. appropriste um-anrm result for the fast
pmosﬁ and & prescription for inwrporuing
is effect in the usual diffusive transport

-
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3.4.6 On Measuring the Electron Heat Diffusion
Coefficient in a Tokamak from Sawtooth
_7. 7. Oscillation ObservationsS® )

K. Soler. J. D. Callen

A number of ‘new methods are discussed for
3 ‘,r-ining the electm heat oonductwu coef- ’

i'ature perumntions iuduced by mtemal
® tions‘. “In ORMAK the v;rious averaqe

3 is.a mcroscopic. diffusive process, .

' 3.8.7 Heat Transport in Tokamaks as
o ‘Observed from Sawtooth OScmation

: Characteristicsaf' _ -

o

. Soler J. D. Callen -

k(i 50 sée Sect. 3.4.6) of measuring heat trans- .
D_prt by analyzing some high density ALCATOR
disclnrges. The analysis is shown to provide
o ; L very accurate results for xlr) = l/2[xe(r) +

, '»"i(')] - The- importance is stressed of 1
~ o the electron-ion temperature equilibration

v fon) transpurt mechanism. Exuptes
'., ‘where trausport is-Jominated by .

s, by-- ious, and iritfally by electms
: !by ious. A survey is pmcnted of

|3.4.8: Analysis of Heat Transport in ALCATOR

<

; . attained (n
He i‘llustrate recently derived methods86- - .

from Sawtooth Obsirvations®’

f. Soler o

R. Granetz ;
o. D. Callen - F. Sequin )
A P.,uararm R Petrasso E

and‘ 1.. tt

Heat transport ceefficiewtv R

0, a netiiod ‘previw;l'yﬁ eétablis
{see Ref. 84) The results obtained for, x: : .
agree within experimenta) error with neo- = = © &
‘classical transport in the region 3m<r< . .
4 cm, where. x4 was evalua..ed. For r= o. e -t
however, ion transport appears as Tow as. the B IR wr
<lassica) va1ue for the higbest deﬂsities N ° .
=7015). This result is a0 ¢ .-
ccntradictron with very large values near r=- <. o
0 predicted by the standard neoclassical R
fomaliam. o o ‘

‘3.4».9. High-g Tokamak Modeling Studies P
J. T- Hogam T

PR fne attainment and maintenance of 3 high -
beu (a > 4%) plasn by neotral bean, injection T

v




is an iwomnt goal of present tol:aat "

" experiments. Me discuss w.rk in progress on )
-3 number of modeling problas uggested by

‘such expennér,ts. (I) ophnizatim of the’

‘HHD equﬂibnun. stabﬂity. and transpott -
a.alculattons are_nade tc wdy the acccssi- -

~tea~'igg
- insubilitia. using criteri r'evel,wed

" n the rangé s ~ 5-15.. For next
mjom&evi ?es beta values of at least



3.5 PLASMA EXGINLERING

S. £. Attenberger R. J. Onega
S. K. Borowski Y-X. M. Peng
J. N. Davidson J. A. Rore
G. A. Emmert K. E. Rothe
_ W. A. Houlber B. J. Strickler
) M. A. Iskra . T. C. Tucker
J. R. ‘cNally, Jr. N. A. Uckan®
AL T

. %ense R. M. Wieland

The Plasma Engineering effort is aimed
at dev.iopirg successfyl fusion reactors and
is. thereiore, closely coupled with experi-
mants, theory, and fusion engineering and
azinolog;, s ties. This is accomplished
hrough aterpretation of the latest theo-
retical an' eiperimental results and the
application of these understandings to sizing
of the advanced u>vices. This invoives the
developing, upgrading, and benchmarking of
computer codes based on the latest develop-
ments in the plasma, MHD, kinetic, and trans-
port modeling theories to syit the specific
devices. Alsc, based on the understanding
developed through the engineering and
technology re.e.rch and development efforts,
alternate plasma operation scenarios are
explored to resolve significant uncertainties
and difficulties in buiiding and aperating
advanced devices.

3.5.1 Fiisma Systems Analysis

A. T. Mense R. M. Wieland
K. A. Houlberg J. N. Davidson
J. R. McNally, Jr. 5. A. Emmert
S. E. Attenberger M. A, Iskra

The Plasma Systems a-tivity encompasses
several areas of research. This past year
the areas were (1) benchmarking of transport'
code subroutines, e.g., peliet ablaticn and
neutral beam deposition; (2) determination of
finite fon temperature and secondary electron

82

emission effects on divertor plasma transport;
(3) =xpanding radius neutral beam heating

_scenarios for tokamaks; and (4) alpha-particle-

driven plasma current.

A Comparison of Beam Deposition for Three
Neutral Beam Injection Codes®*

R. M. Wieland W. A. Houlberg
A. T. Pense

The three neutral beam injection codes
BEAM (Houlberg — ORNL), HOFR (Howe — ORML),
and FREYA (Post — PPPL) are compared with :
respect to the calculation of the fast ion
deposition profite H(r). Only plasmas of

_circular cross section are considered with

injection confined to the misplane -of the
torus. The approximations inherent in each
code are pointed out, and a series of compari-
sons varying several parameters (beam energy
and radius, machine size, and injection

. angle) shows excellent agreement among all

the codes. A "cost"™ comparison (execution
time and memory requirements) is made that
points out the relative merits of each code
within the context of incorporation within a
piasma transport simulation code.

PELLET —~ A Computer Routine for 4
Modeling Pellet Fueling in Tokamak
Plasmas3s

4H. C. Howe
S. E. Attenberger

W. A. Houlberg
M. A, Iskra

Recent experimental ‘results of frozen
hydrogenic pellet injection into hot tokamak
plasmas and substantial agreement with
theoretical predictions have led 1o 2 much
greater interest in pellets as a means of

~ refueling plasmas. The computer routine

PELLET has been developed and used as an aid

_in assessing pellet abJlation models (see

Fig, 3.13) and the effects of pellets on
plasma behavior. PELLET provides particie
source profiles under varfous options for the

- -ablition model and can be coupled either to a
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Fig. 5.3, Comparison of the three
ablation models in PELLEY with and without
self-1imiting ablation. [SX-A parameters are

“used [R0 =92 ¢cm, a = 23 i, ne(o] = -

4 x 105 cm?, Te(o) = 750 ev].

Tuid transport code or to a brief routine
that supplies the required input parameters.

Divertor cheath equations

G. A. Emmert
J. N. Davidson

A. T. Mense
R. M. Wieland

Several fundamental problemy bccu' in -
trying to assess the energy 10ss terms along
the magnetic field lines in the divertor (or
shadow-of-the—limiter) scrape-off zone in 2
tokamak. The temperature ratio Ti/Te » 1
causes the usual Bohm Sheath Criterion to
come Into question. The presence of plasma
sources along the field lines and cross-field
difrusion are also complications,

The formulation of an eluctric sheath
near a plesma-metat’ic surface interface has
been studied for the case in which the ion-
to-electron temperature ratio is avcbitrary,

o

Most of'h/m-eai!ier' wort"
plasmas containing cold
drift velocity U,

Fig. 3.14. Wall potentfal as-
of the temperature ratio. -

Neutral beam enerqy and Mr Y
for expanding radius and.fu
of tokarak reactors

W. A. Houlberg . A.

Neuiral beam power and eners. +2quir@mencs.
are compaieﬂ for full bore and expandjmwl;«»ff
radius startup scenarios in an elondated Tns T
(The Kext Step) plasma as 2 function of bgam ~ -
prlze time and plac-. density. Because of
the similarity of porameters, tne resylts I
should alsc be applicable to tngineering Test ’
Facilily (ETF) and Internotional Tokamak
Reactor (INTOR) studies. A transport modei




censisting of neoclassical ion conduction and
anomalouss electron conduction and giffusion
based or ALCATOR scaling leads to avarage
densities in the range -n- ~ 0.8-1.2 -
10i“ cm-? beiny suf{icient for ignition.
Neutral deuterium beam energies in the range
120-150 keV are adequete for penetration with
the required power injected into the plasma
decreasing with increasing ‘e2am energy. ihe
neutral beam power .ecreases strongly with
increasing beam pulse length 1 until  exceeds
a few total energy confinement times, which
yields ty = 4-6 sec for the NS plasma. In
addition to avoiding skin current effects and
possibly allowing for a more impurity-free
plasma initiaticn, the expanding radius Scenario
- has slightly reduced beam energy and/or power
requirement:. When the exparding radius
scenadrio is extended to even larger power
7 reactors, neutral deuterium beam energy of
150 keV remains sufficienl for penetration.
figure 3.15 shows the neutral beam power
. requirer2nis for ignition vs the injection
time for both fuil bore and expanding radius
scénarios. One can cleariy see the gain is
in going to beam pulse tines approximately a
few times the energy confinement time. The

ORNL / DWG/ FED-78-10%6

20007 T T T T

| n- 12 IOM cm'l !
e~ FULL BORE

- = EXPANDING RADIUS

Py (MWA

<Eb 1 120 keV

Eb = 150 keV

LA

Fig. 3.:5. Beam power required for
ignition vs injection time t,.

total energy expended in igniting with lower
power over a longer neriod of time increases,
however.,

Rlphe-driven sieady-state tokamak

J. R. McRaily, Jr. K. €. Rothe

A significant net aipha current {-1 MA)
is to be 2xpected in high temperature tokamak
reactors and may provide the seed current
essential to driving a bootstrap .urrent in
3 tokamak to permit steadv-state operation
without the need for pulse transformers
except during startup.®® Figure 3.16 iVlus-
trates the prompt alpha current resulting in
a3 flat temperature, parabolic-density-p-ofiled,

ORML/DWG/FED 78 -5T1a

Aipho Current ang Sarely Factor
vs Torodar Current :n TNS Reoctor

220C t .
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; I3 @ ng? FOR SCALING :
800 },
i \
i
~ 60C f
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~
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0 .
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3 omat
° 10 5 35 s ¢
Iy (MA)

rig. 3.16. Alpha seed current from
prompt and s.acking effects as a function of
the toroidal current in a TNS-type tokamak.
Safety factor g(a) is aiso shown. The alpha-
produced seed current does not completely
vanish at r = 0 excupt at l7 a «, Scaling for

different neT involves mulitiplicatinn of
points by neT/3 x 104°,
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TNS-5 ze tchamdk 3s 2 functign of piasrma
terperctyre and toroidal current. At the
elevated temperstures possible with terpera-
ture excursions of an ignited tokamak, the
romentur input to plasma electrons is also
grossly reduced, ard plasma ions will pick up
the tulk of the current {or momentum) from
the alp, ‘s as they degrade in energy, thus
sustaining an ionic seed current component in
the plasma. bootstrap currents due to pres-
sure gradient effects, as well as selective
scatter of countercurrent moving asphas into
the loss region (banana orbits that intercept
the tokamak wall), will enh2nce the prompt
alpha current into the multi-MA range in high
temperature plasmas.

3.5.2 fcloida) Field Studies

Y-K. M. Peng T. C. Jurke~
D. J. Strickler

Tckamak equilibrium poloidal field studies

D. J. Strickler Y-K. M. Peng
T. C. Tucker

A set of codes has been developed to
provide a sy .ematic approach to the study of
poloidal ficids and free ooundary FCT
equilibrial®” ir both air core and iron core
tokamaks.

Precsure P profiles are assumed, ana
toryidal magnetic flux F functions for high
beta are determined by solving the Grad-
Shafranov equation

& _ o of

vy (I‘r. w) < 4o o (3.15)

using the Oak Ridge FCT equilibrium code.

The ideal vacuum field (95) may be extracted
from this reference equilibrium by the "virtual
casing" orinciple.!"} A current density
distribution on a contour of length L repro-

ducing " in the plasma region is then found

oy
an

by 30lving (see Fig. 3.17)

H

eiry2) = J J{s)G{r,z:s)ds ,

<

where G is a known Greens function. This

integral equation is inverted numerically by
modeling the current density J with a cubic
spline function having variable knots and
approximating the solution by a least squares
rethod. Poloidal field coil locations based
on this current distritution, together with
the source functions P and F, may then be
used to solve Eq. (3.15) in the free-boundary
sense. Figure 3.17 illustrates some of the
results.

This 3pproach k2z peen cnplied in I3X-
B, LPTT, and TN3:¢< tokamak equitibrium
studies. ;

ORANL UWG 792652  FED
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Fiq. 3.17.
(EF) curvent density distributions using fived
and free knot representations and the ohmic
heating (OH) current density creating {b) flux
lines approximating the ideal vacuum field in
tne plasma reqion (dotted) ant (c) zero field
in the plasma reqgion.

{a) Optimal equilibrium fieid



i~piecerntation of GFUN3D magnetostatic

comguter coce or the (TC 7600 at NMFECC

-

-
. L. Tucker 7. 2. Cutler

Yoh M. Peng L Fong.

A version of the Rutherford Laboratory's
magnetostatic computer code GFUN3D::® has
teer: imgiemented on the Control Data 7600 {f
machine) at the Naticnal Magnetic Fusion
trergy Computer Lenter (NMFECC). The code is
now teing used for magnetic fusion energy
WMEEY work at vivermore, Princeton, M.1.7.,
ard General Atomic, as well as at ORNL.

At ORNL we are applying GFUN3D to
studies of ISX and [SX-B. Tc¢ determine a
500d GFUN-type model far ISX and to demonstrate
whe reliability of the code, we are czmparing
computed and experimentally cbserved magnetic
fields. In the plasma region, the code

resulty are in good agreement with experiment.
" %ear the iran, rowever, GFUN3C does not
The
cemputed fields are strongly dependent upon

3lways cive reliable magnetic fields.

fine ¢et-ils of the iron model and for some
models ave definitely wrong. But it does
eLpear possible to define a goed model to be
used for calculating forces on the tokamak
conducters, and we are working towards that

end.

3.5.3 Advanced Fuels

J. R. McNally, Jr. K. £. Rothe
The p(*Li,a) *He ("Li,p) "Be chain
reaction

J. R. McNally, Jr. K E. Rothe

Recently, R. W. Conn has revived!®" the
prospect of a charged particle fusion chain
reaction involving €LiH fuel,!™" which might

*
Lawrence Livermore Laboratory

be suitable far use in multipcle config . rations
or other low central magnetic field devices.
A completely catalyzed (p + "Li - x + iHe =
4.CMeV) +“Li -2 +p+ “Be + 20.9 MeV reac-
tion would promote fast or suprathermal ‘He
and p ions that wouid react in propagation
chain fashion'-* with “ti fuel supplemented
by chain branching reactions involving p *
"Li, “Li + 'Li, 'He + %Li, etc. The twg
primary mechanisms for propagation chain
reaction release of energy give power pro-
duction (the “Li‘Li reactions involve six
exothermic channeis)

Qs + 0:-9;¢

Pre = nying-zve g,
e 1N, ¥ T T iebar
and

Q:c * P10

ETE 1 B0 | KRR Rt TT_p.'—,—p—:-,—_ ’
where |, 3, and 6 subscripts denote p, ‘He,
and “L3; Q;; = 4.9 MeV arnd Q3¢ = 16.9 Me”;
and p.; and p:; are the reaction probaoil-
ities of the fast ions with 5Li as they slow
down on plasma ions and electrons. Neglect-
ing nuciear elastic collisfons (which promote
suprathermal ions), the probabiiities pij can
be written (provided -
finement time)

s < the particle cen-

372 Ti
T j_ n;(av)i{dt
E.
i
3/2 Ti
= /’ n:(ov)y dE/(dE/4t)
Ei '
where

i Z(F.j.3(% T?? ) 2‘; ;_?/?.Tﬁ) (Fp)’/"
dt i e £



Here

1.2 x 1087/ £

- = —— --‘---.l’e“
g . ,
e Z'i
and
E. = 14.8 TeAi[(: "ionsZ§Ons/Aiong)/"e]‘/’ .

Preliminary synchrotron-free burn calculation
results have been obtained and give p;, of
order 0.06-0.22. No ignition of a clused

{nt = «}, pulsed burn has been obtained
except for jure péLi plasmas with all the ‘He
instantly bu-ned with €Li — a very unlikely
prospect.

The ef ect of nuclear elastic collisions
and additisnal side reactions is expected to
enhance che burn prospects, but one needs
about a dcubling of the charged particle
- energy release to match the bremsstrahiung
fower loss alone. Further study of this
potentially "clean” advanced fusion fuel
seems warranted, although it should be
recognized that the use of €Li as fuel peses
the problem of condensation and crud buildup
on any cold surfaces in the vacuum chamber.

A simpie measure of merit for fusion
feasibility

J. R. McNally, Jr.

A simple merit factor for fusion-related
experiments is defined in terms of several
fusion goals and compared with past and
present experimental achievements.'®? The
merit factor is taken to be M = log 10!%k,
where k 15 the four-factor fusion formula
(fnep) and represents the fusion energy
multiplication factor defining ignition for
k - 1orM:10.
present cases be approximated by f, the

The value of k can in most

thermal energy utilization factor, which
equals the ratio of the alpha particle fusion
power to the thermal power losses from the

plasma.-<~ For upcoming large tokamak experi-
ments, such as TFTR, the fast fysion factor

- due to beam-plasma reactions may appreciably
exceed unity and thys reduce the TntE
requirements for ignition through f. In the
past 20 years, M has increased by six units
and k or f by 105.
pregress for several fysion-related experiments.

The PLT(I') point includes a correctior for

Figure 3.18 illustrates

Zeff = 3.5, which reduces the equivalent
ne(:nD + nT} by about a factor of 2.

3.5.4 Plasma Engineering Support of Advanced

Systems

Advanced fusion systems design projects
{TNS/ETF, EBTR, etc.} and areas of developrent
and techrology (controls and inctrumentat?sn,
neutral beam systems, etc.) rec:ive fusiun
physics suoport and guidance from the *lasme
Engineerir . Group.

Oak_Ridge TNS Refere'ice Design, 1978 -

Y-K. M. Peng W. A. Houlberg
J. A. Rome

The 1978 Oak Ridge TNS effort wes directed
towards preconceptual design of a high duty
cycle, ignited tokamak with an emphasis on
engineering feas‘bility. The Plasma Engi-
neering input tn this desian included the
applicativn of our present understanding of
fusion plasma physics and the exploration of
new approaches to plasma op2ration that may
substantially improve the attractiveness of
the tokamak reactor. (For a more detailed
discussion of the TNS studies, see Sect. 7).

Plasma current startup. A method of rf
(1 MW at 120 GHz) prefonization and electron
preheating was proposed as a possible scheme
to allow an order of magnitude reduction ir
the startup loop voltage (from 300 V tc below
30 V) with minimal resistive loss of flux
swing, Engineering studies of the TNS PF
syscem have indicated a significant redustion
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J1g. 3.18. Time dependence of merit ractor M suggesting that with
comparable improserents in the future, ignition ~ight be achieved in

torcidal devices after 1990G.

in cost by increasing the current buildup
time from 2 to 6 sec. This suqggests adai-
.ional heaiing during this phase to ensure
fhat the resistive loss is limited to below
0.05 Ipr > 2.5 Wb, where lp = 4 MA.
Heating to fgnition. Nearly perpendicular

injection of 50-70 MW neutral deuterium beams
at 153G keV is proposed to heat the plasma to
ignition in about 6 sec. This result is
suggested by detailed 1-D transport calcu-
lations of plasma ignition with expanding
radius or full bore heating when the density
is held constant in time. This result i-
further supported by 1 1/2-0 calculations

witn simplified transport models i1 a low
density heating scenario account for the
effects of noncircular piasrma cross cection,
shift of tne magnetic axis as - increased to

7 . and energy spectrum of the beams.

Beta maintenance. Assurming successful
impurity control, refueling, and ash remuval,
tne poloinal flux swing is capable of sustain-
ing the plasma current for .500 sec, which is
somewhat less than the magnetic flux diffusion
tirg in the plasma. The hybrid PF cofls are
dnaiygzed 10 <how tha* *he desired -shaped
ross section can be maintained despite

vussible larje changes in the plasma beta and
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profiles.  ldeal M-l calrylations have Shgwn

can be stak’e with

~

trat o values arsund
oroper $hapge and profile controls.

I~purily and particle contrgi. Eundle
divertors are cresentiy assured for the
Seference lesign. Flasme fueling is assured
tc te “rom 2 coobination of neutra? bears,
nellets. 2nd puffed ges. Furiner divertor-
relates ohysics calculations are neeced in
this area ‘e.3., effects on snergetic ion
¢.-finerens ).

Tne 2ffects of plasme shutdown

due 0 rajor disruption are esti~ated tc be

manageable if the disruption time sueles liike

R--~ a-- B V¥ -7 ¥ = plasma loop woltage:

v

as 2 resuit of nonlinear interacticn arong
tearing modes o becore roughly 25 msec in
the Reference Cesign.

Tokamak instrucentation and controls-c v

-

reoulcerg r. J. Onz2¢ca

Tre prirary input from Plasma Ingineering
in this study is the cefinition of the ohysics
transients needed in a comclete burn cycle.

Tne impact of potential abnermal operations
such as nard shutdown and asborts, as weli as
the avoidance and ameligration of such impacts,
is deemed an ares that needs strong attention.
The most important cansequence ¢f a disruption
will te damage to the first wall from thermal
and magnetic stress. Severe temperature
gradients will cause thermal stress, placing
a 1init on the number of disruptions that can
occur before the integrity of the wall is
lost, and eddy currents induced in the wal!
will interact with the magnetic energy of the
plasma and the ET field to create mechanical
forces. Consequences to the ohmic heating
{oH) ccils, their power supplies, and other
coils must also be teken into account.

The two mnst important parameters for
the assessment are the plasma disruption time

‘g and the uniformity of the plasma energy

depositice o tne wall. heither of these "wo

carareters can te calculated definitively,
baut the distribul.on of enercv cn the firs.
=21l is tne more uniertain.

for a ThS-size device, the piasma dis-
ruption tite is estimated to be 0 ° 28 75,
with 135 MJ ¢of thermal energy and 191 %) ¢f
magnetic energy stored in the plasma. tniterr
enersgy deposition is asswred for tnis analysis
The tewperailure rise in the first wall (which
is made o° type 315 stainless steel} is
roughly 400°C from a starting temperature of
164°C. inc¢icating tnat wall failure due U
thermal faticue will accur after about 45¢
disruations.

re LLMC Turpy Torus Reacty
o .
[P TR ¢ 1)) L. oa. [wen
S. L. Zatchellr o Tl lantore
-

LS. Lettis Lo AL Shon
.04, Lang! T.oLgwan
- . *
C. L. kedrich, _r, (S-S A 4
L.T. laeer T. ten
2. 5. MchAlees LY. iiash,
. L. Neiscon 2. cereing”

R. E. vococw
The £27 concept provides a unicusly si-ole

basis for a steady-state moduler fusion reactor.

Inclusion of recent advances from pias a
research has led to 2 rew, smaller design,
{ritical physics issues are discgssed and
dimensionless parareter scalinas are explored
(see Table 3.3}.

'Science Applications, Inc.

EBT group

*Meutron Physics Division

jExperin\ental Confinement Secticn
“Maqnetics and Superconductivity Section
"Massachusetts Institute of Technology
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Hezting Techniques for an EBT Reactori:? for the ring formaticn. These requirements
are similar to those frequencies for the
N. A. Uckan D. B. Batchelor proposed EBT-I1 experiment. Because energetic
particles having large pitch angle are well
“ne heating of an EBT reactcr plasma by confined in EBT, perpendicular injection of
microwaves (ECH) and neutral beams is dis- neutral beams appears very attractive. The
cussed. Although past and present E8T experi- possibility of perpendicular injection,
ments use ECH for formation of the rot elec- coupled with the large aspect ratio and
tron rings (annuli) and for heating of the relatively srall plasma minor radius (~| m)
bulk (toroidal} plasma, an EBT reactor and for an EBT reactor, means that neutral beams
future proposed experiments may use neutral of the type being developed for TFTR (~150 keV)
beams as well as ECH, or a combination of will be sufficient.

both, fur heating of the toroidal piasma.
When plasma is heated to ignition in a
reactor, the bulk heating is turned off, but
the ring heating must be sustained throughout

The ELMO Bumpy Torus (EBT) Reactor!!®

N. A, Uckan D. 6. McAlees
the steady-state operation. For microwave R. A. Dandl R. T. Santoro
heating in a large, high density reactor C. L. Hedrick, Jr. H. L. Watts
plasma. considered are questions of microwave €. 5. Bettis H. T. Yeh
energy penetration and accessibili:y (to both L. M. Lidsky
the ordinary and extraordinar: modes).
Microwave frequencies required are 120 (Hz The EBT .oncept has many encouraging and

for the toroidal plasma heating and ~60-70 GHz attractive features as a fusicn reactor



system. These include a high beta, magneto-
hydrodynamically stable ejuilibrium; absence
of parallel currents; a large aspect ratio;

the modular nature of individual secters; ne
interlinking coils; ease of maintenance;
Steady-state operation; and economic potential.
The first EBT reactor study was initiated in
1976 and provided the required starting point
for continued assessment of the validity of
the concept. Major refinements in plasma
physics and design engineering have now
resulted in a revised system de;cript}on. 3
neu design based on the present physics,
practical design, and present and near-term
technologies has been established. This

paper discusses the details of key desica
elements and critical scientific and
technological faciors thai are subslanlisiiy
different from other fusion reactor approaches.
The paoer also provides a useful summary of
where the EBT program is, vhere it is going,
end why these efforts are, in fact, self-
consistent, with a motivation towards pctential
reactor application of EBT's.

3.6 COM-JTING SUPPORT

I. Burnett, Ifi 0. R, Overbey
R. D. Burris C. E. Parker
U. N. Qark J. W. Reynolds
J. E. Francis, dr. C. R. Stewart, Jr.
C. E. Hammons®™ K. A. Stewart
C. 0. Yemper 0. C. Yonts
3.6.1 User Service Center
R. D. Burris D. N. Qlark
1. Burnett, III C. E. Parker

The communications PDP11/45 computer was
studied, tuned, and brought to current engi-
neering levels, which has resulted in -99;

The POP11/45 was used
to off-load .ome of the operating and plotting
chores from the DECsystem-10.

uptime for the year.

Sixteen com-

P o
Group Leader

munications circuits were added to the DNE7
communications orocessor in order to provide
hetter access to the User Service Center
{USC) by the Fusion Energy Division staff.

An extremely usable plotting system was
installed cn the USC's and tne Computer
Science Division‘s DEC-10's. With one com-
mand, vsers may direct data in any of four
formats to any of eight different types of
plotters. Functionality and performance
enhancements were added to the generalized
Network Command Language, which was developed
in FY 1978. The protocol and code for this
interconnection uf computers have been of
interest to severzl others This system
allows dats bases (filec) (o be- transported
to other computers so that the data can be
processed in tne most suiltable location.
Support for tne Diablo {Xerox Corporation)
word processor was added to the LASL USC's
text editor and distributed to other USC
sites. The feasibility and practicality of
an array processor vere studied. A support
processor appears pr¢.eruole to an array
processor due to the assuciated overhead.

3.6.2 Experimental Data Handling

R. D. Burris D. R, Ove-bey
J. E. Francis C. R. Utewart, Jr.
. 0. Kemper K. A. Stewart

0. C. Yonts

A PDP11/34-based da“.a acquisition system
for th2 High Energy Test Facility (HETF) was
specified, procured, and made operational
this year. This system uses CAMAC'!" interfaces
for data azquisition. Tektronix 4010 support
was added to the MLTF, and tne existing
system was converted to GEC's RSXIIM.

The data acquisition system for the ISX
experiment was augmented by the addition of
two #DP11/34's. The effectiveness of existing
PUP8's was enhanced by tke addition of floppy
disks. An RXKOS disk was added to the PDP12,
Several existing diagnostics were converted
to CAMAC interfaces for versatility.
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Supgort programs were added to the
POP11/45 to convert vector data to raster
image for subseguent plutting on the PDP11/45. 9.
This reduces the plotting/printing load on
the USC/DEC-10 considerably.
A new release of the RSX!1D operating : -
systen was installed on the PDP11/45, and 2
RSX11M system gemeration support package was
developed. Medium speed communication links 10.
and their associated software wer2 injtalled
between the POP11/45 central system and the
PDFI1 systems at METF, 1SX, and HETF. - 1.
Tha integration of the PDPBA acquisition '
system for EBT wes affected, and the existing
data handling and procesking codes for EBY 12.
data were improved.
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4. ATOMIC MOLECULAR, AND NUCLEAR PHYSICS

{. 7. Barnett:

J. k. Zrandall-

G. ¥. Dunn-

5. J. Farmer:

#. B. Silbody®

D. C. Gregory-

B. L. Hasselquist®
S. W. Hawtnorne®
P. tvelplund®

Absitact. A crossed-beams apparatus has been
used to gbtain the sum of the charge exchange
and ionization cross sections of 40-keV HY
with M¥*_ These total electron loss cross
sections were dominated by the small excited-
state population in the B® beam thal was
formed by electron capture collisions of W'
in H.0 vaper. Electron impact ijonization
cross sections were extended to the rwitiply
charged dons BYY, 3%, Wy, N3+ ONTONEY,
0%, 0“*, 0°*, and Ar** in the energy range
from threshold to 1500 eV. The data indicate
that for the lithium-Tike iors, excitation
followed by autoionization contributes sig-
nificantly to the fonization cross sections.
For the ions studied, this contributior
increased with the ion charge. Cross-section
measurements of electron impact excitation of

1. Physics Division,

2. Participant from the Joint Institute for
Laboratory Astrophysics, Boulder, Colorado.

3. Consultant, Queen's University of Belfact,
Belfast, Northern Ireland.

4. Summer student, University of Wisconsin,
River Falls, Wisconsin,

5. Participant from the University of Aarhus,
Aarhus, Denmark,

6. Consultant, Georgia-Institute of Tech-
nclogy, Atlanta, Genrgia.

7. Consultant, California State Polytechnic
University, Pomona, California.

8. Consultart, Wesleyan University, Middle-
town, Connecticut,
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Nt wer: in excellent agreement with close-
coupling calculations. Measurements of the
charge exchange cross sections of various
multicharged ions were continued for collision
velocities less than 10° cm/sec. In aeneral,
no scaling relationship with ion charge was
found, nor was there a strong velocity depen-
dence of the cross cecticns. laser jon
source was further develcped for the production
of multiply charged ions with enerqgies of

1 keV.

