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INTRODUCTION

In 1977 ORNL continved to be a2 major contributor to the intermational effort for the development
of fusion erergy into 2 uceful power producer. This contribution remains broad, with major progras;
in plasma physics theory, plasma physics experiments, and technology dévelopent. and maintains 2
sufficient e¢ffort in each area %0 allow a high qualit;v, in-depth effort. The examples in this intro-
duction illustrate both the breadth and significance of the ORNL program.

The theoretical investigation of high beta tokamak configurations now uses a number of tools for
investigating the stability of high beta equilibrium. Our analyses with initial value, semiamalytic
(BALOOY), and energy princiole (ERATO and PEST) computer codes have reinforced our previous conclusion
that betas of 5-10% should be attainable. In addition, coupled transport and equilibrium codes are
now investigating the evolution of tokamak equilibrium under the cosbined effects of :sating and trans-
port. Our understanding of resistive MHD phenowena continues to increase, and the predicted monlinsar

- properties of m = Z, n = 1 Mirnov oscillations agree q;antitat,ively with experiments. I{ now appears

also that nonlinear coupling between the m = 3, n = 2 and m = 2, n = | modes may be central to the
major disruption process. In the continuing effort to understard the anomalous electron transport, it
wos found from both analytical and nueerical calculations that the collisionless drift wave in a
smoothly sheared magnetic field (the "umiversal instability”) was stable. However, trapped particl-s

do destabilize these waves. While the electrostatic effects of microinstabilities seem progressively

less able to explain the observed electron losses, it now appears that the breakup of magnetic surrace:
caused by such waves (the "magnetic flutter model”) is a viable mechanism. The EBT theoretical effort,
motivated by experiment, has been developing methods to self-consistently mode) the ambipolar electric
field. This fiel) strongly influences part.:-le orbits and thus plasma transport. It appears that a
complete’y classica) model yields plasma par.aeters which are within a factor of about two of those
which ar: measured. As the microscopic and macroscopiz features of the models evolve, comparisons
with exoeriment are bacoming increasingly detailed. The ability to do computations Such as the above
and to deal with the large dats flow from experiments was enhanced by the installation of a PDP KL-10.
This computer has approximately twice the capacity of the KI-10 it repiaced.

The principal thrust in the EBT program was an expanded effort to measure the radial profiles of
key plasma parameters, including profiles of ion temperature, density, impurity fons, neutral
nydrogen, and plasma potential. The effect of small field errors on plasma confinement was studied.
Op*imum confinement conditions were obtained when the global fiel~ errors were cancelled, and under
these conditions the net toroida) current was very small. EBT-I was shut down at the en. of the yeer
for mocifications which will allow higher microwave power levels and frequency (EBT-S). This fncrease
in power {s rade possible by the superpower millimeter microwave tube development program at Varian
Associates (Palo Alto, Cslifornia) wn 2r an ORNL subcontract. Tubes with over 200 <4 of power at
28 GHz and a dc-rf conversion efficiency of 35% were developed; & stead -state tuve will be delivered
in 1978, This 28-GHz development will be extended to 120 GHz for EBT-I{, & proposed device which under
neoclassical assumptions (consistent with EBT-I and which will be scaled on cBT-S) allows the possi-
bility of nt ~ 10}3-10" sec/cm®, T ~ 5-10 keV, ana t = 0.1-1 sec. The steady-state, high beta, and
large aspect ratio properties of the EBT concept appear tu lead to an attractive reaztor concept.

The tokamak experimenta) .ffort was highlighted by the very successful run of ISX-A. Because of
careful control of vacuum conditions, discharge cleaning. and titanium gettering, plasrac with Z + 1-3,
ns5x%1012,em3 to 5 x 10}3/¢m?, and 1 < 30 msec were produced at a toroidal field of 15 kG. The
confinement time was a factor of four hi.gher than that observed in ORMAK under similar conditions.

This difference apparently results from a rcduction in the amount of power lost due to impurity
radfation. The impuri.y flow reversal experiment, a joint effort with the General Atomic Company, was
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an attempt to reduce or reverse the movement of impurities from the plasma edge to the discharge core.
j Although not all aspects of the experiment were understood, an effect in the correct direction was seen
g anc-additional ~xperiments on ISX-B (2 noncircular, neutral beam heated modification to ISY-R) are

-o2lanned. The fabrication for the ISX-A/ISX-B conversion progressea well, and experiments are expected

to start in the summer as projected. The past-ISX tokamak program is based on a long pulse, super- ’

conducting device which investigates the’physics and technology problems associated witn producing and _
~ miintaining high beta plasma discharges for periods longer than 10-20 sec.
_' A major demonstration of oellet fueling was done on ISX-A using a Gis-nm. 330-m/sec pellet injec-
" tion system developed in the Plasma ~ Yogy Program. These pellets produced significant density
) increases, an/’n ~ 10-50%, and penei .ted the 1 x 1013/cm? plasma absut 10 cm, in agreement with model
calculations. An intensive construction and development effort led to the delivery of four neutral

beam linas to the Princéton:?lasma Physics Laborztory for use on PLT. Each of these systras is 20§
capable of delivering 750 kN. The sy.*ecms hase very high atamic vields {~25%). The cryoyenic, heat
transfe-. and fon source components car be improvecd and will turm the basis for a new §eneration of
beam lines .

The program to develop largeaiorcidal superccnducting magnets is now well e<tablished. The\three

coil centsactors {General Dynamics, General Electric, and Westinghouse) are now in the detailed design

and ve-ification testing phase of _their contracts. In addition, a contract for ;onstruction of the
10.7-na-diam, 171.3-m-“igh cylfndrical vacuum vessel for the test facility has been let; actual

. eonctruction i< tn hepin in 2id.1079 T {5 500 Cajecied Lhel The three TLituw-on coiis will De Duiit
outside of the United States as part o the IEA agreement which was signed by the Secretary of the
| 3 T Department of Energy in October 1977. Pote:.tial coil suppiiers include Switzerland, Japan, and EURATOM.
e Fuli six-co!l arruy tests ar: scheduied for 1982. The development of the conductc-, instrumentation,
; and analytical tools required for this effort is now the principal activity of the Marnetics and Super-
if.K‘ . conductivity Section, but in additicn ~ontributions have been n.'s .0 the EBT-S, EBT-II, FBTR, 'SX, and
SR TNS programs. '
’ The TNS eftort i-3s moved from a pha%e in which project definition and systems mcdeling were the
most important activities to one of preconceptual design in which specific tasks are undertaken to
~ reduce tecnnology requirements, reduce costs, and/or iicrease the enginecring fecsibility of the device
- ‘e.q., analyzing the trade-cffs between air and iron core devices and developing designs with fewer
toroidal field coils). This program continues to play a strong role in defining and refining the plasma
ph,sics and technology prog-ains at ORNL.

1t should also be noted that a separztion took place between the management ‘unctions of the
Fusion Energy Division and the Fusion Program. Historically, programs within the Labora‘ory have cut -
across a number of discipline-oriehted divisions and have been managed by a progran director. This
did nov taxe place earlier in the fusion effort because most of the wcrk centarea in one civision.

The increased size of the program and the growing effort in other divisions motivated this chahge.

The year 1977 was an uncertain one for fusion development in the Unfted Stotes because prigrities
within the nation's advanced energy research and development progran were 1 ider intensive study, How-
ever, the ORNL Fusion Program has made significant advances in establishing the physics and technulogy
base wrich will be rquired for the future program. Progress is continuing to be made trnward obtaining
useful energy from the fusion process.

Lee A, Rerry, Director 0 b, “.rgan, Jr., Director
ORNL Fusion Program Tusion knargy Division

| |
~ - | |




HIGH BETA PLASMA
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Abstract. The main thrust of the experimental
efforts in 1977 was directed toward the measure-

ment of radizl profiles of most key plasma

parameters, mainly in the stable T-riode opera-

<ion of EBT-I.

Ion temperature and density

profiles were measured by charge exchange

neut. al particle anaiysis, neutral hydroger -

and impurity jon density profiles were
measured vpectroscopically, and plasma poten-

tfal profiles were measured using the heavy
ion team probe technigque for the first time.

Wort is continuing on the development of a
nen soft x-ray detector for measuring elec-

tron temperature profiles and a ruby laser
scatteriny apparatus for measuring electron
density profiles.

1.
2.

3.
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In addition to the e“forts to obtiin radial
profile information, there were several other

- measurements which added éuignificantly to our

understanding of cBT, The effects of small
magretic field errors on olasma ronfinomont wewvs
stuc ied, ard the dependence of other paramcters,
such as net toroidal current, on field errors
was determined. Electron heating .. microwaves
was studied by soft x-ray analysis. Installation
of a nev neut-al particle analyzer employing a
cesium charge exchange cell increased our con-
fidence wn charge exchange measurements. The -
resuits of these measurements provided valuable
guidance to the one-dimensional theory of EBT.

In November EBT-] was shut down for conver-
sion to EBT-S, which is expected to be a crucial
test of scaling for the EBT concept. Development
was completed in 1977 for the 28-GHz, 200-kW
{cw) gyrotron oscillator, waveguide distribution
system, and power supply, which represent a 50%
‘ncregse in microwave frequency and a threefold
increase in total microwave power available.

Also in 1977 a design and engineering study
was undertaken for the EBT-II device (to follow
EBT-C). As currently conceived, E8T-II would
achieve near breakeven conditions with auxiliary
neutral beam heating for the ions if neoclassical
scalfng s valid. The ERY-1I design calls for
extensfon of the gyrokiystron .state of the art
to 200-kW {cw) tubes operating at 120 GHz and
fur modest technology impro»%mn;s in the areas
uf superconducting magnets and neutral _eam
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sources. The desiqgn also includes the innovative
feature of aspect ratio enhancement coils, which
re’uces the size requirements for breakeven for
an EBT device, possibly by - factor of three.

1.1 INTRODUCTION

Operation of the ELMO o.mpy Torus was r.on-
cluded in 1977 as conversion of EBT-I to EBT-S
began. Experimental efforts were concentrated
on obtaining radial profile information, develop-
ment of the 28-GHz gyvo¥lystron for use on
EBT-S was nearly completed, and & conceptual
design study wmas undertaken of the next genera-
tion device, EBT-II.

The experimenta] program consisted of using
new techniques as well as refining eristing
diagrstics. Section 1.2 discusses the results
vi 3u L x-ray anaiy>is ui eieccrun Scaiing.
Sectim 1.3 describes the new charge exchange
apparatus installed on ERT during 1977 and
meast rements of the ion radial profiles. Tkre
meas irements of space potential profiles by the
heav’ ion beam probe are in Sect. 1.4. Section
1.5 Jetails the results of our studies of
toroidal current and magnetic field error com-
pensaton. Section 1.6 discusses the impurity
distributions in the EBT plasma as measured by
uv spectrascopy. Section 1.7 is a discussion of
the visible light stud; of impurity spectral
line shapes. Advances in microwave source
development and preparations for EBT-S are
described in Sect. 1.8. Finally, a summary of
work on the EBY-11 concepcual design study is
giver. in Sect, 1.9.

1.2 STUDY OF FLECTRON HEATING BY SOFT X-RAY
ANALYSIS

S. Hiroe F. J. Bresnock G. R. Haste

The recent brogres: of x-ray and other
dfagnostics on EﬁT has provided us with an
understanding of the elec.ron cyclotron resonance
hected plasma. The calibration of the soft
x-ray dJetector in the lower photon energy range
s accomplished by operating €BT with magnetic

|

fieid and microwave power applied %o only 2 few
cavities 20 that in tre absence of 2 raraidal
core plasra only the relativistic ring electrons
illuminate the detector. Deviations at low
energies from the krown distribution Gf this
energetic electron popuiaticn rey be used
directly a5 3 reasure of detector efficiency.
EBY may be operated in a mode to provide this
calibration 4 s<lu to check the constancy of
this calibration day to day.

1.2.17 Line Averaged Electron Temperature and
 Density with Only 18-GHz ECk

The behavior of the line averaged tempera-
ture, measured with the windowless soft x-ray
detector, is shown in Fig. 1.1. In this figure,
the ordinate is electron temperature arnd the
abscissa is amtient pressure in the cavity
containing the soft x-ray detector.

it is clear that tne temperature changes
steeply with pressure variations at low pressure
and becomes almost zonstart at higher pressures.
The temperatures obtained vary in the range of
200 eV-600 eV.

In Fig. 1.2, the dependence of 17ne averaged
density obtained from a 70-GHz interferometer
and toroidal electron temperature on ambient
pressure is shown. The EBT plasma consists of
three different components: a surface plasme
(s), a hot electron annulus (h), and a toroidal
plasma (t). The measured nL is the sum of these
components:

nlL = ﬂsLs + nhlh + ntat .

0f these components, L is small and may be
neglected compared to "t:t ang n_i.. It is
evident *hat nl increases with ambient p.essure
but seems to saturate at nig), levels of micro-
wave power,

Thé density obtair.d from the soft x-ray
intensity is a measure of only the toroidal com-
ponent. , We can neglect the contribulion of
surface plasma becsuse the electron temperature
of the surface plasma is one order of magnitude
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Fig. 1.2, Densitfes obtafned from 70-GHz
interferometer and soft x-ray intensity are
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smaller than that of the toroidal plasma and the
measurements are taken from data above 0.7 ke¥.
It is interesting that toroidal density decreases
with increasing ambient pressure and increases
with input power. From the interfervoseter
seasurements it appears that the density of
surface plasm2 must then increase with ambient
pressure. [t is also clear that the energy
contained in the toroidal plasma i:creases as
the ambient pressure decreases toward the
unstable M-mode.

From the above resclts, we can desonstrate’
the gross characteristics of the electron temper-
ature and density in EBT. In Fig. 1.3 we show
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the empirical relations between the toroidal
temperature Tt. density L input power P;. and
ambient pressure p. The empirical relation
between the toroidal density, microwave power,
and ambient pressure can be written

np = PL-% . (1.2.1)

Except for operation at high pressure in
the T-mde or in the C-T transition region, the
relatica between Tt and Pu vs § is describea by

« p7-5
ltp Pu . (1.2.2)

From Eqs. (1.2.1) and (1.2.2), we can eliminate p
and write the relation

P ~n /(7 . (1.2.3)

If we assume that the czergy aepositinn in the
toroidal plasma is proportional to "tTt' the
deposited energy is

nTy 2 (20 . (1.2.4)

The onergy deposition ia the toroidal plasma
increases with increasing microwave power and
with decreasing ¢mbient pressure. It is im-
portunt fo point out that thesz relations are
applicable only for the T-mode.

As shown in Fig. 1.1, Tt aAppears to be
nearly ¢ . tant at high pressure in the T-mode,
From Eq. (1.2.2), if Tt is conctant, p Pﬁ-‘.
This relation is in good agreement with p(Torr) =
lO"‘*P:-*- (kW), which is obtaied at the C-T
transition region, as reported earlier.!

1.2.2 Line Averaged Electron Temperature and
Density with Both 10.6-GHz and 18-GHz ECH

In Fig. 1.4, the 2lectron temperature with
both 18-GHz and 10.6-GHz microwave power applied
is shom as 8 function of ambient pressure. The
different symbols represent different total

microwave powers at 12 Gxz and 10.€ GHz. The
number By each exserimental point is the power
¢t 10.6 GHz.

When the results ~hown ir Figs. 1Y and 1.8
are compared, it is clear that the gross tendency
is the same, except that Te with additionael
10.6-GHz p.wer is smaller than wi:h ¢aly [B-GHZ
power .
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Fig. 1.4. Electron temperature with 10.6
GHz added.

In Fig. 1.5, the densities obtained from
the 70-GHz interferometer and sovt x-ray in-
tensity are shown. In general, the total line-
integrated density, nL, with 10.6 GHz is larger
than that without 10.6 GHz; for example, compare
the data for the powers of 30 + 8 (18-GHz and
10,6-GHz powers, §n ki, respectiveiy) and 40 + 0.
As shown at the bottom of Fig. 1.5, with only
18-GHz puwer, "t"t monotonically decreases with
pressure, but "t"t with additional 10.6-6HZ
ECH behaves in & more complicated way.




e have n~t measured the radiel density
profile yet, so it is #ot ce~tain that it is
constant for the many cases c :scribed. However,
it should be printed nut t=at the cyclctron
resnance region for 10.6 Ghz 1lss very near the

edge of toroidal plasma.
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In Fig. 1.6, the empirical scaling relation
is sho'.n when the 10.6-GA2 microwave power is
added to the 1£-GHz power. The temperature
3r.3ling shows almost the same features as
Fig., 1.3, except that the magnitude ¢ the
exponent of p is greater and the experimental
dats scatter is larger than those of Fig. 1.3,
Fcr this case, we have not yet determined the

density scaling. The temperature scaling
relation with 10.6-GHz power addet is described

by

TPt = Bt 01.2.5)

-

wher> P is the total applied micromave power.
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1.2.3 Electron Temperature Profiles from Heavy
lon Beam Probe Measurements

Relative electron temperature profiles were
gbtained by neasurini_z the current ratios of the
higher charge stites of rubidium when employing
the heavy itn beam poteatial probe. The signals
ro 2*,73%, &*, and 5° are easily detectadle, but

" data untolding difficulties because of geometric

factors and cross section uncertainties made an
absolute Te deteriunation very difficult.”

1.3 10N CHARGE EXCHANGE MEASUREMENTS

S . F. ML baity B H. uon

Two new neutral particle analyzers were
installed on EBT-I. Cne is a four-chord analyzer
wbv;ch‘emp_lo’ys a conventional nitrogen stripping
cell and which samples four parallel chords
through the plasma for measurement of the 10n
radial profiles. The other is a single beam

" analyzer which employs a cesivm charge exghange

celi for converting the escaping fast neutrals
to negative ions for energy analysis. Results
from the two instryments are in ar” . agreement
with each other in the T-mode. The cesium
spectrometer extends the sensitivity of temper-
ature measurement to lower energies than is
possible with a nitrogen stripping cell analyzer.

Central ijon temperatures in the T-mode
range from around 30 eV near the transition
between C- and T-modes to 200 eV near the T-M
transition for hydronen. HNear the 7-M transi-
tion, the ion temperafure is found to vary
linearly with the plasma space potential well
depth.

1.3.1 [lon Temperature Profile Measurements

A new neutral particle spectrometer was
installed to detect energetic neutrals escaping
along four parallel chords in the upper half of
a cavity cross section. The instrument employs

2 conventional nitrogen stripping cell for
converting the fast neutrals *e positive ions.
The data from this spectrometer can be analyzed
by Abel inversion if plasma cylindricai sysmetr/
is assumed. : \
Throughout the T-mode the ion temperature
is seen to be practically censtant in radius out
to ~15 cn. Measurements of the ion-neutral
density product ("i"o) radial profile are pos-
sible with this analyzer, but very thorough and
careful calibrations are needed before much
confidlence is given to them. Direct measurement .
of the Ii profile confirmed what was suspected
from the shape of spectra taken with a single
chord analyzer. Distortion of the spectrum due :
to profile effects is seldom observed in EBT i
over a wide range of energy.

1.3.2 Cesium Charge Exchange Canal Spectrometer

In EBT-1 charge exchange neutral measure-
ments were hindered by low counting rates when
using a conventional nitrogen stripping cell
neutral particle analyzer since the plasma
density was on the order of 2 x 10! cm™ ¥, the
ion temperature was typically 00 eV, and the
neutral hydrogen was significaatly attenuated
toward the center of the plasmu. This low
counting efficiency was an especially serious
problem for energies approaching 100 eV, where
goud energy resolution is needed to measure
radial profile effects on thz ion temperature
spectrum. An aiditional consequence of the low
counting rate was that measurements of temporal
changes in plasma density or tempe:.ture were
precluded. Thereforz, a new neutral particle
anzlyzer which was much more efficient at Yow
energies was needed. A vast improvement in
counting fficiency was achieved at energies
below | keV by using a cesiur charge exchange
cell to convert the escaping fast neutrals to
negative ions. Cesium clarge exchange canals
have been built and studied in connection with
negative ion beam development.3*"
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Descriostion of the cesium charge exchange
canal

A cesium charge exchange cell similar to
the desigr of Refs. 1 and 4 was constructed and
combined with a converted energy amalyzer to
form 3 new charge exchange analyzer. The ana-
Iyzer employs a 45° parallel plate electrostatic

energy amdlyzer and a channe) electron wiltiplier

biased to analyze negatively charged particles.
The electron m:ltiplier is opera:gd in the pulse
counting mode. The cesium cell is shown sche-
matically in Fig. 1.7. It is constructed

Table 1.1. Cesium cell specifications

0L stainless steel

OPML/DRG/FED-TT-344

Y

Fig. 1.7. (a) Cesium pipe schematiz; (b)
axial temperature distribution.

entirely of s ainless steel. Two tubular 75-N
heaters are located on either side of the cesium
reservoir. The cell is designed for mounting
between the end of the charge exchang. port tube
outside the lead wall and the analyzer housing
box, The specifications of the cell are given
ir Table 1.1. The parallel plate electrostatic
energy analyzer and housing were vaken from an
earl fer neutral particle analyzer used on EBT.
In order to detect negative particles, the
channel electron multipiier has to be nperated
with the signal lead floating at 6 kV with
respect to ground, necessitating the use of a
blocking capacitor at the inpu* to the preamp.
The box housing the channel electron multiyier
also must be floated, so a Teflon fnsulator was
installed between it and the parallel plate
analyzer.

Miterial
Overal] length 30.5 a»
Canal diameter 1.3-cm 1D
Oven length 5.7 cm
Ovon diameter 12.7 =
Reservoir -apecity 124
Heaters (2} 5w
Wick 316 stainless steel
wesh
Operating temperature 140 C
Cesium vapor pressure 7 wmiorr
Lifetime (theoretical) 2700 wr
Lifetime (experimental) -~ W) hr

The calibration curve obtained is shown in
Fig. 1.8 with the nitrogen stripping cell result
on the same graph. Note that the cesium cell
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Fig. 1.8, Calibration curves for both the
cesium and nitrogen spectrometers, showing the
vast improvement in efficiency for the cesium
spectrometer below | keV,



efficiency is higher for a1l energies below
1 ke¥, end that at 100 e¥ the ixprovesent is
over two orders of magnitude.

Tne limitation on the lifetime of tne cell
is the cesium loss rate out the ends of the
pipe. Measurements of tx ezit flux Jive an
estizate of 2700 hr for the lifectime of tne cell
with 12 g of cesium. The actuel lifetime was
found to be aroung 300 hr. This lifetime aight
be imp.oved by wodifying the operating tesper-
2ture of the ends or by careful vanufacture of
the wick.

Wits the amlyzer biased to accelerate
negative ions. the 2lectrom esltiplier also
coynts electron. entering it; therefore, pre-
cautions rust be taken to prevent the emission
of secondary electrons in the anaiyzer husine
by the intense uv and x-ray Tlux from EBT. This
is accomplished by shadowing all parts of the
analyzer behind co:limating apertures upstream
as smuch as possible. Wnen this i, done the
background counting rate is rore thar two orders
of magnitude belm e peak counting rate.
furtner reduction of the background may be
possible.

The peak comting rate measured in ERT-I
of about 5 x 10" cnunts/sec is well within the
capability of the _nhannel electron multiplier
2nd its 2ssociated elec’ronics.

Charge exchange measurements

Jon temperature measurements using the
cesium cell analyzer were made over a wide range
of operating conditions on EBT-[. The spactrum
deviates from the Maxwellian for both high and
low energies. At low energy the spectrus« con-
tains 3 sizadble contribution from the cool
surface plasma (measured spectroscopically to
have an electron temperature of 30 eV), At
high energy the deviation may be due either to
:me background counting rate or to suprathermal
jons sometimes observed in EBT-[ with a nitrogen
stripping cell neutral spectrometer. More
effort is required to establish which explanation
ts correct. Neoclassical calculations predict —

and direct measuyrerents af ion redial profiles
confirz — that the iom %emperature orofile in
EBT-I s neariy flat cut to the hat electirun
annules, so thot profile effects on the Sgectrum
of fast ne:>->is e<caping from the tornidal core
plasze are sz2il. Heace, there is good agreement
between the observed spectrum 2nd 3 sinale
resp-rature Marwelliar distributioan.

Tne relationshis between ior temperaturs
and b.eckground neutral pressyre is shown in
Fig. 1.9 for 42-ki total inpyt power. [n the
C-mode the detersination of ion tesperature is
difficult; however, regard.ess of background
pressure there is 27 -:.5 & significant popula-
tion of energetic rev=--is which appears to
correspond to an ior .emperature of 30-20 eV.

In the T-monde, as the pressure is lcwered, there
is 3 sswoth rise in ion temperature.
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rig. 1.9. Relationship between ion tempera-
t.,e and ambient pressure for typical operating
conditions.

1.4 SPACE POTERTIAL PROFILE MEASUREMENT
S. P. Kuo P. L. Colestork

Ouring the past year, significant advances
were made in the measurement of the plasma space
potential, The results indicate that under
optimum confinement conditions the ambipolar
electric field 's nearly axisysmetric, points
ra:dially inward, and is of sufficient magnitude
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to dominate the poloidal drifts, For T-mde
operalion the resuits are showa in Fig. 1.10.
The maxirum priential difference in this case is
re2riy 200 ¥. & series of radial scans along
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Fig. 1.10. 7-mnde <p ce potential profile
{2} aloag the verticil axis; (b} along the
horizontal axis; and {¢) two-dimensional profile

the vertical line traversing the (-T transition
is shown in Fig. 1.1} for several filling pres-
syres. The change in plasma parameters which
denotes the (-mode occurs rather abruptly at
approximateiy p - l.“J x 107" Torr.

Figure 1.12 sths that the space potential
profile and hence the radial electric field are
strongly affected by the profile resondnce
heating. The 10.6~GHz microwave seems to smooth
the space potential ‘profile and hence reduce the

)
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Fig. 1.11. Space potential profile along the
vertical axis for several filling pressures.

radis] amoipolar field largely in the central
region. This effect may .vsult from the enhance-
ment of the passing electron population by lower
off-res:onant heating from the profile heating
so.rce, A compariscn between the space potential
wei. depth and the plasma eleciron temperatyre

is shown in Fig, 1.13, where the electron temper-
dture is measured by the soft x-ray diagnostic.
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Fig. 1.13(a). Space potential 'profile under various operating
conditions without 10.6-GHz resonant heating. A)) the curves have been
shifted so that the peak potentia) is at zers volts,
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Fig. 1.13(b). Space potential profile under various operating
conditions witn 10.6-GHz resonant heating. All the curves have been
shifted so that the peak potential is at zero volts.

1.5 TORCIDAL CURRENT AND GLOBAL FIELD

COMPENSATION
probe.
6. H. Quon P. L. Colestock

H. IlLegami

The global error field compensation in EBT
employs two pairs of current loops wound along-
sjde the toroidally linked cevities, as schemat-
jcally shown in Fig. 1.14. wWhen current (!H
and Iv) is applied to these loops, 2 horizontal
and a vertical field cun be generated in an
arbitrary plane perpendicular to the minor axis.
These fields can be used to reduce or enhance
the system global error field, thus permitting
studies of plasma stability and confinement with
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field errors ac a parameter. The net toroidal pres ue cons

current is measured by integrating the electro- MASOR ANIS
motive force induced on two large pickup coils

(Fig. 1.14). A 70-GHz microwave interferometer Fig. 1.14.

field correction system on EBT.
is used to obtain the average plasmd density and

density fluctustions. The two-dimensional

carryirg 3 current up to 30 A,
plasma potential profile on the minor cross

of the torus is 150 cm.
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loops are 50 cm from the minor axis.
these loops consists of 3 20-turn cofl capable of
The major radius

section is measured in the midplane of a single
mirror using the heavy ion (rubidium) beam

In order to show the reiationship between
the torcide] current and he global field errors,
we have plocted the amplitude of the toroidal

O, FEO-OwG Y7030

10 Gur iECI INCROWAVE
FEED (1 OF 2

(‘)[

e

Schematic diagram of the global
The correction

Each of



current as a function of the externally intro-
duced horizontal field error for <everal gas
filling pressures (see Fig. 1.15). In thi,
range of pressure the EBT plasma is observed to
change from C-mode (for p; > 1 x 10°% Torr) to
T-mode because of the stabilizing effect of the
high = electron annulus.