Atomic Data Center continued, with emphasis

Operation of the Controiled Fusion

on data compilations of plasma impurity Cross
sections, sputtering, and particle reflection
from surfaces.

4.1 EXCITED-STATE CORTRIBUTION TO THE
ELLCTRON LOSS COLLISIONS OF A

FAST H™ BEAM ON N°* [ONC

Our crossed-beams experinent desiqned to
measure total electron loss cross sections by
H> in collision with various mnultiply churged
plasma impurity ions utilizes a fast H' Loam
obtained by passing energy-analyzed protons
through a neutralizer cell. Because such a
neutral beam is known to contain & small, but
finite, amount of svcited atoms in various
excited states » with relative population Pn
and because the cross sections n increase
rapidly with n, the values of Pn are needed to
deduce “n from the messured apparent Ccross
section A which is a sum of products Pn”n of
all contributing states, FVigure 4.1 shows the

measured =, for 40-keV H" on Nt as a function
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fig, 4.1, Apparent cross section 3 VS
ionized field strenqgth E.

5f a transverse electric field applied to the
»  beam prior to the inceraction region.
Zecause the high H- Rydberg states are jonized
and attenuated by the electric tield, A
Jecreases with increasing field, as illus-
trated in Fig. 4.1. The populations “n were
determined from auxiliary experiments in
wnich the intensity of the H° beam trans-
mitted through the ionizing field was mea-
sured for a range of field strengths £.
Shown in Fig. 4.2 are the measured trans-
missions vs [-7- for a 43-keV H beam. The
fact that the transmissior is linear in

£:/ implies‘ that Pn = a/n', where a is a

CRN. DWG 79 2306  FILO

onses N
09999
0998% -
09980 -
09978 . . . - : . . .
' 2 1 a5 6 7 f
SE wvremy?
Fig. 4.2. Transmission of 40-keV HO nhign

Rydberqy ' tates as a function of F!/7,

rormalization (onstant, _.310 ‘crotnis pare

ticyglar case.  Incoruoraticr cf the alove
relaticn beltween PF ane # 1n%g tre Zata

anaiysis indicates that the tresent results
are inconsistent with the :, - n theoretical
prediction- tut that n varies more nearily as
the geometric cross section, which varies as

n-.

4. ELECTION IMPACT IQRIZATICH
OF MILTICHARGED 10NS

Cross sections have been measured for
electron impact ionization of a number of
multiply charged ions employing & crossed-
beams apparatus.
measurements’ for C** and N**, the apparatus

After the first reported

was improved to extend the upper energy limit

to 1500 eV and to reduce scattered photons

that interfere with the measurement of the ion-
ization signal. (rass sections have now b.en
measured for 51+, CLia)* Nitoea)* olo,-0)e
ang Art.

For helium-like ions B**, C"*, and N'*,
the semiempirical formula by Lotz* and the
scaled Coulemb-Born calculations of Golder
and Sampson’ agree with tne measurements to
withi,. _.Derimental uncertainties (roughly
-10.) at all energies. However, the present
measurements for these fons are lower than
tnose conputed using ¢ clasaical binary en-
counter theory.’

The measured cross sc.tions for lithium-
Tike iors C3*, N°*, and 0°* do not agree so
well with theoretical estimates.*™® For the
Tithium-lire ionz, the most important feature
of the ionizalion cross sections is the
finding that inner-shell excitation followed
by autoionization contributed significantly
to total ionization.? Figure 4.3 shows the
results for N“*, where a second peak begin-
ning abruptly at 420 + 5 eV is attributed to
the excitation e” + N'*(1572s) - e +
N**(1s252¢), where . = s or p. The exci-
tations of states (1s2s7) *S at 413 eV and
{1572s2p) “P at 416 €V and two states (1572s2p)
“P at A23 ang A29 eV have recently been
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Fig. 4.3. Cross section for electron
impact ionization of N** showing comparison of
present experimental results with various theo-
retical estimates ang illustrating the contri-
bution of excitation-autoionization.

catzuiated by kenrys in g six-state, close-
cour Ving guantun formalism.  The sum of these
excitation cross sections predicts a rise in
the ionization, which agrees with our weasure-
rents to within 25 at 45 eV. For C°7,
excitation cross sections recently tabuleted
Ly Maqgee of ao .t for the 1o:28 - 152,2.
transitions predict ¢ rise in ionizacion in
even better agreerent with our expeviment.
An important observation from the data
on lithium-1ike 10n5 is that the relative
contribution of excitation-avtoionization
increases with increasing nuclear charge
along the isoelectronic sequence: for "%
tne tecond peak (excitation-autoionization)
35 Targer than the first (direct) peak; for
%ot (Fig. 4.3) the two pedaks are equal; and
for C'* the first {(direct) peak is larqer.
Thus, for higher members of the sequence, the
excitarion contribution to total ionization
may dominate. This process is likely in
vther isoelectronic sequences as well {such
as sodium-like ionsi?), and the effects of
excitation-autoionization on the ionization
bolance: of nigh temperature plasmas need

further investigation,

otior teangrecertsy foroyang

0 ctrer elelteorn st conTijerationg 2iso
exrITI Anleresting TeatuTes.  Lwcitation-
Tenitatian rea Nepr e for oot

ALICIGRIZATION Dedes 2re Jaseryea for |

NS I 21d Ar-T for

seryilig-ltie fons O°° and N°Y, the tear is
arparentiy about 50 ground-state ions

{1325} -S and abeut 50. metastable ione

V1s 2sZpy P, as determined by 2 detailed
measuremer.® of the threshold behavior of
ionization, which can eccCur 3t energies a few
eV lower for the metastable states tnan for
tne ground state. Figure 4.4 shows the cross
section for ionization of our mixed-state
beam of 0“7 and compares it with scaied
Coulomb-Born and Lotz formul. calcuiations
for a 50-505 wixture of gruund-state ang
metastable ions. The berylligm-like icns 0°°
and N°* are interesting becduse the cross
sections ave higher than predicted by the
best theory {Coulomb-Lorn} and becasse there
is an unusually large fraction of netastables
in the beam, [t is expected that netactable
states of beryllium-like ions wili we nijhly
populated in most plasmas.  the role of

metastables in plasma proresses need, further
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Fig., 4.4, Cross section for electron
impact r1onization of 0"*. Ffor this case the
beam contains an unusually high fraction of
metastable ions, and the discrepancy w.th
Coulomb-Barn predictions s significant.
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4.3 ILECTRON MFATT EXCITATION GF w-*

Measurement: of excitation of ~ulti-
charged ions have continyed, employing a
crassed-boams apparitus in which a mono-

znergetic elestron beam 1S crossed by an ion

CROSS SECTION (10 '® cm?y
~N

t2ar obtained fror the Penning Multicharged
lan Scurce (ORNL-PIG} located in the Physics
Tivision. A collaborative effort with the

)

Joint Institute for Laboratory Astrophysics.

. . 1 12188 1 | S T 3
trese measurerents are intended to test the 5 10 20 50

developing coliisional excitation theories ELECTRON ENERGY (¢¥)

and are directly applicable to under-tanding . . . .
y app Y ! Fia. 4.5. Electron impact excitation of

shoton enission: from high tesperaturs~ fusion d-t. Tne dashed line is the theory of Van
anae astrarnysica’ plasmas. Hyngaqrden and Henry (Ref. 18), qnd the sol1d.
N o lire is the same theory folded with the experi-
Reiilts foo tne escitation of mental energy spread. The solid data point
Cs i i .5 %n aere repgrted previcuslyt s the present absolute measurement, and open
i _ data points 3are measured relative to that.
e 1057 sirecTent Wit recent theory, trror bars are 90 confidence level, counting

=3 a4 furirer sent of Tan Lnegry, the measure- statistrcs.

Certs nave beer ectenc:d Lo tha next member

cf the lithium isoeleccronic sequence, %'

Eiaure & Wt :
Eiqure 4.5 compares the ' results with the below 107 cn/sec nave continued, using the

close-coupling calculations of Van Wwyngaarden ORNL-F1G ion spurce. Although charge trans-
and Herrye” in the most critical near-threshald fer pracesses at such energies are important

reicn.  Fer N°t the agreement of experiment in plas~e diagnostics and mudeling, they have
ars tneory 1s well within experirental uncer- proven aifficuit to evaluate tneoretically
tarnty, confirming the reliability of theory because the electrons associated with the
for predicting escitation cross sections, We jnteracting ion-aton syster have sufficient
ncw rafect That quantum theory can predict tire to adjust during the collision, thus

the cross secticns aceurately for resonance . A .
g tiens s eaonanc requiring a quasi-nclecular approach to the

1snapc rthiii-l 10N 3 W -
Vines of lithium-like ions, For other elec ccattering.

S , ¢ — ‘ . '
tronic confiqueations (for example, beryllium To provide a systematic data basis

i ions ical com i ; . . . .
like ions), theoretical computations may not aqainst which theoretical approaches might be
be as reliable; thus, our futvre measurements :

. evaluated, #e have concentrated our measure-
will be extended to B*. C'*, and N:*.

ments on light ions of the hydrogen, helium,

and lithium isoelectronic sequences.'” Ffrom
4.4 LOW ENERGY MEASUREMENTS OF CLECTRON

TRANSFER FROM HYDROGEN ATOMS AND
MOLECULES TQ MULTICHARGLD IONS

the data some characteristics cf the cross-
sertion behavior for such processes have

emerqed,
Measurements of total cross sectiony for (1) For ions of initia} charge q < 3, the
electron capture by various multicharqed ions Cross sections are strongly dependent

in atomic and molecular hydrogen at velncities on the particular ionic species whereas
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- NS ounTforT flaing 13w wite g are

evigent in tnis velagity ranje, unlike
the situation at higner welocities,
where o, early uniform power-law increase
with g is observed. -

{3, &lso, unlike higner welncity behavior,
ng jeneral or strond velocity dependence

of tre ¢(ross sections is gbserved.

The rmagnitudes and velocity dependences
of the cross sections are influ  :d strongly
by detiils of the potential energy curves
gescribing the quasi-rolecule that is forred
during the cellision, espectally for q - 3,
wnere the electron is thought to be captured
into ~Tready partially filled electron shells.

Measuremants are currentiy being extended
t0 heavier ions Such as argon, xenor, and
iron and over a wider range of charge states
in order to provide further insight into the
electron trancfer process at even lower
collision velocities and higher ion charje
stotes.

4.5 LASER 0% SQURCE

After an initial feasibility study, "
wark has continyed an the development and
utilization of the pulsed laser ian source.
The traasient plasma produced when a pulsed
CO. laser beam is focused in vacuum ontc a
50114 surface has provided a source of highly
ionized .ons at relatively low energies {less
than a few keV).
from the plasma blowoff normal to the target

An ion bgam was collimated
surface, [solation and identification of
ions with different charqe-to-macs ratios
were accomplished by a combination of time-
of-flight an¢ .lectrostatic analysis. Fully
stripped carbon fons at 1 keV have been
detected for focused laser power densities of
8 x 10-
A CAMAC-based transient data acquisition

asca incident on a graphite target.

systeit was implemented to facilitate develop-
ment of the ion source and its application to

CRdeure ents of Cress sections for eleltiron
Calture Uy fuiidy and nigniy siripeed carbon
and 1ren ions ia cellisions with gases at

ener jies below I kev.

3.6 CONTROLLED FUSION ATCMIC DATA CENTER

The evaluating and editing of our indexed
oinliography of atemic and molecuiar processes
for the period 195C-75 have been completed
with the addition cf new data and the rorcec-
tion of errors in existing data sets. Copies
of this bibliography were sent tn ten labora-
torigs in the United States and abroad, and
megnetic tapes of the file were supplied to
the International Atomic Enercy Agency ([AEA)
for uze in publishing a comprerensive bibliog-
raphy composed of data from several countries.
Firal editing is in progress for cur 1976-77
and 1975 bibliographies, wnich wiil receive
simijar distribution. Searcnes of 197§
reference data are teing r:ceived end processed
on a current basis.

To facilitate creating and manipulating
uvibliograpnical data files, a new coinputer
code was brought on-line -January 157%. The
new code implements an up-to-date, more
universal data format thaet is compatible with
the Qak Ridge Computerized Hierarchical
information System (ORCHIS), developed by the
Dak Ridge National Laboretory (ORNL} Computer
Sciences Division; this permits convenient
Data
entry is r:-line in an interactive environment

and straightforward file management.

in wirich each entry is prompted, checked for
certain classes of errors, and expanded in
the case f coded responses used for repeti-
tive fields. Hard.are for the system includes
4 Hewlett-Packard 264.A video display terminal
and a DLCWRITER TII hig. >peed digital
printer.

frur indexed bibliographies of primary
use to fusion research have been published as
JRNL reports. These cover the perlod 1990-75
and include molecular dissaciation, atomic
nd molecular excitation, electron transfer,
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and ionizatioa and stripping (OPNL-550Q, -5501,

serve as a useful inforralicn tool for fusion

-5502, and -5503j. researchers.
The two-volume Afemec Patx fox Confaciéed
tuseon Reseatck is being updated with the REFERENCES
revisior of previous data and the addition of
new section; on sputtering, particle reflec- 1. C. F. Barmett, J. A. Ray, ard A. Russek,

tion, and ion trapping. A third volume, in

progress, emphasizes those atomic ccllisions 2.
involving impurities found in high temperature

plasmas. A cowmputer code using the DISSPLA

y7aphics package has been written to generate

procuction quality plots of the myltiply

charged ion cross-section data, uéing plot

parameters specified in a data file that can

br created under the text-editing program 3.
TECO. Data compilation has been completed

for charge exchange of plasma impurity ions 4.
with H, 1., and He. Other compilations in

this volume include electron excitation and

For these 6.

srocesses the lack of sufficient experimental

1onizaticn of multicharged ions.

data to correlate with theory has created 8.
difficylties in presenting the data graphi-

caliy. [In an effort to compensate for this

N

problem, we have preparad a ful! bibliograpny
of relevant experimental and theoreiical work
te preface each section of data.

To make our evaluated data rore corpatible
with the needs of plasina modeling, we nave
devised and impleme..ted a computer program to

convert cross sections to reaction rates for 10.

Maxwellian-MaxwelTian as well as Beam-Maxwel-

lian energy distributions. The new code

produces publication quality output of the 1.

calculated rate coefficients in both tabular
and graphical form., a< well as in the form
of Tschebysheff polynomial fits to the
calculated rates.

In cooperation with the Atomic Trancition i2.
Probabilfties Data Center of the National 13.

Bureauy of Standards, we have continued puhli-
cation of the bulletin Atumcc Data f{or Tusiom,

As a -upplement to our bimonthly issues, an V4.

autnor 2no subject index is produced annually.
A recent survey of bulletin recipients 14
indicate; that the publicatfon continues to

Phys. Rev. A 5, 2110 (1972).
1. C. Percival and D. Richards, “The
Theory of Collisions Between Charged
varticles and Highly Excited Atoms.”

- e

£2. 1-82 in Advances in Atemic and
Uetccular Physics, Vol. XI, ed. by C. R.
Bates and b. Bederson, Acalemic Press,
New York, 1975.

D. H. Crandall, R. A. Phaneuf, and P. 0.
Taylor, Phys. Rev. A 18, 1911 (1978).

W. Lotz, I. Phys. 216, 241 {1968).

L. B. Golden and 0. 4. Sampson, J. Phys.
B. 10, 2229 (1977).

A. Salop, Phys. %ev. A 14, 2095 (1576).

D. L. Moores, J. Phys. B 11, L1 (1978).

A. Burgess., H. P. Summers, D. M. Cochrane,
and R. %W. P. McWhirter, Mon. Not. R.
Astron. Soc. 173, 275 (1977)

2. r. Crandail, R, A. Phaneuf, 5. E.
=asselquist, and 0. (. Gregory, "Measured
(ross Sections for lonization of C'*,

%', and 0'* lons with Contributions due
to Excitation-Autoionization,” to be
pubiished in J. Phys. B.

R. J. W, Henry (Physics Department,
Louisiana State Universitv), private
communication, 1979,

N. H. Magee, Jr_, J. 8. Mann, A L. Merts,
and W. D. Fobb, &lecfion Impact Exciiation
v§ Catbon and Cxygen len:, Los Alamos
Suientific Laboratory Report LA-6691MS,
Los Alamos, New Mexico (1977).

0. Bely, J. Phys. B 1, 23 (i968). i
P. 0. Taylor, D. Gregory, G. H. Dunn,

R. A. Phaneuf, and D, H. Crandall, Phys.

Lett. 39, 1256 (1977;.

W. L. VYan Wyngaarden and R. J. W. Henry,

J. Phys. B 9, 1461 (1976).

D. H. Cranda1l, R. A. Phaneuf, and F. W,

Moyer, Phys. Rev. A 19, 504 (1979).

Rev.
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16. F. W. Meyer, R_ A. Phaneuf, H. J_ Kinm,
P. Hvelplund, and P. H. Stalson, Phys.
Rev. A 19, S15 (1979).

17. Fuseon Enctgy Divesios domai Pregtese
Repert gor the Pevead Uiding Decembes 31,
1977, Qak Ridge Kational! Laboratory
Repori ORNL-5405, pp. 124-125, Gak Ridge.
Tennessee (1978).
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Atstract. The Plasma Technology Section is
principally concerned with (1)} develapment of
multimegawatt neutral beam lines, includiang

_electrical’ systems and vacuum pumping, for

plasma heating and (2} dJevelopment of tecn-
niques to fuel the plasma using high velocity
pellets. ’

In the area of pellet fueling, the
Preunatic-type peilet injector was upgraded
from a pellet velocity of 350 m/sec to 1000
w/sec with T-mn-diam pellets. Injection

_experiments on the upgraded Impurity Study

Esperiment (ISX-B) showed that for 600-700-ev
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central- plasma temperatures, the pellets can
penatrate the entire plasu; discharge and
impact on the imner wall. When accompanied’
by neutral beam injection, the plasma remaint
quiescent and the pellet penetrateS 20-30 cm

. into the discharge. A prototype centrifugal

mechani<al injector has teen operated with
0.8-mn-diam pellets at a feed rate of 150
pellets/sec and has achieved pellet veloc-
ities of 290 m/sec. 7
o In the neutral beam deveiopwent program,
two ISX-B injectors similar to those developed
for the Princeton Large Torus (PLT) but with

~

R

8. Stanford University, Stanford, Califormia,

9. Plasma Engineering Section.

10. Princeton Plasma Physics Laboratory,
Princeton, New Jersey.

11. .«aper Laboratory, Cambridge, Kassachusetts. )

12. Cremical Technology Division.

13. Stident, Massachusetts Institute of
Tec.1o0logy, Cambridge, Massachusetts.




o r—— a——r—

i

e A e

BLANK PAGE

-—




shaped extraction apertures were tested on
the Mediun Energv Test Facility (METF) before
being installed on the tokamak. At extrac-
tion parameters of 42 kV and 61 A, 900 kW of
HC was delivered to a 28-cm-diam target 4.1 m
from the source; a record high 605 of the

I x ¥ extracied power was transwitted,
including urneutralized ions. The last of
the four PLT beam lines was delivered to
Princeton Plasma Ph}sics Laboratory (PPPL);

1 *~' of neutral power from three Oak Ridge
Kational Laboratory (ORML) injectors raised
_the PLT plasma’s fon temperature to 6.5 keV.

A 30-om-grid-diar Poloidal:-Divertor
Experiment (POX) fon source has, in prelimi- _
nary testing, extracted 110-A beams at 41 kV
for 100-msec pulies. A Tanthamsme hexaboride
hollow cathade, being developed for long
pulse, low noise, high current operation, hes
been operated in a 30-aa PDX source with
1000-A discharge currents for 150-msec pulses.
Ncvel diagnostics employed during the last
vear include the sciopticon, infrared camera
‘and the Fabry-Perot interferometer. The
optical properties of a multiaperture,
80-120-kV tetrode source were studied; a
total beam power (ions plus neutrals) of 80%
of the extracted 1 x V power was transmitted
to a target subtending 2°. ODevelopment of
high voltage, high current switches, including
a floating gradient grid modulator, was
instrumental in carrying out this study.
Extensive theoretical endeavors, in con-
Junction with experimental optics and trans-
mission studies, were undertaken, as attested
to by the 14 journal publications appearing
since the beginning of the report period.

In addition, an energy recovery experi-
ment based on the ORNL concept of transverse
magnetic rield electron blocking yiilded
preliminary recovery efficiencies of 60 : 20%.

A modified 10-cm duoPIGatro~ has extracted
up tc 1 A of negative pariizles by means of
H* -tu-H" Cunvi.s10n on a cesiated surface. A
modified calutron fon source, incorporating
an efficfent electron energy recovery system,

106
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has extracted H beams with a current deasity
of 60 mi/ca?.

Puping studies were initiated for
cryosorption surfaces in an energetic hydro-
gen environwent. and tests were made of the
peaping speed of two solecular sieves for a-
hydrogen/helium mixture. Monte Carlo stmu—
lations are now being used to Ilel{l design
vacuum pump chevroms.

5.1 PELLET FUELING

The pellet fuel s continued in
the direction estabiished 3 previous years,
with a mix of pellet injector development. -
work and experimental applications on ISX.
The preumatic-type injector! used on ISK-AZ
at 350-m/sec pellet velocity was upgraded to
1000 m/sec with 1-sm-diam pellets. The
improved performance was obtained by increasing
the Taunch tube length from 3.2 to 17 cm and
the propellant working pressure from 10 to

30 atm. The performance scales according to
a3 simple, idealized, unsteady expansion
model.

A prototyne centrifugal mechanical
injector? has been operated with 0.8-mm
hydrogen and deuterium pellets produced by a
continuous high speed extrusion source. A
feed rate of 150 pellets/sec was attained at
peliet speeds of 290 m/sec. The performance
of this device follows closely an idealjzed,
frictionless acceleration prucess with pellets
exiting the rotating arbor at nearly twice tip
speed. ;

Pellet injection experiments are in
progress on ISX-B at injection speeds in the
range of 800-1000 m/sec with T-wm hydrogen
peliets (Z = 4 x 10!}, For central plasma
temperatures in the 600-700-eV range, peliets
are observed to penetrate the entire plasma
discharge and impact the inner vacuum wall,
The plasma remains stable to major disruptions,
but fncreased Mirnov oscillations (m v 2) are
observed during injection, When accompanied
by neutrai beam injection (>500 kW), the
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T 5m-sec(seehg.51)

~

p\asna remains quiescenc and pellets penetrate
only 20-30 ¢ into the discharge.

‘6.2 WEUTRAL BEAK DEVELOPMENT

5:2.) Jon Source Development °

POX_prototype Source _

The neutral beam source for the FOX
ucbme is essentially a scaled-up version of
“-the PLY/ISX source,"~ designed to operate at
S50-kY, 100-A levels foc wlse leﬂgﬂls w to

ﬂle:ldune locatc.i‘ 5 e sy subtending )
!B‘Ifulgieofz"totheswrce .
.. The First type of extractor arrangement
" (type A) consists of S-mm-diam cylindrical
apertures on a 30-cn-diam grid pattern pro-
viding a geowetric trarsparency of 50%. The
source has been operated at arc curvents

exceeding 1200 A for the full 500-msec duration.

Beam currents up to 110 A (at 41 k¥) have been

. ropsaee

Fig. 5.1. POX 100-A ion source with a
30-cm-dfam extraction grid.

© - - DO was built snd operated in several RN
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extracted for pulse Yengths wp to 100 msec.
At 40-kV, 75-A level (optimum condition), the
pulse length was exteudednptoﬁ(l!sec Tlle

mmtsudema?’hrgetm

eil:ilar I:o one ayented by Go@el et a‘l at.

iom swu:e coufigw‘atious. This m. ca;llodc
,assdbly features an “improved l!eaer desigw
ﬂnt has mych less iendency to sag. It has
been operated as a direr.t replacesent for J-e
array of borium-oxide-coated filaments in 3
30-cm, PDX-type jon source; it has operated -
satisfactorily up to a discharge current of .
3000 A for - lSO-usec pulses
It has also been operated at 300 A for
pulses of 10-sec duration on a McKenzie
bucket-*ype source.® The lanthanum hexaboride
cathode offers the possibiiity of long Vife
and high current operation for long pulse
Tength ion sources in a variety of configu-
rations for present and future neutral beam
systems,

Negative ion sources

The negative ion program concentrated on
small scale, proof-of-principle experiments
employing the method of in-surface production
of negative iors, Two experimental approaches
were considered. The first is a modificatfon
of the duoPiGatron fon source {(10-cm extraction
grid diameter) by the addition of a system of
cesiated vanes located immediately above the
extraction grids on which positive fons from
the discharge fmpince? [see Fig. 5.2). The
ions are assumed to be converted to negative
fons with & 20-50% probability. Alco located
in this region is a transverse magnetic field
that impedes tle flux of electrons to the
extraction qrids. A summary of results fis

power transaission efﬁcia\cy hsed "C P

A
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fig. 5.2. Modified duoPifatron nejative ion Source, based on tit-to-H- conversion or. a hot
cestgted surface.
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Table 5.2.

Arc current
Arc volts
Accel volts
Accel current
Analyzed current (K™}
L . Exiraction s}it
- A Pulse length

Gas efficiency
'ie‘!xH‘ o _
o e e ieT
Blmpurity

Penaing discharge
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Negative ion test facility

Penning Jischarge

- pulsed o
s16 A 5 A
250 vdc 200 Vdc
Z1 kV 21 kv
260 mA 30 mA
60 mA/cm? 30 mA/cm”
0.50 cm? 0.40 cm-
=160 msec =20 sec
4.
4
86
3o

" neatly divides itseif into three classes of
L - © .ascending utility: . post mortum, deiineation

of cause and effect, and a priori prediction.
Fiveupredictions have been made.- These are
-ihét {1) in a PLT source the shape of the
béam diitribution is dependent on perveanée,
ith Jarge tails mostly at low perveance;’” "
i§ in Q;PLT 50urcé the rms angle is approxi-
‘tef},2°;1§“(3) tetrode steering is dependent
poteﬁtiél partition;3! (4) a negative bias
‘the first electrode will improve beam
) - Laivergéncg;fa and {5) a positive bias on the
o . - -first electrode will improve beamlet diver-
’ " gence.?0 Four of these predictions have been
. experimentally verified,!9+26:27 but the

o -fifth one20 remains untested. A manifestation

of these predictions is that a substantial

) increase in the transmitted power efficiency
B } of the PLT injectors was realized with the
addition of a single wire that connected the
plasma grid to the negative terminal of the
arc supply.

5.2.3 Neutral Beam Line Development

High energy neutral beam sources

following our two-stage, single beamlet
optics studies,'®+1743% efforts were directed

towards understanding che performance of

multiaperture, two-stage sources at energies
exceeding 100 kV.
with an 18-cm grig pattern and a total grid

The first such source,

column length of 2 an (inclusive of grid

thickness), was operatec at voltages up to
80 kV and currents up to 25 A.
mance of the source was studiea by varying

The perfor-

the parameters, viz.,-perveance of the extrac-
tion gap and the accel gap-to-extraction gap
The results show (Fig. 5.4)

* that impressive transmission efficiencies can

field ratio.

be achieved at accel-to-extraction field
ratios exceeding unity.
clear that from a practical point of view,
the field ratio has to be limited to obtain a
compromise between good beam optics and high
current density. Experiments using a second
source with a 3.2-cm-long grid column at
energies up to 120 kV showed that the larger
column length gives rise to significantly
higher grid loadings (Fig. 5.5) due to
increased beam and secondary interception.
Minimizing the length of the total grid
calumn is, thus, necessary for high current
densfitfes, lower grid loading, and operating
flexibility,

However, it is also

Considering the need for operating these
sources for pulse lengths of the order of
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Fig. 5.4. Power deposition as a per-
centage of the extracted I x V power vs the
accel-to-extraction field strengths ratio.

seconds, a two-stage, 120-kV, 25-A source
with rectangular grids (10 x 25 cm) and
circular apertures has been designed.
exercises involving nigher voltages and
currents are also being carried out.