In the high pressure C-mode the plasma is
not stable ajainst MHD instabilities, and the
plasma transport is dominated by instabilities
rather than by neociassical diffusion. Our
measurements on the plasma potential and other
parameters show little change caused by field
errors except the amplitude of the toroidal
current, which increases almost linearly with
the global field error, as shown by the top two
curves in Fig. 1.15. In the low pressyre
T-mode, the plasma is stabilized by the high ¢
(8-50%) electron annuluys and is expected to
behave neoclassically. This stability is neni-
fested by the lcw level of plasma fluctuations
and the relatively higher plasma temperature
(Te ~ 200-500 eV, T, ~ 80-130 eV}. We also

Ty Metetlng potex of G0

-

) CISROR OV SDIDWIIC. (o) ASIA TUPTRAWUN HIVOTSTRD.

Fig. 1,15, Dependence of the net toroidal
current on magnetic ¥ield errors introduced by
the external loop current “H) for different gas

filling pressures. I (=20 A) §s held fixed. The

large current reductior. for a range of field errors
at low pressure suggests a change in the plasma
potential profile.

-
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observed the furiation of a negative potential
we¥! in the plasma core. As shown in the lower
three curves in Fig. 1.15, the measured toroidal
current is significantly reduced for a range of
the external field error. This change appears
to relate to the formation of 2 regative pou.n-
t:al well, as shown in Fig. 1.16.

The two-dimensional potential profiles
shown in Fig. 1.16 were caasured at a pressure
Pg = 6 x 107 Torr with an applied microwave
heating power of ~50 kN. Figure 1.16{(2) shows a
radially symmetric potential well measured with
global field error correction so that the
toroidal current is minimized. The s aetry in
the potential profile would seem to exclude the
existence of convective cells and to indicate
neoclassical ambipolar transport. This desirable
potential profile symmetry is lost when the
global error field correction is turned off. As
shown in Fig. 1.16(b), the central plasma poten-
tial seems to be short-circuited to ground
thrcugh the outer systen wall.
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Fig. 1.16. The plasma potential profiles
measyred by using a rubidium ion beam probe
{15 k¥). Curve (a) is the horizontal scan icross
the minor axis; plot (a} is the two-dimensinal
profile generated using a spline fit to dat.
obtained with a proper field correction on kBT,
Curve (b) and plot (b) are measured without fieid
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The effects of magnetic field <rrors on
plasma stability and confinement in EBT are
shown in Fig. 1.17. Tk2 net tcroidal current,
the average plasm density, the average demsity
fluctuation amplitude, and the plasma potential
measured at the center and near the annulus are
plotted together with the horizonta) field ervor
as functions of the current IH. This current [z
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Fig. 1.17. Correlations of several parameters
measured simultaneously as the horizontal field
error scans in the range of =1-2 x 1(-*. The
probable system qlobal error is estimated to be
3 x 10°*, as indicated by the arrowhead.

applied to the field correction coil and these
curves show the correlation arong all of these
parameters, especially when the field error
reaches 3 critical value. Taking the probable
qlobal fielo error as indicted by the arrvow in
the 6BH/8 curve, the critical field is estimat~d
to be (!.BH/B)C', =06 -1 x 10°%, We observe
that beluw this field error:

(1) the plasma carriez very “mall net toroidal
current (I, ida1 < 5 Ab

(2) the average plasma density is relatively
higher (by ~30%),

{(3) the plasma is free from fluctuations
(an/n < 2 x 1073, mainly at frequencies
less than 20 kHz)}, and

(4) there is a large ambipolar field, which
is consistent with the potential profile
showm in Fig. 1.16{a).

Outside this range, there is a large toroidal
current (up to 20C 8}, =. censnced fluctuation
level, and ¢ relatively smll aziipolar field.

In this if:agstigation‘ the use of extermally
generated global field ervors ov EBT kas per-
mitted 3 study of plasme sensitivity to such
field error effects. Below a critical ervor

field, the plasma behavior is predictable from a
one-Jimensional neoclassical theory. However,
in the presence of large field errors, charged
particles can leak along lines of forte to the
system wll. Inasmuch as the ambipolar field is
colf_rancictanel.. datarmingd Ly pevticic vitiue
sion, field errors can cause :nhanced diffssion,
resulting in the cosplete breakdown of the
current-free equilitrium configuration. The
observation f a larg. toroidal current and the
simultaneous 1oss of the am.ipolar potential
might be evidence of such an effect. Enhanced
p.a.ma fluctuations can also cause anomalous
particle and energy trarnsport, therety signif-
icantly altering steady-state plasma parameters.
These resylits thus warrant further study in .o
next generatior of EBT plasmas, especially where
smaller collisionality fs anticipated.

1.6 SPATIAL SCANS OF I[MPURITY AND HYDROGEN

LIGHT
N. B. Lazar H. W. Moos
K. H. Carpenter R. K. Richards

J. M. Tyson

The spectrazcopic orogram 1n cooperation
with Johns Hopkins Universivy® sesigned to
determine the impurity ion distributions in EBT
by spatial scanning of chiracteristic light
emissions was continuce and expanded by the
addition of 8 second view into the plasms (Fig.
1.18). Analysis of the data was carried out
using an iterative algebraic reconstruction

O
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Fig. 1.18. Geom2try for spatial scanning of }igﬁt emissions from
EBT showing the locztion of the two viewing directions.

technique similar to metknds developed for

_ medical tomography, which permits reconstruction

of the light emission distribution even for
asymmetric cases. Once again lines in the
ultraviolet fromH I. ¢ I, C III, C IV, Al I,

_A1 11, Al 111, and now Al IV were observed.

Using the reconstruction technigue, it is now

" clear that some impurity ions are present in the

toroidal plasma, although for all species the

_density is observed to be lower than that seen

in the surface plasma. Further, repeated
Attemprs to observe C V 1ight were unsuccessful,
and the best estimate of the ratio of carbon

to electron den.ity in the toroidal plasma,
n(C)/ng <5 x 1075, indicates that the surface

_ plasma provides effective shielding againast

incoming iﬁpurities.~ The source of the im-
purities which are Found in the toroidal plasma
can be traced to the mirro: throat regions,
where open drift su faces first strike the
vacuum walls. The A1 1 distribution, viewed in
the midplane between the coils, shows 3 near
absence of neutral aluminum in the hot plasma

core due to fonization by the surface plasma,
-but *he aluninum fon species produce 1ight which

is clearly peaked in the toroidal core plasma
(Fig, 1.19). Apparently, neutral aluminum

produced in the mirror throats can penetrate the
plasma core before being ionized, and the
varisus aluminum ion charge States are then made
visible in the midplare by electron collisional
excitation. Nevertheless, the surface plasma is
still an effective "divertor,” apparen:ly as a
result of "= combination of the moderate N
electron temperature and density, the short ion
Vifetimes previously reported, and the hign
positive plasma potential wnich must be crossed
by inward diffusing impurity ions if they arc to
penetrate the toroidal core.

1.7 IMPURITY SPECTRAL PROFIILES
J. A. Cobble

Spectral profiles of emission lines from
low-Z impur{ity ions of the EBT plasma have been
obtained using a Fabry-Perot interferometer (see
Fig. 1.20). The line widths are due to the
Doppler effect and for the observed ion species
(He 11, A1 11, AY I1I) suggest a velocity at the
half intensity points of 1.5 x 10" m/sec.
Ascribing this velocity to the mass-independent
E x B drift, one gets the relative valuas of
fields at the source of the impurity light,

.
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(o)

Fig. 1.19. Isometric view of reconstructed emissivity in EBT cavity midplane. %rizonia! and vertical
axes are indicated. Amplitude atove plane A « nen(l,)<av>exc is in arbitrary units. (2) Neutra) aluminugm

Vight (> 2151 A); (b) singly jonized alumirum (a 1651 A),

ORNC./ OwG/ FED- 77048 v = E/B. If the magnetic field is 0.2 T, then
the electric field is 30 V/em, This implies -
that lTight in the profile wings originates
either in regions where the electric fiald
exceeds 30 V/cm or, as is more 1ikely, where the
magnetic field is less thar 0.2 T, f.e., on tne
edge of the plasma.
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1.8 ﬁICROHAVE DEVELOPMENT AND TECHNOLOGY

rsm a0k M. 0. Eason - T. L. white
i M. C. Becker R. E. Wintenberg
M. W. McGuffin -T. Uckan

The develupment of super power miilimeter

Fig. 1:20. Spectrs) profiles from EBT using 7 wave sources was continued by Varian Associates,
3 Fabry-Perot interferometer, Palo Alto, Catifornia, under ORNL subcontract.
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Thic effort has been directed toward the devel-
oprent of jyrutron osciliators and gyraklystron
arplifiers, botn of which are forams of the
cyclotron resonant maser. The obiective of the
curreat phase of tne prngrar is the develaprent
of righ efficiency devices having 20G-kd {cw}
capahility at a frequenzy of 28 Giz, These
devices are low frequency protoltypes fsr<:ater
c¢evices having similar power ocutput capability
at a frequency of 120 GHz. )

Pulse testing was ulilized through the
initiai phrases of the device develepment prorram ,_h
to <implify conscructipn and permit separate
consideration of the thermal design. The best
test results have been 6btained with the. gyro--
tron oscillator, which has demonstrated peak
power output of 248 kW at 28 GHz witn dc-to-rf
sonversion efyiciency of 351. Operation at high

. duty c}cle nas yielded average pawer outbut Sf
- 0 ki with peak cutpul 2205 kM. High power,

long pulse operation =p to l-wsec pulse duration

- has been achieved. Continuous variation of

28-GHz oower output over & ranje of 12 d8 through.

* adiustzent of & zingle operating parameter has

al50 been denorstreted. The firsL_continuqus
wave, 28-CHz gyrotron>ha; been canstrucied and
initial testing is in progréss. ”u
Super power Millimeter>waye ECH systems
developmient was continued with the objective of
utilizing the first continucus wave, 28-GEz
gyrotron in -the primary E#H system for EBT-S.
Specifirations for the required 100-kV, dc,
10-A power suppiy system were developed, and
this aquigment was procured from an industrial
source, Millimeter wave bower distribution and
plasma couplng structure# were developed for
EBT-S and installed on the facility. These
structures, which also function as part of the
vacuum pumping system, employ quasi-optical
methogs for millimeter wave power divisioﬁ and
distribution frcm the single gyrotron te all of
the 24 mirror confinement‘reqions of the torus.
A1l components for ihe hi§h efficiency, multi-
mode waveguide transmission system were devel-
oped and bench tested. These components, which
fnclude bends, directional couplers, termina-
tions, mode filters, etc., employ @ combination
| |

uf weveguice and quesi-gpiic priercigles n their
design. Their surccessful developoent resuited
from 2zoplication sf botn no-erical and experi-
mental wetnods. A1l other componznts znd sub-
systent reayired for tne E27-S 20G-kin (cw!,
2g-3Hz £{H syster have been developed concur-
renliy with the gyrotron development. This
system medels 2 pasic building block of much
larser future systems which witl utilize a
numher of 200-kw fcwi, 120-GHzZ gyrotrons to
achisve the multimegara:t‘ECH needs of large

fusien devices. 3

1.9 EBT-II

J. L. Glowienka

An EBT resctor promises to be an extremely
attractive device because of high beta, steady-
tate operatiofi, jood wmechanical access, and
modest technclogy requirements. Considerable
impetus nas been given to the program because
thé rerently compieted ERT-] experiments demon-
strated proof of principle. Furthermore, EBT-S
will shortly provice a more definitive test of
transpert scaling by the addition of 200 kW of
clectron cyciotron {microwave) neating «t 28 GHz,
made possible through <traightforward technolog-
ical developmont. Durng the past year, however,
work was begun or a conceptual design study for
the next and probably most <~=itical step in the
program seguence, EBT-11. The qoal of the study
was to define machine parameters that would
allow experiments to fully test EBT scaling up
to reactor conditions. The basic assumptions
were twe:

(1) electron and ion transport in EBT-II fs
neoclassical, and

(2) the requisite microwave and superconductor
technology would become avaflable provided
sufficient lead time were allowed for
development,

The resulting conceptual desiqn for EBT-II
represents a4 major scale-up in microwave fre-
quency 4nd power, magnetic field, and size,
which (in terms of plasma parameters) presents

T
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the pcssibility of demonstrating breakeven.
The E5T7-I] experi=ent, as croposed, wiii
proceed in tw0 steps. EBT-I1 Fhase 1 will
concertrate on examining the scaling wmade
possible by the rajor scale-up in device param-
eters. For example, “Ae higher magneti: field
and microwave ‘requ_ncy should allow operation
at nigher density, and the larger aspect ratio
should irprove the confinemen: (whizh scales as
A neoclassicallyj bty an order of magnitude over
EBT-1 and EBT-S.
feature built into the device in Phase 1 is the

abilit. to increase flexibly the :‘fective

Furtherrmore, an acditional

aspect ratio with supplementary toroidal aspect
ratio enhancement (APE} coils and thcreby to
push the test of neoclassical scaling rurther.
The ARE coils increase A by modifying the field

Yines in such a way as to increase volumetric

efficiency and passing particle confinement.

inter optimus conditions Phase 1 may yield

-~ 0.5 sec, T+ 5 ke¥, and n: ~ 10%?2
Phase 2 experiments center on the addition

sec/am’.

of 1.5 Md of neutr2l beam heatiny "o heat ions
as well as electrons directly and thus to pro-
vide control over t“e ambipolar potential.
Presently, the injec.ion geor=iry {i.e., number
of beams, ‘njection angle, etc.) has not been
fully determined; however, with tk. added heat
and particle sources, assuming 750 kM deposited
in the plasma, one can predict neoclassically at
Jeast a tactor of two increase in energy lite-
time at increased plasma density. As a result,
it is possiLle that Phase 2 couid demonstrate
breakeven conditions with : ~ 1 cec, n ~ 101%,
and T - 5-10 ke¥. Table 1.2 compares projected
EBT-I[ parameters with those projected for EBT-S.

Table 1.2. EZV-I1 conceptual design siudy

EET-S EBT-T1
7 kG, 14 kG Maqnetic field (midplane, mirror) 30 kG, 60 kG
12 MW Meqnetic field power 750 W {2.56 K)
1351 Titers Torus volume 2043 liters
150 ¢m Macor r- {ius 480 cm
15 cm Midplane minor radius 20 cm .
8:1 Bspect ratio 216y -

Continuous wave microwave power

200 kW (zw), 28 GHz
60 kW (cw), 18 GHz

Bulk heating
Profile heating

2000 kW (cw), 120 GHz
200 ki (cw), 70-90 GHz

Hot electron annulus - estimated parameters

2-5 x 10:} cm™? e 1-6 5 1047 cp™?
100-500 keV §00-210C keV
0.1-0.4 Ep 0.1-0.5 '
Toroidal plasma — estimated parameters

Phase 1 Phase 2
2-6 x 10}7 ¢m™3 ne 5 x 10'32 ML
300 oV Te 3-9 keV 5~1Q keV
100 ey Ti 3-8 keV 5-10 keV
~0,5% max A B! A10%
400 Titars Volume 1000 liters
101! nt 41013 A1gHe

Refrigerator power

i e B i i T 1 R At e N Wb

750 W 6 3.56 K
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Absiract. The papers which comprise the first
part of wiis section analyze neutral beam-hexted
.. plasmas produced late in 197€ in OPMAK. e
scaling of average electron temera.ure mth
: total power input to electrons was found ‘to be
approximately the same with or without injection.
o lq:unty radiation durlng mncurrent neutral
~beam Tnjection and gas*wffingas sl\un to be
strongly depondent on changas in thahlectrnn

Tungsten radu;m lvas been idennfied in

are estmatett_to be of- tho order of 10"3 “e

line mt le, ul*l pop luss -e;surmxts and
: mtmiai-e beﬁavior for deuwnu- neutral bea-

_ injection. - - 2
 ‘ The bysic irmrity study expeﬁ‘uewk-lﬁ.

L hatter half ot" ¥677 and continved into’ !arly
'978." ISK-h. s a u:hsnt \dth civcular r.ross
section and relativf‘ly Tow tormdai field |
(BT < 15 %6).

pealz) obtained are sigvuﬁcanuy Iarger than

o those observed in othertotmkr, at low B.r and
) e o the good confinement in this“devvra g behevcd
- . to be pri-arily due to the absence n“ ki gr.\—"
‘impurities,” coupledw. th g0 4 ‘zedback control
of plasma posr'\on aad poswoly the large gap
(4-6 cm) be: ween r.he n‘asna ‘and the vall.
Inferred from ‘.umuctivity.,z of f stead\ﬂy
decreased from 3. 5 to l.cher 3 m—mth
period of operation without gettering and
approached unity with titaium gettering. In
the inwrity flox rwersaf experfmt. a po-.
Toidally asywetm souraz of protons subsun-

tially oltercd the- transport of an injecud neon'

iupurity, and the chanqa‘:oburved are consistent

with expecutions bused on simple neoclassical
tramtport models,

. ISX-A s to close down_at tlm beginning of
March 1978 and be replaced by ISA-B, which has a
new torus. and polofdﬂ cofl system which will
pem‘lt & range oF. noncircuylar plas«w to be
produced with ompticit: up to two.

e

the nvelength rmge " of 40-60 A, - Congentrations

, Gross energy coni me-ent tmes ";'Tj;,
B - T1p ~ 30 msec) and toraidal heu‘k (61 ~2.28,7 f“ ,

_ the m.)ectors fcr I52-8.

” spectw,aeter fer l<l—B -are des'.r{hé&\

~sever geﬁeral z.a..eqor.as of mteresr.

v
i
s

Wy

Gt il i e

_ The neytral .tan m.xecuon systans or:q-
na“y mterdeﬁ for @M ‘,,."'grade wilt become .
In addlt.wr.. iSK-8 e TR
mll have a versaule PF systva shich md a!l'
tte generatien and conv.m of cm:u}ar. elho-

L

- ﬂesrgn‘:nranete-s are,d‘éscnhgt,:

L anfees pad

expen-enzs:a-& fiq'c’ﬂy Took at xsx-a and the.
qext st.ep. LPTT : '"73'» LA

()

enmwd conﬁneﬂen; Md extensiop of basic Ea
plassa paraswiers i oRMX, “Sect. 2.1.3; (2)
p'asna belmnor as depld‘.ed by MHD mde studles.
loroidaf rout,ion, and_ mutrou flux. Sects.
2.1.4,.2.1. 5.; .t 7. 2 2.9;. (3) description,”
operacion. and plasna pmptrties of lSl-A

Sects. 2. 2 1, 2.2.2; (4} increased undefstandmg

- uf the rcte of plases’ inwritnes. Sects. 2.1.1,

2.1.2, .?.! 65-2.2.3; (5) wall surface anv

Hmter material effects, Sect. 2.2.5; (6)

piasma inwrity flow, Sect. 2.2.4; and (7) o

ref inecent of data collc .tion tectmiques. Serts.

,.35.226.227 2.2.8, 2.2.10.

2.1.1 Impurity Behavior During Concurrent
Neutral Besm Injection ind Gas P ifing

R, C. Isler
E. C. Crume, Jr.

H. C. Howe
¥. Murakami

In &n attempt to schieve maximum electron
concentrations during neutral beam injection,
hydrogen was puffed into a 175-kA, 26-kG plasme

A M M . i 14 18 S ket i e 40
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while the injectars were operating. Radiation

. from the impuri-y lines exhibited rather dis-

tinctive behavior during the influx of the

o hydrogea, and extensive efforts were made to
. interpret these resslts..

The evolution of the radiation from several

- spectral liwes is shown in Figs. 2.1 and 2.2.

'l'he Tow fonizatiou stages of oxygen exhibit

y htt!e or ao apparent change when the -"uector-;

aretumedon. Althoughtheoul ovm and
the Fe xvI do demonstrate an increase hegimmg
uear the tt-e of l-uectiw. the sm featyres

fmu the Mgher to zhe lmr stages of iou.zation
p!eys a svglfff(am' vole hire.
. Resuits sintlar to- .those for the 1032-A

Tine of O V! are often interpreted as irdirating

an influx of impurities. However, if changes of

- -radiation are constrved as arising only from

. changes of th: impurity influx. then all the

" - 1ines of a given ionization stage should behave
" in exactly

from Fig. 2.1 tnat although the 1032-\ Jine of

the same manner. But it is clesr

O YT rises by a factor of four during the gas

puff, the O VI Tine at 150 A appears to remain

almost comstant; thus, factors other than
frpurity concentrations must be considered.
Rgain in contrast to the strong lines of

"the Tow fonization stages, the resonance tran-

sitions of 0 VII and 0 VIII appear to decrease

21
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Fig. 2.1. Spectral emissions froa Tow
fonizetior stepes of oxygen during 350-kW
neutral bews injection into » 175-H plasme
when sccompanied by 3 hydrogen gss puff. The
lower trace in the 150.1-A dats is nearby
background; actual line Intensity 1s the
difference of the two signels. Traces begin
4 msec Lefors breskdown.
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Fig. 2.2. Spectral emissions from J VII,
0 VI1I, tungsten, and iron during 350-kN neutral
beam injection into a 175-kA plasta when accom-
panied by s hydrogen gas puff. The lower traces
in the O VII and O VIII data are nearby back-
ground. Traces begin & msec before breakdown.

due to the addition of hydrogen. [n order to
reconcile these observations with the ides that
the Tow fonization stages indicate an increased
influx of oxygen, it would be necessary to
conclude that such an influx did not reach the
interior of the plasma but recirculated only
within the periphery. Such conclusions appear

22

uarranted to us fir explaining the jreseat
data without first investigatiag the effects
Cass€ed by variations of the eleciron temperzture
and concentretion profiles durirg injaction and
qas puffing. Profiles of the electron tempera-
teres 2nd concentrations are shown in Figs. 2.3
and 2.8 for times immediately before, during,
and icmediately after the gas puff. £s expected,
the electron concentration increases at 3ll- .
locations within the olasaz due to the adied
hydrogen. The temperatuve profile appears to
rexgin about the sime At the intermediate radii
but ¥ncresdses at the center so that the slightly
“hol low" profile becomes peaked. [t is, how-

wer, most significant for the interpretation of

e spectroscopic data to notice that the

- temperatyve gradients at outer radi _sppear to
- decrease 35 a result of the gas puff:

Ofsw_ /OWG /FED- TT705

1200
~ | 1 1 !
. .

SN ———_30 msec __|
m\ “‘ -— e 45 myec
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>
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._.600 —
400 —
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[=]
[*]
-
o

Fig. 2.3. Elactron temperature profles
when neutrel beam Injec’.ian §s accompanied by 8
hydrogen gas puff tetmren 30 3nd 55 msec.

In order to assess whether profile effects
alone could be responsible for the behavior of
the oxygen Iines, we have solved the coupled
rate equations (which include transport as well
as fonization and recombination for the icas).
These equations can be written as:
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The concentration of ~n ion in 2 given

mrge state is denoted by LA and 2’ is the
--chavrge of a fully stripped fon; S and 3 2re

_ ‘#zaization and recombination coefficients; and
. ﬂ:e transport terms are written simply as the

radial gradients of the fluxes, nv . for each

fon species. -
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Fig. 2.4. Electron concentration profiles
when neutral beam fnjection is accompsnied by »
hydrogen gas puff between 30 and 55 msec.

In gemeral the transport welocity, LA isa
function of r and an additional set of equations
is mecessary in order %c deterszine the n°s and
v's. [f the ion diffusion can be describeg by
the Pfirsch-Schluter regime, then v-z(r) depends
on the gradients o7 concentrations of all ions
present at the position r, and the solution of 2
Targe number of coupled equations is required to
obtain the ion concentrations. Such 2 procedure
is obwiously quite corplex and has only receatly
been accomplished.

Because our present goal is to obtaim a
fas: mmerical code which will provide semi-
quantitative insight into the impurity behavior,

‘we have net attempted to cwlite the transport

velocities from first principles. Instead we
find steady-state numerical solutions for oxyges:
by specifying immrd radial welocities for
neutral particles frum the wall and imard ion
velccities consistent with neoclassical trans-
port theory for v, at the edge of the plasma.
The particles are then assumed to diffuse
inmard, 0 turn around at some point near the

- center of the plasma, and to recycle completely
. back to L~e edge. By keeping the magnitudes of

myv equal at al; points (for both the influx and
efflux) and specifying the distribution of the
total oxygen comtent, the v's are determined at
all radii in the plasma. Distributions of
oxygen which are independent Gf r or which are
proportional to L have been investigated.-
Most of the calculations have employed ioniza-
tion coefficients equal to one-half the values
obtained by Lotz? for N 1-0 VI and equal to the
full values specified by him for 0 VII and
0 VIII. Recombination rates as tabulated by
Mattioli® are used.

Ana’ytic expressions for the electrr-
temperatures and concentrations are assumed for
the computations

SAEE)

* Ty, (2.1.2)
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where [ . are the values af the electron

teaperature and density at the limiter radius,
+ Ye:_ and ng, * 0, e the values at
and the quantities m and n are intege-s

to allow us to investigate the effects cf

and n
* &s

& rex
r=0;
chosen
various temperature profiles on the relative
intersities of the oxygen lines.

Although Eqs. {2.1.1} have been solved for
2 wide variety of profiles, neutral particle
velncities, ion velocities, rate coefficients,
etc., it is not useful to present all of these
rezults. Instead, we limit ourselves to 2
discussion 3f those parameters which appear to
be must important for 2nalyzing the esperir -ntal
results discassed here  the effects of changing
ele:tron concentrations and temperature profiles.

de compare the intensities of several lines
for a tixed temperature profiie a.d two dif-
ferent electron concentrations. The original
concentrations are taken at n {0) = 3 x 10% 3/ em?
and ne(a) = 3 x 10'7/cm?; these values are then
doubied, and the relative l.ne intensitiec are -
computed as shown ir. Table 2.1.- As expected,
changes in the line intensities may occur from
operafions which add efectrons to the plasma

Table 2.1,

ever: though the flus of & pert:cclar impurity
3peCies rending Cconstart, Howeser, these
changes should rot Le linear with e

€ even greater <ignificance than the
electron density in affecting the intensity of
lines from low ionization stajes is the temper-
ature profile aear the edqges of the plasma. The
results of chansing the temperature profiles
while holding all other parameters constant are
itlustrated in Figs. 2.5 and 2.6 for two values
of the jon transport velocity at the edge of the
plasma, 164 and 10 cm’sec. The intensities for
(n, n} parameters of [1, 2; and (1, &) cre
compared to those calcilated for para=zetars of
{1, ). Tne higher the valuve of n, the smaller
are the temperatuves and the gradients toward
the edge of the plasma.- It is shown thal the
intensities of the lower stages of oxygen are
very strongly <egendent on the temperature
profiles on the outside, and any alteration of
these profiles 5y wnjectior or qas puffing ~an
cause significant changes of radiateu intensities
even though the totei arygen fiu: and density
are not altered. Such changes tend ¢ be more
The
lines from the higher ionization stages, 0 YII
and 0 VIII, are much less influenced by profile

pronouniced at low transport velocities.

changes than are the lines from the lswer stages.

Calculated increase of myltiplet emission rates, I7/1,

f ne(O) and ne(a) are changed from 3 x 10! %/cm? and 0.3 x 10'3/cm’

to 6 x 10! 3/cw? and 0.6 x 10! 3/cmd.