Design

5.2.4 Energy Recovery Experiment

An energy recovery experiment has been
inftiated at the METF using the concept of
magnetic blocking of electrons along with
grounded recovery electrodes encompassing a
large solid angle.36 The conventional beam
line was modified such that the ion source is
maintained at a small positive potential
above earth ground by an accelerator boost
supply while the exit grid and the gas cell
are at high negative potential with respect
to ground. Also, the gas cell was extended

m
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Fig. 5.5. Percentage of extracted ! x V

power deposited on beam line components as a
function of extraction perveance.

to the pole region of a conventional deflec-
tion magnet where electrons escaping the gas
cell are allowed to £ x B drift onto a biased
collector with low energy loss. The fraction
of unneutralized fons is deflected by the
deflection/blocking magnet while undergoing
retardation by the ground potential surround-
ings. The results are analyied in tems of
calorimetric power deposited on various parts
of the beam line.

Following are the preliminar, results of
the energy recovery experiment.
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5.2.5 HNeut-al Beam Systems
Injector development for IS¥-&

. Two PLT-injector-type duoPiGatron sources
with shaped beam-forming apertures have been
tested on the METE.  The mudification of tne
Eécelerator column has resulted in a 50
increase in the beam transmiscion efficiency
from that of the straight-bore aperture.
Maximum neutral bear powers achieved on a
22-cm-diam targes located 4.1 m downct. am
from the source are 900 kW of H &t an iccel-
erator power of 42 kV and 61 A and 1020 k¥
of D at 43 kV and 55 A, Figure 5.6 provides
¢n exarmiple of the distribution of beam power
deposition along the beam line. Tlon beam
‘optical properties of the injector: vere shown
to be characterized by ar optimur perveance of
6 x 10 AV- /-, which is approximately

ION SOURCE

:GAS CELL

instalies an The aest Dear [re o0 T

nac injecter negtrais into tne tova.,
POX neutral bear. syster

The Pcloidal Divertor Experivent (FIi: at
Princeton Plasma Physins Laboratary [FPPLY is
intended to have four operaticnal neutral bear
systems of ORNY design attached to it by early
1929, Each 4.5-m-long systen will deliver
1.5 Md of neutral powser /through a 30- by
34-cr rectangular aperture) to the POX plaswa
for 0.5 sec. o0 achieve this injected neutral
power, the Flasma Tecnnology Section at ORNL
is develoning a scaied-up version of its
successful “LT/ISK-E don source.” With an
exprcted oroton yield of 50, this source ig
beins cesigned to achieve reliahle operating
parametars of 50 %y and 107 A over a J.5-s6C
TR

Juring uvhis report period, a POY proto-
type source achieved separately, hecausr of
facility limitations, each of the following
parameters: 50 kV, 25 A, 0.05 sec; 4% ¥y,

100 A, 0.1 secy and 40 ¥y, 20 A, 0.5 sec.
Simultanenus achievement of these parameters

awaits the completion of the PO¥ prototype
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Fig, 5.6. Deposition of beam power along the [SX-E prototype beam line,
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beam line at the METF,
type source gperation is achieved at the

Once reliable proto-

stated parameters with 1.5 MK of neutral power
to the facility target, the Plasma Technology
Section will complete fabrication and quali-
fication of four duplicate sources for the PDX
neutral Leam systems,

5.2.6 Diagnostics

The sciopticon, or pinhole camera, ' * " * " *
has been used routinely on the PLT and iSX
beam lines tn examine the relative contribution
of each heamlet to the total beam. Tne imaqge
density on a mylar sheet was seen to be
proporticnal to the total number of incident
particles. A typical result for a 22-cm

[SX-B source is shown in Fig. 5.8,

A Fabry-Perot interferometer was used to
rotimate tne fon temperature of duoP{Gatron

SHEINL AW el FED

Fig. 5.8.
PLT source with a 0.4%3-cm extraction gap.
smaller than anc-mal gap spacing emphasizes the
plasia density intomogeneities resulting from
the cusp field magrets.

Sciopticon image from a 22-cm
The

andg Magﬁenzie bucket ion sources by observing
the Doppler broadening of H! light emitted by
atomic neutrals “° Roth sources had a neutral
0.35 ev.

interferometer was 3150 used to measure the

temperature of The Fabry-Perot
energy components of a reutral bear by the
Doppler shift of the ¥ emission from the

zrergetic neutrals.”:

Infrared camera’

The optics of neutral beams was studied
witn an AGA 63C infrared camera capable of
operating in either a color-framing or a
line-scanning mode. In the singie Tine-
scanning mode, the same line is continuously
swept every 625 ..sec.

In the first application, a8 2-D recti-
linear array of small {0.16-cm-diam) apertures
was drilled in the beam stop target to allow
beamlets of the incident neutral beam to
create localized hot spots on a 0.5-mil-thick
stainless steel screen located 2-3 cm behind

the target. The back of the screen was



the caTera and was painted tlachk in
5:2a%3311; wnitorm, readtly
Jetert 1ned ¢T185 W1, mPOSe vaiue asurcacned
Rty The fu00 C-0 array 6f nol $pols was
scanre? 10 obtain inforrmation about bea~
sower Lnifer=ity, however, information froe a
single row of nCt spots coincident with the
f1a~eter ave all the necessary time-resglved
cower arnd optics information. Figure 5.9
smows nornalized comparisins between the
tegeratyre profile and a sower profile
shtamned from a water-cooled, movable copper
crote. The secend application of the infrared
camera was to view directly the front and

back surfaces of the water-cooled, copper
beam-stor taryet. Single line scanning of

the bac.. of the target y.eldec profiles
similar to those in Fig. £.9, whereads monitor-

ing in the framing mode Showed the effects of
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the ccoiing !lnes and treir thermal contact
ailh the tar;«t.

5.¢.7 tlectrical Technology Levelgprent

Juring 1972 significant increases were
rade in electrical egquipment capatility for
ion source development.~ =" These improve-
ments include two new arc supplies capeble of
continuous operation and a new dual-tube
modulator for development of 2 new generation
of ion sources. In addition, 3 1975 vintage
modulator was modiTied to enable its output
current to be increesed ty a factor of 2.

* For the METF the old B800-A, pulsed duty
arc supply was replaced by & new design
capable of 1-MVA continuous output. The
current rating is S00C A, with provisions for
front panel voltage adjustment from 0 to
200 V with an infinite range of pulse lemd. %s
up to continuous duty. Bus bar reconne.t-ons
permit further flexibility of operition at
double voltage, half curreat.

Concurrently, 2 dua'-tube modulator
capable of 80-kv, 1ZU-A cutput to an ion
source accelerating grid was built and
installed. This METF upgrade work was done
tc support neutral beam fnjector development
for the PDX project at PPPL. [t also makes
possible even higher power future developments
at pulse lengths yp to 20 sec.

For our High Power Test Facility (HPTF:,
2 new 25C0-A, 416-KVA continuous rated arc
supply replaced the previous pulse-limited,
800-A unit. The accelerating grid modulator
as originally designed consisted of three
seriec-connected tetrodes for high voltage
switching at 60 A, Because the preliminary
PDX ion source design work required 100-A
capability, the modulator was modified to
allow reconnection of any two of the three
floating decks in parallel. This work not
only supports present fon source development
up to 120 A, but it also makes possible the
extension to pulse lengths of 20 sec. In
addition, for future cost savings, the perfor-
mance ¢f the equipment d:monstrates the
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feasibility of designing modulator decks
using series-connected tubes for high voltage
that can also be pannel-comec'ed for hlgh
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‘The 2-a? mle’ area cryosorpnon pwp."f

nnginal Iy ordered from Excal ibur Co'poranon ‘
- of. Ha’lthn Ha.sac‘husetts,”ls now. oemg -

cmleted in-nouse, alv" Excalj’.kir has been
'released from its péntract aohgatwn. The
'sorptwn panels; “outer vrm camst.er. and
ryogen trapsfer assv’hes are finished. fa

/ & oil-free/neliu copyressor package for the

pum dao‘mg sys'.ea was built up anc tesr.ed
avs the_heliw. supply ptpmg s mmlled on
the METF pldtfom

5,3.2 ‘Eneggei.ic Particie Punping*’

In order to test cryosorption pumps with

_“the high energy hydroges particies encountered

in divei't.qr and beam line enviromments, a

~ small cryosorption pump was borrowed from Los

Rlemos Scientific Laboratory (LASL). It has .
:uu chevrons at 80K and 15K to intercept
thema'l radiation, precool incoming gas, and
trap contaminants. The pump maintains pres-
sures in the mid-10""-Torr range with ion
pulses from a 10-om source. fan pulses
100-msec long with energy aad current up to
60 eV and 1 A have been irjected into the
punp at the rate of 5 culses/min with virtu-
ally no observable 4ifferences fram the
pressure pulses sbtained with gas alone.

5.3.3 Vacaum Engineer’ng Data Studies

he varfable panel and temperature
cryostat described previously"® has been used
to obtain hydrogen pumping.speeds for two
molecular sieves. A comparison of the average
pumping speed and temperature for 5-min runs
on these two sieves §s shown in Fig. 5.10 and
s reported elsewhere,“?
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It has previously been shown that cryo-
sorption pumps utilizing a 5-A molecular
sieve (MS-5A) :at 4.2K cannot pump hydrogen/
heliun mixtures under cdndit"r'vns expected in
plasma recovery systems. 43 Hydrogen condensed
on the front of the panel blocks helium
sorption. To circumvent this problem, a
compound pump concept has been developed in
which hydrogen is collected on a cryosorption
or cyyocondensation panel’ in front of the
relium cryosorption panel. Figure 5.11 shows
that admission of 4% hydrogen improves helium
pumping performance and that as much as 10%
hydrogen does not adversely affect it.

5.3.4 Monte Carlo Simulation of Neutral

Particle Transport in 3 System
Containing Cryogenfc Pumping Surfaces

Some survey calcula’ions were performed
to demonstrate the appiicability of a slightly
modified version of the MORSE Monte Carlo
radiation trersport code®® in simulating
neutral parti:le removal from a system contain-
ing cryogenic pumping surfaces. Unlike
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_conventional ‘radiation transport probless, . which quuid-nitmgen-cdoled, flat, vertical

cryogenic pump simulation requires an essen- ' chevrons were placed to shield the panel from
tially media-free environment where particle/  hot neutrals. The flow of neutrals into the
S media interactions Lccur only at the surfaces » chamber was simulated using both_isotropic
of the various cc.ponents within the cryogenic and normal source distributions along a large
i -pump assembly. These interactions were - rectangular openir.g on one side of the chamber.
easily treates oy incorporating a variety of The sides of the chamber were assumed to be
g ihtern‘a! boundary conditions into an existing cooled with 1iquid nitragen.
- external boundary condition routine. Reutrals A few of the results from the survey
incident on a iquid-nitrogen-cooled component  calcylations are given in Table 5.3. The
. © were assumed to reemerge with an outgoing normal source distribution yields a s)ightly
) " angular ’diré‘g.tipn density function equal to & nigher capture rate on ihe pumping panel and,
“- . - cosine distribution about the component's thus, 2 higher pumping efficiency than the

¢ _surface normal. Those incident on the liquid-
beHun-cooled pumping panel were removed from ‘
) the system by assuming 8 0.9 sticking prob- Table 5.3. Neutral capture on pumping panel

C - abflity. . The 102 that did stick were assumed
- " _to emerge st angles equally diztributed

Neutral captured/entering

L Source — neutral
- within £10% of 75° from the panel normal. distribution  S.P.4 s 0.9 5., % 1.0
for comparison, calculations were also per- -
formed assuming 8 1.0 sticking probability on Normal 0.67 (1.6)b 0.67 (1.7)
the pumping panel. ‘ ‘ Isotropic 0.54 (1.2) 0.54 (1.4)
The primary components of the geometric dSticking probabil ity on pumping panel.
mode]l included a rectangular pumping chamber bNunbers in parentheses denote one standard

containtng a horizontal pumping panel above deviation in percent,
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isotropic source. Tre recc change in effi-
ciency associates with the 12 change in the
purping panel sticking probability indicates,
2t least for the design considered here, that
the sticking performﬁce of the pumping pamnel
¥s rot a dominating factor in overall purping
efficiency.
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Abstract. Three major U.S. equipment manufac-
" turers, under CPFF (cost plus fixed fee)
subcontracts to design and build ore test coil
each, spent the year in detailed design and in
supporting verification tests. Japan and
Switzerland joined EURATOM and the U.S. in an
international agreement that will culminate in
tests of a six-coil toroidal array at Qak
Ridge National Laboratory (ORNL). Construc-
tion of the Large Coil Test Facility (LCTF)
began with preparing the site, pouring the
concrete base for the vacuum tank in Building
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9204-1, and forming the tank sections, work
done by a subcontractor.

The work of the Magnetics and Supercon-
ductivity (M8S) Section is divided into four
areas: research and development attivities
(ROAC) in support of the Large Coil Program
(LCP), advanced conductor development, the
12-T Coil Program, and magnet design projects. -
The primary emphasis during the past year has
been the RDAC. Most of the facilities con-
structed have been for verification testing of
superconductors in support of LCP subcontractors.
Instrumentation, diagnostics, and protection
have also made up a large part of the RDAC.
Another area of work involving considerable
interaction with subcontractors is coil fab-
rication technology. -

The advanced conductor development work
has concentrated on (1) bringing conductor
force cooled by supercritical helium up to the
same level of confidence as conductors cooled
by boiling helium and (2) improving high field
Nb;Sn conductor.

The 12-T Coil Program started in FY 1979
as a supplement to the LCP. [ts aim is the
development of a conductor suitable for tokamak
cofls in which the maximum field is 12 7. The
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conductor will be tested in relatively small
test coils in a 12-1 background field.

We have also participated in a number of
design projects, for example, the ELMO Bumpy
Torus-ii (EBT-11) project and the supercon-
ducting cyclotron, principally to carry ocut a
conceptual design of superconducting magnets.

6.7 INTROUCTION

ORML has played a leading role in the
development of superconducting magnets for
torvidal fusion reactors since the initiation
of work in this area in 1974.  Presently the . <
major effort is on the LCP, which has the
chjective of proving concepts and prviding a
data base for design decisions on the toroidal
field (TF) coils for a tokamak Enginee-sng
Test Facility (EFT: in FY 1983. This entails
designing, building, and testing differcot
large 3-T coils in the LCTF at ORNL and per-
forming supporting research and development.
In addition to the LCP, ORNL is directing twe -
projects involving industria\ subcontractors

[A]

in the design and development of a large con-
ductor suitable for tokamak TF coils operatle
at ficlds to 12 T an¢ in the cesign and
fabrication of a 1-m coil to test the 12-T
prototype conductor. ORNL is alsoc 3dvancing
magnet technology in areas specific to fusion
applic;fions by developing better analysis
capabilities and basic design information and
by designing, procuring, and evaluating srall
quantities of conductor embodying advanced

design concepts.

6. LARGE COIL PROGRAM

~ The scope and organization of the LCP are
indicated by the work breakdown structure
shown in Fig. 6.1. Progress was made in 1973
in all areas with the exception of LCTF oper-
ation, which is not due {o start untii 1920,
Highlights of 1978 are summarized in Table 5.1.

~ Table 6.1. Llarge Coil Program highlights

Februvary  LCTF vacuum vessel contract -
approveﬂ

February LCTF construction begins

April ° Japan signs IEA LCT Agreement

September Switzerland signs IEA LCT Agreement

December  Contract let for first major
component of test stand
structu-e :

6.2.1 Progyram Management

The program sch ~dule in effect during
1978 is shown in Fig 6.2, At the end of the
year a revision of th: schedule was under way:\ :

“to reduce FY 1980 cos s to meet funding con<

straints. Major changes include deferring
testing with pulced field until all six coils
are installed and stretching out coil and
facility schedules by three to-six months.
During 1978 the LCP staff, at the request
of tre Department of Energj (DOE), evaluated
alternative ways of providing ETf designers
with the option of 12-T TF coils. The recom-

_mendation, later implemented, was to supple-
_ment the LCP with the development of several

types of conductor suitatle for 12-T tokamak
application (see Sect. 6.4).

The governments of Japan and Switzerland
signed the International Energy Agency Agree-
ment on @ Program of R&D on Superconducting
Magnets for Fusion and Annex I  Large Coil
Task (LCT) in April end September, respec-
tively. (The .S, and EURATOM signed in
October 1977.) Meetings of the LCT Executive
Committee and project technical officers from
each participant were held in February and
September. Useful exchanges took place on
coil cnoldown requirementsland facility
cryogeni~ system design. Supplemental agree-
nents on the exchangs of project information
were reacned, angd progress wda, made on a
definition of compulsory sections of the test
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coii‘spetifications. The three foreign
programs are scheduled to deliver coils to
GRNL between December 1981 and. April 1982,

6.2.2 Test Coils

At the beginning of 1978, the three U.S.
coil design teams [General Dynamics (GD) with

" Intermagnetics General Corporation (IGC),

General Electric (SE) with IGC, and Westing-
house Electric with Afrco] had just begun the
second phase of their subcontracts: verifi-
cation testing and detailed design. Substar.-
tial progress was made during the year, with
most of the major technical questions being
resolved. At the end of December, the frac-
tions of Phase II effort completed were approx-
imately as follows: GD, 90%; GE, 80%; and
Westinghouse, 60%.

EURATOM supported two preliminary design
studfies, focusing primarily on cofl structural
analysis and design, by Siemens AG and Brown
Boveri Company. The results, with those of
the earlier conceptual design of the super-
conductor, were used by Kernforschungszentrum

7 - unm 1979 1900 8 .

_ Fig. 6:2." Milestones and reference schedule for the LCP. -

-~
p—s
<

Karisruhe to prepare a request for tenders

- from European industry for cofl design and

fabrication. The Japan Atomic Energy Research

Institute Organizeq_,a team involving six major

industries and in September initiated an

* effort to produce a test cofl design that

would serve as a basis for competitive fixed-
price proposals in 1979. The Swiss effort,
under the direction of the Swiss Institute of
Nuclear Studies and includihg the Federal
Institute for Reactor Development and Brown
Boveri Company, moved from preliminary studies
into the design phase in the last quarter of
1978. .

The principa) features of the six test
coils are summarized in Table 6.2. Although
desigred to meet the same performance speci-
fications, the coils are diverse in internal
design, reflecting independent approaches to
the hitherto unresolved problems of such large
cofls. Three coils use bath cooling by
boiling helium; three are cooled by forced
fiow of supercritical helium. One uses a
NbiSn conductor mounted in a unigue bolted
aluminum plate structure. [he other five are
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Table 6.2.

GD/Convair
Core bore (specified) 2.5 % 3.5m
Peak field (design,
specified) 8.07
Ampere turns {design) 6.65 x 10¢
Conductor current
(design) 10,200 {
Conductor raterial RoT{
Conductor configuration  Flattened cable in
extended-surface
copper bar

Helium conditions

Winding configuration

Structural material

Structure configura.ion

Pool boiling
(4.2, 1 atm)

tdge wound in
layers (14)

304L stainless
steel

Fully welded case

General Electric

2.5 x3.5m

8.0T
6.98 x 10¢

10,450
NbTi

1€ subelements
spiraled
around
copper core

Pool boiling |
(4.2K, 1 atm)

Flat wound in
pancakes (7)

JI6LN stainless
steel

Welded case with
bolted
closure

LCP test coil features

Westinghouse CURATOM Japan
2.5 %x 3.5m 2.5x 3.5m 2.5 x 3.5m
8.07T .07 837
7.36 x 10¢ 6.62 x 100 6.76 x 10~
16,000 1,000 10,210
Nb,Sn NbTY -NbT4
Cable {(insu- 22 subelementl”  Flattened table
lated spiraled in rough-~ .
strands) around surface
in square CrNi .core copper bar
conduit _inside rect- '
angular .
conduit
prercrit1ca1 Supercritical .’ Pool Boiliﬁg .
forced flow forced flow

Laid in spiral
grooves in 26
structural
plates

2219-T87 plates
A286 bolts

Grooved flat
plates,
bolted

Mt v e o e s - M A

Flat wound in.
panchkes
(7

Stainless steel
similar to
. 316LN

Welded case
with bolted
or welded
closure

€dge wound 1n
“pancakes
(20) -

3

304L stainless
ltgpl

~"H91ded case

with bolted
sido .plate
- Glosure

Switzerland

e e wee e

2.5 x 3.5 m

8.071
6.6 x 1G°

15,000
NbTH

Solder-filled
cable sur-
rounc<aqd by
helium-filled
copper cable
in square
conduit

~ Supercritical

forced flow

“Pancakes (12)

Stainless stee)
similar to
JI6LN

Bolted case

£




similar in using KUTH comductor and 8 heavy

stainless steel case for tne structure but
differ significantly in conductor snd winding
Ait [t

therefore, that ETF nagnet designers

configuration, appear practicable.
anpears,
will be ablz to chouse from among different
. ¢oi} designs on the basis of firm data on

performance.

- manufacturing costs and operating
' The coil specifications were revised in
975 to incorporate information obtained

do

ng the ronceptual ue,lgn efforts. .Prin-

c“anges had to do with structura]

fe extended COndltanS. Spec1f1cg-

,.I;Ien.,_,w, tne process of Tinking
analvses of“dxfferent parts of the complex
_structure of test stand and six different:
coils. ORNL analyzed a mathematical model of
" the complete array using stiffnesses projected
~from conceptual designs to generate a <et of

values for displacements and-forces at inter-

programs berng used, each team balculated a
benchm.rk problen
- for the test case.
The test coils will incorporate temrer-
ature, voltage, and strain senzors_for yse i
ihe protection systems and in the determi-
nation and analysis of the mechanisms (mechsn-
ica?l, thermcl, and eiectromagnetic) that set
practical limits on operability,
- conceptual designs led to specification of
sensors at critical points, with levels of

Good agreement was found

redundancy appropriate for safety and data
g acquisition, '

Important accomplishments by the U.S5,
coil teams durinc 1978 included verification
of adequate heat transfer to boiling helium
for the GD and GE conductnrs in va~jous

es were made to imprave the accuracy”

Analysis of

"

in

&

" and diss

arientations and of a cectaile presture droz

in the destingnause caonductor, Mansfacturing
develgpmmnt jncluded a <trand insulation
wsestinanouce

process by a jocketing proces.
by Rirco, conductor winding and solde:ing by
IGC, and practice wincing by ORI of a con-

ductor sirilar to the GT an¢ GE desians.

Additicnal data on structural materials were

cbtained [ from other programs sponsored by the
Gffice of Fusion Energy (OFE)], and proaress
was made on the difficult structural design
problems of the LCP coils.

Ashthe work progressed, informaticn being
qeneratgd in the LCP by test coil vérification
testxng and design was periodically summarized
eminated to a]l participating grgaai-

There was continual interaction

" with other U.S. fusion magnet programs and ETF

\fOﬁner}y Tne Next Step] desiyn eams, with

mutually beneficial results.

\-

€.2.3 Lerge Coil Test Facility

A sebcont: 3ct with Pittsburgh-Des Moines
Steel Comnzny (POM) for the design and con-
struction of the 11-m-diam vacuum vessel was

approved by DOE-ORC (0Oak Ridge Operations} an

1978.
steel plates procured earlier by ORKL were
delivered to PDH.
tank design, UCC-ND revised the specificaticns

February 28, Soon thereafter stainless

During the course of the

to reduce the design pressure from 2.0 to
1.1 atm, simpiifying the closure design. The

contract was also revised to have the vacuuwm

pumping system required for acceptance test-

ing provided by YCC-ND instead of by PDM.
August design was virwally compiate, but a
protracted strike in a POM plant delayed the
forming of some of the tank sections; this
work had not been completed by the end of the

By

yelar.

Using drawings produced by UCC-NO, the
on-site construction contractor, Rust Engi-
neering, stripped the portion of Building
9204-1 to be occupied Ly the vacuum vessel,
demolished interfering structure, excavated to
bedrock, and poured a H-ft-thick concrete slab




to seérve as thé base for the vacuur. vessel.
This work was .ompleted in July.

Theymel and structural analysis of the
test stand structure was completed by UCC-ND
Engineering, with support from subcontractors.
The concept of the torgue structure was
revised to provide a continuous ring at the
" top and bottor of the coils rather than
intercoil beams. 7This concept, with suitable
shims, allowed for differential thermal con-
traction of the stainiess steel and 2iuminum
coils.

In August specifications for the bucking
post at the center of the test st2n3d were
Two proposals were received for
forging and michining the 32-ton post, but
one contained unacceptable exceptions. A

issued.

coniract was let in December to Japan Steel

works of America, with delivery scheduled for
January 1980.
304N stainless steel, the least expensive

The material is to be type

material meeting strength requirements.

- The desirability of high duty cycle
operation led to a decision in March to
“augment the LCTF helium refrigeration capacity.
- Because three of the six coils will require
forced flow, preliminary steps were also
taken towaras the development of 150-g/sec
helium pumps. This effort was diccontinyed
 “when it sppeared that the NbTi force-coaled
coils might require even higher flow rates.
Modification of the refrigerator to use the
compressors to provide the helium flow would
not only be more efficient than the use of
pumps but would also substantially reduce
facility capital costs,

6.2.4 Research and Development Activities

(ROAC)

The RDAC is an integral supporting part
of the LCP, containing those RDAC tasks not
done by the industrial arm of the LCP but
necessary to develop conductors, methods of
stres: analysis, and fabrication and to
conduct materials property and design-specific

—

w

Cabte

reasurerents leading to the jesign and fabri-
cation of infermediate size 2.5 x 3.0 m

bore) coils. Some activity n support of tie

LCTF nas been initiated. Work on instrumenta-
tion and diagnostics, coil protection and
system safety, and cryogenics and refrigera-
tion has been carried out. In order to
disseminate the info.mation widely, a good
deai of the RDAC wis published or presented
at technical meetings. Only austracts of

these activities will be given below.

Conductor meisurements

Critical current measurements were con-
ducted on all three grades of sample GD LCP
conductors and on two Large Coil Segment (LCS)
conductors having tne same general configu-
ration and manufacturing process as the GE LCP
conductors,

GO conductor. The results of the con-
ductor verification tests for GO were quite
encouraging, Ail three grades of supercon- -
ducting cable made by IGC for GO were tested
in our new high current {20 kA), &-T split
solenoid facility, and the critical currents
were found to exceed the quaranteed values.
The operating current for the GD coil in the
LCP test coil position will be 10.3 kA, at
which condition the peak fields in the Lhree
grades of conductor will be &, 6, and 4 T,

test results are as follows.
Design Field Cable critical
No. of field, in current, kA
Grade strands T test, T -
Guaranteed
at test
field Measured
I 23 ] 8.0 15.3 14.4
I 15 6 6.8 13.% 15.2

i H 4 5.5 13.75 14.3

A check on the above results was made by
dividing the critical current for the cable by
the number of strands for each qrade and
comparing it with earlier measurements on
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tearve trandn suppired Dy o lhol o 211 ahes

tre average 2trang ayerent frogm o the catle
cygureeent, ‘oll within tne 1pread of single-

SLrard e preeeaenty

Goocanigaror. Leort jarpie ceasurensnls

wcre alsn nerfaciog on twe (G0 conductors

ivinar el onat identicsl to the conductor
trat wili ke usad by GE for their LCF cail.
These condulturs are made of sguare, copper
twisted about and scldered to a

Suleisrents

O

sannualar core. A tWistos syrerconductor
stler 1

s ldered into a jrojue in tne sub-

claentsy,  One conductor has the supercon-
Zuctar against the core; the cther nas it away
from the core. These conductors were Orig-
frally intended for a LCS test where the

soT

cperating current was 15 kA a3t 2 7 and were
procured on conpetitive bid ta GRNL-prepared
specifications. The short Sampie current ZC
for both conductors was 15.2 kh at 3 7. Tre
differences, if any, were within the experi-
rental scatter.) The gbserved critical
current wes unexpectediy high in that the
specified salue was 12.5 kA at 2 7. That [_
was substsntially nigher than the :pecified‘
minimum was partially due to an unintention-
ally large filameny diameter.
Westinghouse conductor. Preliminary

qualification tests for the Westinghouse cor-

T
il

ductyr consisted of tests on & second Kb

single triple» conductor witnh an internal heater.