Other plasma parameters are

Te(O) = 1000 eV, Te(a) = 15 e¥, (m, n) = (1, 2}, v*(a) = 10%cm/sec,
vy = 55 cm/sec, n{oxygen) = 1.9 x 10!l/cm?

Mean
wavelength
Species (A) 1844
01 833.8 1.6%
0 Il 834.5 2.03
0 1v 789.4 1.94
ov 629.7 1.73
0 VI 1033.8 1.72
0 vl 150.1 1.41
0 VvII 21.6 1.39 |
0 vIII 19.0 1.55 !
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Fig. 2.5. Relative emission rates for
cxygen lines as a function of electron tempera-
ture profiles. Velocity of neutral oxygen is
€5 x 10° cm/sec; inward velocity of fons at
wall, vi(a), is 102 cm/sec.

We believe that the spectroscopic results are
readily understood by considering Table 2.1 and
Figs. 2.5 and 2.6 togetner with the variations
of Te and e shqun in Figs, 2.3 and 2.4. Al-
though the laser-produced resulls for Te and Ne
are less reliable in the outer reqions of the
plasma than they are in the interior, there is a
ciear indication that the gas puff reduces the
maonitude of the remperature gradient near the
timiter. In view of the results illustrated by
Figs. 2.5 and 2.6, we should expect that the
evolution of the temperature profila alone would
generate larger changes of ra- astion from the
Jower stages of ionfzation, In addition, the
observation that the intensity of the 1032 A of
0 VI increases much more than the intensity of
the 150-A line is concistent with the caicule
tions,
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Fig. 2.6. Relative emission rates tor oxy-
gen lines as a function of electron trmperature
profiles. Velocity of neutral oxyger is 55 x 103
cm/sec; inward velocity of ions at wall, v;(3),
is 10® cm/sec.

The narrowing of the temperature prof:':
and the rise of the electron concentration
should result in higher intensities from all the
lines of oxygen after the addition of the gas
puff if the oxygen distribution is unchanged.
The fact that the signals from the 0 VII and
0 VIII lines actually decrea:  is indicative of
a smaller concentration of orygen after the gas
puff despite the fact that the peripheral ions

it more strongly. The change of temperature
is relatively minor at radii less than 13 cm
(where the 0 VI and 0 VIII radiation is most
intense), so variations of the lines are con-
trolled more strongly by variztions of the
electron and fon concencrations than by cther
factors. Between 30 and 60 msec the profile of
che electron concentration increases almost
uniformly bv a factor of 2.5, 50 we estimate
from Table 2.1 that the oxyaen concentration has
fallen by a factor of 0.3 to 0.4. Tniy con-
clusion is supported by analyses which show that
Lopg” (a5 measured from the resistivity)



charges from £.3 to 2.5 in this peri®?  Such an
analysis implies tnat the oxygen oncenhi2tion
is 0.7 of igts initial valye after taking the
dilution into account. In view of the experi-
mental urcertainties and the ad hec nature of
‘the theoretical calculations, b=tter 2 reement
between the tw results canqizt a2 expeved. It
“is obvious from the present andlysis that in-
ferring the traasprrt of light ions salely from
radiation of the lower fonization stages can be
ery uncertain. - K
The tungsten emission arourd 50 A is only
weakly dependent upon Te' and it arices from

s oh.ch sheuld have relatively large dielec- -

- tronic recombination rates. This radiztion most
_strongly refiects the actual concentration of
ions in the plasma and should be little in-
fluenced by transport effects. Therefore,

Fig. 2.2 indicates that the tungsten concentra-
tion is alse significantly lowered by the
introduction of the gas puff, perhaps by as much
"as a factor of 7 or 8. Similar conclusions can
be drawn for iron, but with the realizatinn that
radiation from this element is often highly
variable as a function of the type of discharge
and of ti: + into the discharge, so that some
caution must be exercised in relating its be-
havior to the influence of the gas puff.

2.1.2 Tungsten Radiation from Tokamak-Produced
Plasmas

R. C. Isler R. V. Keidigh
R. D. Cowan

Recent theoretical calculations using an
average ion model indicate that radiative losses
due to high-Z impurities in tokamaks may be more
severe than previously belicved." These compu-
tations imply that a concentration of tungsten
as small 2s 5 x 107" of the electron concentra-
tion can prevent the achievement of break-even
conditions. It is important, therefore, to the
concepts of large machines now being designed
(such as TFIR) to determine the fraction of
heavy elements which actually get into the
plasmas produceu by presently operaling m: .\ nes
and to assess independently the validit. of the
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ta.culations which have exployed the average ion
model.  Until nGe it 1as not bee: possibie to
perform such evaluatious for heivy elements
because just establishing the presence of the
ionized stages has been hindered by a basic lack
of knowledge of their spectra.

Tungsten radiation from ORMAR has been
identified by corparing experimental results
(Fig. .7} with calculated spectra {Fig.- 2.8}
for ions having open 4d subshells.® The con-
centrations of tungsten are estinates’ from

_compyted nscillator strengths to be of the order
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2.1.3 Electrcn Heating by Neutral Beam

Injection_in the Dak Ridge Tokamak*

L. A. Berry .R. C. Isler
C. E. Bush P. W. King
J. L. Dunlap J. F. Lyon
G. R. Dyer D. H. McNeill
P. H. Fdmonds M. Murakami

Substantial electron heating by energetic
neutral beam injection has been observed in

ORMAK plasmas. Impurity radiation is enhar-ed
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Fig. z.8. Calculated spectrum for Zn = C
transitions of W XYXI-W XXXV relative concen-
trations of 2.1, 0.2, 0.4, 0.2, 0.1. Each line
is represented by 2 Gaussian curve with fuyll
width at ha1f maxinum of Q.}5 eV and area pro-
portional to the weighted osciilator strength
gf. The computer spectrum of ¥ XXXIiI alone is
qualitatively sizilar.

by injection but only to the degree expected for
ohmically heated dischares with the sae total
power input to electrons, and the electron heat
conduction loss is comparahle with that in
ohmically heated plismas. The scaling of
average electron temperature with total power
incut tn electrons is 3pr ximately the same
with or without irjection.

2.1.4 Internal Mode Structures in ORMAK

R. D, Burris J. L. Dunlap
V. K. Pare

Introduction

We have continued to study MHD mudes in
ORMAK, using the detector and analysis systems
described earlier.” Briefly, we use:

i

{1y 12 é_._ loops in 2 poloidal array (to
dete;::ine the peloicdal mode number r
of current perturbations n.

(2; &8, looys in 2 toroidal arvay {to deter-
mine the toroidal mode mumber r of I},

(3) 13 soft a-ray detectors in 2 arrays (to
geteraine the s nusber of the x-ray
perturbations X},

(%) analog recording of signals on magmelic
tape, and i

[5) digitization followed by fourier trams-
fora analysis in £-msec time blacks. .

Uncoupled modes

The typical behavior of ohmically heated
discharges in ORMAK is that m.des with different

" m values are coupled with identical pertu=Hation

frequencie< sbserved by all detectors and with
the outward-going radiuvs 3 line of phase reir-
forcemen~ for the differcnt modes.’ Here we
describe tne one discharge recognizel s an
exception to thic behaviar. [t was 70 msec in
duration with Ip = 119 kA, BT = 13.4 k6,

q(2) = 5, and ne(o; =1x 162 ™3, It was
obtained near the end of IRMAK's operation,
after prolonged hydvogen discharge cleaniry that
yielded Zeff = 3-4 (significantly lower than the
typical values of 6-10). This discharge was not
profiled with the Thomson scattering diagnostic,
so the possibility cannot be excluded that it
may have been hollow.

Tiquce 2.9 indicates the unique feature of
the d'scharge. The sweep expansion captures an
interval in which the 6, signal is dominated by
a higher frequency than that of X. Figure 2.10
gives the time history of the two frequency
branches., Where there is only one branch indi-
cated, the E( and 4-ray systems detect the same
dominant frequency.

The T modes from 8 msec on were all 1. = |,
includirg both branches during the two-frequency
The m number progression .wrior to the
two-frequency interval was 5, 4, 3; a’'ter the
During the
interval, the rourier transform snalysis system

interval.

two-frequency interval, m = 2,
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_° r/fa=0.25, 0.35, and 0.43. At 54 and 66 msec,
an m = 2 was defined at each of these locations;
at 78 meec it was m = 2 at r/a = 0.25 but in-
determinate at the others.

In ORMAK the question of the m = 2 mode
structure outside the critical surface could be
addressed only during rundown, since during the
constant 1_ interval the singular surface was
near the 1imit of the plasma region monitored by
the diode arrays. In PLT the detector arrays
examine a more extensive region, ard there the
phase line changes with rasfus in a similar
fashion during the normal portinn of the dis-
charge.®

Analysis of distorted magnetic perturbation

structures

In ORMAK, ohmically heated discharges with
q{&) < 4 at densities near the upper 1imit
yielded high amplitude distorted waveforms for

J‘J 4 ; LNE
L4

¥

1]

(o ACTUL .

o - Fig. 2.12. X-ray detector systems.

the éo and X signals. The associated mode is of
partic: lar interest because severe distortior of
this nature characterizes one approach of the
plasma toward disruption.> That the basic
structure is an m = 2 was recognized early, but
a detailed description thot included the dis-
tortions was lacking. With multichannel analog
tape recording followed by digital Fourier
analysis, we have been able to obtain the in-
formation required to develop some details of
the mode structure in time and space. As
described below, the ée distortion patterns

jr lve secnnd harmonic content with signif-
icantly asvimetric poloidal and toroidal phase
progressions.

Figure 2.14 shows oscilloscone photos of
the signa's from magnetic Toops and soft x-ruy
detecto' . for one of a series of virtually
identical shots which we have analyzed, These
were at 120 kA with 12.8 kG, yielding gq(a) = 3.5,
Ihe waveforms are distorted throughout most of
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the period of strong MHD activity. For the
period 28-32 msec, Figs. 2.15 and 2.6 show the
phases of tha fundemental and second harmonic
components of the magnetic loop signals as
functions of poloidal and toroidal angle. The
fundamental is clearly m = 2, n = | with rela-
tively smooth phase variation except necr 6 = 0
{at the inside of the torus). The second har-
monic phase is much Tess smooth; it is clearly
m = 4, but if its phase follows the dashed line
on Fig. 2.16, it is n = 1 and its overall
helicity — as well as its local helicity —
differs from that of the fundamental.

The second harmonic nphase characteristic
shown in Fig. 2.16 persisted through most
(20-36 msec) of the period of strong MHD ac-
tivity. In the two time segments at the end of
the stron: activity it made a transition to a
nearly line.~ . = 2 cnaracteristic. The ampli-
tude of the second harmonic was very small in
the region of the phase anomaly (4 = 45-90°);
thus the phase plotted at ¢ = 45° in Fig. 2.16
may not be vaiid. It is in fact inconsistent

with phases measured in the poloidal array
nearby, at ¢ = 58°. It is possible, therefore,
that the phase line actually falls an additional
360° between ¢ = 100° and ¢ = 0, yielding n = 2
with severe toroidal asymmetry.

No explanation has been found for the
toroidal asymmetry of the second harmonic. The
principal structural sources of asymmetry in
ORMAK were the limiter and the outside vertical
core leg, both of which were located at ¢ = 334°,
some distance from the phase anomaly.

2.1.5 Hot lorn Distribution in ORMAK

R. V. Neidigh D. J. Sigmar

A distortion of the Maxwellian ion-energy
distribution function in tokamak-produced plasmas
may be revealed in the spectral line radiation.
We have reported}? experimental evidence that
(1) a change in the value of Z 4, (2) delayed
gas injection, {3) neutral beam injection, and
(4) Viner cleaning procedures alter the profile
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of the Balmer-a (6563-A} line of hydrogen. The
distortion is aralyzed in terms of an effective
toroidz] drift velocity, ion-temperature
relation. )

It has been observed that tokamak plasmas
execute polo.dal rotation early and late and
toroidal rotation during the constar: current
portion of the ohmic heating cycle.l *i! Early
theories of poloidal rotation were given by
Stringer!2 and toroidal rotation bty Rosenbluth
et al.1? The theories were later reviewed by
Hinton and Hazeltine.!* Recently, Hirshman!S
has determined the poloidal and torovidal ion flow
velocities in all collisionality regimes from a
fluid theory point of view. The observed
toroidal rotational velocity of the plasma was
theoretically shown by Sigmar!® et al. to be
related to the existence of trapped particles‘.

A discussion of the effective toroidal
drift velocity (v“.). ion-temperasture (Ti) rela-
tion, and the plasma parameters which affect
dvy ;/dT. is to be nublished!® and is —ummarized
in this report. We conclud- that: (1) there is
sufficient charge exchange neutrel hydrogen radi-
ation (through the energy range up to ten tirmes
thermal) from the ORMAK-produced plasma to mea-
surably raise the intensity in the wings of the
Ha line profile above the noise; (2) drift veloc-
ities up to 107 o sec™! show a consistent rela-
tionchip to Zeff' neutral injection, and ion
temperature; (3) in an experiment with reduced
ohmic heating power 50 that it was exceeded by
injection power, toroidal rotation appears to be
largely that induced by the neutral beams (see
Fig. 2.17); and (4} the spatial distribution
of toroidal vejocity f-om v”(Ti) and Ti(r)
indicates a steep velocity gradient at the plasma
boundary (see Fig. 2.17) due to ripple viscosity
or some presently unknown factor.

2.1.6 Wall Pcwer Measurements of [mpurity
Radiation in ORMAK!?

C. E. Bush J. F. Lyon

Time- and space-resolved measurements of
the power loss to the liner of ORMAK indicate
that a large fraction (~50%) of the electron

i3

~

powr input is fost to the wall r:at'\er than to
the limiter. This fraction is relatively con-
stant over a wide range of input powers (ohmic
heating plus neutral beam injection) and plasma
conditions and for most of the discharge dura-
tion. ost of this enercy loss is due to
impurity radiation from an emission profile
having a mean radius about 4 third that of the
limiter radius cnd is time-correlated with gross
plasma fluctuations, internal disruptions, and
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related spectroscupfc impurity sigrals. In gas
isufiing caperizents resylting in higher densi-
'tjés. th: ratic of radistive pGwer to the elen-
“ tron densily continually faiis es density
increates during the course of the discrarge.
See Table 2.2 for compariscr of ISY-R with
ORMAY..

“able 2.2. Comparisons of ORMAY with ISY-A

[
-

ORMAY. 1SK-A
Minor radius 23 cm 26 cm
Limiter material Tungsten Stainless
’ steel
Longest 3 with OH
alone 16 msec 30 msec

Radiation loss rovmalized vo OH power

Radiometer 50-g) 25-407
Spectroscopy 38.7. 11.8%
Hydrogen 3.6%
Carbon 0.2 & 2.3
Oxygen 16.8~ 5.5
Iron 0.3; 0.57

Tungsten 21.4¢

2.1.7 HReutron Time Behavior for Leuterium
Neutral Beam Injection into a Hydrogen
Plasma in ORMAK!?

A. C. England
H. C. Howe

J. T, Milhalczo
R. H. fowler

Neut.rons were produced by D-D interactions
when a 28-keV deuterium beam was coinjected into
a hydrogen plasma in ORMAK. Fokker-Planck cal-
cuistions, which correctly predict the time be-
havi .r of the neutron rate after beam turnon,
show that the majority of the neutrons are from
injecte! particles interacting with previously
injected dcuterons that have scattered to pitch
angles of ~60-90° while slowing down.

2.2 INA-R MACHINE AND EAPERIMINTS

2.2.% ISA-F Introduction and Iuvary

ISA was designed to be a flexible research
tohamak with good experimental sccess. The capa-
bility to be rapidly changed to meet vaerying ex-
perimental configurations wa. 2 prime;design
g0el. The success ¢f this desiy~ phitosophy has
been demonstrated, both with the rap.-ity with
wrick significant results have been obtainc. »nd
the eas~ with which major modifications are being
made as the physics goals of ISK change. The
initial goals of ISk were to study the evolution,
transport, and control of impurities in -
thermonuclear-relevant plasmas. The results frod
[SX demonstrate the dramatic improvements in
plasma quality brought about by impurity control.
The impurity fiow reversal experim~nt, an attempt
to reverse the expected inward ... Tassical flow
of purities, has produced results consistent
with the theory. Successful tests of hydrogen
pellet fueling have also been demonstrated on
Isx. .

During 19/7, the primary goals of I[SX were
redir__ted from impurities to high beta tokamak
experiments. Modification to ISX will begin
early in 1978 to produce noncircular, high beta,
neutral beam injected plasmas. All of these
areas will be discussed in detail in ubsequent
sections.

Machine description

ISX is a mderate-size, shell-less tokamak
with an iron core. There are eighteen TF coils
which are demountable as in Doublet II so that
the vacuum vessel and poloidal coil:System can
be replaced. In the initial configuration, the
major radius is 92 cm, the minor radius is 26 cm,
and the toroidal field on axis is 18.7 kG. The
inftial vacuum vessel is all welded stainless




steel with bellows sectiont tn prguide 2 net ra-
sistance of 7 m.. Movatie carbon and moliybden s
are 2'so used. The vacuu~ vessel averages -6 cn

larger than tre limiter redius.

Machine gperation

Initial construction of [SX-A was completed
in February 1977 and the first demonstration
plasnd was obtained on Fepruar, 26, 1977. Regu-
Iar discnarge cleanirj began on August 1, 1977,

and safety clesrance for full tokamak operation

w2s given by ERDA on August 16, 1377, wnen shake-

down operations were initiated. The first
tokarmak shot with plasma of short durition {cap
bank only)} accurred on August 26, 1977 (shot
#106). During this period and up to the first
week in October all fields were demand-driven
(i.e., no feedback). This phase of operation
was used to establish operating parameters and
bring diagnostics on-line. Stress analysis of
the various coil systems and an analysis of the
effect of an iron core on the torus fields were

" also performed during this time to aid engineer-
ing support persunnel in future design. During
early Octaber the verticzl field and radial field
feedback systems were brought on-line, followed
by a week of downtime when stronger support
chocks were installed on the TF coil system.
early November (~.700 shots), the machine was

By

operating reliably and serious plasma physics
experiments were begun.

In cooperation with General Atomic Company,
impurity flow reversal apparatus (limiters, gas
puff valves, and titanium ball gettering systems)
were installed during the second week of November.
From then until March 5, 1978, approximately 5000
plasma shots were taken. The distribution of
operating time among the major studies was:
confinement ~30%, impurity flow roversal ~50%,
surface physics ~10%,
vacuum acc.dents there were only two incidents
that caused unscheduled downtimes: a 110-v ex-
tensfon chord with a metal outlet box was left
too close to the machine and was pulled into the
TF coil system causing arcover, and spontaneous
t1ashover occurred on 8 back-bias winding due to
faulty insulation,

Aside from a few minor
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P.asma properties of [SX

With its relatively low toroidal field, ISX
has produced exceptional plasma parameters. The
toreidal magnetic field has varied from 8 to 15
kG. Plasma currert has ranged from 60 to 160 kA.
dith discharje ¢’ eaning alone Zeff was brought
telow 2. With the addition of titanium getlering
in the vacuum vessel, Z .. was reduced to 1. = =
Line average densities varied from 5 x 102 to
7 x 1013 emmi.
30 msec, far above previously used ;caliﬁb fac-
tors. Beta at the center of Ehe:diggbarge
resched 2.2. - 2 value reached by only two other
tokamaks, the noncircular~oublet II at General
Atomic Company and the neutral beam-heated ORMAK g
at ORKRL. L

Energy confinement times-reached

2.2.2 Confinement Studies in ISX-A N o

D. D. Bates K. ¥. Hill R. V. Reidigh
S. C. Bates R. C. Isler G. H. Neilson
K. H. Burrell T. C. Jernigan D. R. Overbey
C. E. Bush H. E. Ketterer V. K. Paré
R. J. Colchin P. W. King J. W. Pearce
J. C. DeBoo R. A. Langley T. F. Rayburn
S. M. DeCamp J. F. Lyon W. J. Redmond
. L. Dunlap J. T. Mihalczo  J. E. Simpkins
G. R. Dyer "D. H. McNeill R. M. Wieland
P. H. Edmonds M. Murakami J. B. Wilgen
A. C. England  W. Namkung W. R. Wing
E.S. Ensbérg A. Navarro 8. Zurro
Introduction

The confinement studies in ISX-A confirmed
the damaging role of hign-Z fmpurities!? in the

" Jasma. The inftial machine configuration pre-
‘sented only stainless steel to the plasma edge,

s0 heavy metals (tungsten and molybdenum) were
exc'uded. The first stage of the studies de-
velop :d optimum confinement parameters for these
conditions without gettering, and the studies
were then extended to include titanium gettering.
Finally, the plasma was deliberately contaminated
with heavy metal so that its effect could be ob-
served. ’
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This section gives 2 preliminary description Sect. ¢.2.3, Fig. 2.24), and electrun tempersture
J of the confinement studies wn [SZ-A. After rot- [Te(r)] and density [ne(r)] profiles from Thoamson
ing characteristics of typicail dischirge.. we scattering at 140 msec into the discharge {Fig.
| describe scalings of energy confinement tiies 2.19). Table 2.3 lists plasma parareters at 140 )
(zg) and toroidal betas (&), which are sigrifi- msec for this gdischarge [column 4} along with -
‘ cantly higher than those obtzined in other toka- those for other discharges as well as maxizmun
: maks of similar scale in size ang field. W¥e then {or minimum) parameters attzined during tne
T discuss the results of deliberately introducing entire ISY-A operaticonal period. .
R _ tungsten into the discharge and conclude that the The line-average electron density decreas -
- good confinement in ISX-A is primarily due to the with a time constant of 17 to 20 msec in the ab-
- absence of heavy metal impurities. sence of gas puffing during the discharge due to
~
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Characteristics of typical discharges

.. _Vime histories of the plasma current (I},
loop voltage (U), and line-average electron den-

\su.y (‘ﬁe) for a typical discharge in ISX-A are
shean in Fig. 2.18(3). Results of various diag-

nostic measurements in the same discharge are

<~ shown in the subsequent figures; evolutions of

central jon tewperature from charge exchange
analysis [Fia 2.18(b)}, Mirnov oscillations and
3 PIN diode signal along a central chord [Fig.
2.18(c)], a pyroelectric detector signal (see

1eh

- -f l'—» 20 m o

“~ity behavior and MHO fluctuations. Higher dgs;:

the small recycling rate inherent to clezn wells.

Titanium gettering, required for the icpurity

flow reversal experiment, further reduced the

recycling rate. Therefore, gas puffing was erg-> N

sential in the ISX-A discharges. D
There was a clear correlation betesa” den--

sities resulted from puf€ing into discharges with
Tow level Mirnov oscillations and clear interndt .
disruptions [such as shown in Fig. 2.12{c}], az )
opposed to discharges witn higﬁ 1evel cscilla-

tions and no (or very wezk) internal disruptions.

1% Ay

Lkt Tmhee .

Fig. 2.18. Time historfes of plasms 5arameters in ‘ typical ISX-A
discharge: (a) plasma current, I, loop voltane, U, and 1inc-average

electron density, Fe; (b) central fon tMratu-., T,(O):. fron charge

exchange analysis; (c) Mirnov oscillations, Ba. and . PIN diode signal
along & central chord.
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charge conditions, and confinement parameters
' :(rE. e etc.} obtained are compared with varisus
expirical scafing laws. - i

% . In view of the strong dependence of rEon ,
Jn obsemd in ORMAK and other tobuks. scalings

© LIRGTER nave been studied in greater deull.

2.20(a, b’) shows resalts of the 'n ‘scan” with
deytarium plam An lmﬂ.-nr. feit.ure of this

Fig. 2. 19.
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Fig. 2.20. Results of the "n, 5can" with deuterium plasmas: (a)

scalings of loop voltage, the central and particle-average electron
temperatures, and central fon temperatures (from charge exchenge and
neutron analyses) with the line-average density; (b) variations of
volume-average total (<c’>) and electron (<an>) poloidal betas, gross

| energy confinement time (rE) and effective charge (Ze").

and Yow (»1.5) over the density range studied. neutron flux measurements) increases with 'Te at
This behavior sharply contrasts with the normally Tow densities, as expected from the Artsimovich
observed reduction of Z,., with n,. Both T (0) scaling. However, it tends to decline in the
and <T - fall with rising ;'.e' resulting in an in- high density range. Threfore, both eiectron and
crease in loop voltage with n,, as expected from total energy contents (or equivalently “Bpe” and
the constant Ze". The central fon temperature <ep>) tend to saturate in the high density range.

(both from charge exchange analysis and absolute As a result, 3 increases approximateiy linearly




increase tends
Transpors

with 'Te 2t low densities, tut the
to saturate et higter densities.
culations {done oy ®.

cal-
C. rowe, Piadsma Tneory
Section] suggest that this ey te explained in
terms of increased electron-ion coupling and ned-
classical 1on heat conducticn at high densities.
Expirical confinecent scaling {:E«J\‘eal) jc there-
fore licited oy neoclessical ion heat lgsses {for
whici. :Ezf{;). and this limit is encountered at
Tow density (relative to Alcator, for example)
due to tre low fields and currents (resulting in
The
trend of :; with I{e is confirmed by larger num-
bers of ¢ata peints for both hydrogen and deute-
rium discharges, as shown in Fig. 2.21, which
also shows tnat 7E values for D; are higher than
those for H,.

Values of i3 obtained in ISX-A compare

relatively poor ion confinement) of [SX-A.

favorably with various empirical scaling laws.
Vzlues of g are higher by a factor of 1.5
(average) then those predicted by the Alcator
scaling (tp = 3.2 x 10°1% n, a%vq_; sec, an”?,
cm) (Ref. 21), and higner by a factor of 3.5
(average) than the Hucill-Shefficld scaling
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Fig. 2.21. Gross energy confinement time

(15) as » function of Jine-average electron

density for various hydrogen (open points) and
deuterium (closed points) discharges.

Led
[¥}}

LI.4l a§-57 B-I:_.ce Ag-“; msec,
., m, KG) {Ref_  22), indicating that
confinerent is significantly better tran in
- one - tokemaks operated at low BI‘
I g@rsa zonfinerent at low Br has led to

: yalnea whick are among the highest achieved in
cmniceily “eated tokamak riasmas. The highest
c-{3; salue oblained in ISK-& (2.2% at 12 kG) is
cn;coarabie with the highest published value
(Joctlet 11, 2.1- 2t 8 kG; Ref. 23). Values
of .. wer< observed ta increase with both current
t2s shown in Fig. 2.22) and demsity, indicating
et o; rises with ochmic heating power.

Ispuiities and their effects

%> der.-~<tra2ted above, [SX-A has achieved -
unusually large values of E and- gy for tokamaks
opercted at lev BT. The good confinement appears
to result from an unusualiy low level of high-Z
contaminants.
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Fig. 2.22, Vsriastions of toroids] betas

with discharge current for three different
vslues of toroidal field. The central betas
[ar(O)] are shown by open points and the volume-

sverage betas (481>) by closed points,



Inferred frow conductivity, Zeff steadily
decreased from 3.5 to 1.7 over a two-month period
of aperation without gettering and apgrudached
unity with titanium gettering. The trend of Zeff
correleted well with the residual gas analysis
and the surface physics analysis of samples ex-
posed to *okamak discharges (as discusseu in
Sect. 2.2.5). Spectroscopic measurements in the
vuv range snow that carbon, oxygen, 2nd nitrogen
accounted a..-.,st totzlly for the zeff values.
Radiation from ircn (off limiters and walls) was
low (1% of the OH power). Approximately one-
third of the OH power was transported to the
wvall, as discucsed in Sect. 2.2.3. This fraction
is about hal. that observed in ORMAK, where a
tungsten limiter was used.