The interstices between the superconductor
strands in the second sample were filled with
solder to exclude helium inside the triplex
where the heater is located. Another feature
of the present experiment was added tubing and
instrumentation that made it possible to
measure directly the local pressure rise.
Contrary to the hypothesis that expansion of
helium trapped in interstices around the
heater wire might be responsible for the high
stability margin observed at zero bulk flow in
our previous insulated triplex sample, the
second sample showed an even higher stability
margin. 'n a variation of the present tests,
10-m sections of simulated hydraulic paths

woere ncarenrated Soth Lngtrear and downstrean

from the 105 dong arrle, The siculated

byeraul i paths nad tne sate Religr (rnss

seCtion &5 the 2arile and aluo cortained

teater wires, [t was found that the added

sections arfected the pressure relicf wave in
the sample somewhat byt did not signifizently
reduce the stability -argin. [t had hHeen
hypothesiZzed that a local pressure rise wnuld
explain some additional experimental obser-

vations on the first triplex. [t was observed

that the recovery time decreases as tne

transport current increases. For example, it
ranges from 10-10 msec at 300 A and from
45-55 msec at 200 A.

indicsted a higher effe-tive heat transfer

Compnter analysis also.

coefficient at higner transport currents. A
possible explanastion for these observations is
that at higher currents the joule heating is
larger when the conductor coes norrmal and this
results in nigher transient pressure and
tnerefcre higher local flow.

Theoretical work was initiated to obtain
a better understanding of the experimerntal

ohservations of both triplex samples. Jresner
succeeded in deriving formulas for tne pres-
sure rise and fluid velocity of the thermo-
arnustic waves induced in statiomary super-
~ i*ical heljum by rapid heating. The formulas
predict pressure rises .1 atm and fluid
-1 m/sec as a result of heat
transfers to helium of the order of 53G-200
mJ/cm’ in 10-20 msec. It is believed that

these high induced fluid velocities are

velocities

responsible for the good recovery noted in
cable-in-conduit conductors at zero ambient
flow.
a subsequent series of experiments to be

performed on the Westinghouse LCP conductor.

The present work will be compared with

Measurements of Stability of Cabled Super-
conductors Cuoled by Flowing Supercritical
Helium.' The concept of stability in super-
conductors cooled by forced flow of super-
criticel helium is somewhat different from
conductors cooled by pool-boiling helium,

The crucial point is whether such a conductor
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orchibits reccvery.  roan investization of
forced-fice conductors, it
is usually necessary to use indirect methods
of heatiag tr2 corductor initialiy, such as
by an external pulse covi. However, in using
such indirect methods, it is essential 1o
determine accurately the time development and
magnitude of the energy deposition. We use
ac lgss techniques to examine pulse coil
neating and compare those results with
extensive measurements on a specially con-
structed sample containing an embedded heater.
Pressure Drop Measurement on Forced Flow

Cable Conductors.: Forced-flow cable con-
ductors being developed for use in LCP cails
and other large superconducting magnets
utilize supercritical helium flowing through
narrow, uneven channels with large cooiing
surfaces. Extensive measurements on the
pressure drop of a variety of samples were
performed. ¢ was found that the data paints
of frict:» factor vs Reynolds number are
clustered together and behave-in a universal
way. A friction factor two to three times
higher than in the smooth tube value in
turbulent helium flow regime can be expected
for this type ¢f conductor.

Measurements of Traveling Transition Zone
Mong A Superconductor.? The spatial varia-
tion of the temperature in a traveling super-
conducting normal transition zone can provide
valuable information on transient heat transfer
in realtistic coil conditions. In tnis paper
temperature wave curves are present2d for
several transport currents corresponding to
propagation znd recovery in a high magnetic
field. The temperature profiles have been
constructed in the form T = T (x + vt) by

measuring the wave velocity and the tempera-
ture at one point as & function of time. The
temperature is measured directly with dif{fer-
entfal thermocouples; simultaneous voltage
measurements provide a continuous temperature
reference in the current-sharing region.

Information is civen about thermccoupia cali-
bration in tre high ~agnetic field and about
the terperature and magnetic tieid dependence

of the thermal conductivily of the sarmple.
AC_loss messuresents

In FY 1978 the directicn of the pulse
coil project was diverted from coil develop-
ment to conductor .- loss 5tudies. A 2000-A,
300-V bipalar supply was instalied, and final
acceptance tests were completed. It is now in
service for testing pulse cails and ac losses
in small samples. This facility (power supply
plus ac loss cxperimental equipmént consisting
of a 5-T pulse magnet, nonmetallic dewar, and
diagnostics plus data acquisition computer) i,
unigque and prevides us with an unmatched
canability. The fabrication of o 300-kJ
pulse coil, which will serve as a facility
magnet, was proceeded by the purchase of &
low-10ss pulsed conductor developed in this
project.

ductors.” An equivalent circuit technique is
presented for the calcularion and measurement
of eddy current losses in conductors under
transient externa! fielas. It is demonstrated
that such techniques can yiei. satisfactory
results through a much simpler mathematical
process than that encouritered in the con-
ventional field theory,

Experimental techniques and results cf
transient loss measurements on both normal
conductors and supercondicting composites are
presented to verify the riodel and explore its
limits.

Transient External Field in Composite Con-
ductors.” Investigation; of transient field

losses in superconducting composites carrying
transport current are presented. The magneti-
Z2ation and terminal voltage of & variety of
composites have been measured as a function of
transport current and external field. The
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Locoes in Myltifilagment Sp Tn “upercon-

guLters Jesigned for digh B oApplications.”  ir

1975 150 teqan a coprenentivs progras fueded

By the Atr Force Materialy Labarators 14
establich the manufacturing technclady of
rpltifilasertary 8b Sn supercanductor. o reet
3 ctringent set of desiqr specifizatiang:

{1) 7299-500-A critical current 2s wound on 2
1-in. -bend diezoeter at 7 7 and 8K, (/) suf-
ficient conducior current density 1o en<yre an
overall winding current Jdentity of 1, 13
Afer at T T and Tr, 12 suf€i dent copper for

ctanle verfommance gnder tre Yigye conditions,

and 110 cantuctar lanse . e ennugn daring
fiaeld ror, al raten 3% atgr a0 10 T/el o
LS e el Bhan e FTO¢ 18 adnding ten o 0
Mre,

The progression of conductor decin .
thraugn this program nac been quided by an
evclving general model for locses in indi-
vidual cable strands. This paper descrites
the loss model and five separete loss and

Amaqnﬁtizatinn measurements madge either fo
vonfirm that anticipated losses have been
achieved or to provide <necific parameters

necessary fcr accurate use of the model.

Theoretical aralysis

Stability of Cable-in-Conduit, Force-
Cooled Conductors: _Elementory Theory.” The
recovery of cable-in-condui. conductors cooled
by supercritical helium has beeﬁ studied. The
initial perturbhation is a sudden, uniform
depositicn of heat, The problem has been
solved, and answers have been obtained in the
form of simple closed fcimuias under the
simplifying assumption of constant thermo-
physical properties. Stability-optimized
conductors have been identified, and simple
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as been geter—ined tnat
Sow tre e cuperiTent; e effective neat
trancfer coeffictent prongted by transient
fiow during the seriod of recovery is approx-
irately, G005 AT v

Liitrizution of Current Amang the Fila-
“erli o s Maitifilarentary Superconductor
Ziose to tre Input Leads.” Tne distribution
of cyreent anong the filaments of a multi-
filamentary supercorductor is calculated as a
function ¢f distance along the conducior from
s input lead. Also calculated is the
voltage drop per it lenqth along the surface
af thz conductor as a function of distance
froe. the input lead. #nosiedge of the voltage
“ran 15 nelypful in determining how close to
inoat leads ta place voltage taps, especiaily
in Condurtors wWith g jarge matria resistivity,
oty b G Culn. The tneary is compared

Fop TEY
» Ty

rent wite ganinfictory resuits.

The d4ata acquisition systes designed for
the Large-coil Sequent Test Facility (eLSTF)
has been delivered and is in operation. Tne
system will be expanded for use in the L{TF by
the addition of remory and a reel-to-recl lape
drive to the display/storage sinicomputer and
by the addition of satellite buffer computers
for recording fast data trom tae LLTF coils.
Data acquisition software development for the
LCTF i5 being performed by ORNL Engineering
according to criteria supplied by Magnet
Bevelor~ient Program personnel.

Further testing of strain qages was
carried oul in 1977, Measurements of the
temperature dependence of the magnetoresis-
tance were performed in the range of 4.2-4,9K
and <howed that the name resistance correction
curve can he used over the entire range,

Other tests were performed on intrinsic half-

bridge-type strain qaqges and demonstrated that
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The doubla-shielded trensformer/carrier
anylifier scnere Ceveloped for use »ith strain
1a5es on surfaces at nigh potential {such as a
magnet conductor at high potential) was su<-
cessfuily tested on Impurity Study Experirent
{ISX) ceils, After removal of tne insulating

'coverin; a*. the measurement points, strain
3ages were cemented directly to the bare
copger conductor.

Several cryogenic pressure transducers
for Tow temperature use in the LCIF were
purchased and are under test. Several of the
devices reccives have been subjected 1o thermal
cyc! ng and have exhibited no signs of failure
after ,oue-al cycles from room temperature to
Tiquid helium terperature. A rore extensive
series of tests is planned for these trans-
ducers,

4 voltage-tap isoletion/conditioning unit
was fatricated in the shop and tested, The
unit meats LCTF requirements. -

A one-foot seqment of the GD LCP conductor
was instrumented with a heater and thevrmo-
couples, ard transient heat transfer tests
were performed on 1t.  Readout of the many
rransducers was accomplished by a data acqui-
sition system. )

Finally, a significant part of the
instrusentation effort was dedicated to working
with GRNL Engineering in the design of the
“CTF instrumentation System and menitoring
the instrumentation efforts of the LCP cofl
contractores.

Moving Coil Linear Variahle Differential
Transformer.” A moving coil linear varisble
differential transformer is described. The
device is essentially interchangeqble with a
conventional moving cdil linear variable
differential transformer but is virtually
unaffected by ambient magnetic fielas up to

- L Ten trgnsdn oor o ds connected o2
stancard, coerercially available carrier

PP B - C T 4 .- S g .
a7t ier Tor Signal condroionang,

ducting ragnets.  There are a large number of
testing conditions in the LCP. The number of
TF coils gnd their velative locetion may
change . The pulse «oils rmay operate in Series,
or tne nul<e coil power supplies may be
connected in series tyu drive only one pulse
cail. The current in the If coils has several
different extended operating conditions. The
operation may be charging, discharqing, partial
dumpr, or complete dump. To ensure the struc-
tural and electrical integrity of both the

‘1se coils anc TF coils, the current profile
need: to be computed far the various combina-
tions of possible aperdation conditions.

Several codes were pul together for
computation of cail inductance {both circular
and noncircular coils; and current transients
during various quench/dung conditions,

Current profiles for LCP and THS coils
during discharge have been computed and
docunented. “Results are used a5 input to the
LCP design tear far loading 3ssessment and
comparison for worst case conditions between
the LCP and THS,

TF coils, once charged up, will be operated
continuously. Thus, important variables for
magnet pratection (e.q., pressure, tempera-
ture, strain) need to Le monitored in real
tice to give the operator the current status
of the magnet. Furthermore, for heating pulse
experiments, a pictorial display of tempera-
ture/normal-zone profile and time history
qives more complete information about the
event in progress and alerts the operator of
potential troubles. This information is vital
for the decision on whether to initiate a dump
or allow the magnet to recover completely to
the superconducting state.


http://onrvi.tr

Q)

characters on screen. B :

Two PUP-12 assemhly language progrars
were written for magret monitoring applicae-
tigr. (One program (TYPTAB) is used to trans-
jate informatior input, such as magnet variable
names, units, and voltages, from teletype to
engineering unit conversion tables and from
B-bit ASCII into Z4-bit character pattern and
store it on magnetic tape.

The secona program reads the above data

from tape into core then goes inio a refresh

display/update data sampiing loop. During
update, analog-to-digital channels are sampled
and input data converted into address pointer

soints at the corresponding engineering unit . .

character pattern of the conversion table. -
Then tke refresh routine outputs these. -

Eddy current code development. Théigddy
current code developed last year was further
improved in two respects. Instead of pertur-
bation-polynomial expansion, the temporal
behavior is now solved by Runge-Kutta method,
which is more general and applicable to
problems associated with shielding and skin
effect. Also, the efficiency of the program
has been improved by introducing symmeiry
options, including the symmetry -for TF coil in
a tokamak. ‘

Computation of Transient 3-D Eddy Current

in Nonmagnetic Conductor.i? A numerical

procedure was developed te solve transient
three-dimensional (3-0) eddy current problems
for nonmagneti¢ conductor. Integral equation
formulation in terms of vector potential is
used to simplify the matching of bgndary
conditions. The resulting equations and their
numerical approximation were shown to be
singular and to require special handling.
Several types cf symmetries were introduced.
They not only reduce the number of algebraic
equations to be solved, but they also modify
the nature of the equations and renuer them
nonsingular. Temporal behavior was obtained
with the Runge-Kutta method. The program was
tested in several examples of eddy currents
ror its spatial and temporal profiles, shield-

irg, boundary surtace effects, and application
of various syrmetry ogtrons.

Programrmable waveforn controller (PaC;
development. In developing superconducting
magnets for future fusior. machines, various
niestandard waveforms are needed to simulate
different types of heat-releasing events in
the conductor. A dedicated PRC was buiit
based on the Intel 8080 family of chips to
enabie the experimentalists to enter easily
the waveform desired from keyboard.

A Programmable Waveform Controller.:! A
PHC was developed for a voltage waveform
generator in laboratory. [t is based upon the
Intel 8080 family of cnips. The hardware uses

“ - * 3 modular board approach, sharing 3 Common

44-pin busi_ The software contains two
separate programs. The first program gen-
erates a single connected tinear ramp waveform.
It is capable of bipolar operation, Tinear
interpolation between input data points,
extended time range, and cycling capability.
The second program generates four independent
siuare waveforms with variabie duration and
amplitude. -

Stryctural analysis and materials tests

Theoretical work has been completed that
extends the previously reported work on the
problem of finding bending-free toroidal shell
shapes. This new work finds bending-free
toroidal shell shapes for nonideal magnetic
field distributions. The calculated shapes
for the meridian of a bending-free toroidal
shell have been shown to be eccentric
ellipses for low aspect ratio, becoming more
nearly circular with increasing aspect ratio.
For aspect ratios greater than 2.5, the
meridians are essentially circular., The
effect of nonideal magnetic field distribution
was “ound to cause a modest change in the
shape of the meridian, The importance of this
work is that the D and oval shapes should be
modified to more nearly circular shape when
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realistic Cut~of-riane structure 15 ingiuded
in tre ~ini-wr-tencing calcalation.

Tre Gregnice-Orientes interaltive finite

Ty

lerent Tine-Shaering Syster {GIFTS) has been
raintained ans supported 0 respond guichls
and efficiently 10 the wide variety of siruc-
tural analysis problems that arise during tre
course 0f supercangucling magnet desige.
However, there are several classes of protless
GIFTS cannct address because of either groblem
size or lack of caparility. These protlems
have been directed towards the SAF code or
some otner structural analvsis code. An
interface has now developed between the
Unified Data Base (UDB) of GIFTS ard S,
thereby allowing finite element models to be
generated with GIFTS and then analyzet with
SAP. Tais will greatly reduce the man-hour
time necessary to generate a finite element
model for SAP. )

A computer code utilizing the finite
elemert method to solve the reduced magneto-
;tatic potential problem has been written.
Clearly, there are advantages %0 using the
finite element method. [t is a differeniial
rather than an intenral method (such as
GFUN3D); therefore, the asserbled coef“icient
matrix is sparse and banded. Further, the
reduced scalar formulation requires only one
unknown per nodal point instead of three for a
fully 3-D vector potential calculation. These
facts produce a great computational economy.
The results of the application of this code to
a two-region iron problem with a known ana-
Iytical solution are very encouraging.

Theoretical work has been completed on
the theory of contouring on isoparametric
surfaces. Work is progressing on a gereral
purpose finite element postprocessing computer
code using this theory.

Materials efforts during FY 1¢7 .ave
concentrated on the LCP. The principai effort
has been monitoring the industrial contractors’
materials efforts, interpreting their problems
to LCP management, and discussing management
decisions with contractors’' material per-
sonnel. Existing mezhanica) testing equipment

Fan terr Tedifiel 0 Zol.alve $313 necessar,
for the LUT and nce avatrlable elsewnere; 12
cill be avarialle for other tests 3, needsd,
irzut to the LUIF design tear has also beer

crovided as required.

Sistridbutions. - This paper describes an

extension of mathematical solutions to bending

free shapes of toroidal pressure vesseis.
fravious work on this subject derived a pure
tension shape of a toroidal membrane that was
subjected to a3 uniform internal pressure and
subjected to a pressure inversely proportional
to the square of the toroidal radius. This
family of shapes is derived by solving the
equilibrium, constitstive and kinematic
relationships for . -miform toroical shell
usiny the linear membrane theory. This paper
cxtenids the previous work to the problem of
finding Sending-free torcidal shell shapes for
nonideal magnetic field disctributions, i.e.,
for magnetic fields that do not vary inversely
with toroidal radius. Because these Lending-
free shells provide alternate methods ot
gesign for tokamak fusion reactors, serious
consideration should be given to them,
Contouring on Isoparametric Surfaces.®*
Contour plotting on 2-D or 3-0 isoparametric
surfaces is a problem facing many users. Most
procedures use some type of linear inter-
polation to approximate the contour locations.
A general nonlinear interpalation procedure is
presented for contouring on any isoparametric
surface. This procedure uses standard iso-
parametric interpolation functions.
An_Improved Method for Contouring on
Isoparametric Surfaces.!* A general nonlinear
interpolation procedure for contouring on any
jsoparametric surface was presented in a
previous article. This method used standard
isoparametric interpolation functions and a
predictor method for tracing element contour
lines. The methcd presented here extends the

previous work by using a predictor-corrector
method to trace element contour iines, thereby
making the contouring algorithm more accurate.



AoUser’s Guide tn the TALTRC Software

CALVES subprogram library. The purpose of the

Vi{ softwire library is the erylation of
LALCCMP pern and ink graphics on & DECsystiem
i, £ year-lovel interface with CALYEC soft-
ware allows standard CALCOMP sybprogram calls
v produce @ VECtor file, SE(MNT VEC. This
vec tor file may subsejuently be postprocessed
inte ae image in a variety of ways.

% System for Vacuum Pouring of Epoxy

‘Tensile and Impact Specimens with a Study of

the Behavisr of These Specimens at 77K and
293K.7"  The purpose of the investigation
described in this report was to establish a
suitable technique for vacuum pouring of epoxy
test specimens and to study the behavior of
these specimens at 77€ and 293K, A series of
tensile and impact tests was conducted using
sgecingns rade from the following rasins:

topon 827, Cpon =71, and Spon curing agent 7
These materials are of qgeneral interest to
designers of magnets for cryogenic service.
Some of the applications tnat rdy be corn-
sidered are structural suprort, spacing,
electrical insulation, and thermal insulation,
The epoxies mentinned above were selected for
more extensive testing because they have been
used successfully at room temperature in the
ELMC Pumpy Torus (EET) and Oak Ridvye Tokanak
(URMAF.) Program~ in the lusion Enerqgy Divicion
(FEND} at ORNL. Liquid nitrogen was chnsen
over liquid helium because it is less dif-
ficult to handle and less expensive, Also, in
most instances the physical propertics of
epoxies seem tn change very little from 77K to
4.2K, The two main féatures of the vacuum -
pouring apparatus are that (1) batches can be
poured under near-identical conditions and (?)
samples can be handled free from air contami-
nation,

Tests of the specimens were carried out

at 77K and 293K. The 77-K data indicate that
tensile strength increases proportionally witnh

the increase of tpon =7 relative to Lpon 522,
dhen tne ~igture ingiydes mars than 97

Epen 871, impact testing at 2334 becores

practically impossible because of the rubbery

cordition of the materiai. ‘“owever, when
tested at 77K, this same mixture evinoe. - high
tensile strength. When optimum data are
sought over a wide range of temperatures, 77k
10 293K, it appears that a mixture of 70-

Epon 871, 30: Epon 822 with 13 pph of curing
agent Z or 50. Epon 871, and 50° Epon 822 with
15 pph curing agent Z offers the best com-
promise in tensile strength, moduius of
elasticity, and impact resistance.

Coil_fabrication_technology

The materials for winding the first Large
Ceil Segment (LTS) were delivered, and some
fabrication had begun before the program was
discontinued. The exercise of welding the
stainless steel babbin and performing some
practice winding was informative. However,
wark was stopped before any actual winding was
dane. levertheless, important data were
obtained on heat distortion of stainless steel
plates, thermal effects on4electrical insu-
latian close to weids, and potential pitfalls
encountered while winding 0 shapes. LCP
contractors are interested in this type of
Hata. Other practice winding was done to
ass15t LLP contractors in resolving fabrica-
tior uncertainties, [nformation was provided
on such tnings as winding wide conductors on
edge, conductor springback, required conductor
tension, insulation damage, etc. More prac-

tice winding is plenned in a continuing effort

to reduce these types of fabrication uncer-
tainties,

A concept for fabricating coils uring
Nb.Sn superconductors has been proposed. The
conductors are flexible until they underqgo a
‘furnace reaction at high temperature that
creates the desired b Sn alloy. The Nb Sn
conductors are then hrittle and easily damaged
during handling, The propo<sed meothod de-

weribes g way of winding, then reacting,

[
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#1006 Caking & loint in each

iv sertits either a variable
Lartrent densit, Or tne use ¢f a Cchedper Super-
¢onductar in the low field part of the wind-
ings.

tgaipitent nas been set up, and some
oractice winding has bt n done in preparation
far winding a pair of coils for the Ccil

Winding Test Experiment (CQTY). 4When finished,

thic cotl will chech fabrication metnods and
will e used 3s a facility maguet. Materials
are on créer, and fabrication will take place

in the first helf of 1973,

£.3 ADVANCED CONDUCTOR SEVELORMENT

Advenced crnductor development invalves
work on superconducting material, its fabri-
cation into a rulticorpornent unit, its oper-
ating environuent, and its performance in 4
device. ne qoals are improved perfarrance in
rerrs 0f current-carrying capacity, stability
rargin, ac losses, and mechanical strenqgth,
The aprroach 15 Lo conbine experisental and
analytical work on small-scale wpecimens, to
purchase conductors of advanced design frorm
industry, and to evaiuate the performance of
these conductors in regliatic but reduced-
cale systems,  This approach has involved and
@ill rontinue to involve a clase working
relationship with the American condurtor
ranufacturer . 1n order to concentrate the
optimum expertice on the problems and to

micdiize the offarte for technology transfer,
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gevelaprent of fTorced-fioa W ¢ canlesin-
onduit cotdu tora s The moes Ltatereent firot
catiet for toe —arufactare of suiailed e
caimg LOF cable stranmds DLt Cantaicin: andy

one-tnird the Ruter oF aclive Jonduotors,
Several variations of para©eters Suot oo, vt

fraction, shape {round vs square., 4nd oo
construction were incorsorated in the sarpie,
prepared for evaluation. Tuoese were followed
by larger full-Lii- cele sarmples using vatue,
of parameters that anrearad moqr suitable {or
ke LCP. During 1973 all <arples were de-
Tivered axcept the fyll-, a3le samnies that are
nearly cownleted.

A osubcontract with {GC wan for trelioo
inary evaluation of another 55 S forced-flow
cancept.  Heat exchanigers contaveing flowing
supercritical helium are attached to totn
sides of a flat cable corductor, The super-
conductor i cncled by conduction to the heat
esChanger, o rectanjular tube conrtaining a
copper braid sintered to the tube to produce a
larger conling < arfare with chort conluction
gath,. The wort resulted in an analysis of
the brhavicr of —ne conductor, the production
of seyeral .no t length, of conling channel,
and qave partially processed Nb .Sn material,
The goal Hf the sroiect, to produce a short
lenqgth of finish-d 16,000-4 conductor, was not
achic v within the funding allacated, The
resuits of this effort are being evaluated to
nee if further work along these lines is
warranted.

A subcontrdct with Supercon was set up to
evaluate forced-flow NhTi cable-in~-conduit
conductors, A key item in the grogram was the

production of several lang lenqgths of dummy



conductor o evaluxte the sheatning gperation
art t3 try tc eliminate sorme problens en-
countered exrlier. i addition, a number of
short evaluaticn samples were produced with
severa} variations of cable configurations.
‘ne earlier problems, which involved a "bird-
~a3ing” or Yogsening of the outzr citle layer,
appeared to be overcome £y using a “ifferent
ratie configuration and by tighter cabling.
However, the tooling deseloped in another DOE
srogram was not successful and has been
reworked. N further work on KbTi under this

program s contemplated.

€.3.2 Conductor Purchase

A 600-m length cf 10,000-A, 8-T conductor
wis delivered by IGC. The conductor was
originally aeveloped for the LCS project,

[t is the

nighest current-carrying conductor commer-

wnich was cancelled early in 1677,

cially produced for B-7 application by at
Teast a factor of 2. The fina' ccnductor
ronfiguration evolved after a number of rvdi-
fications were introduced because of diffi-
culties encountered during the various manu-
facturing stages. The GE/IGC conductor design
for the LCP will profit greatly from this
development work and will utilize a design
very similar to the final delivered conductor
confiquration. The conductor is being used to
supoly samples for a heat transfer experiment
on the GE LCP design, and it will also be used
to evaluate various performance aspects of
high current cryostable conductors.

Another advanced conductor, not specif-
ically developed for forced flow, was produced
in conjunction with IGC. The conductor uses
NbTi filaments in a configuration that sepa-
rates the conductor into segments, thereby
reducing eddy current and coupling losses. A
small billet was extruded and drawn to fine
wire to prove the manufacturability of the
complex conductor, and a larger billet was
prepared for later extrusion and production of

a significant quantity of material. The

concept is applicable to eitrer forcecd-flom or
aoi-55iling concepts.

6.3.3 Test Facilities

A 30,000-A, 25-V dc current supply has
been instilled and tested. This is being used
in conjuncticn with an &-T Superconducting
magnet and a pair of 20,000-A vapor-cooled
leads in a 75-cm-diam dewar as a short sample
test facility.

A 2G00-A, -300-V power supply has been
installed and tested. This is being usea with
a sinall bore, 5-T superconducting magnet for
transient loss experiments on TF conductors.

6.3.4 Coil Winding and Test Experiment

The CWTX was conceived as a means of
utilizing the conductor obtained for the LCS
Program. The conductor will be used to
evaluate coil design, winding techniques, and
operating characteristics appropriate to
large. hign field, cryostable superconducting
coils. [f these tests are successful, the
resulting coil, naving an §-T central field, a
40-cm bore, a1 four 6.6-cm circular radial
access ports, will be placed in operation as a
facility magnet. The magnet will first be
used for the stability experiments of the
LCP conductor. Specifiratians fer an ingert
coil that will produce 12 7 in a3 20-cm bore
have been prepared for bid early nest year,

Design work has been completed on the
magnetic characteristic and bobbin details
Machine shop work has started, and the bobbin

is expected to ve ready by early 1979,

6.3.5 Anaiytic Solution for the Propagation

Velocity in Superconducting Composites'’

The propagation velocity of normal zones
in composite superconductors has been calcu-
lated .nalytically for the case of constant
thermophysical properties, including the

effects of current sharing, The solution is
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compared with that of a more eiementary theory
in which current sharing is neqlected, i.e.,
in which there is a sharp transition froo the
superconducting to the normal state. The
solution is also compared with experiment.
This comparison demonstrates the important
influence of tran:ient heat transfer on the

yropagation velocity.

6.3.6 Transient Keat Transfer to Liquid

Helium from Bare Copper Surfaces-*

Iwasa and Apgar:’ recently published an
experimental study of transient heat transfer
to liquid helium from bare, vertical copper
surfaces in which they found that transient
heat transfer exceeded steady-state heat
tran;fer for increasing temperature and was
less than steady-state transfer for decreasing
temperature. & correction for transient heat
transfer that was positive during heating and
neqative during cooling had alreaGy been used
in the analysis of normal-zone propagation and
contraction velocities.-” It is shown that
the correction for transient heat transfer --
inferred {rom the normal-zone velocities is in
good agreement with the directly measured
correction.

6.3.7 The Toroidal Energy Storage Experiment

frreenc)
)IL-H:J

Project

TESPE is a toroidal array of six D-shaped
coils, roughly 50 cm x 60 cn, being built by
the Nuclear Research (enter in Karlsruhe. The
plans call for such high current density and
magnetic field that it is impossible to
cryostabilize magnets wound with a NbTi
Cu-matrix conductor; however, it may be
possible to cryostabilize magnets wound with
a Nb;Sn/CuSn Cu-matrix conductor. Early this
year it was proposed that the U.S. (Francis
Bitter National Mugnet Laboratory and ORNL)
build for TESPE a cryostable casle-in-conduit
NbSn magnet cooled by supercritical helium.