Effects or heavy metal impurities in plasaa§
were simulated by injeciting 2 short (<0.2-msec)
burst {<0.1. of the total number of elec*rons) of
tungsten intd an established discharge using -
switched laser irradiation on a thin film.2%
Figure 2.23(a) shows time histories of [, V, and
Ke with and without tungsten injection. The in-
jection produced an increase (=15%}) in loop volt-
age and a sma2ll density rise, and led to
disruptive instability. Figure 2.23(b) illus-
trates the evolution of a wall power signal and
the cen*ril electron temperature with and without
injection. The energy flux to the wall increased
by a factor of two, and the increase mainly
originated from the central core (as discussed
in Sect. 2.2.3). At the same time Te(o) de-
creased by =40., resulting in a hollow Te profile
as shown in Fig. 2.23(c). The decrease in g was
20-30:. Ne such gross effects were observed with
aluminum §njection used in conjunction with the
impurity flow reversal experiment.

These were the only hollow profiles ever
observed in ISX-A, other than mild, transient
ones upon strong gas puffing. Had a heavy metal
limiter been used instead of stainless steel,
the hollow profiles would Vikely have been more
common, as suggested by results from ORMAK, P.T,
and DITE operating with heavy metal limiters.

The above ubservations suggest that the good
cor.t inement observed in [SX-A results from a low
Tevel of radiation loss. In this context the

rost important feature of the experiment was the
use of stainless steel limiters rather than tung-
Good feedback control of
plasza position and pGssibly the large gap (6-ca
average) between plasma and mall also
contributed.

sten or molybdenum.

2.7.3 Measurements of Energy Flux to the Walls
in ISK-A

C. E. Bush H. C. Sanderson

Time- and space-resolved measvrements of the
energy flux to the walls of [SX-A were made using
pyroelectric detectors similar to those used on
ORMAK. Two uncollimated detectors were used to
monitor the total power loss to the walls and to
obtain most of the energy flux data on IS'.-A. A
limited amount of spatially resolved energy flux
data was obtained using an array of six detec-
tors. This array consisted of well collimated
detectors, each viewinc the plasma along chords
at different radii of the minor cross section.
A1l detectors iacluding the array were located in
two adiacent torus sectors, both at least 160
from the limiter section.

The radiometer monitors indicated that <20
to 50%, and in general ~30%, of the input ohmic
heating power was lost to the walls, The losses
were probably detected by the radiometers as a
combination of photons due to impurity radiation
and as fast neutral particles resulting from
charge exchange. The observed fractional power
loss to the ISX-A wall was half the ~60% (ranging
from 40 to -80%) observed on ORMAK. On ORMAK
there was extremely close time correlation be-
tween the radiometer signals and the intensities
(from vuv spectroscopy) of impurity radiation in
the 20- to 100-A portion of the radiated spectra.
This was felt to be due to contamination of the
ORMAK plasma mainly by tungsten from the tungsten
limiter, but with additional contributions due to
oxygen and gold. In ISX-A, where high-2 impuri-
ties were excluded, little correlation between
individual vuv impurity line intensities and ra-
diometer signals was observed and none persisted
throughout the discherge. The best correlation
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Fig. 2.23. Comparisons between discharge characteristics with and without tungsten
injection. Continuous curves and closed points correspond to the discharge with tungsten

injection, broken curves and open points to the discharge without ft:

(a) time histories of

I, v, and ﬁ;; (b) evolutions cf wall-energy flux from a pyroelectric radiometer and the central
electron temperature; and (c) radfal distributions of the electron temperature with and with-

out tungsten injection. .

for many discharges (but not necessarily the wa-
jority) was with the H_monitor, which viewed
along a chord through the outer half of the
plasma column; in this case there was one-to-one
relative correspondence throughout the discharge.
On the other hand, for another large group of
discharges there were correla*ions between radi-
ometer signals and several impurity lines and
charge exchange flux data, but during different
time segments. The implication for those dis-
charges was that the losses'to the walls re-

sulted from a ccmbination of radiation yrom
various low-Z impurities and charge exchange
lesses, each having varying degrees of importance
at different times during the discharge,

The radiometer signal for a discharge in
which a double gas puff was used to obtain a
relatively high density is shown in Fig, 2.23
along with other discharge parameters. In
general, with gas puffing the signal increased
with increasing density during the discnarge dut
not as rapidly as the density during tr.e early



& v ok

< i L) Lt r4A 2% UL

Fig. 2.24. Comparison of radiometer signal
(Puall) with density as a function of time during

a discharge. The relatively high density is
obtained ysing neutral gas puffing ([p = 145 KA).

phases of the neutral gas influx. The result in
this case was tha' even though the density, ﬁe'
increased by a factor of four, the radiometer
signal only doubled. [n density scaling erperi-
ments in which the plateau value of He a3s varicd
from 1.5 to 25 x 10!3, while Ip. By (120 kA and
12.8 kG, respectively), and other parameters were
held constant, the radiometer signal (and POH)
increased with ﬁé resulting in a relatively con-
stant fractional loss {?ualllpou 305},

However , Pwall;pOH vs n, data did show a shallow
minimum at ﬁe ~ 3.3 x 10'?, corresponding to the
knee of the Tp VS g Gata shown in fig. 2.20 of
Sect. 2.2.2. The fractional loss was also rels-
tively constant for plasma curren’ betweer 30
and 133 kA for a given BT'

A schematic drawing of the six-detector ar-
yay is shown in Fig., 2.25. Detector Al viewed
along a chord through the center of the plasma;
detectors A2A, A3A, and ABA viewed chords at
radii of 9, 17, and 22 cm, respectively, in the
inner half of the cross section; and A28 and A3R
viewed chords at 9 and 17 cin of the outer half,

A common rectangular slot served as the fina!
collimating aperture for all detectors and re-
sulted in spatial resolution of 3 cm or better at
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Fig. = 25. Schematic diagrarm of the cix-
detector ragiometer array for [SX-A. Cross-
hatched arees are the chords viewed by the
detectors. Al is the detector which views the
center; A2A, A3A, and A4A indicate the detectors
viewing along chords in the inner half of the
piasma at 9, 17, and 22 cm radii respectively.
A2B and A3B view chords at @ 2»5 1; ~nm in the
outer half.

the center of each cnord. A set of haffles was
olaced in front of each detector to reduce errors
due o reflected stray light.

Signals for five of the array detectors
along with those for the two uncollimated monfi-
tors for a single discoarge are shown in Fig.
2.26. Unfortunately, detector A*" which vicewed
the outer portions of the plasma, wuS damaeged
soon after installation. These dats are for the
tungsten blowoff experiment in which a lu.er
pulse was used to vaporize a small amount of
tungsten, thus propelling it into the plasma be-
ginning at -.100 msec into the discharge, The
siqnals for detectors viewing the outer layers of
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Fig. 2.26. Oscillograms of radiometer
signals for the tungsten blow-off experiment.
The sudden increase in signal halfway thrcugh
the discharge is due to the influx of tungsten:
(a) siorals from the two uncollimated monitors;
vy signals for detectors viewing the center
and outer half of the plasma colum; (c) signals
from two of the detectors viewing the irner half
{shot 5476). .

the plasma incre;se and peak much sooner than
those viewing nearer the center. The middle
three traces [7ig. Z.26{b)] srow distinct time
delays, which may imply an inward rate of trans-
port of the tungsten. Detector A3B (3t 17 cm
outside) peeks 5 or 6 msec befrre /22 (at 9 om)
and 13 msec before Al, the c:ntral rietector.
This time behavior may provide infon.ation about
the transport of tungsten and other nigh-I mate-
rials in high temperature plasmas.

In order to obtain a clearer picture of the
time evolution of the radial ~istribution of
emission, the data of r1g. 2.26 are plotted as
emission intensity vs radius in Fig. 2,27 for
several times into the discharge. Without tung-
sten injection the signals remain fairly constant
over the duration of the discharge. The enission
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Fig. 2.27. Time evolution of the distribu-
tion of energy flux intensity; data taken from
oscillograms of Fig. 2.26.

over the duration of the discharge. Tiw eﬁission
intensity profile at t = 123 msec differs very
little from that at t = 9§ msec in tre absence of
tungsten injection. With tungsten the signal
from the central detector, Al, increases by a
factor of six; the outer (17-cm} detector signals
only increase by a factor of three and decrease
again while the signal from Al continues to in-
crease. Yolum2 emission data are normally ob-
tained by inverting intensity data such as thrat
in Fig. 2.27; houever, with only five data points
and due to the lack of data for the out~. edges
(R = 18-24 cm) Abel inversion was not applicable.
A modeling approach is now in progress, and the
distribution so determined is to be checked using
gross energy flux data provided by the uncol-
limated monitors.

Although the six-detector array of jSX-A
provided 3 considerable quantity of spatial in-
formation, the need for 3 more extensive array
was clearly indicated. Such an array is planned
for ISX-B, for which a 12 x 12 detector arrange-
ment is being designed for application t~ non-
circular plasmd éross sections.




2.2.4 Experimental Observation of the Impurity

Flow leversal Evfect in the ISX Tokamak

K. H. Burrel: D. H. tdmonds
J. €. DeBoo K. W. Hill

€. S. Ensberg R. C. Isle-

S. K. Wong Y. C. Jernigan
C. E. Bush M. Murakami

R. J. Colchin G. H. heilson

The inwerd transport of impurity ions in
tokamak plasmas, which is predicted by neoclas-
sical theory and which was clearly seen in the
ATC tokamak, " puses a major problem. Impuri-
ties, especially high-Z impurities, can be quite
deleterious for fusion reactor plasmas. Accord-
ingl,, it is of interest to study impurity -

- transpait with @ view towards methods of im-

purity control.

 meoclassical thesry’*~7* alsc predicis tnat

noloidally asymmetric source of protons or
hest of sufficient strenqth can reduce or
reverse the inward transport of irpurities, tnus
providing a method of iripurity control. The
impurity flow reversa! experiment was desiqgned
to test neaclassical theory, esnecially the
predictions concerning these asymmetric source
wesms,

In experiments performed on [5:.°° we have
found a substantial alteration of the transpurt
of an injected neon impurity when poloidally
localized injection of hydregen gas i5 used to
produce th2 asyimetric sources. The observed
chan,cs are qualitatively consistent with
expectations based on simple theoretical nodels.
More quantitative comparisnns will ve reported
later. [f these preliminary indications are
confirmed by subseruent experiments, this
technique could be the basis for a simple,
compact impurity control technique for tokamak
plasmas.

In order to expiafn the experiment, a shnrt
review of the theory i5 necessary. The funda-
mental physics that must be added to qo from
classical to neoclassical transport theory i4
the effect of quiding center motion on plasma
transport.!" In the cr.1siunal regime, the
important guiding center moticn is the vertical
particle drift due to the inhomaneneous curved

a5

toroida: field. Tne drift, coupied with the
radial pressure gradient, creates & small
aglgidal veriation in the pressure of eaon
species which, in turm, drives a return flow Gf
particles along the magneti~ field. [t is the
frictional focce due to these paraliel flows
that drives nesciassical trans~art.:-

The essence of the flow reversal effezt i<
the use of poloidally iocalized sources to alter
the parallel proton flows. This modiTies the
proton-impurity friction, thus reducing or
perhaps reversing the inward impo-ity transpart.
Treoreticar calculations have shown that in the
presence of asymmetric sources, the radial flux
of an impurity T 2f charge ZI -is given by’

2q4’ni oAy ~P[
e T | (ﬁ.‘ PO f.?')

I 1 | S
Ty a ar. \I
- PR T Sl § I
v nj P; /I
(2.2.7)

where the subscript i(l) denotes protons (im-

purities), q i5 the zafety factor, is the

§
proten -ivpurity collision time, i i{ the
proton cyclotron frequency, £ is the toroidal
fiels, R is the major radiuz,'r iz the minor
radius, and e is the magnitude of the electron
charge. The quantities -; an . are numerical
factors of order unity which cdepend on the
precise .ollision model used.

Fquation (2.2.1) illustrates that radial
trantport is driven by qradients in the density
and temperature, but that the <in  fourier
components of the proton nource a, and the heiat
source 2, can alsn affect the flux. licutral
transport calculations nave hHeen done tn ser how
large an H  injection rate must be uied o mave
the source terms comparable to the otrher termy,
in Eq. (2.2.1). For model profile. <icilar to
those in 15X, on the order of 10 particien per
seccond are required, a rate close to the natural
particle 1oss rate from the 1574 plasea.  How-
ever, since qas i5 L 2d as the source, the 4oyrcs
cerms are large only in tre qguter 1-2 em of the
plasma.  Thus, the flow reversal effect can aiter

|

impurity transport only in the plasme odgu,




The poloidally asymmetric sources due to
injection of H into the bottom of the plasma
were .omewhat enhanced by depositing a laye~ of
titanium gettering over the top half of the
vacuum chamber every few shots, thus reducing
hydroge= recycling there. ([In addition, the
titaniuws reduced effective Z ir the plasma from
valyes arourd two to 2 value <lose to one.) Due
to the nine-fold symmetry of the [SX vacuum
chamber, nine getter <ources and nine feedback-~
controlied gas injectors:! were used.

The effect of the source terms has been
investigated by obsarving the spectral lines
produced by short bursts of neon ana aluminum
introduced ‘nto the plasma after the H- injection
has been 2stablisked. As shown in Fig. 2.28,
whe 1-msec reon pulse was produced by a fast gas
valve; the 200-:.sec aluminum burst was generated
by a G.5-3, 2C-nsec laser pulse hitting an
aluminum-coated glass s'.ge. (ihis latter
technique is similar to one used on ATC. )
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, Fig. 2.28. Illustration showing equipment
et%ached to the machine,

According to Eq. {2.2.1), reversing the
sign of B, reverses the sign of the contribution
that the ;ource terms make to - [With the
source configuration used in ISX, a clockwise
(C4) torcidal field causes the sources to
enhance the inward impurity transport, while for
a counterclockwise (CCW) field it reduces or
reverses inward transport.] If similar plasmas
can be obtained with both polarities of the
toroidal field, this dependence on B‘ can be
used to separate the effect of the source terwms
from that of other plasma parameters.