The principal constraints that challenge
the designer in making the cofl cryostable are

tne high current density (7.6 kA «=”- i the

v T - A i ol R
winding spacé: 0-12 kA m

aver tne catle

interior;, high field (7.5 T raxirum at the
conductor}, and small pump size {i2 g sec”™:
21 atm).
information on the stability of cable-in-
conduit coiductors, the desizn work at ORNL

was carried out using theoretical methods
previously developed.” i+ In spite of the
stringent constraints, a stable design appeared
possible: a jointless, 13-layer, 19-conductor,
close-packed layer winding of a t-cm-0D,

6600-A catle of -0,3-mm <trands. The layers.
are hydraulically connezted in a series-
parallel arrangement that provides more flow

to the inner layers ar’' less to the outer; the
decreased field in the outer layers compen-
sates for the reduced flow there. The total
mass flow required with this arrangement is

11 g sec™ @ 0.75 atm within the capabilities
of the pump.

In the absence of experimental

Since the early part of the year, when
this work was done, a new 12-T program was
Taunched that includes construction of 3 Nb.5n
cable-in-conduit solenoidal segment ooled by
supercritical helium. The goals of this’
program supersede those of the U.S. TESPE
program; this work has accordingly been
stopped.

6.4 12-T COIL DEVELOPMENT PROGRAM

This program was initiated in FY 1979
with the primary goal of developing large,
high field, superconducting toroidal coils for
the Engineering Test Facility (ETF). This
program will supplement the LCP and be carried
out concurrently with it but on a much smaller
scale. The design and fabrication of the

12-T model test coils, as well as the manu-
facturing of the Nb.Sn conductor, will be
carried out under subcontracts with industry,
ORNL will manage c(wo programs made up of
different industrial teams. One team is
composed of GD/Convair Division with Airco as
the conductor manufacturer, and the second
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tear ronsists of 3t with iG0 ranufaciurirag tre

conductor.

ne request for proposal (REP) ta the

Fart I

;
woil desigrers coancists of two pasis.
is 4 >coping stugy for the developrent of a
nign field, 12-7 if coil concent suitable for
a takamak reactor. This includes identifica-
viatie conductor concent and fabri-

cf three

twrn of a

T cation scherme. Part [l consist

pnazes for the design and fahrication of a

12-7 zodel coil. fhase I is the conceptual

desian 9f 2 mode! coli to test tne cLnosen

£7f conguster. 3caling considerations should
be considered, especially if constraints
preveaL the full-size conductor from being
Phase 11 consi-ts of the detailed

It is

tested.

coil design. and component testing.

expected that most of tre testing will be

conduc:ed ar ORhiL. Phase [Il is the conductor
~ocuremernt and coil fabrication.

In order to speed up conductor develop-
ment, Contracts are being neqjotiated directly
with the corductor manufacturers. Thz: initial
erphasis will be on product improverent of the
internal bronZe technique at Alred and the

esternal ditfusion procesc at IGC.

MAGNET GESIGN FOR SPECIFIC MACHINES

The coil design activity encompassed a
wide va iety of projects, sore unrelated to
In each case, however, the project
in addit’

specisic desiqn activities dic.ussed below,

fusion.
supplied the “unding, ‘1 to the

sone consultation service wac provided to FER
activities such as EBT acpect ratin eonhance-
ment (ARE) coils and the Long Pulse Technology
Tokamak (LPTT).

6.5.1 Superconducting Magnets for Heavy lan
Cyclotrons

A preconceptual design of a heavy ion
cyclotron using supercondurting main maqnets
was begun at the rzquest of the Physics
Division at ORNL. This desiqn is similar to

an earlier design by Michigan State university
but had different phy<ics ¢hlectives. ihe
—zin magnets consist of two coax a2t solenoids
#hose end windings are separated just enough
to allow the heavy ion besr to be injecte.

The
fieid profile irn the midplane must be acjusted

into and extracted from the cyclotron.

to suit a particular ion accelerated to a
particular en2rgy. The rain coils are each
divided intc two independent circuits thnat
help provide the field shaping.

After a review meeting in Washington, the
design was haltec and the physics objectives
were reevaluated. A new design was initiated
that was much larger than the earlier one and
used a much Yarger midplane spacing between
the ceils. There was some concern that the
magret system was much too difficult or
expensive because of the large separation.
However, an extensive scoping study of the
relevant parameters showed that the magnets
weve not made too difficult or expensive by

their ney configuration,

6.5.2 Ccgl Separation

Some of the pollutants in coal are para-
ma, etic ard lend themselves to magnetic
separation.- These po!\utaﬁts inc Yude
inorganic sulfides and sore forms of ash.
Maqnetic separation is wsed in industry tn
resove color impuritias in clay used to make
pottery. In this process the clay is sus-
pended in a water s.urry, [t is undesirable
to use a water slurry with coal because it
will take energy to dry it before it is
burnea, but 1t is desirable to use an existing
industrial process when possible, In tnis
past year a set of successful experiuent- was
carried out &t . maqnetic separation manufac-
turer's plant using air-entrained coal. These
experiments were done under a proqgram in the
tngineering Technoloqgy Division of ORHL w~ith
advice from the Magnetics Group in the Fusion

Fnergy Division,
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NI ST 10.
The —agnet wore for 1I7-11 was continued
from last year, The effort further refined .
the rirror and ARD cuil designs. The resuits
of the conceptual design study were published, -
and edditicnal getails on T37-11 are discussed
eisexnere in this annual report. A
12.
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7. ADVANCED SYSTEMS
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Abstwact. The Advanced Systems Program

{1} Tre Next
Step (TNS) Program, {2) the Engineering Test
Facility (ETF) Desion Center, (3) the Fusion
Power Demonstratiun Study, (4) the Committed
Site Evaluation, (5) the Tokamak Instrumen-
tation and Controls {I8C) Study, and-(6) the
Large Aspect Ratio Tokamak Study (LARTS).

The Next Step {TNS) Program. The TNS
studies at Nak Ridge were initiated in FY
1977. During FY 1977 the Oak Ridge effort
pursued scoping studies in threr. broad areas:
plasma engineering, systems modeling, and
program planning.

includes six major activities:

These activities were
carried out in cooperation with the Fusion
Power Systems Department of the Westinghouse
Electric Corporation. Basad upon the findings
of the FY 1977 efforts, it was judged that
continued activities in the Oak Ridge TNS
Program should be directed towards precon~ ~
ceptual design with particular emphasis on
engineering feasibility. - As a point of

1. General Electric Company, Schenectady,

New York.

2, Present address: Science *-:‘ications,
Incorporated. Cun Kx1dge, Tennessee.

3, Grumman Aerospace Corporation, Bethpagy,

New York.
4, Plasma Theory Section.

UCC-ND Engineering.
6. Virginia Polytechnic Institute and State
University, Blacksburg, virginia.
Instrumentation and Controls Division,
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desarture for the FY 197C activities, a
baseline design was selacted, based on the
systems modeling effort of FY 1977. The
primary objective of our fY 1978 TNS effort
has been to evolve the Baseline Desigr
towards a preconceptual design. However, we
emphasize that, because of budget constraints,
it was not intended that the FY 1978 effort
lead to a completeu preconceptual design.
Therefore, the design vesulting from this
year's effort is referred to as the Reference
Nasign, rather than as the Preconceptual
Besign. The fY 1978 activities were carried
out in coope?ation with the Fusion Energy
Department of the Grusman Aerospace Corporatior..
The Engineering Test Facility (ETF) Design
Center. In September of 1978 the Department
of Energy (DGE) introduced a new policy
statement for fusion energy.

One key ¢lerent
of the strategy outlined in this policy was
the decision to have an ETF built to serve as
the vehicle by which the fusion program would
move from the scientific phase into the
engineering test phase. The ETF would provide
a testbed for reactor camponents in a fusion
environment. Following the review of recom-
mendations from General Atomic (GA), Oak

Ridge National Laboratory (ORNL), and Princeton
Plasma Physics Laboratory (PPPL), DOE selected
Non Steiner to manage and ORNL to host an ETF
Design Center with the responsibility of
developing a detailed mission statement for

an ETF that could begin operation in the late
1980's, a reference design for a facility
with this mission, and recommendations on
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fir<st wall decign meets the qoal of operating

at 20-min cycles with 95 duty for 10"

flux and a 1-Mu/m- particle heat

A lifetinme analysis showed that the

cycles. The design is attractive for further
development, and additional work and sup-
porting experiments nave been identified to
reduce analytical uncertainties ant enhance
the design reliability.

The Committed Site Evaluation. The
Conmitted Site concept emerged from FY 1976-77
conducted by the Advance Lystems

The Committed Site study is being
Incorporated,

studies
Progranm.
conducted by Bechtel National,

under the technical quidance of ORNL personnel.

The objective of this study is to evaluate
the technical and economic merits of a con-
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through o ¢il phases of speration. Tne Copitted
Llte byaization 1S based on reactor reguire-
~enty, ssbritted by the fusion cacrwnity for

the varicus fusicn concepts under consideration,
These reactor concepts include the tokamak,
tendes: mirror, EET, taorsatron, and reverse
fieid pinch. Major items that have been g

identified as economically attractive for

chiaring &mong reactors during the deveioprent
pnase include puised electrical power-handling
ard conversinn systems, Cryogenice systers,
tritiwi-processing equipnent, heat relection
agaters, and buildings.  Significant soneduis

Lot pression appears pausi

6! a single coritted o
fauion

I developront at

L
sequenticl qteps in the develeprent of
powier ¢, O5LONEd 1O seria
sites.

The Tokarmak Instrumentaticn and Cantrols

several

{(14C; Stugy. Instrurentation and controls

probless projected for the higner-powered and

longer pulse time tokaraks  problens accen-
tuated by the increasing research and develop-
uient (R&D) thrusts towards higher beta and
need

actively shaped plasmas increas ing

eriphasis. The projected controls problens
have been considered {along with integration
the nardware-

experienced research teams, and the plasma

with ongoing experiments,

theory and enqineering personnel) and the

higher priorities selected for early eunphasis
The three areas of study emphasis to data are
(1) physics implications for controls,

(2) computer simulation, and (3) shutdown/
aborts, Quring FY 1978, the first yoar of
these studies, these areas have been addressed.

Transient scenario options for the startup of
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Lanfiing
aree.  ~reas of siudy tnat were relegated tc The activities ir the ared of erjineering
secaniary zitenticn in the early worh by feasibility focused or trree issues: rerle
rezscn of trhe lirited effort that could be aintenance, the poloidal field (PF) sycten
epplied inclule I8C systers description, R&D design, and the divertor design.
needs assessrent, and development of “rcad Remote mairtenance  The remote mairn-
=aps’ to neet TRS/ITF/IEMO reeds. tenance featyres of the Heference Lesign

Lerae fspeci Retio Tokamak Study. The represent & 51gnificunt improvement cuer

Large As5ect Ralio Turemak Study (LARTS) s those of the Sascline Uesign as a recslt of
investigating the option of mitigating the three rajar design changes.
pulced mode nperation of tokaraks by increasing
the plasra purn through enhanced volt-second 11} Tne number of torgidal fiels Tf; cail.
capability achieved E/ utilizing high aspect was reduced fror 27 to 10 oin srder o
ratiocs. re 2 nore steady--tate ncde of aliow sufficient rog betugen coii, oo
toka-ar gporation i4 achieved, the cyclic reviace ¢ torys sector,  Thus, the OF
fatigue problen for the blanket first wall is ¢l neec not be removed for sector
corsespondingly reduced. The impact of hig replacerent.,
aspect ratic ¢n plasma physics paremeters (2} Tne TF coil bore was incredsed by 0
{ackievable values cof beta, plasma current, to gain the access necessary to rejocate
Qualiﬁy of corfinerent, required ragne’ic the Pf coils inside the TF coils during
field, plasra size, etc.) and on the tokaral a sector replacement gperation. This
power level, systes cost, and burntire is elirinated the need for PF coil sequien-
being addressed in this study. tation in the event of sucn an operation.

(3] The use of a rechanically assembled
7.1 THE NEXT STEP PRUGRAM torus has elininated the need for

internel cutling and welding to replace
The primary objective of our FY 1978 TNS

effort was to evolve the Baseline Design
towards a preconceptual design. However, we
emphasize that, because of budge! constraints,
it was not intended that the FY 1978 effort

a torus sector. The applicability of
mechanical torus joints was made feasible
through the adoption of an evacuated
reactor cell to house the torus.

lead to a completed preconceptual design. A 1/40 scale model was censtructed to help
Therefore, the design resulting from this evaluate the mainterance features of the
year's effort is referred to as the Reference evolving design.

Design (Table 7.1 and Fig. 7.1), rather than Poloidal field system. The PF system

a5 the Preconceptual Design. The FY 1978 adopted in the Reference Design represents a
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Frasma rasor radius,
~lasTa eigngatiorn,
Fiasma mingr radilus, a '~
“las~a velune, Hp {3
Plasma current, I (wa)
Meutron wall icaging {Ma/=-
Total fusior power (Md)
Fusion power density (Mair”
Nunper af TF coils

TFocoil vertica! bere (7)
TF il horizontal tore (=)
TF coil conductor

Field at TF coil, Sm {7}
Field on axis, BL (M)
Steady-state burntime(s)
Tota) cycle time(s)

Yotal volt-seconds

Neutrai vear power {Md)
Neutral beam energy
injection timels)
Microwave power (Mw)
Microwave freguency
Fueting

Impyrity control

Shielding

Vacyum topology

Vacuum pumping

3

lnferer e Jecion parameters

N

50

150 ke¥

6.0

1.0

12C GHz

Pejlet injection

Sundle divertcr

SS balls & borated water
Vacuum building
Cryopumps

significant improvement over that employed in
the Baseline Design. The PF system in the
Reference Design consists of a superconducting
ohmic heating (OH) coil, interior copper
equilibrium field (EF) coils (inside the TF
coil bore) that carry ~35% of the EF current,
and exterior superconducting EF coils (outside
the TF bore) that carry 65% of the EF current.
The PF system in the Baseline Design consisted
of a copper OH coil outside the TF coils and
copper EF coils inside the TF cofls. The
updated PF system design offers a reasonable
balance between system cost, coil maintenance,
TF coil protection, and power requirements.
Moreover, the use of a superconducting central

solenoid permits the flux swing for a burntime
of 500 cec without excessive joule heating
Tosses.

Divertor syste:.
adopted for impurity control in the Reference
Design, contrasts with the compact poloidal
divertor adopted in the Baseline Design. The
primary reasons for this change in design
were to move the divertor system outside the
TF coil bore to improve overall access and tod
provi le more space for pacticle and energy
collection.

A bundle divertor,

An innovative scheme making use
of an array of lithium jets has been proposed
as a means of accomplishing the particle and
enerqgy collection in the bundle divertor.



AR o

yae

-

e

B

o,

ont

Oak Ridge THS 1978 Refer




‘N

Vit

~

- Flasm operating characteristic
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56535 Jow-ss 300 k‘v withodt ercessive
: s-on power reqmrements. . These calou-

> 7 lations, Which musr. <111 be confirmed by V
_‘f- experments. suggest that reactor heattﬁg
reqmrenmmc could be satisfied with posmve

s vion beam systems en'ploying direct recme«'

necessary Beams of 150 kev wer: ’ado ted in

the Reference Dessgn. ‘- -1 -
\ ‘High beta maintenance. -The magnetic
* flux diffusion process in high beta-beam ano
alpha-particle-heated plasmas over long b
o “scales is not well understood. The focus of S
“the studies inFY 1978 has been the wainte-
nanze of high beta equilibria during the &
’ heating. ignition. and early burnm phases. In .-
this context the PF system proposed for the’
AReference Design will allow the control of
the plasma D-shaped cross section despff.e
large changes in the plasma profﬂe@nd beta
during these phases. K
Key physics issues. The contro} and g
handiing of plasma disruptions is identified
: as 2 key physios issue relative to the imple-
- mentation of the TNS. Plasma disruptions

» undershino and control di.rui)tion' is iden-

would severely limit the useful life of the

rirst wals and would also ‘fn'pose serious
design constraints in terms of supercenducting
rmagnet pratection. The need te characterize,

tzﬁed as a mor area for further mvesn-
gation- Bverall partlcle control d.:rmg the

Project planhing. =

The project plamning oo;i,viiies con-
sidered cost and schedule, R&D needs assess- ~
ment, and operationSI plan.: )

Cost and schedule. -The cost estimates
performed for the TNS indicate that the

“direct cost of the.facility would be -$500

million and that the total facility cost, _.
excluding escalation and interest during
construction, would be ~$) billion. A cost
estimate breakdows on the besis of niajor

_functional areas indicates the 'very Targe

dependence of cost on the TF coil system

followed.- by the electrical power and controis

systems. The NS scheduling exercise suggests

_ 2 total preject tie span requirement of

about ten yur"s‘”withv approximately six years
reguirej or dgvfce construction.

- The R&D needs

_ lpmv‘ol areas of physics -
nology -ider. Hied tws major themes:
(l) an expansion of efforgs needed to integrate
the ‘various physi,cs results in che context of
the desired operational cycle of the plasma -
in order to define more clear] y the required
RID needs .for a controllable, long pulse,
fgnition fusion core; and (2) an increased




4]

_ years ', (3) Prase lif

Ar gperating plan or
w3s laid out for the THE faciiity.

ot

ris missian consists of four phases:
integrated syster. chechost (5.5
year}: (2} Pnase I — hydrogen operation (1.5

- ignition test and

-

{y; Frase {1 -

nlaswa burn (Z.SVyeafs}; and (4} Phase iV

‘years). Tnese
mission objeciives of the THS need to be

ergireerina testing {5.5

© . weevaluated relative to their impact on

overall device desian, facility requirements,
and schedule. ;

7.2 ENGINEERING TEST FACILITY (ETF)

= '—t. !r.‘ i "lEl\

In Septemter of 1372 John Deutch,
Direcor of Energy %esearch for DOE, artic-
ulated the D0f policy for fusion energy.

This policy statement encompassed the efforts
in both the magretic conifinement and inertial
confinement approaches. In order to davelop
fusion energy as an economically attractive
and environmentally acceptable energy option,
the DOE policy statement on fusion wnergy

outlined a three-phase strategy. Sequentially

_these phases focus on scientific feasibility,
engineering testing, and reactor demonstration.

Jt is anticipated that scientific feasi-
bility for both the magnetic confinement
approach and the inertial confinemant approacn
wiil be achieved within the 1980's. Fcllowing
tie achievement of scientific feusibility,
each of the two approaches would move from
the applied research phase into the engi-
neering testing phase. _The vehicle by which
the fusion program would move into this phase
of development is designated the Engineering
Test Facitity (ETF). The £TF would provide a
testbed for resctor components {n a fusion
environment. Thete components would be the
essential building blocks of the facilities
constructed and operated during the reactor

[*h

- ~

seronrstiration phase. The<e {.1litles are
designated the Enginecring Pr.totype Peactor
(LPR) and the Cormerci s CemOnstration
Reactor {DEMO}. mvisioned that for
each confinement apprt ach, a:decision will be
made te identify which of the competing
alternatives will be the basis for the ETF in
the 1980's. The currvent DOE Strategy suggests
that this decision point would be approxlnetely
1984 for the magnetic continement appruach

and appraxxmately ;987 for the 1nertral
confinement approach. _ =

&

it i

in crder to initiate prel:utnary plinnxug

for the 1984 ETF deci~ion dn the nagnetic
coaf inement approach the: Offlcé of Fuslon
Energy (GFE) established the £ Design .
Cenﬁer activity tn“Decemher of 1978. The ETF
Design Center has as its objective:te define
tie ETF ang to prepare its deswgn, schedule,
and cost in approprizte detail to support the
initiation of the £TF praj2ct. The in.tial
fecus of the £TF Design Center will be the
tokamak toncept; however, as other primising
racnetic confinement concepts evolve, they
=311 alse be evaluated in the context of the
£1F. It is ermpnasized that many of the
tecrnctogical proble.s of magnetic confine-
rent fusion concepts are genekic in character;
thus, the effort directed to-the tokamak will
be of general value to the magnetic fusion
program. ]
Tre activities of the ETF Desién Center,
nosted at ORWL, wil) be national ir focus and
will involve representation by the principal
toxasak fusion centess (i.e., GA, ORNL, MIT,
end PPPL)j. Moreover, tne alternale concept
ceyelopment efferts be}ng carried out at
installations such as Lawrence Liverscre
Laboratory (LLL) and Los Alamos Scientific
Laboratory (LASL) will also be integrated
intc the ETF Design Center deliberations. It
is intended that industry play a significant
role in the ET7 Design enter activity. In
its initial phases the ETF Design Center will
rely heavily on the work done over the past
several years in the arez of advanced reactor
studies and,

in particular, on the work
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foiloming v, goals

- Ceveloping an Grienilétiondl jtruCture

and gperationat oogde tnal IRCSrporates
and represents @ rational perspective

on inhe tif.

- Maingaining an effestive

WILR QADCIINERT 2l Grouln Lo enLure
relagant esecimental
2r0TAT.

o Providle] recdvenditiont Lo Gt

tre cxperinental prograns

LOnCerning

additiergl wxperivents Lo strengtnen

for ke

the phyoics date base

- Maintaining an ¢ffective corunication
with technolsgy developrent | <ojrans
tnciuding manetios, ;has o featin,
tritine randiing, cater ol ot

prLure reledaft teonng i s,y DL T
the oroqgex.

» Providing recayendstion: 14 it and
the technology arcgrans Concerning
new prograiis and sdditional empnases
to strenqgthen the techaology base for
the ETF.

- HMaintaining currency in the advenie-
ments of plasma theory and placia
engineering to ensure that the progra
reflects these advancements.

« Providing recomvendations to OFL end
the theoretical u.oorams concernin’;

method develojtient and caiputation

[

M

reeds
ta6ls for the

- Freparing and heeping current a program
rien for the conceptual design through
construction  in addition to a ten-
year operaticas plan - for the ETF.

- Providing the opportunity for signif-
icant involvement of industries
interested in becoming major contri-
butors to the establishment of
ragnetic fusion as an energy option.

- Serving as the focuys for cooperation
with international endeavors in
advanced magnetic confinement fysion

device programs.

7.2.2 ETF Mission Statement

As a point of departure for <he ETF
Design Center activities, it was deemed
essential to establish a well-defined state-
rent on the mission of the ETF in the gverall
tusicn program strategy. In the TNS activities
af last year, tne various design teams
s3dressed the issue of the mission for the
Th%. The Cffice of Fusion Energy used the
rissign staterent results of last year's TNS
2tivities to develop a preliminary mission
Jtatesent for the ETF.

«f thic preliminary mission statement for the

The essential features

£7f lay nut 3 possible testing plan for
utilization of the ETF based on the tokamak
cunuent,

The mission statement to result from the
ilanned workshop and the subsequent consid-
eradtions will represent a point of departure
and will be updated and reviewed as the ETF
Dewiagn Center activities proceed. With the
., the ETF Design
Center will enqage in systems analysis and
desiqn specifications aimed at developing the
most cost-effective facility for achieving

wi55ion statement as 3 quide,

the q0als and objectives set forth in the

riusion stetement.  The design specifications

1

witl then be used to lay dut an engineering

devgn for the LTT. During this time a



corprerensive R4T reeds assesiwent will 2isc
be taking place. Tne S50 reeds assessrent s
being carried out as a fusiin comrunity
activity and will serve tre reguirerents uf
botr the ETF Design Center and the Inter-
national Tckamai Reactor (INTOR) activity
being conducted under the auspices cf the
International Atomic Energy Agency {lAEA}.
The cutput of the RAD needs assessment will
be integrated and evaluated by the ETF Desiyn
Center relative to the specific requirements
of the ETF. ,
and integration, together witn the detailed
design work, will be used to make recom-
mendations to OFE relative to the ETF program,
cost, and schedule. At this point the mi~sion
of the ETF will also be reevaluated.

The results of this evaluation

Assuming the above process leads to a
favorable result, the ETF Design Center will
then focus on a detailed conceptual design of
*qe ETF with 2 continying updating of the R&D
needs assessment and refining of the ETF
mission statement. The ultimate objectives
of these activities are to prepare the ETF

design in sufficient detail and to perform

the associatad
ning functions

2 3ecision

7.2.3 EIF

psint for the &7

crolect enineering and plan-

in surficient detail to support

in [¢24,

cesign Center Staffing

The leadership of the ETF Design Center
team has been established with responsi-

bilities tated on a work breakdown structure

agproach.
are shown in Fig. 7.2.

“he major areas of responsibilities

Each area is intended

to bring toyether a grouping of activities

that require the application of similar

discipiines easily managed as a team.

The plasma system activities are being

led by a cormittee of four physicists, one
each from GA, MIT, QRNL, and PPPL, who will
receive the necessary support from their
colleagues a2t their home laboratories. The

PPPL represcntative, the senior physicist,

chairs the committee and provides the overall

guidance in the plasma system area.

tach of the four engineering and tech-
nology areas (Fig. 7.3) is being managec by
the laboratory selected to be responsible for

1)“..{ "‘l"'v ) ';[.‘y
_ MANAGER
l TECHNICAL
ASSISTANT
| —
® DES.GN CENTER
PROGRAM PLANS
® R&D ASSESSMENT
COORDINATICN
M S e ea—
PLASMA NUCLEAR ELECTRICAL ! MAGNETIC SYSTEMS
SYSTEM SYSTEMS SVSTEMS | svsTEMs ENGINEERING
|
@ STARTUP SHUTDOWN @ FIRST WALL ® HEATING T ® SYSTEMS ANAL Y515
® HEATING VACUUM VESSEL ® ENLRGY o PF @ CONFIGUHATION
o BURN ® BLANKET SHIELD STORAGE o IWVERTOR INTEGRATION
o FUEL IMPURITY o TRITIUM ®POWER MAGNE TICY o PROMCY
CONTROL HANDL ING CONVERSION o CHYOOE £ 8OANE E R,
® HEMNDTE o1& 0 LU TERNATE

® DIAGNOSTICS
MAINTUNA ot

CONCEPTS

Fiq, 7.2. ETF Design Center organizatfon based on a work breakdewn structure approach.
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GANL WG 191508 FED
MANAGER
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el Wit GA PPPL w7 0ANL
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& JRXL (M PENG!
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-

that portion of the E7F program. Fiqure 7.3
shuws the laboratories and individuals respon-
sible. 7~ industrial partner will te chosen
to work under t-e direction of each area
ranager o provide a significant portion of
the design and development required for that
part of the program. Additiona}l e.gertise

and consultation to address particular prcblems

53y be obtained by the responsibie laboratory.

7.3 URNL FUSION POWER DEMONSTRATION STUDY

The development of practical blanket
systems that would allow the adaptation of
fusion to produce electric power in a util-
ities anplication has been identified as an
important area of study in the Advanced
Systems Program.

During FY 1978 the Westinghouse Llectric
Corporation, under subcontract to ORNL,
completed a design study for the blanket
system of a tokamak concept reactor. The
scape of this study was limited to qgeneric
blanket designs incorporating a combination
of stainless steel structure, lithium mod-
erator, and helium coolant. The decision to

Fiy. 7.3. Tne ©7f Design Center team will represent a laboratory/industry partnership.

focus our conceptual engineering effort was
based on favorable conclusions of previous
work- that indicated the feasibility of such
e qeneric system. Our objective in this
current study was to focus the conceptual
design effort so that a more in-depth assess-
ment of the reliability and perforance
capabilities of this generic blanket systen
could be obtained. A sutmary of the nominal
operating conditions and characteristics of
the reactor around which the tlanket study
was based is qgiven in Table 7.2,

7.3.1 The Emphasis on Reliability in Design

In the initial phase of this study, an
effort was made to select & promising candi-
date from generic designs that had been
conceptualized previously. [t wa; thought
that the upgradinrg of an existing concept
would lead to a design that was defensible
with respect to function and reliabilily
potential,

A critical review of previous desiqgns
indicated that no individual concept could
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U-SHAPED STRUCTURAL

SEGMENT &lTH

GLANKET SUBASSEMBLILS -
ATTACKED

ASSEMBLY —]
SUPPORT
STRUCTURE

il

L

- gy oy

- OUTER
SHIELD
PANEL

- SECTOR SEAL

BLANKET
MODULE

BLANKET SUDASSEMBLY

Fig. 7.4, {ylindrical blanket module.

the litaium and the outer first wall. Tne
schematic illustravion of the assemblage of
modules as they would be placed in the
reactor is shown in Fig.'7.5.

7.3.3 Conclusions of Stud,

Based on analysis performed in support
of the new module concept developed in this
study, a8 viable blanket concept wis developed

that warrants further development and design
refinement. This work will be continued
undei” Westinghouse subcontract in FY 1979,
This cylindrical module concept meets the
goals of the study to produce a blanket
concept that operates under a reasonable set
of reactor conditions. In addition, this
wtudy has advanced the state of the art in
blanket component developmen: by conside: ing
reiiability, thermal performance, structural
lifetime, helium generation, and tritium
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breeding. The following is a list of specific
conclusions resulting from the study.

- Based on the current understanding
of radiation materials data, stainless
steel madule design is adequate for

neutron wall loading up to &4 MW/m?.
Under these conditions the desijin

meets the goal of 10% cycles of 20 min

with 95% duty, basrd on considerations
of crack growth and brittle fracture
at 450°C operating temperatures.

» The concept can reliably withstand
full coolant pressure; thus, it
satisfactorily addresses a basic
reliabt‘lity requirement of preventing
breach of the lithium container in
the event of failure of high pressure
coolant circuits.

« The method of first wall cooling is
not sensitive to the accumulation
of helium generated within the lithium
that compromised cooling in earlier
designs.

+ The concept is structurally efficient,
dmenable to analysis, and simple in

o shape. cen be ‘eadﬂy fabncate?i and

o

evaluated by testing, and is adaptabie:
tc mass production. . -

- Structu;él support of the modules as

“replaceable subassemblies is Jjudged .

a reasonable approach t¢ assembly. and
maintenance and is compatible with
remo te handlirg techniques.

- A first wall temper:ture of -450° can
be achieved with a 200°C inlet tempera-
ture at ~2% pumping power-with reascn-
able helium exit temperatures (~450°C)
coupatibie with acceptable power -
conversion, )

- The main support structure is designed
to operate at helium in'let conditions,
thereby minimizing thermal growth of
the structure and relative rotions
tatween the blanket assembly and the
interfacing piping.

- Mechanical sealing between the plasma
Jnd the guter vacuum boundary can be
achieved.

» Scopinn analysis indicates that a
tri..um-breeding ratio of ~1.2 can
be obtained.



Tate, o100, Teny under
le e frown GENL ar SYINOTT, Lt g 1
Cooton Camruntt sOOUhE ser Ty ut oo
T rtted Line wiir sreies ralilities for the
Opmenl Lt tLy F{ The i tied
. . * Fot ey {1} the
Vi, roe the toliowing. {1 the

MO TEH Coat e ni6508 Juvice alone, 1.e.,
Lobamae o taaen nonrar, or BTG () the

omen? L twl Qevices sl the committed

z : - Jeyer s

Lkl ¢ covateh plut tander mirror énd
N A .z ;oand (3} the development of
CLliT it ze devices, at one Sile, l.e., tokamak

tandem mirror p%us tBT. A tycical

The

,genarta for a Torapek 1% 2epirited scherali-
"Lu.:y 1n‘f1gs 1.0:8.
discuss t.hi. results and com

Tee following seotions
clusions droun at
phe;cmnpla:tnh uf the one-year study.

7.8 é@nw_c;lgypgs

[y

SEy
CTne major cost esvantage of the comm ,ttu
sm: hes in 1ts imp-ementation in the develop-
- meft of a s:ng}e fusion device as opposed to
o ~“the ae-velopment of rﬂulnp_'e fusion devices on

SR the' Same sxtn. “The Cost saving in site
. ;Vruparntlon, sfr,cturu-, and reac Lor support
S equipment for tokauwk developrent on e com-

VTNS/EPR/DLMG) ,

4 the cost Laving for EBT on + commited

migte $615 it Yion

SELE TS

site 15 $576 million. ‘Tnese Lavings represent

- a recustion 1n cost of 50 compared to the

oot of three separate sites for tokamak and

three separate Sites for BT, However, -

cambinineg the development of the tokarar and

FLT un e single site results nomuch less

. s
foLt advanitage (380 million) comhared to the
combinet wost of the devilopnent of the

tobalr Ol o separate dedicated 1 te and T

development of tE1 o g eparate dedicated

Site. Grouping the Lobawak with Lhe Lander,

Ve Or reac oy eaddt L0 L Lans o g Lol

L oaswi

lENTRAL PUISER

ECECITAIC AL L ANT

PLASMA ZURFENT
N TIATION ANG MEAT N

P13, 7.8, Tne 1gration ghase cstablisnss
e Lasie faciiity and fusion enoro. sGurce.

AR e, T v

TReTIOM
POt SING

' CENTRAL-PULSED -l
FLECTRICAL # anNTt !

— m—

' GENERATOR I

Fig. 7.7, "m
tntesrates systéms €x1
CNerdy Source.

prawer )vhw..»‘.,' phase

ernzl ot the Tuniln

adealita o0 Tvol conp UTed Gite
for oin

¢ Bt e il odeer Soprien o res ot

Podeve i, e b ey
tha!

DeCaus€ Nt ot L it Lowen b chargd

ananyg aprrade, o1 the different fuion

reactor plants,  The tobaner Goods ac o

Gquantities, ot pul,et eiectytuad power Foo

CUrrent nl talian and nealing.  rower Supies

thel ard necde:d on o Lokatak T cal e wes
o e EER oy e and Share §obetwnen roact e
Lok aial undt, A fenat  tral ion i e
BOWCYeY L EL s Tatabe 0 o1 veas Loy s

[P AATTYS PR P S S TS PR VO TS A 2214 N AL

L T T N LA ER T RO ) ey



http://Jt.-vli.tS

O

153 . = .
(‘J}.‘-;L Pl TR LI A
< - TE S
) SRl
P thad
ANRKET
TR .UM .
| PRACETEING | o
Qe /

CENTRAL PULSED ’ [ :
ELECTRICAL PLANT - - <

%

INITIAL UNIT , ‘ IMPAOVED UNIT s

L. Hig. 7.8 The prototype operation phase involves adding an
impraved reactor unit to the-existing facility;

&

ir;guired r pulsed operation. . The mizrir oven 1gop, but they have sufficed for the Vow

k hgeds'iaf@e asounts of nigh energy neutral Power, shart pulse experiments. “The success- B
beéms to drive the reactor, but- this power is | ful ert-apolation of such approaches to high ' e

) T drawn off ‘the utility grid in a continuous ‘ vower, iong pulse mackines appears i;h;gbah$e, T T

fasrion. The primary cost elements That can | wharg seriodi;coﬁstraith such as the avoids -
be shaved amonc different fusion concepts at ance of high energy wail loading must be. - _ “

3 comritted site are the costs associated - satisfied throughout the operation. Th: neea . ’ =F

 with site selection and development and thy for active, ciosed }cotrpcntfoirs}stems has - ' -

cost advanzage of higher bapacity process " been unders*d;;d'furthér4by the eméﬁésis on o

" equipment, such as neat rejection systems, . the high beta and plasma éhaﬁesrthat require -

“tritium-handling systems, etc., sized t3 nieet active estéb]ishment and maintenance, he

_he combined needs of the candidate fusion need_fur Eurn control and refueling, and the

Sreactors. ’ . i possible need for feedback control of the

i e | plasma-heating energy.
4, . .
-7.4.2 Schedule Impact The. instrumentation systems used on

It takes approximately five years, as wagnette confiﬁgment fusion experiments
shown in Table 7.3, tc select a site, certify _ include many. innovative approaches that have
it, and make site improvements. At a com- 5ycce$§‘u?1y provided the information required
mitted site this is done only once, and the L from the tests. For the most part these
time requived for developrent of a fusion diagnostics are laboratory-type equipment and
concept is compressed comn:red to the time . may require extensive modification if used in
required for serial development of multiple 3 reactor environment of the TNS or FTF
sites for esch pnase of aperation, device. The data handling zpproaches to be o
used on experiments such as the Tokamax
7.5 TOXAMAK INSTRUMCNTATICN AND CONTROLS ’ Fusion Test Reactor (TFTR) will provide an
' - excellent base for supporting the definition .
To date, the controls approaunes in of instrumentation and dtagnostic needs for

fusion have been largely preprogrammed and the TNS/ETF, although the long pulse times
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;o Table 7.3. Schedule for site selection/certification and site improvements
i (5 years - $25 million}

O DWG 190530 FED

ACTVITY YEAR
5 s 3 2 1 o
+—t +— t ; —
PRELIMINARY SITE SCRET.ING P | i | 0 B
UETERMINE CANDIDATE FEGIONS = i R
- JREDTOUSUR VR R S -

SCREENING CAROIDATE REGIONS —

CETEANINE PRINE CARDIDATE REGIORS
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and the ignition operation may pléce signif-
icant demands on the equipment’s real-time
and archival capabilities. It is expected
that the TNS/ETF will impose the most strin-
. gant regquirements on the 18C equipment, and
it is towards this device that these studies -
are focused. )
The emphasis of prime importance in this
study program s the definition of the physics
transients needed in a completé burn cycle.
Thus, the largest portion of the past year's
investigation was so applied. The impact of
potential abnormal operations such as hard
rhutdown and aborts, as well as the avoidance
- = and amelioration of such impacts, was given
' ‘strong attention. The simulation of a tokamak’
“and ts control system is a8 valuable develop-
ment tool for testing design concepts. espe-
cially when the experiment is being operated
in the same facility as the I8C study. The
‘verification of the simulation that can be
ST _achfeved with actual tokamak operation, as
- " well 2s the potential for getting real tran-
sient data to test some particular control
- hypotheses, provides an excellent corrobo-
Yo rative climate for development of the model
o © anc expanding it towards the TNS/ETF needs.

& NECEIVE TEMPORARY LONSTRUCTION PERST
S @ SUSIET PRELIINARY SAFETY ANALYSIS REPORT

“Z% 7 @ RECEIVE CONSTRUCTION PERINT

The initial simulation development was
accomplished in FY 1978,

The summary highlights of the FY 19782
work that is building a valuable foundation
for 14C R&D leading to meeting tokamak

reactor needs include the following.

(1) Pertinent physics has been coalesced for
studies of control jmplications.

(2) Transient characteristics in startup
phases have been scoped with evolving
codes.

(3) Simplified ISX-B control equations have
been run on analog and some of the
stability concerns identified.

(4) A full set of uniform torus, ISX-8
horizontal control equations has been
programmed for analog machine.

(5) Preliminary studies? showed plasma
disruptions as an area needing increased
study emphasis.

(6) Plasma disruption effects have been
identified (e.g., temperature distri-
bution, eddy currents, thermal stress,
number of disruptions tolerable).

(7) R&D needs assessment has been initfated.

(8) Future study plans have been recast
based on work to date.
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7.6 LARGE ASPECT RATIG TORAMAK STUDY

The Large Aspect Ratio Tokamak Study
{LARTS) is an investigation of the potential
for producing a viable Tong burn tokamax
reactor through the enhanced volt-second
capability of the OH transformer by employing
“high aspect ratio designs. The Tong burn is
desirable in order to ameliorate the effect
of the pulsed operation of the tokamak on the
cyclic fatigue prcblem for the biSnket first
wall. Current reactor design studies gener- °
ally assume 10"-1C° pulses/year. However,
_concern has been expressed that such pulse
rates could limit the Vifetime of a stainless

~ steel first wall to ~1-2 years. If the
burntwe could be extended by an order of

: '~,_liag|:itude relative to £urrent assumptions,

© first wall lifetime of at least ten years
“could be projected.

As a follow-up to the ORNL Fusion Power
Denovstration Study, the potential of increas-
ing th~ volt-second cabability by going to
high aspe~t ratio devices was investigated.
Preliininary results frem this study are shown
in Fig. 7.3 for an aspect ratio of 8. This
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vig. 7.9, Variation in tokamak burntime,
cost, and current as a function of plasma
parameters for constant values of beta, aspect
ratio, and neutron wall loading.

figure plots unit cost [S/kW(e)], burntime
(hours), and plasma current {MA) vs power
output [MM(e)]. Plasma radius (meters) and
maximm field at the conductor (tesla) are
also given. The quantity Lp is the neutron
ioading at the plasma surface. These results
were obtained with the ORML Systems Code! and
are normalized to the ORNL DEMD Reactor
parazeters given in Table_7.4.

Table 7.4. ORNL DEMO Reactor parameters

Aspect ratio, A 4
Average beta, 8 101 _
Plasme radius, a . 1.5m
Kaximm field, 8, 8T
Unit cost $1200/%M(e) -
Output power 825 mi(e)
" Plasma current, L 4 WA
Burntime 20 min .
Pulse rate 2 x 10~ cycles/year

The high aspect ratio devices are expected
to yi«1d a lower beta Vimit than the moderate
ascect ratio devices. Figure 7.9 shows
calculations for an average beta of 5 for
the A = 8 device based on the 10% value for
the A = 4 device shown in Table 7.4. Figure 7.9
indicates burntime capabilities of ~2-5
hr and associated pulse rates of 1.3 x
103-3.3 x 10? cycles/year, & factor of 6-15
less than in the DEMO Reactor. Moreover, the
cost and power output of the high aspect
ratio device need not be dramatically different
from that ‘of the DEMO Reactor, ~$1200-1400/kW(e)
and ~1000 MW(e,. Confinement of the alpha
depends to first crder on the product of
current and aspect ratio. Alpha confinement
at the higher aspe.t ratio and lower current
devices should be comparable to that in the
DEMO Reactor.

On the basis of these preliminary results,
it appears that the high aspect ratio tokamak
offers potential for extended burn. However,

a more detailed study, currently in progress,
is necessary to make an in-depth evaluation
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Abstract. The materials“work described in
this report falls into three areas: (1) alloy

. development for irradiation performance, (2)
" ‘damage analysis and fundamenta! studies, and

(3) radiation effects on organic insulators
for superconducting magnets: Alloy develop-
=ent actisities, which coﬁstitute the major
portion of the effart, are directed at four
syétems: (1) austenitic stainless steels;
(2) higher strength Fe-Xi-Cr alloys: {(3) reac-
tive and refractory metals: and (4} innovative
concepts, especially long-range-ordered (LRG)
alloys. With austenitic stainless steels and
higher strength Fe-Ni-Cr alloys, emphasis is
placed on the irradiation benavior in mixed
spectrum fission reactors, where both high '
atomic uisplacement rates ard high helium
production rates occur.
Beiau.~ reactive metals e.g.., titanium
alloys and refractory metals, especially
molybdenum, niobium, and vanadium alloys
are not at the same stage of advancement,
eﬁphasis is on unirradiated properties and
irradiation tests to high displacement levels

*part-time.

1. Metals and Ceramics Division.

2. Computer Sciences Division.

3. >olid State Division.

4., University of Tennessee, Knoxville,

Tennessee.

Engineering Physics Division.
Chemical Technology NDivision.
Engineering Technology Division.
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only. The corrosion rates of importart 21%oys
in liquid litﬁiuw and moiten salts arz also
be?ng assessed.

In the area of dénage anaiysis.-applica-
tion of numerical transport theory ‘o particle
range distribution in Solids has begun with
the example of 100-keV 19 Ay recoils in Au.
Cemparisons of the binary collvsion approxima-
tion (BCA} code MARLOWE and the dynamical
code COMENT have been madc with respect to
theisﬁtreatments of linear collisicn cequences.

Irradiation tests un organic insulaters
for superconducting magnets showed that no
significant changes occurred in Specimens
irradiated to 4.9K te a Jdose of 2 x 10 rads.

“In a second experivent in which samples were
exposed to 2 x 10" rads, signiffcant changes
were observed in the mechanical properties of
some samples while other samnles remained
relatively unaffected. Sawple preparation is
now complete for a test to an irradiation
dose of 1 x 10" ‘rads.

8.1 ALLOY DEVELOPMENT FOR IRRADIATION
PERFORMANCE

8.1.1 The Behavior of Type 316 Stainless
Steel under Simulated Fusion Reactor
Irradiation’

F. W. Wwiffen . £, Bloom
P. J. Maziasz J. G, Stiegler
M. L. Gr .sbezk

Fusion reactor frradiation response in
alloys containing nickel can be simulated in
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thermal specCtrum fission reactors, where dis-
placement damage is produced by the high
‘energy neutrons and hélium is produced by the
capture of two therwal neutrons in the reac-
tions: “SNi 4+ - “TRi o+, CWN§ o+ -
“*Fe + 4. Examination of type 316 stainless
steel specimens irradiated in the Righ Flux
Isotope Reactor {HFIR) has shosn that both
swelling due to cavity formation and degrada-
tion of mechanical properties are more severe
than can be predicted from fast reactor irradi-
ations where the helium contents produced are
far too low to simulate fusion reactor service.
Swelling values are grea.er ard the temperature
depend<ace of swelling is d1v7 -ent trom

those in une fast reactor case. The property
change most restrictive for fusion reactor
performance s the low values of ductility
that result from irradiation. These resuits
imply limitations on the operating conditions
and useful lifetimes of stainless steel first
wall and high flux region structural components
of fusion reactors.

8.1.2 Tensile Properties of Type 316 Stain-
less Steel Irradiated in a Simulated
Fusion Reactor Environment-

M. L. Grossbeck P. J. Maziasz

In a fusion reactor the first wall will
be subject to intense neutron radiation,
resulting in displacement damaje as well as
the formation of helium and hydrogen from
transmutation reactions. Because type 316
stainless steel is a cangidate first wall
material, an investigation of the strength

and ductility of this alloy and of a titanjum- -

modified variation was conducted. Simulatfon
of the fusion reactor environment was accom-
‘plished in HFIR, which has an appropriate
spectrum to produce both displacement damage
and helium through a two-step thermal neutron
reactfon with nfckel contained in the stain-
less steel.

Miniature tensile specimens were irradi-
atec at temperatures from 350-600°C and
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subsequently tested in tensicn; the results
were compared with the literuture data of
type 316 stainless steel irradiated in the
Experimental Breeder Reactor Il (EBR-II}.

For irradiation and test temperatures of
350°C, the yield strength of annealed (i hr

3t 1050°C) and 20% coid-worked 316 and 316

TiM material increases very rapidly compared
with EBT-II-irradiated material; a slight
decrease in strength follows. The peak in

- yield strength occurs at a fluence of ~1.0 x

102% neutrons/m’ (E > 0.1 MeV}. At 450 and
575°C, the yield strength o 20% cold-worked
material. decreases monotonically with an
indication of saturation above +1.6 x 102¢
neutrons/e’ (£ > .1 MeV). Whereas at the
lower temperature, type 316 and 316 TiM had
rearly the same yield strength, at_the higher
temperatures the titanium-modified alloy
exhibited -40-507 greater strength, depending
upcn fluence and temperature. In the annealed
condition the two alloys dehaved similarly,
both exhibiting a peak in yield strength at
350 and 450°C but increasing to a saturation
value at 575°C. '

The ductility of both alloys in the
cold-worked condition decreased monotonicaily,
tendirg to approach saturation. The exception
was 20% cold-worked 316 TiM at 450°C, which
appeared to have a constant elongation of ~8%
to a fluence of 2 x 10°¢ neutrons/m? (E > 0.1
MeV), the highest fluence attained. In the
annealed condjtion both alioys exhibited
8 ductility minimum with increasing fluence.
This behavior differs from EBR-I[-irradiated
20% cold-worked 316 stainless steel, which
displays a ductility maximum at low fluence.

The rapid hardening and rapid initial
drop in ductility are attrituted to the
generation of helium and the coalescence into
clusters and bubbles which impede dislocation
motion. Nonetheless, based on this low
fluence data, at 350 and 450°C total elonga-
tion appears to saturate at 3 value above 67.
The ductility appears adequate for the early
life of a structural material in a fusion
resctor.
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. tt_) fast reactor imdiation.

;8.1.,’:3 Prer.ig’itati-na Mk- of An;steuitl:c

Stainless Steel to S‘-shted Fusioll
Irvadiation? - - e

P. J. Maziasz_ , .

usm shifts to louer te-pentum nd )
Sborter times velatiw to thermal ‘aging. The
sbiﬂ.s range from 76-200°C and are different -
for diffecen:. phase combinations. However ,

. the phase regiws resulting from fast reaclor
m'adiation requice little or no shift in
tewenture or time relative to thermal
Therefore, HFIR irndiation also 2
results in shifting the phase regions to

_ shorter times and Tower teroeratures relative
The addition of
simultaneous helium production to the irradia-
tion environment §s coincident-with the

absence of the unidentified rod-shaped precip- -
itate and the presence of NeC (since determined
to be zta phase precipitate] snd Laves phases
for HFIR refative to fast mctor irndium
~at simflar tesperatures and flvences. Most

" v ds produced by irradiation in a- fast -
reactor are heterogeneously minud on the
rod-shaped precipitates or M,;C¢, and sfter
HFIR frradfation, only & fraction of the
cavities is attached to precipitates, with
Laves being the most preferréd and My;Cq the
Teast preferrsd. Helium has besn shown to
change the swelling, mechanical properties,

~

and cavity response of annealed type 3!67
stainless steel relative to fast reactor
irradtation. Helium has 2lso been shown to
change the precipitate response as well and
is important in understanding and anucipatma

fusicn euﬂmt utzrlals resmse

strated the 5ppliubility of this ntbod

“ducttiity valves for 20% (.olg-wriwd typecal'sr -

stainless steel specinns irradiated in a
wixed spectrum fission reactor were used to
estimate fusion reactor first wall lifetice.
The ductility values used were from frradia-
tions thit simulate the environment of the
ﬁ}s,t wall of a fusfon reactor. Neutron wall

, |odin§srlpging from 2-5.Vi/a" were used.
‘Resuits, sTthough conjectural because of the

mny assumptions, tended w0 show that 20%

- cold-worked type 316 stainless stee] can be

used as 3 first wa)) material with a 7.5-
2.5 Miyr/m? 1ifetine goal provided the neutron

w11 loading does not exceed more than <2 /.

These results were obtsined for an air environ-
ment, and it is expected that fthe actual vacuum
environment will extend 1{feting beyond
10-Miyr/m?.

Y
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ensile pruverty meascremeats and fractog-aoky . C”f"'e":"’ti'cn of small Cslacatise Tooes - .
O the 53 e fsaqg;)@s‘sbmﬂfgha[ _ngreggr_h . da:xrvna%s,, rs¥ocatfons mouing in channels . o
alues_increased for isradiation at 55-400°C - eliminate the loaps, therety softening the ‘
but décreased below u;ifradiat;d vatues for - matrix for further deformation at a decreasing o
«irradiations st 500 and mr, ' Elonganon ) total T+ 1. Plastic instabitity ig suppressed ’ ’

vatues were lowest at the temﬁrature extremes. - fthe rradiation-produced microstructure - -4
Total elongatior-s ‘below 14 were: found only - .containg a larg2 population-of voids. The u

for irradiation and test temperatures of 600 - sveids are not removed °'¥ moving disiocations

ang 700°C.  The fractures were complutely - 3nd are believed to act &5 DInning sites, . o
R transgranu!ar for samples frradiated ard ~ dllowing tne material to work harden and - e
f ‘, - -7 tested at 300 aml 400“6. of mixed node but ’ exhibit greater-than-zeru uniform algngation.
SR , predominately 1ntergranular at 300°C, and - k _ N
S - .. fully-Sntergranular at 600 and 700°C. The : 8.1.7 The Ductility in Bending of Molybdenym -
S results suggest:that Inconel 600 does not , Alliys Irradiated between 425 and 3000°C" -~ - i

_.oFfer any advantages over type 316 stainless ) . B ) ;
B. L. fox F. W, Wiffen

T steel and does not warrant further'develop- , , -

ment for fusion reactor. app”cation. o ) s Molyhdensm 41loys are potential candidate .

materials for fusion veactor applications,

~~~~~ o . either in structurgl gr protective components,
lr;qdfate_d "‘OQ’"‘“‘ : These alloys offer the potential of operation »
¢ ) F. W. Wiffen at higher temperatures than 3!ternative
materials, dut they also present new materials
Nfobium alloys frradiated and tested Hmitatfons. One of the identifiud protlems
over a wide range of conditions show ductile that could Yimit the application of m)ybdénum
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Cf Uov a AU mestronsime (0.7 Mev). Four

g

TrraclallOn lemperalores Spanned the. range
éﬁi-;ﬁﬂﬁ'L.,fJC.y smail segments of thése .
welerials were avéliatle, n e fore of
rec:ena;ia: Coubuls I'x 2.k 614 o 1hese
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texted in vacuam in ala- threéfp01rt bena'ng
at tempevetures from 22-650°C. *neVDuT' was
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ui~;l:!=d by es;ab!tshtng the sk1¢t frav

liic Inese recults u*]lube suﬁptement
scannta) €lection microscope (< " exant 3aty

v 0F IPE TPCLUre Surfaces. . T

‘ Al three :iicys showed 2uu!xtot1v&=y
sIriiar behavier.  The Most severe degradalyin
wés s roduded Ly Teradtation al-Sb&;i.f These
sat, s€d YETEC 1R ATl tests trom :i-é:o’t,
Trisating @ Dt above the Trvadielion
temuc ature. Btk higher and 10«c?i1rraa a-
Th fetieralure: had less effelt on the ;
duct:irty, with indicetes UETT between 100
at 200 0 Tor 425 0 trradiedsorn and above 200
bot Delaw 3L otor both J907and 100DC -
rradialioh Lemperatures. These results are
quei1tatlvily consittent with the microstruc-
tura)l teatures Teporied for Lhe Sarw spe. IMEns.
S VETa lunCentrelions were higher at S25°C than

for the other three irradiation lempereturées.

& 1. Weotron lrradgiatior bamagg

J. bcnﬂcj F. W. mitten

Commerciol purily moiybdengm {30 wpim
cariun; hab been irradtates 1 FBKk-il o a
tiaence of 6 x 17 nestrons,me {t 1.0 MeV),
which corresponds L0 7 s, Jrracialions at
neninel femberature: In the renge b00O-1500 C
Ve A0 e of Ihe abbrdte fikiLing tempera-
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I s iciled Cecidie gcntéiﬁing a Static argen
Jer elwsshere. Spegisens cut trom the 2.5-
gt Trradiated rods were exanined by
transmisston electron sicroscopy (TEM). - The
damage 5lruclure Consists of twe components:
woids oad dislecaztons. At the fowest ivradi-
ation temperature, the high cGACﬁniratzen of
seall voids Qs imperfectly orderesd on a body-
cerierec cubic {bcc) swperlattice. AL higher
igraaictxon :e@perata?es;»the‘io!d size

_ingreases ahd Concenbralior decreases markhedly.

At the nighest rgraeiatiOn tepgeratyres, rod-
shaped or "super verds are observed. Dislo- -
_cation densities are low, with dislocations
i the form of 3 network at all leaperatures
exaept the iuuest, uhere some small I»ops are

- aisu,;resenl.l Quantitative microstructoral

aata was -.uuxed with particular reference to

features of the presen. vradia-

tions: the Righ drradiation temperatores and =
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Sintered aluminum prodect (SAP . an
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were then antealed for 14G0 hr at temperatyres in
tne range 330-500°C and were tensile tested to
fgiiure at the postirradiation arnealing tempera-
ture. The ailoys cantained 17-22 w2 - Al J. aerd
zas levels between J and 1700 appm each of helium
and tritium,

fmmersion density measurerents indicated
no discernible swelling from the gases, some of
which were shewn to be trapped in tiny bubbies
at the Al J.Al interfaces. Only materials with
the higher gas ievels showed a measurable loss
in ductil®ty, but even without gas, the ductilily
was low, - 1. elongation. However, there was no
marked reduction in ulti-ate tensile strength
(UTS) or fracture stress, implying that embrit-
tlement from gases was not severe. These data
suggest that incorporation of stable, inert
particles in first wall alloys mignt provide a

=

wEdi

75 6f ameliorating potential problems of gas
swelling and embrittiement.

8.1.10 Recovery of Tritium from Solid Lithium-
Sintered Aluminum Product (SAP) and
Lithium-Alymingm Alloys*’

J. B. Talbot F. W. Wiffen

The tritium release rates of irradiated
samples of lithium-containing aluminum (Li-Al)
and lithium-containing sintered aluminum pro-
duct (Li-SAP) were investigated to evaluate
the potential application of both materials
in fysion “eactors. Th: observed release
rates folluwed the pattern expected for bulk
dgiffusion of tritium in a solid. Therefore,
diffusion coefficients were determined for
tritium in Li-SAP over a temperature range of
383-500°C and for tritium in Li-Al at 450°C.
At 450°C the diffusion coefficients of tritium
tn Li-SAP and Li-Al are 2.988 x 107'% (m- sec™*
and 1.462 x 1076 cm” sec™!, resoectively.

8.1.11 Current [rradiation Experiments in the
MFE Materials Program

M. L. Grossbeck J. W, Woods

Magnetic fusion energy (MFE} irradfatfon
experiments at Oan Ridge National Laboratory
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(ORNL) are all neutron irradiatians in fissicr
reactors. EBR-II, HFIR, and the Oak Ridge
Research Reactor (ORk) are thé reactors now
being uysed. HFIF and ORR are mixed Spectrum
reactors used because of their ability to
form helium through thermal neutron absorption
in nickel HFID ¢ uged primarily to ctudy
the effects of high helium concentrations;
ORR is used for instrumented irradiation
under conditions more closely simulating the
fusion reactor environment. An experiment
no . being planned will have the neutron
spectrum tailored in order to match the
helium/damage ratio of a fusion reactor.
EBR-I! is being used (1) to achieve high
damage levels with little helium production
and (2) in conjunction with cyclotron helium
injection and tritium decay to correlate such
helium-doping techniques with continuous
helium production in a mixed spectrum reactor.
Specimen types inciude tensile specimens,
pressurized tube irradia’ion creep specimens,
electron microscope specimens, fatigue speci-
mens . and auger fracture specimens. Table 8.1
gives summary information on recent reactor
experiments.

2.1.12 Ffuture MFE Materials Irradiation
Experiments

M. L. Grossbeck K. R. Thoms

Experiments are now in the desion and
fabrication stages for both HFIR and ORR for
the irradiation of Pains A and B candidate
first wall materials.

The spectrum-tailored ORR experiment
will consfst of an instrumented cylindrical
capsule contained in a removable core piece
that will be changed pericdically during the
irradiation in order to achieve th: appro-
priate neutron spectrum to duplicate the
helium/damage ratio experienced by a fusion
reactor first wall. The experiment will be
irradiated for five years with specimen
discharges at one, two, three, and five years
(Fig. 8.1). For the firs* cycle only Path A
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Table €.1. GRNL-ADIP® irradiation experiments of fysion reactor materials

currently being examined or irradiated

Fission ¢
reactor Experiment Type of material
rRR MFE-1 Paths A,8,C,D
A We-2  Paias ALB.G.E
EBR-11  X-264 Paths A,C
EBR-II  Xx-287 Patins A,B,C
HFIR CTR-4,-7, Path 8

-8
HFIR CTR-9 to-13 Path A
HFIR CTR-14,-15, Path A

~20 to -22
HFIR CTR-16 Paths A,B
HFIR CTR-17,-19 Path A
HFIR CTR-18 Paths A,B
HFIR CTR-23 Path B
HFIR CTR-24 Path A

ture monitors

Cate removed

Number of
Type of specimen specimens from reactor
Tensile; fatigue; 560 June 1978
TEMC
Tensile;, fatigus; 552 iR reactor
pressure tube; TEM
Tensile; TEM 100 January 1977
Tensile; pressure 984 January 1979
tubes; welds; TEM
Tensile 33 Augqust 1977
Tensile 55 April 1977
Fatigue 50 Various, 1978
Tensile 42 July 1977
Tensile; welds 22 December 1977
Tensile 11 October 1978
Fatique 10 February 1979
Tensile; tempera- i 11 January 1979

2ADIP = Committee on Alloy Development for Irradiation Performance.

—

bSpecimen materials are designated as in the ADIP Program Plan, DOE/ET-0032/1 (July 1978).
CTEM = disks for transmission electron microsceny.
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Fig. 8.1. ‘telium content as a function
of dpa for type 316 stainless steel. The solid
line represents irradiation at a fusion reactor
first wall; the symbols represent irradiation
in ORR with neutron energy spectral tailoring.

alloys will be irradiated, but following
this, the spectrum will permit Path B alloys
to be irradiated with the proper helium/
damage ratio.

The experiment will consist of two
subassembiies, each with two specimen chambers,
each operating at one of the following

actively controlled temperatures:

500, and 60Nn"C.

300, 400,

Temperature will te con-

trolled by providing a mixture of argon,

helium, and/or neon in an envelope surrounding

the specimen chambers.

specimens and specimen temperature.

Controi of the gas
mixture produces control of thermal conduc-
tivity and, therefore, heat transfer from the

Neutron

flux will also be monitored by flux wires
that may be removed and replaced during

irradiation.

[rradiation for the first

subassembly s expected to begin by January
1980.

Six experiments are planned for HFIR.
Four experiments will contain tensile specimens
of the MFE reference heat of 207 cold-worked
type 316 stainiess steel. The remaining two
will contain mostly TEM disk specimens to be
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fig. 8.4. Variation in ~“e dpa ead
thermal neutron flux in the £-3 position ir
ORR as a function of core piece composition
and fuel Joading around C-35.

the preliminary calculations for large dpa
levels require a 15% increase in the dpa rate
and up to a 75% decrease in the thermal flux.

8.1.74 Thermal-Gradient Mass Transfer
in Lithiym-Stainless Steel Systems!-

P. F. “crtorelld J. H. DeVan

The possible uses of lithium as a coolant
and/or brexding fluid in fusion reactors have
renewed interest in the compatibility of
molten 11thium with engineering materials.
Both loss of material due to corrosion and
development of flow restrictions by mass
transfer of the dissolved elemerts to the
cooler parts of the system are aieas o
concern.

The corrasion of type 316 stainless
steel by flowing lithium (108 m/hr) was
studied as a functicn of time in thermal
canvection loops. After a transient period,
the corrosion rates were observed to be
canstant with time with values ranging from
10-20 mg/m? hr. Preliminary analysis indicated
that the corrosion rate is controlled by the
diffusion of iron through the 1iquid-lithium
bound&ry layer. The deposition processes,
which led to flow restrictions in several
loops,_involved the formation of crystals of
nearly pure chromium in the coldest parts of

the sysiems.

\

8.1.15 Effécts of Nitrogen and Mitrogen Getters
) in Static Lithium on the Lurrosion
of Tvpe 316 Stainless Steelll

P. F. Tortorelli

J. H. DeVan
J. E. Selle :

Because nitrogen is a principal impurity
in lithium, its effect on the corrosion of
type 316 stainless steel was investigated by
purposely adding nitrogen to lithium and
subsequently conducting tests under static
conditions. This corrosion was studied as a
function of exposure time ano temperature. [t
was found tnat the corrosion of type 316
stainless steel in nitrogen-contaminated
lithium between 530 and 700°C was severe, but
it. a closed system, the corrosion rate
decreased rapidly with time. The corrosion
resuited +n a uniform, porous surface layer
at 500°C, and the attack was intergranular at
600 and 700°C. The grain b0unda;y penetrétion
was described by an empirical equation mod{fied
by a time-dependent nitfogen concentration of
the 1ithium.

In an atiempt to offset the deleterious
effect of nitrogen on the compatibility of
stainless steel with lithium, calcium,
Zirconium, titanium, and yttrium were used as
gettering agents. When added to nitrogen-
contaminated 1ithium at 500°C, calcium,
zirconium, and titanium reduced the extent of
corrosion of type 316 stainless steel, but




their effectiveness was not great at oGO0 and
700°C. Yttrium was ineffective Qt all three

temperatures. ~ c

8.1.16 Corpysion Tests of Austenitic Stainless -

Steels in Static Lithium

_P. F. Tortorelli . J. H. De¥an
J. E. Selle

The compégjbi]ity of type 316 stainless
steel with Viquid lithius_that contained
either oxygen, carbon, hy&?ogen, aluminum,
titanium, zirconium, silicon, or lead was
studied.: The addition of aluminum and silicon
resulted in continuous and potentially inhibi-

" ting reaction layers on the stainless steel
surfaces. Zircontum and tftanium additives
produced no significant effects compared with
baseline lests, but lead in lithium resulted

" in slightly greater corrosion.. The presence

of oxygen or hvdrogen in the liquid lithium
had very little influence on the corrosion of
type 316 stainless s _.eel under static condi-
tions. On the cther hand, the addition of
carbon altered the near-surface microstructure
ana resulted in corresponding weight gatns.

The comparative corrosion resistance of a
variety of 300-series stainless steels was
determined in purified lithium. Only small
differenc::s in corrosion response occurred

among ihe steels tested. Types 310 and~321
stainless steel exhibited the la}gest and
smallesy weight losses and surface degrada-
tions, respectively.

38.1.17 Corrosion of Lnng-Rénge-Ordered
{Co-V-Fe) Alloy in Static Lithium

P. F. Tortorelli
J. H. DeVan

C T.' %

Coupons of the 'ong-range-ordered (LRO-1)
alloy (60 wt % Co, 25 wt 2 V, 15 wt % e)
were exposed to pure, static lithium in order
to determine qualitatively their corrosion
resistance relative to other materials.
Tensile specimens were placed in LRO-1

alloy cups containing lithium and were subse-
quently sealed inside iype 316 stainless
steel capsules. Experiments were performed
for 2000 hr at 600 and 850°C with resulting
average weight changes of -0.2 g/m° and

+2.1 g/mw”, respectively. In comparison, type

316 stainless steel that was exposed to

lithium for 2000 hr at 600°C experienced an

average weight loss of 0.1 g/m*. The lithium-
exposed specimens were thenAtensile,tésted at
room temperature to determice their mechanical

_properties. Lithium exposrre at 600°C

caused a decrease in ductility at room tempera- .

. ture. However, the ductility is unaffected

after exposure at 80G- .. . The reduction in
ductility after 600°C exposure is not well
understood at the present time but may be
related to contamination by interstitials
that come from the iithium or the stainless
steel capsules. _ '

8.1.18 C(ompatibility of Molten Sailts
with Type 316 Stainless Steei!®

J. R. Keiser J. H. DeVan

Molter salts may 1ave several applications
in tokamak deuterium-.-itium-type fusion
reactors. Lithium-bearing molten salts are
being considered for use as the breeding
material, low melting point salts zre can-
didates for the coolant, and other seiected
salts may be used for electrochemical extrac-
tion of tritium from lithium. Thermal
convection 1cops have been used to study the
compatibility of type 316 stainless steel
with LiF-BeF;, KNO;-NaNO,-NaNQ3, and LiF-LiC1-
LiBr. Results of weight change measurements
indicate that the corrosion rate of type 31€
stainless steel in LiF-BeF, drops from
15 um/year to <2 um/year when a beryllium
reductant is added to the salt. The coyro-
sfon rate of the same steel in KNO;-NaNO,-"aNO,
was found to be a function of maximum tempera-
ture and ranged firom 7 um/year at 430°C to
-74 um/year at 550°C. In the LiF-LiC1-L1Br
salt mixture, the measured corrcsion rate of




316 stanjess steel was O .7, sear.  laring
- the eéxperiments, (antrelied Jotential yoitarery
was useil successfuily tc monitor Changes in

the oxicdtion potentia! of the saits.

B.1.19 Procurement cf Materials fur tne Mit
Rllos Oevelopment far lrradialion

Performance in Fysiom Reactor Pregrass

. K. Roche
. Four classes of materials will be evaiu-
“ated simultanecusly in support of the progrem
“r alloy development for irraciation perfor-
* mance in fusion reactors. These are

{1) Path & - austenitic stainless steels,

N : " {2) Path B - higher strength Fe-Ni-Cr élloys.
- (3} Path C - reactive and refractory metal

alloy, and

-

(4) Path D - innovative concepts.

Procurement of Paths A, B, and C alloys
has been initiated and is now partially com-
oleted.

[

" 30GC-10 doubiv vacuuT-reited heat of O
Tath L Lrite candidete tllay (compesition
srown tn lable .2 was oroduced by Teledyne

Allvac and converted ta plate and bar products.

: Turing 1979 these products will be the subject

of additional recnanical working and heat
treating experirents tor Setermining esicro-
swructurail respsise and its effect upen
irrediation periorrance.

TwG 300-1t double-vacuur-melted heats of
each of the five Path B tase research alloys

" {compositions shown in Table £.2) have alsa

bren made ¥ Teiedyne Alivac and converted to
bar product. 5 small guantity of each alloy

was ssbsequently processed to @ §.024-in.-thick

sheet at OPNL by extrusion anévrolling pro-
cedures. The sheel stock was provided to
tanford tngiacering scvelopment taboratory,
which will perform microstructural studies on
these alloys prior to investigating irradia-
tion performance.

A contract was negotiated with westingnouse
flectric Corporation for the uroduction aof

Table £.2. Composition of alleys for irradiation
performance evaluation {wt }

Path A  austenitic stainless steels

MFE reterence heat of 316 stainless steel, reference
condition 20 «¢old werked

Prime candidate alioy:
Fe16 Ni-14 (r-2 Mo-01.25 Ti-2 Mn-0.% $i-0.05(

Path 8  higher strength fe-Ni-Cr alloys
Base research alloys:
B-1/Fe-25 Ni-10 Cr-1 Mg-3 Ti-1.5 Al-1 Mn-0.03C
B-2/Fe-40 Ni-12 Cr-3 Mo-1.5 Ti-1.5 Al-0.2 Mn-0.03C
B-3/fe-30 Ni-12 (r-2 Nb-2 Ti-0.5 Al-] Mr-0.03C
B-4/Fe-40 Ni-12 (r-3 Hb-1.8 1i-0.3 A1-0.2 Mn-0.03C
B-6/Fe-75 Ni-15 Cr-} Nb-2.5 Ti-1.5 A1-0.2 Mn-0.03C

Path C reactive and refractory meta, alloys
Scoping alloys:

V-20 Ty

¥-15 Cr-5 T3

V-9 Cr-3.3 Fe-1.3 7r-0,05C (Vanstar 7)
Nb-1 Zr

Nb-5 Mo-1 Lr




three vanastyt- and twe nicblum-base ratn O

SCaTDOSTLIoNS Showr in Table £.2Y,

o

Sne

]

t and roc products of tnese allyys are

napectad during 1879,

~

B2 JAMAGE ANALYSIS

Range lalculetions using Maltigroup
Transport Methods

LJ. woffmen M. 7. Rotcinscn

#. L. Dodds, Jr.

The application of the discrete ordinates
trénsport theory code ANISK to caiculations of
Vight-ion sputtering yields was discussed in 2
previous report.:® wWe have now applied similar
~ methods to the calculation of particle range
'tdistributions. These techrigues are illus-
Q;trated by analysic of ‘" Au atomws recoiling
from (n,2n) reactions. in Au. Tne results of
these calculations agree well with range calcu-
lations performed with the atomistic code
MARLOWE .
modgl is lost in the multigroup transport cal-

Although some detail of the atomistic

culativns, the 1mproved computaticnal speed may
prove useful in the sclution of fusion material
design problems. The work will be described
in a forthcoming report in the Jeutnal c3

Nuclear Matenalds.

8.2.2 Study of the Low Energy Responses of the
BCA Code MARLOWE

M. 7. Robinson

Because dynamical methods require too
great an investment in computational resour:zes,
an efficient methodology for displacement
cascade simulation requires the use of codes
based on the binary collision approximation
(BCA) at high enerqgies. At sufficiently low
enerqgies the BCA i< no ionger an adequate
representation of the motion of the recoiling
atoms mainly because individual callisions
become aifficult to identify. In order to
determine 4 reasonable (lower) energy limit
for BCA calcutations, comparisons of the BCA

code MARLUWE'® with the dynamical code COMENT®'
and tre quasi-dynamical code ALDES: ™ are
being sade. Sore contributions to the BCA
sart of tnis comparison are described here.
A potentially important parameter in
MARLQwE is p_, the maximum impact parameter
2llowed in aﬁj collision. This quantity
establishes the effective sizes of the atoms
‘n the crystal. [f face-centered ;ubic:(fcc)
crystals are descrided by first and second
B/ - (5831,

where a is the cubic unit cell edge, is

neighbors only, (1/6)%/-

required to abtain correct generation of
crystal by the program. As a first study of
this parameter, a series of recoil range
calculations was made for copper primaries
slowing dawn in copper, using 1000 primaries

in each group. No simp’e dependence of the

- range on p_ is observed, the differences

being attributat’e to statistical effects
alone. Thys, for renge calculations, which
are determined mainly by energies-.iear the
initial primary energy, the results are
insensitive to the impact parameter cutoff.
This reflects the very <mail amount of energy
lost in the large impact parameter encounters.
Schiffgens and Schwartz!® reported a
series of comparisons 6f linear collision
sequences (LCS's) evaluated by COMENT and -
ADDES. These same LCS's have also been
examined with MARLOWE, using ne same Mcliere
potential and screening length. Each atom
was bound to its lattice site by an amount
Eb. Other work has shown that perfectly
focused -011.- LCS's in this potential require
[b = 0.5 eV for MARLOWE to give agreement
with aynamical results. Preliminary studfes
of LCS's with Version 11 of MARLOWE suggested
several modifications of the program, particu-
Jarly with respect to improving the procedure
for avoiding unphysical repetitive cycles of
col¥isions with small sets of targets. In
general, MARLOWE -011- sequences are shorter
than those in COMENT, 1In contrast to -011.
LCS behavior, the 00V - and ~111.- sequences
generated by MAR|.OWE are Yonger than those in
COMENT, and these lengths are less sensitive



ta the choyce of parameters. Both aspects
accord with eaxpectations dased on the approxi-

rations wsed in MARLOWE .

5.3 FADIATION EFFECTS ON ORGANIC INSULATGRS
FOR SUPERCONDUCTING MAGNETS:r-"

)

R. R. Coltman, Jr.
C. E. Klabunde

f. #. Kernohan
€. J. long

) The impetus for a program to study the
effects of irradiation at liguid helium
terperature on the properties of organic
insylators is derived from the need‘to under- -
stand the irradiation behavior of materials
that may De used in the construction of large
superconducting coils that provide magnetic
containment for the plasma in a fusion reactor.

During this reporting period an experi-
ment assembly was irradiated near 4.9K in the
CRNL Low Temperature lerdiation Facility
(LTIF), which receives a highly thermalized
neutron flux originating in the ORNL Sulk
Shielding Peactor (BSR).
gamma rays produced in a cadmium shield

Neutron capture

surrounding the assembly added to the ambient
gamny level to provide an intense gamma ray
flux that was by far the principal damaging
radiation received by the samples within.
Tne specimens were arranged'in tw) groups,
are for the in situ measyrement of resistance
changes during the irradiation and annealfing
program and the other for postirradiation
measurement of machanical and electriceal
properties after warmup to room temperature.
Measurements after warmup are considered
appropriate because periodic annesling is
expected during the operating life of a
fusfon reactor magnet. The measurements and
observations included lap shear, three-point
flexure and compression strength, resistance
and voltage breakdown, weight loss, and
chanjes in color and surface feztures. The
materials tested were Stycast 2850 Blue and
Epon 828 epoxies, EF-527 B-stage glass
cloth-epoxy compciite, NEMA G-10 and FR-5
glass-epoxy laminates, Nomex paper, Kapton

film, Formvar varnish 9n copper wire, and
aluminized Mylar. :

In this experiment the dose was increased
to 2 x 10° rads, a factor of 1 greater than
for our first test.-! The in sity resistivity
sﬁecimens showed decreases to as littie as
one-third the starting value, but .11 values
remained in the usable range. The apparent
resistance of the in situ resistivity specimens
dropped by a factor of 2-50 on warawp above
200K after irradiation. The original resis-
tance was restored, however, by purging the
sample chamber with clean helium gas. This
result could be explained by electrical
leakage due to contamination of the chamber
atmosphere by a species that is immobile at
4K. [ts identity and source are presently
unknown. '

In contrast to the first experiment, the
higher dose in the second experiment produced
significant changes in some mechanical pro-
perties. One example shown in Table 8.3 is-
the three-point flexure strength tested at 77K
after irradiation at 4.7K and warmup to 300K.
This property is particularly important in
magnet design. Upch removal from the experi-
ment assembly, aluminized Mylar specimens
fractured into several pieces, suggesting
limitéd use of this material as reflective
insulation for superconducting coils.

The electrical properties of all materials,
while changed by the irradiation, remafned
suitable for their intended use, but some
degradation in mechanical properties appeared
after 2 dose of 2 x 10° rads.

Sample preparation fs now complete for
future tests that will examine the influence

Table 8.3, Three-point flexure strength (MPa)?

Control 2 % 102 rads
Stycast 2850 254 143
Epon 828 225 263
6-10 862 19

% ach value 1s the average for three tests.



of fast neutrons combined with gamma rays on

Sroperty chanjes ané extend the irradiation
dose to | x 107" rads.

-—
.
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9 NEUTRON TRANSPORT

K. 5. Rismylier, Url-

<. Barign
T3 M. Barrase

S. L. Sishops
. 7. (hapoan-
.~ Gabriel-
= B. A. LiTi{e

S, Lo luctiuse

The neutron Lransport program
includes both experimental and analytic

" prases.  The experimental progrc.-n is designed

10 provide data necessary for verifying the
analytic methods and crosi-section data that

are ysed av Dak Bidge Natiohs) Leburatory

. {ORNL) 2nd throughcut the United States tor

fusion reactor neutronics design calculations.
Experirents are beiny carried cut to detersine
the neutron transport in typical fusion
reactor shield materisls and configurations
and to determine the effects of penetraticns
in these shields. The gnalytic program is
directed at prowm.., support for the design
of the integral experiwzents and comparing the

- calcuiated data with those obtained experi-

ne;tally. keutronics calculations have also
been carried out in support of the design of
the Tokamak fusion Test Reactar (TFIR) being
busit at Princeton University and of fusion-

fission nybrid reactor studies at OPNL. The

i, Engineering Physics Division.

2. fomputer Sciences Division.

3. [Instrumentation and Controls Division.

4. Present andress: Lis Alamos Scientific
Laboratory, Los Aldanus, New Mexicd.
Present address: Fusion Technology
Program, Univarsity of disconsin, Madison,

“ Wiscensin,

6. ?Fesent address - Yhermonuclear Fusion

i l{aserrch Sivision, Japar Atomic Energy
. Research Institiis, Tokei Research

-" Estabiishment, Japau,

LA

8. F. Mashewitz-
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used to measure the

Jo0T Mikaioro?

G.oo- Moroan® .
M. Oblow: L
M, M. n. Raghed™

F. ®. Rowssin-

M. J. Saltmarsh

£. T..Santero’

Y. Seki”

9. %. Trubey® o

Ragiaticn Shielding Information Center (RSIC)
hes continued to Supvply a broad ranq of
services to the fusion energy research
corlzumty.

9.1 ANALYSIS Of MAGNETIC FUSION ENEPGY
INTEGRAL EXPERIMENTS

R. G. Alsmiller, Jr.
J. . Barnes B

G. L. Morgan
t. M. Jblow
G. T. (napran ' K. 7. Lantore

Y. ekl

An integral experiment and analysis
prograr: supported by the Office of ?usio.-a
Energy (OFE) has been under way at CRNL for
approximately two years. The purpose of this

_program is to design and carry out intiogral

experiments that will provide data necessary

‘to verify the nuclear data and radiation

transoort metho2s that will be used in the
céesign of the tlanket and shield assemblies

of fusion reactors and to provide this .arifi-
cstion through extensive cumarisons betweey

calculated and experimental dats.”

The experiments for meaSurinr' neutyon
and ganma ray spectra of aaveral detector
locations benind laminated slab shielgs nive
been complieted. Tho nc.:{mrs sre produced
via deuteriwn-h‘”luf-' £5-7) reacuoﬂ. Ang- are
14-MeV m'r'.m tramvevt
through meterials that ma‘.a be four.d T the

inner toroida? ¢hieg.uf o large tokama¥ R

resctor. The slabs of snh«l‘r mat.enol are
152-cm cquare and are un;.orted «m a” t,t‘ier
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3r3 COnSrels struclure Maving @ mintrym LN v.‘" N e S R
thizhmess 06 DR2 Ol Ltatied were St © IR ¢
erceritertal configuraticns ranging from no f-,‘:, . £ i A :
shield avgund the 0= sgurie to 8 6i-cm- i j iRT.- -
trich skiele consisting of layers cf stainless g <7 : e o )
csteel arg borate! concrete. The full shield ; 3 ' “'
) consisted ¢f 30.% om of stainless steel . ; o ":_
followed by 5.5 cm of alterngting 5-om- ; ;'; -
tnick tayers of stainless stee! and torated - ,?5 oL
polycthylene. Tne reytron and ganma r;y F s:‘
T speu’~y berind theie thields were measurad R

.~ 7. - N
S x.sm«, an nN¢ ..3 Viguid scintillator. : MEUTPON ENERGY (Mev

3 Celcuiations of sectra.are bein . . »
. cuiations of these spectrs are being ~ Fig. 9.1 Compar'son of calculated and
sér*formed and preliminary comparisons of the experimental neutron spectra behind 30:38 cm

o A= A )
B ) _ - neutron spectra are availahie. The ca!l_ula— L of $5-304.

_tions are carried ogt using the twa-dirensional
- ; \2-0) d!screte or:'ma;es code DGT.:° Ir order

to rauhure the ca!Culat-ons, a reduced ’ arung the data is encouraging. :!;idwe‘ve!: : the <
geom:try is used to describe the experimental . b-T neutron source representation that was :
facility. The deutwron drift tube, the iron : uses in the analysis was appreximate. S .
. source -can, and the concrete support structure - The ca'culations are now being performed- '
- . are fully =cceied. The walis and ceiling of with @ more accurate representation of “the -
B the experimental hazi} are. nowever, replaced reytron sgurce that takes. intn account the
by albedo surfaces chosen so that the scalar angle-enerqy relationship of the D-T neutron.
flux profiles are the same &5 those cbtained source. Also. & cross-section library that
with the full experimental geometr. The ' includes 21 gamma ray energy groups will be -
experinéntal-ccafiguration is described using incorporated to allow for comparison of the
42 radial and 62 axial mesh intervals. TIne experimental and calculated pnoton spectra. i
radiation transport is performed using 8 Experiments to determine the nertron
82-neutron 9;0up cross-section library streaming thrcugh a typical shield penetration 5
obtained by collapsing the 171-neutron group are 21so in progress,

B HTMIN € iibrary.? A P, expansion cof the
B cross sections: and & $i; angu!ar quadrat.:re

f S -
- ave used in tie caicuie.ions 9.2 MACROSCOPIC CROSS SECTION SENSITIVITY - .

T W n Fig. 9.1 'sa cmr,m of the STUDY FOR FUSION RERCTOR SHICLDING ) o8
o h / alru!ated ana experimtal reatren flux i EXPEPIMENTS® - v e ' N T p
T E spectra behind 3.5 cm Qf stafn¥zss steel Y. seki £ M (ibléw o L
shieldrnq at one of the detector Tecatiors, - R. T. Santoro  J. L. Lucius . o o _
~ The solid lines, showing the experimental. . i ‘ 1 B
) e }ew'tis indicste the unfolded statéstical . ..~ Sensitivities of the calculated motron
= uncertafntu in the exrorimenta! rcsults, and ‘ ~-3nd gam.d ray responses of an NE-213 detector ) ,
= ; ‘the dots are the calculared results. The - to the macroscopic cross sections for neutron ~
» calculateq data’ were obtaimed by smoothing - finteractions in materials used in an integral 0
T 7 the fiux per unit energy. in each wultigroup . experiment for fusion reactor shielding i
' encrgy ~Interval with an energy-dependsnt - studies are presented. Sensitivities for the - ' - .
,‘ Zeu Saassian gtatr fbutton - that charartcrins the " interactions n the 14-MeV and 1- to 2-‘ieV
’ - K 'c- ’f,,n -detecter J'esp(mia. The™ 5f;reemeﬁ{ . _enerav_rznges are found to be .arge e‘nouqh to
B B 7 - N .
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ensure the derivation of a significant amount
of information frum the experiment.

9.3 COMPARISON OF ONE- ANT TWO-DIMENSIONAL
' CROSS SECTION SENSITIVITY CALCULLATIONS

FOR A FUSTON REACTOR SHIELDING EXPERIMENT®

Y. Seki ’ E. M. Otlow
R. 7. Santoro

Lross-section sensitivities caléuhted
with 1- and 2-0 models of a fusion reactor

‘ ,, sh:eldipg experiment are conpared The

. effectiveness of the 2-D calculation in T
S ‘ ’ acgurately modeling the experiment and de;éciorv
e o configurations is demonstrated. At the same
s time, the validity of a-1-D sen51t1v1ty study~

 is also demonstrated.

J. L. Lucius

© 9.4, CROSS SECTION SENSITIVITY ANALYSIS OF A
PROPOSED WEUTRON STREAMING EXPERIMENT
NITH A TWO-DIMENSIONAL MODEL® -~

L

E, M. Oblow

N e
I T : Y. Seki.
S "7 .R. T« santoro J. M. Barnes .

s ot B R LuciUs -

vhe netm‘ou streaming was shown to e deter-
,\_’ned matly by the 4. S-m-thick duct Tiner

aimdhtety surrounding the Hner. The

mtms sattered near the surface of the

ner- um foul\d to be very important, A,

] W.da‘lon is made to move the proposed

C oetector position to fmprove spatial resolu-

.- ia tion fn the measurements without changing the
.. sensitivity of the messurement to the nuclesr

N characteristics of the duct materfals.

Il

9.4 TWD- PND THRIE-DIMENSIORAL REUTRONICS
CALCULATIONS FOR THE TFTR NEUTRAL BEAM -

INJECTORS" :
R. I: santoro  R. G. Alsmiller, Jr.
R. A. Lillie J. M. Barnes

d Two- and three-dinensional radlatwn
transport methods have been employed to
“estimate “the nuclear,}perfomance of the .
neutral beam injec’.o’i’s being designed for the
TFIR. The nucTear heanng rates and neutron
and qama ray eur% spectra hasz been calcu-
lated at urmas jocations in é detalled

, calculatlml model of the iruector using

Monte “arlo methods. Ca‘]cm!anons have-also

Seen carried out usin: aisrrete ordinates

TeInads to oblain estineres of these data in
a 2-D model of the injector. The Z-D caicu-
lational proéédure was\deve\oped,as an
analytic tool for more cost-efricient scoping
ard parametric studies of the effects of
design changes on the injector performance -
due to the streaming of 14-MeV neutrons. Ihe
nuclear responses‘and spectra obtained ..aing )
the 2-D calculational model agree with the
more definitive data obtained using the 3-D
model within approximately a factor of 5.

9.6 SHIELDING CALCULATIONS FOR THE TFTR
NEUTRAL BEAM INJECTORS’

R. A. Lillie
J. M. Barnes

R. T. Sar{toro
R. G. Alsmiller, Jr.

Two-dimensional neutronics calculations -
have been carried out to determine the shield-
ing requirements for the neutral beam injectors
to be used with the TFTR. Neutral deuterium

. w5 injected into the tritium plasme tﬁrough

3 duct that passes through a concrete pilibox-
shape¢ shield (igloo) that surrounds the

<




reactor.
“cencrete in the 15160 and

tc redyce

Ine reactor and 15150 are houses in
te

a large concrete building {test cellj. The

tn the roof and
the test cell is

wails of sufficiently thick

the tiGlogical dose rate from

“neutrons’ and secondary garma rays outside the

test cell to an acceptadle limit of 0.5 mrem/

B-T zulse.” However, some of the neutrons

_ broduced in the D-T pulse stresm through the

Sl

- details

faxis.
_calculation were folded with neutrou" and

tngec'IOn duct resulted in an incvease in thei
du.z-rate on the Toof and outside tre test
The purpose of this studs was to
determine the lucation and thickness of.

cell wall.

" Additional concrete shielding around tne

neutral bear injector necessary for mavntaln?
pf}the dose rate outside the test cell at

‘the_acceptable limit. o

Two series of caicutations were performed.
Eq_tne first, only the igloo and test cell

were sincluded in the calculational mndel to
determine the biéloéical;pcse rate outside

the test cell with no injectors present. In
the ‘the test cell
‘were modeled ‘to determine tne dose réte
outside the test cell from radiation streaming

second, the injecter and

throuyh the 1n3ectlcn duct. Because the
of many of. the celeulational procedures
‘way be found in Ref. 6, they are only briefly
sunmarized heré, ' -

The D-T neutron source distribution was

taken to be that at strong postcompression

_of the plasma” and was transported using the

2-D discrete ordinates code DOT! with the
TfTR. igloo, and test cell modeled in r-z
geometry with toroidal symmetry-about the 2z
The flux distributions from this -

gamma ray'® flux-to-dose convcr;sionbfacwrs

_ to obtain the biological dose rates on the

test cell outer surfaces.

. The contributions to the dese rate . from
neutrons streaming through the injection duct
and from the radfation lesking through the

- 1gloo wall and interacting in the injector

were obtained in 2 second calculation. The

E neutrﬂ beam 1njo;m and the test cell were -

modeled in r-z geometry mn symtry about . -

-

cr

. aneCtOP.

Tre source for this

e @iy of ance Siur .

a2i¥s e madn obtalre Ly osrocessing the

Gutwars- firecic: anisiar flux at tne surface

ef the 1510 obtaire: in the calculation

e5ing the toroida! geometry with the interface -
code DOMINO.'° The normalized probability
distribution functions in energy, space, ind =
angle qenera.ed by COMING were sar'lea uSIng

the MORSE code:  to obtain the radlation

current througk a 200-cm-radiuvs disk located

in front of the injectnrr These data were

then processed wlth the code GRJUNCL}

obitain the first-co)lisron and uncollldéd

flux distrioutions of he radiation !eak1ng s
through the xgloo 3bat 1nteracted in the .
'The‘t:!utrons fm the plasma

injertor and test cell wall that are in 11ne

of sight with the plasma. ~The:direct streaming

. and leakage distributions were approﬁriately =

- all of the 00T calculations.

combirec¢ and used as the source term in:DOT
for completing the radlatlon transpor' through
the anector. .

All of the calculaslons were carried out

- using a 35-n, 21-y energy group, Q3-expunded,

transport cross-section Hibrary obtained ﬁf =
collaDSlng the 171-n, 36-v VITRAIN € . data

An S. angular quadrature was used-in

The dose rates

were normalxzed to o source strength of 3.5 =
1047

sel.:

neutrons/D-T pulse,
. The dose equivalent per pulse as a
function of distance along the testvéell rocf
{from the roof center to the outer edgé) ard -
along the wall (from the injector centerline
to the roof) is shown in Figs. 9.2 and 9.3,
respectively. In both figures the curve “
labeled "without injector” was obfained from o
the calculation including only the reactor, -
igloo, and test cell and represents the dose
rate outside the test cell with no injector
present. The chrves Tabelad "unshielded
injector” and “shielded injector” were
obtained from the calcclation fncluding only

the fnjector and test cell, and these repres ot. -

e O

e e
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Fig. ¢.2.- <Dose equivalent rate ,as a =
'fuﬂction of d\stance anng the test ceu “roof.

AR The' :FTK, which wﬂl operate on a°O-T e
<> - cycle, s being constructed at Princeton.

o Umversuy In ttnf paper calculated results -
‘ . of the: mduced actwlfy in the TFTR test cell

# i
N e Ly

-

[ Y

are presented. Calculated results similar to -

g:

X 5  ORSTANCE FAOM INECTOR CENTERLWE (cni those presented here have praviously been
© T e F\g 9 3. Dose equivalent r;te as a ’ eresemed by R. A. Friedenterg.!® In ;he .
function of distance aleny the test cell wall. work of Friedenberg, the effects of a neutral
] - ‘ ' g ot . béam injoctor and the jarqe penet.ratidns
: " . v . ‘ ERER through theé primary shield needed to accom- » ; B
- o the additional dose outsrde the t.est ce!l due S modate neutral beam injection were neglected. CLTe < ) e
L ) ‘ to the presence of thc 1nJec or.. For th_e ) - “here they are taken into account. Furthermore, - _ 7
: ’ shielded injector, 30 cm of‘conc;et'evlinés "~ “the calculational procedure used to obtain
- the lateral surface of the iﬂject.or. and -the results presented here differs from that
60 cm of concrete is us;ad to atténuate the ' of Friedenberg in that the photon transport - - -
. .neutrons streaming out of the back of the- - calculations are carried out by Monte Carlo
4njector. - The total dose is obtaihed by ce ‘methods rather than by discrete ordfhate' : ’
-ddding the curve without the injertor and e - methods The use of Monte “arlo methods. ’ ‘ o e S
: ) either of the two remaining curves. e allows all of the time-dependent calculauons I _ -
The TFTR is designed to»operate with to ve corried out after the photon transport g T
S g several neutral .beam injectorv Therefore,. - . “calculations!t and greatly facilitates the ‘ .
. ‘ er .curves obtained when the.injector 15 R  consideration o7 & Jarge number of DT o
e - < present must be multipiied by the number of . mﬂse sequences and times after mchine o o
=~ {njectors and ther added to the curve obtained . shutdown. N g T T e
" 7. without the injector. This wy resyit 83 In Fig. 9.4 5 very scheum diagrem of . T :

. mgin overestimote of -the dote Maun ot the TFTR test cell ¥s showmn. The scalar . . P

T nentrrm ﬂunt used here are. thosy obtatned - -
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Fig. 9.4, Schemalic diagram of the TFTR
test cet! with a meutral beam injector. ‘

the primary squrce of activation cross-
section data, a few reaction cross sections
frac EHOF/E-IVi~ Were used. ‘

The shotorn spéctra from each radinactive
resiaqual nucleus eonsidered in tne caiculation
ware gtitained from tne Eva! - ..d Nuclear
Struciure Data Files that are available fro-
the Nuciear Data Project at ORNL.!® C(alcula-
tions of photon trausport were performed with
the Monte Carle code MOPSE!< using cross-.
section data taken ‘rom Ref. 20. The phaton
fluies were converted tn dose egquivalent rate
using the flux-to-~dcie equivalent rate conver-
sion factors of Claiorne and Trubey.!”

In ¥ig. 9.4 the numbers Letween the
arrows ingicate that approximate positions
where the actiyation dose equivalent rates
wiil b= presented, and the arrows indicete
tne spatial inervals over which the dose
rates have been dveraged. [n Table 9.1 the
tota7 activation dose equivalent rates, 1.e.,
the dose rates from 411 residuel nuclet
considered, sre presented for tne case of
1000 D-T pulses applied at the rate of 100 u-T
pulses/day for each of ten consecutive days.
The duration of a D-T pulse is 0.5 sec, and
the time between pulses is 5 min. In the

- table the dose rates are given for one hour,

one day, snd one week after the last pulse.

bl

8

lhe crrar on each entry in the tatle 15 the
Statisticat ercor, one standard deviatisn,
exgressed in percent. Results are uresented
separately for the case of the test cell with
no injertor preseat and for the contribution
from an inlector. The geometries are Such
that the iwd contributions are additive, but
it muct be understood that when the two
contritutions are addittve, gonly an upper
limit on the dose rate i ovtained; in the
photon transport caiculation without injecter,
thé injector Structure is not cresent to
attentate the photons. When there is nc
injéctor present, the calculated resq!ts\age~
comparable to those obtained by Friedenbergi’ -
but are not exactly the ‘sawe because the
concrete compositicns used here are not
éxact?y the saaé as- these ysed in the calcula-
tions of Fri?denberg,‘ )

Calcuiated results similer to those
giver in Table 9.1 for a variety nf different
pulse repetit.on seguences, times after the
last pulse, and cther posfticns in the test
c 1l have also been obtained and \iil be
presented. Furthermore, for each total dose

~ equivalent rate obtained, the <ontribution to

this dose equivalent rate from each residual
nucleus considered is available, and some of
this informa.ion will also be presented.

9.8 BESIGN CALCULATIONS FOR A 14-MeV NEUTRON
COLLIMATQR- !

R, A. Lillie R. G. Alsmiller, Jr.

J. T. Mihalczo

A number of 55-316 right circular
cyiindrical shells of varying lengths have
heen analyzed using 2-D discrete ordinates
. ansport methnds together with first and
iest flight particle estimators to aid in the
design of neutron collimators for the TFTR.
fr. “he TFTR the 14-MeV neutron source has a
vwoiy large spatial extent, and the collimators
mpst,be designed to aliow spectra) measurements

- thet refer to only a small spatial region of
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this eatended source. The analysis identifies

the 14-He¥ neutrons from scattering in the

F $5-316 immediately adjacent to the collimator
opening as the dominant contributor to detector

- background. Collimator lengths greater than
0. . m were found to be sufficient to.attenuate -
uncollided backgrf)und neutrons for rcasonatle
~source-detector distances. The lower énergy
(<13.8 MeV) neutron background and gamma
background were not founs to be significant.

- 9.9 KUCLEAR FERFORMANCE OF MOLTEN SALT
FUSION-FISSION SYMBIOTIC SYSTEMS
FOR CATALYZED DI AND DT REACIORS ' -

fissile nuclide produ;‘u&ii potent

M. M. H. Ragheb - J. M. Barr. ., g " b
R. T. Santoro M. J. Saltmarsh T.in.y) reactions {0.880 reac:ions/
. neutron} than-the Li salt 3-7 system (0.737
The nuclear performance of 3 fusion- ] rcactions/source nev.ron) without the éddf- . .
fissiim hybrid reactor having a moiten 51t tional complicetion of :ritium productfon.in v e
composed of Na-Th-f-Be as the YYanket tertile the blanke*, R 1000-M(e) D-C hybrid r‘.actor" >
material and operating with « ~a.alyzed C-D 15 estimated to be abie to sugport 14 fission ST s -
plasma is compared to a3 similar system uiiltz- reacter, of the same power operating in the - oL '
ing-a Li-Th-F-Be salt and operating with a unce-through cycles 3 D-T nybrid reactor can
D-T plisma. The productton Gf fisstle fuel support about 8 fisston reactors.
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9.10 RAZIATION SHIELDING iNFORMATION CENTER

B. F. Masaowitz R. W. Roussin
D. k. Trubey

The RSIC, estailished in 1962, serves
its yser community iy collecting, organizing,
processirg, evaluating, packaging, and dissem-
inating information related mainly to recriar
and weapons radiation. The scope inclu.es
the physics of interaction of radiatior with
matter, radiation production and transpuort,
radiation detectors and measurements, engineer-
ing design- technigues, shielding ma‘orials | <
properties, computer cudes usefﬁl in 1esearch
anc design, and nuclear data compilations.
Originally established to support research
reiated teo f%ssion. RSIC now supports fusion
reactor technology. The major activities
include (1) cperating a computer-Cased informa-
tion system and answering inquiries; (2)
collecting, testing, pacraging, and distribut-
ing computer codes; and (3) evaluating and
processing nuclear data libraries.

All RSIC activities contribute to the
fusion technology program. During the current
reporting period, special emphasis has been
placed on providing a general purpose fine-
group library for use by the fusion neutronics
cormunity. A 6i-material version of this
library, DLC-418/VITAMIN C, was released
during FY 1978, and its use was derenstrated
in 8 seminar-workshop on multigraoup cross
sections. ‘s-* Plans have been proposed to
produce an updated new version based on
evaluated data from ENDF/B-V.7°

A second seminar-workshop included a
presentation of sensitivity and uncertainty
analysis”“ applied to fusion reactor systems.

During the year the RSIC data base
increased in each subtask:

(1) .iterature - 8500 cita.ions-’ may be
accessed on DOE-RECON, 42 RSIC reports
issued with several volumes in series,

(2) codes collection there are 340 complex
shielding code packages'” and 140 auxil-
iary data processing packanes;

{3) data collection - ‘62 data library
packages® and additional working cross-
section libraries are maintained for
OCE-OFE and Derense Nuciear Agency (DNA)
sponsors.

The RSIC newsletter Gistribution is ~1550.

RSIC latest user statistics (FY 1978)
indicate that 2900 separate letters and
telephone calls (mlzluérkday) were processed
during the yéar and 113 | sit~-s were received.
The fusion research community accounted for

‘wzoi‘of the totat number of requests.
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10. MANAGEMENT SERVICES

R. 4. Dilworth, Section Head

S. K. Adhins J. C. Ezel} M. C. Rhea"

D. R. Alford H. W. Jernigan . T. Rogers®*’
A. B. Barnette J. R. Jernigan* £. M. Ruckart
P. G. Beailey R. P. Jernigan W. K. Russell
S. S. Beli! 8. L. Johnson® R. €. Satterfield
C. P. Brocks C. H. Johnson: S. R. Schwar*z-
J. L. Burke v. Y. Joknson' {. M. Sekula*
E. L. Cagle! M. N. Johnson™ L. G. Sharp

C. J. Chamberlain R. B. Johnston'® J. G. Sharp!

M. B. Clark J. A. Kelman! B. L. Straine
C. H. Cox K. 6. Kincaid! C. K. Thomas

J. b. Craven® JI K. Lovin E. L. Watkin®
K. M. Dobbs! J. B. Martin®' £. E. Webster:
M. V. Dunmn B. J. McClur:: . R Mells

R. S. Edwards J. €. Neeley' T.G. Yow*

Abstract. The Management Services Section the same organizational form as originated.
provides coordinated professional adminis- Tre value of centralizing management functions
- trative services to the Fusion Energy Division within a section has been clearly demonstrated,
(FED), allowing the work of technical pro- ' and the gereral methodo¥ogy of tre function-

fessiorals to be more fully concentrated in ing of the section within the Civicion has
their areas of specialty. Services are been established. Thus, more attentinn 1§
provided in general administration, personnel, now turning to improvements in relationships
financial management, communicaticens (including with external organizations and to procedursl
text and graphics generation), management improvements. [n the following sections of
information, 1ibrary, safety, quality assur- this report, hignlights of specific accomplish-
ance, and nonprograrmatic engineering services. ments are presented. The organization chart
Highlights of the past year included adoption for the Division is shown in Fig. 10.1.

of the Procurement flodule in the FED Manage- k

ment Information System (MIS) for use by tre 10.2 FINANCE OFFICE

entire Laboratory, completion of the Personnel

Module of the MIS, greatly increased persornel The funding trend for the Fusion Energy

Pas .. . . . ivision and Program continues to ibi*
recruitirg activity, and increased industrial Division and Program co nes to exhid

. . } ‘ ,
subcontracting activity. substantial growth, as illustrated in Tavie '0.)

and Tig. 10.2. This trend creates a related

10.1  INTRODUCTION need for qrowth and improvement in specivic
areas of financial control. [n order to meet
The Management Services Section has now ) the research objectives of the Program,
completed two years of operation in essentially increased emphasis must be placed on financiai

- analysis, variance reporting, and dccurate
--------------- cost projections.

*

Part-time. During the past year the Finance Office
1. Information Division. continued to provide monthly cost reports for
2. finance and Materials Division, the various work breakdowns, to work with
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Table 10.1. Fusion Energy Program expense funding

Dollars in thousands

FY 8l

FY 76 FY 77 FY 78 FY 79 Fy 80 ,
. actual actual actual funding as budget budget
Activity cost cost cost of March 79 submission submission
Confinement systews - tokamak systems - .
research operations : 5 3.%46 $ 6,811 $ 5,973 $ 6,900 S 8,100 S 9,175
Confinemert systeas — tokamak Systems - <
rajor device fatrication 2,534 4,574 4,709 5,29 2,880 2,85}
Confinement systems — magnetic mirror A
systems — research operations : 1,780 1,969 2,295 2,900 5,282 6,525
Confinement systoms — magnetic mirror o
systems — major device fabricacion .
(€BT-11) K 178 205 2,000 8,496 20,600
Total confinement Systems , $17,090 $25,662 $38,811
Deveiopment and tectmology — magnetic .
systems ) : 5,691 $10,910 $14,925 $13,514
Development and technolagy - plasma i
engineering __4.998 6,063 5,442 5,560 3,425 9,700
Developaent and technology — fusion .
Nreactor materials 1,016 1,645 2,79 2,945 3,460 3,708
Development and technology — fusion -
systems engineering o 1,228 2,535 1,954 1.65% 3,000 6,620
Development and technology —
environment and safety 0 0 55 260 .68 oo
Total development and technology $10,61% $15,934 $17,840 $21,530 $31,910 §33,642
Applied plasma physics — fusion plasma
theory $ 1,804 S 2,063 $ 2,1% $ 2,250 $ 7,950 $ 3,400
hpplied plasma physics - experimental -
plasma research 580 843 893 89S 63 1,193
Applied plasma physics ~ national MFE
computer network s reAl __ 188 2% ..350 450
Totai applied plasma physi s 7 $ 2,384 S 3,177 § 3,283 $ 3,435 $ 4,263 $ 5,048
Reactor projects - TFIR . 32 “_;g _._.0 ¢ .5
Total reactor projects .5 321 0 ...« 0 .._8
Total ORNL funding $20,455 §22,94 $34,305 $42,055 $61,835 §77.501
research personnel in properly planning 10.3.1 Visitors

expenditures within budget constraints, to
operate the coordinat:a work order control

_ system, an,, to perform many other functions
associated with Division financial/accounting
trausactions,

10.3 OFFICE OF THE ADMINISTRATOR

This office is responsible for most of
the general administrative functions of the
Division. ’

including 123 noncitizens,

Arrangements were made during Lhe past
year for 1186 visitors to the Division,

10.3.2 Personnel Functions

During the past year arrengements were
made for interviews with 38 prospective
employees, 7 of whom accepted employment. In
addition, 5 new employeec transferred from
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cther GPNL organizations. Twenty-eight guest
3isijmaents were processed, by waich non-
employees articipate in Division programs.

10.3.3 Subcontracts

in 197¢ industrial involvement th}ough
subcortracts exceeded $6 million. Mo ior
contracts were for the (.~ 7 Y irogran
{LCP) prototype fusion reactor coils and
"microwave power tube development for the ELMO
Bumpy Torus {EBT) and Impurity Stuay Experi-

ment (ISX) programs.

10.3.4 FED Compunications Center

The name of the Tth Communications
Center accurately reflects tre broad ranqge of
services provided by this qgroup. The center
provides a compiete documenitation <ecvice
that includes editing, typing, drafting,
photaqraphic art, and copying services, [n

1974, 118 numbered reports, Al journal

‘tication output of the Divisip
" while the volume of work has in

articles, 71 meeting papers, and 6 special’
projects were published; 212 abstracts were
processed. The graphics group prepared
approximately 1500 drawings, 5000 prints, -
3000 viewgraphs, 150 pozters and embossograph
signs, and 200 diazo signs. In addition, -
pians were made fur the installation of a

- 9400 Xerox copier with simultaneous fromt and

back printing.
Growth of this group has continved in
order to keep pace with the increasing pub- -

average processing time bas decressed. Our
records continue to verify the productivity
and cost-effectiveness of this group.

10.4 MANAGEMENT INFORMATION SYSTEM

Tne purpose of the FED Management Infor-
mation System (%IS) is to provide the Divi-
sion's management staff with timely and
reievant information require. to maintain
As described
in the remainder of this section, progress

coftroi of costs and schedul:s.

wis made in several areas during 1378.
nowever, the accomplishments were limiiad by
tne ‘ack of availabie programming support
personnei, a proble: that is being solved by
utilizing subcontracts.

Several tasks were completed on the
Labor information Module, which will provide
weekly data on nondivision labor chinyes.
The software that processes the cost data is
running, and work is in progress to extract
This will
The
Labor Information Module will become opera-

dats from the accounting system.
greatly reduce the manuai data input.

tional for cost information during the current
year.

In addition, the Personnel Information
Module, used to generate personnel-related
Tnis module fs also
being used a5 a test bed in the development

reports, is operational,

of new tecnniques for interacting with users
who do not have o computer background and



managers whe do not have the Lire necessary
to learn a2 compiex set of instructions.
These techniques are then utilized in other
parts of the M.S.

A new moduie is also being used to
provide information reiative to equipment
being heid in the Division's storage area.
The problem was ané;yzed and a system designed
and put into operation within a few weeks.
This was accomplished by using an existing
rodule in the MIS and making the changes
This
épility to respond quickly to Management's
changing needs is the real test of a MIS.

necessary to perform the new task.

Further, an interactive program for
project scheduling is now operational at FED.
PERT6 (Program Evaluation and Review Tech-
niques) 15 a system that was leased from 2
software vendor. Attenpts are under way to
provide a graphics capahility for use with
‘this system.

Also. the FEC Procurement Module has been
installed for use by the entire Laboratory.
The tasic de.ign of tne software was such
that only minor changes were vequired to mave
the transition to laboratory-wide use.

Several new capabilities. which are more of a
concern at the Laboratory levsl, were acaed
to the s;ster. Some of these capsbilities

will alsn be incorparated intg the 70 < stec.

10,5 ENGINLERING STRVICES, QUALITY ASSURANCE,
SAFETY AND EMERGENCY PLANNING, AND
PROCUREMENT CXPEDITING

10.5.1 Engineering Secvices

The tngineering Services Group provides
all of the nonproarammatic engineering work
and coordination for the Division, This
includes coordination ot machine shop work,
raintenance craft work, inventory and storage
of equipment and materials, telecomunication-
cnordination, end the coordination of Division

requests for qeneral plant projects (6PP),
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general piant equiprieni, and line jtem facility
improverents. The group is also responsible
for maintaining buil*ings, facilities, and
equipment and fer planning future facilities.
Some of the highlignts of thic activity in

the past year include the following:

(1} compietion of 15 expense and & equipmert
frojects;

(2} imitiation of 3 GPP, 12 expense, and
6 equipment projects; ana

(3) coordination of 12 man-years of r.chine
shop work in X-10 shop, and 37 man-years
in Y¥-12 snhops, includiig 64 jobs at X-30
and 216 jobs at Y-12 yith a total value
well in excess of S2 m°1lion.

Aiso, construction was started an the atfice
ang laboratory space eddition 20 Euiiding
9201-2, the demineralized water <yster in
Building 9204-1, and the electrize? Lower

uparaae of Bgilding 3202-1.

................ J

The Procarecent Lxoediiing Wrguy -

functioning well in tre fngineering Seryice,

2

Group.  During 1927. tnis grous orscesse
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[
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-

eqguisitions for materigin, eguisnent,
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-
[

e
P

services representing @ voivee of o.r
million.  ffforts L2 inprove deliyer, of

Oraerest Lo are CORLInLIAG shd are Lnowin
SUCLESS Of Corigin correditing.  Dhe peror
wds addod Lo Lhe UG

for TRy Suelific
RUrgoe.
5.3 Safety and irerjency Planring

Tne Division Safety Program includes
ronthly Zafety inspections Ly individua,
sections, fire inspections by professional
fire in<pectors, and six forral safety train-
ing en,onn cer gear for gll Division per-
sonnel. A foregl training prograr in cardio-
pultnnary resuscitation (CPRY was natituted,

forty prople corpleted thiy caurse,



N

12.5.3 Guality Assurance

Tre Quality Assurance {{AY Frogra— ror
FED continues to function weli. Also, tre
interface with Engineering JA —aze signmifi-
cant frogress during the year. Tre progra-
continues to be effective in ensuring reli-
able and cost-effective experimental equip-
#ment, both fabricated and purchased.

A complete revision of the Division QA
Manual was ctarted in order to bring the

Bivision QA Program into comp! iance with ORO

I¥D 02xx and UCC-ND SPP 2-16 standards.
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0.6 FED L.BRARY

Tne tusion Energy Division Libriry
provides library and information servives to
FED, CRNL, UCC-ND, and DOE. A specialized
coilection of books, technical reports, and - -
scientific journals in the areas of plasma
physice and fusion enr ~gy technology is
maintained. -

Also available are computerized infor-
mation retrieval services using DOE RECON and <
other comercial bibliographic systems. '



ADIP
BEIX.
AES
appm
APS
KRE
ATC

becc
BSR

coM
CPFF
cH
CcPR
cw
‘CWTX
1:141
D-D
NEMD
DRA
o0t

dpa
p-T

4134
EBTR
EBT-S
ECH
ECR

EPR

ETF
EURATOM
foe

FC1

FED
FIFPC
FLR

GD

GE
SIFTS
GPP

HF IR
HPTF

1AEL
1aC
16C
INTOR
[sx

LARTS
LASL
Lce
LCS
LCS's
LCSTF
LT
LCTF
itk
LPTY
LRO
LT'F

. body-centered cubdic

UST OF ABBR‘VIA“OE

Committee on Alloy Deve'lopl.ent for Ir 1dnt"m Perforlance
ArnolC Engineering Jevelopment Center

Ruger electron microscopy “

atomic 9aris rer million : Lo -
American Physical Society - R R S
asnect ratio enhancement C TR A d
Adiabatic Toroidal Compressor - e LT

binary collision sporoximation .. .. . ’f‘ TR ~ e

dulk Shielding Reactor

constants-cf-motion SR R A
cost plu fixed fee R -
Colisional Plasma Model . .
canhnp-.rhor.ary resuscrtation .
continuous wave ’
Coi) Winding iest Expennert S

ductile-to-brittle transition telvevatwe
deuterium-deuterium

Comme~c:al Demnstration Reactor =
Defence Nuclear Agency “
bepartment of Energy .
displacement per atom

deuterium~-tritium

LW Bumpy Torus .
ELMC Bumpy Torus Reactor -
ELMC Bumpy Torus Scale Experiment -
electron cyclotron neat . ng

electron cyclotron resonance

equilibrix> fiela

Experimental Power Reactor

Engineering Test Facility

European Atonic Evergy Cormunity

face-centered cubic
flur-conserving tokamak
Fusion Enery Division
Fast Ion Fo ker-Planck Code
finite Larm... radius

General Atomic

General Dynamics

General Electric -
Graphics-Oriented Interactive Finite Element Time-Sharing Systerm
general plant projects

High Flux Isotope Reactor
High Power Test Facility

International Atomic Energy Agency
instrumentation and controls
Intermagnetics General Corporation
International Tokamak Reactor
Impurity Study Experiment

Large Aspect Ratio Tokamak Study
Los Alamos Scientific Laboratory
Large Coil Pregran

targe Coil Segment

1inear collision sequences

Large Coil Segment Test Facility
Large Cnil Task

Large (~11 Test Facility
Lawrence Livermore Laboratory
Lonq Pulse Technology Tokamak
long-ranqe-ordered

Low Temperaturs Irradiation facility

189




W
[&e]

M&S Magnetics and Superconductivity
Mesr Hediur tneryy Test Facilicy
MFE magnetic fusion energy
Miif) magnetohydrodynamic
MIS Management [nformation System -
MIT Massachysetts Institute of Technology
RMFECC . National Magretic Fusion Energy Computer Center
OFE Office of Fusion Eneryy
OH ohmic heating
ORCHIS Oa\ Ridge Computerized H1ererch1ca1 xnformetlon System
ORMAK Oak Ridge Tokamak
ORNL - Qak Ridge National Laboratory
ORNL-PIG Penning Multicharged lon Source .
-0RO” Oak Ridge Operations
- ORR . Dak K.dge Research Reactor )
POM Fittsburgh-Des Moines Steel Coapany . -
PDX = Po'oidal Divertor Experiment. =~ .. ™

PERTG . Prograc. Evaluation and Review T
PF- poloidal field
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“PPRL - Princeton Plasma Physics Labo%*
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. TEM - transmission electron microscopy
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- TNS The Next Step
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HCC-ND .Union Carbide Corporation-Nuclear Division
ubB Unified Data Base
~usc User Service Center
"UTRC United Technoliogies Research Center
- uTs ultimate tensile strength
uve _ Universal Voltronics Corporation
yuv vacuum ultraviolet
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