In Figs. 2.29 and 2.30, we summarize a
series of measurements that were made on (W and
CCW discharges to verify that the plasmas were
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. . the same. (To minimize problems with error . -ORNL/DWG/FED 78-491
- “ ftelds. the plasms current was reversed whenever | l ] I 1 )
“the toroidal field was.} While there are some . cw e
" differences during the breakdown phase prior to '
- L0 msec, the plasmas are very similar during the
- main discharge phase when the H, injection takes
place and when the neon and aluminum transports
recinvestigated. Both the gross discharge-
rameters in Fug. 2.29_(voltage, current, and.. C
ué—average ‘density) ‘and the edge processes
scing the. l( radlat\m are. qu!tc similar for
both polantles of the toroidal field. In )
sadition;. the time behavior of the charge
nge neutral ﬂuu is ‘identical, mhcating 3
‘ _}t»siailari;y in proton par-etgri. ,;Fiugvlly.’
dia}: pro"fﬂes in Fig. 2.30 agree 1o within
ervor in- the data. The spectrumeter and the . . -
ometer do exhibit some dtssuﬂant:es

" INGREASE NEON: LINE INTENSITY. (arbitrary units)

tween the two directions. For exasple, the g R mdE® AN T A
sdicmeter signal for O plasmas is alays = . -~ 34 3% 38 40 42
ter than or eqial to that for CCW plasmas. ) ' ¥imeac)
Ne'will return to this point later. ' ‘Fig. 2.31. Neon signal for CW and CCV.
o o Im Fig. 2.31, we present a sample of the : ’
A expenmental spectroscopic data. - It is clear. : ‘ ORMNL/DWS/FED-T8-578
"~ from these data (and those in Fig. 2.32) that T 1 T T
s . “the signal amplitude is definitely higher in the a
.- O discharges, in agreement with the predictions 06— | Sew-Sccn “ -
. - ofEe f22). L - pef b

. Calculatwns have shows. that.. if the back-
grmmd plasma. does not change, tlie following
- ratio of anpliwdes should’ vary Tinearly with
_ . the gas inJection rate -

o 04
Se - S, S B
oo " cen o
&= ) (2.2.2y 7.\
Sew * Scow . .
N\

) Thic Yinearity is qanifested in the high gas
- .~ fnjection rate points in Fig. 2.22, Since
€g. {2.2.1) predicts that transport rates depend 02
on the "i(") and Ti(r) profiles, and since a
“ Jarge decrease in injection rate probably alters
these profiles, it is not too surprising that
the result departs from 1inearity at low injec-

tion rates. More detailed calculations are in 0 | 1 { {

progress to verify that the numerical values of 0 0 100 50 200 250
the points shown in Fig. 2.32 are consistent M INJECTION RATE (tors - fers fsac)

with Eq. (2.2.1) using the measured plasma Fig. 2.32. Plot of 4 vs I. Error 1s one

parameters. standard deviation.




Data in Fig. 2.32 were all taken for nearly
the same value of line-average plasma density,
';e = 10!! on~2. By varying the trigger time for
the neon pulse, we could study the change of the
effect with plasma density at 2 constant gas
.injection rate. In general, as density rose, 2
‘decreased. This is consistent with Eq. (2-2.!)..;
:since the sources appear there normalized by the
ocal density. As part of the sequence, neon
was injected into the plasma before the H, gas
njection was established. A value of & = 0.0: =
~0.28 was found, i.e., essentially zero.
Alumifion was injected simultaneously with:
 for several sets of discharges. 1In spite
. an apprecuble dtfferulce ia the neon signal
for the (W and CCM discharges in each set, no
consistent variation in the alusinum signals was
seen. Any changes were smaller than the 30%
s!uot—to—shot variation in the asplitude of the
spectroscopic signal. This may be due to the
superior ability of the fast 2luminun atoms to

reversal layer exists. The aluminum injection
'system2~+25 produces atowms with energy of i
1.5-2.5 eV, while the neon is at- room tempera-

" ture. The lack of change in the aluminum signal
car{ be used 3s an additional piece of evidence
that the bulk plasma is the same for CW and CCH
discbarges. E

Ne also studied the effect of H, injectton

. on the naturally occurring impurities. This
study is complicated by the dissimilarity of the
breakdown phase of the (W and ~CW discharges,
since this is the time when a large fraction of
these impurities first enters the plasma., The
radiometer data suggest that, just as with nzon,
more intense impurity reliation should be seen
from the CW discharges. However, no clear-cut
directional deperdencies were seen in the 0 [II,
0 IV, and O VI Tines, while the CCW signals were

_Varger for Ar VIII, Ti XI, and T3 XII. An
understanding of the behavior of the intrinsic
impurities will be necessary to fully assecz tne
effectiveness of the flow reversal terh,ique,

. 2.2.5 Wall Impurities in ISX-A

. penetrate “he edge of the plasma, where the flow »

i Plasma-wall in'éeraction studies, begun in

b

sty

In conclusion, it appeaEs that we have
produced a significant change in the transport
of neon ions in the plasma. That change is
connected with the H, injection, since it does
not exist without the gas injection and it
varies as that injection rate changcs. The sign
of the change and its qualitative behavior are
comsistent with the results of neoclassuca!
theory. Because theory prethct& that i '
increase with B° and R [see Eq. (2 2. l)].
vwpurity flow reversal effect should be asver\ R
to see in the larger, hlgher field machines of
the future.

Ke would hke to thank J. L. Dunlap, P. Il.:

King, D. H. Ncleill, and J. 8. Wilgen for their
diagnostics and H. E. Ketterer, W. J. Redmond, -
and T. F. Rayburn for machine operation.
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P. J. Colchin P. Mioduszewski

L. C. Emerson S. P. Withruw .
R. A. Zuhr -

Introduction B

ORMAK, have been greatly expanded in ISX-A. This
expansion has been made possible by the implemen-
tation of a vacuum transfer and Auger analysis
system to ISX-A, as well as a CAMAC-controlled
residual gas ana yzer. In addition, ion back-
scattering has b:en used to characterize silicon
samples exposed to ISX-A discharges. Laboratory
studies of hydrogen recycle phenomena have been
confirmed and extended. With the egu:ep’.ion of
the backscattering studies, results of ISXK-A wall
fmpurities studfes are contained in papers pub- -
lished as Proceedings of tie Thind Internationaf
Congenence on Peasma-Surgace Interactions
Controlled Fusion Devices.
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Plasma Wall Ispurity Expen-ents in ISX-A.32
R. J. Colchin, C. E. Bush P K. Ethonds, P
A. C. England, K. W. Hill, R_£. Isler,. )
T. €. Jernigan, P- W. King, R Al Langley.
D. H. Mcheill, K. lhrahm, G. H. letlson.

. 3. €. Simpkins, and J, 8. Wilgen. . .

The -ISx-A was-.3 tokamak deswned for study-

. ing plasma-wall interactions and piasma’ npori-
“ties. It fulfnled this role quwe -eu,

produtmg rel iahle and repmduflble p!as-as \dsi‘.li
hdcurrantssnto 175 I:Aamenergymutmt

' ,_‘:nlues of 7, eff Lhan stam!ess steel allmt.ers.n
] ~lvuecnon of 11015 abms of tungsten mm dl$—

;‘Shriup and Early Qperatwns of TSX Using'a -
-’aurface Analy_s:s Sta’aon with Sample Transfer. 32
£. C. Emerson,: R. E. CIausing. and L. Heatherly. .
ISX is & clean tokamak built o study ’
plam-vall interactions ané the role of . impuri-

o fms fn tokamak ptasanas, The vacuum vesse! is of
Tl welded 304L stainiess steel construcuon

uiublc ‘for uitra-high vacwu operation. Azsm'-

"fm analysis station was “installed before start- ‘
7 up and has since-provided data on typical wal) -
materisl and a variety of other materfals exposed-

ot positions between the surface of the first
walt and the liLiter inner radivs. Camples are

~ introduces, from afr, into the vitra- high vazuum

transport system without disturbing ~.he vacwm
in ISX or the analysis system. The sc~ples may
then be specially prepared (by outgassing, sput-

i-es up to 3t-sec mtb drschrqe praclammg,

Surfcce lmpur ties St.udtes (hrinLthe e
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ter cleaning, esayorahon, etc-).
exposure to tbe plas-a.,expo;ed to the plasn
and subsequent‘y rewalyzed (by AES. mh e

startup A
e, £ e

sl ot

';a key role- in keveraruwrities‘ stdies.. -?
'.'mt wults of experimts imalvm wmseful;

5 .
"cf statn\ess steel and othermuls, uydrogeu re
cycle zn:l the use of ut.ninu iu lSX-A are - R

;g!mrim and Cremical Attack of- 308 . Vo

- staialess Steel, Ahminum, and Gou_y_m
ions _of 100-eV. Enerqy_ 32 R. E.Clwsing, -

L. C. Emerson. and L. Heatllerly.
Samples of polished and oxidized 304 sum- =y
_less steel, aluminum, and gold have ‘been sub- ° K o E
jected to bowosrdment by hydrogen_ions in orderr
to sinulate effects expect, in tokamak fusion
- dcviu;., This paper reports on the swtteriug
and chemica) effects of bombardment with 100- and
- 200-eV fons with fluence-Tevels of 2 x 302! jons/
o and & x 102! fons/cm?, respectively. Under
these conditions gold is badly biistered and
eroded, 2luminum fs siightly Dlfstered at 100 oV
end substantislly eroded at 200 eV, but few
changes are seen in the case of polished .tain-
less stes). The oxide film (produced in & 30-min
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" materials.

(0 w/am).

_, expasure to air at 500°C) on the polished stain-
"'+ less steel sample was, however, removed and only

a very thin layer of substoichiometric oxide re-
mained on the surface after .expoﬁur_e"to either
100- or 260-eV hydrogen plasmas. Sample tempera-
tures dxmmg bombardment were alwut 50°C for the
100-e¥ ions and 65°C for-the 200-eV ions. '

. Only the major characteristics of the appa--
ratus will be described here. The plasma is @
low temperature, partially ionized plaste sup-
ported by electran emission from a hot cattiode. -
The plasma discharge is msude a . ?.-cm-dlam
stainless steel tube and extends appmnnately to

f;m. from the cathode to the main anode. Hydrogen
“-ions are drawn from the plasma and accelerated

through the sheath beu»'eeu the piasm and the.
wall to provide a high flux of hydrogen ions

An external poner supply can be used
to bias the plasma with respect tc the wall and

thereby provide ien bombardment at any energy be-

tween 30 and several hundred volts. The dis-
charges normally operate at a pressure near 10°2
Torr of hydrogen. For many experiments the
sample surface includes the entire tube wali.
However, small sawlés of wall material can be
moved under ultra- -high vacuum conditions from the
discharge chamber to a separate chamber for sur-
face analysus. The entire system is of ultra-
high vacuim construction and is free of organic
Ion species accelerated from the
plasma into tne wall are estimated to be about
80% molecular ions and 20% atomic hydrogen ions.
Aluminum, gold, and stainless steel samples
were exposed to 100-eV ions at 50°C for an inte-
grated dose of 2 x 102! ions/cm?. The conditions
of this exposure did not reduce the aluminum
oxide surface layer, but evidence of the blister-
ing and tearing was found, The irradiated area
on the gold sample shows evidence of both erosion
and blistering. The stainless steel oxide was
reduced in the irradiated area leaving a rough-
ened surface but with no blisters or sharply
defined features. Unoxidized polished stainless
steel samples had no eas1ly recognizable erosion-
or bombardment-created features, although macro-
scopic optical reflectivity changes made it easy
to identify the irradiated area. The topography

"7 aftet each exposure.
_folloumg points.

-;s developed by 200-eV hydruges ions incident on
aluainua, gold, and stainless steel at 65°C with
a total dose of 4 x 102! ions/ca?. Tie aluminum
topoqrapr is shown to be mostiy an erosicn pa'- -

e

tern.

blisters. The behavior of both the oxidized and

.unoxidized stainless steel sanples was similar to
that observed ir the 100-eV irvadiation.

_ Auger analy'sé. of the samples were made
These analyses revealed the

_::(l) The oxide on the sk nless steel is par-
nal*v reduced with rglatlve atomic con-
centrat-ons being given by Fe = 1.0, Cr =

0.6, Ni =3.3, and 0 = 1.2.

(2} “Thealuminum gxide surface layer was not
s:gmf:canr.ly lcvuu:\k'n the 100-eV expo-
sure (as ndicated by the aluminum Auger
line shapc—) ~

(3) The gold sauplr: Nposed to 100-eV ions had
approximately 20 at -5 of metal atoms from
the stainless steel ‘wall on its surface
after the exposure. This can be used to
estimate that the sputtering rate under
these conditions is about 10~ atoms per
incident ion, assuming that all sputter-
ing is due to atomic hydrogen ions and
none is due tu plasma impurities or molec-
ular hydrogen ions. The irregular topog-
raphy of this sample probably introduces
_considerable error in the estimate,
however. '

(4) The sample of gold exposed to 200-eV ions
was so completely covered with sputter
products that the Auger spectra showed no
gold.

Conclusions are as follows.

(1) The plasma-wall interaction simulator
produces a useful measure of the ability
of materials to resist attack by Jow
energy hydrogen ions,

(2) Hydrogen fons of 100 eV i.< above produce
significant surface damege in gold and
aluminum under the conditions of this ex-
periment but do 1ittle apparent micro-
scopic damage to 304 stainless steel,

The qold sample also shows erosion and no ~ ~




‘\ .\‘

-{3} Hydrogen plasmas of the type used in this

' expe-inent can reduce the oxides on stain-
less steel to 2 thir substoichiometric
layer of atomic dimensions. (Other ex-
periments in [SX-A have showm that higher
purity plasmas can partially reduce Al.0;
and reduce the oxygen level on stainless
steel to <l at. %.)

Studies of Hydrogen Recycle from the Walls
in Tokamaks Using a Plasma-Wall Interaction
Simslator.22 R. E. Clausing, L. C. Emerson, and
L. Heatherly. ’

The recycle of hydrogen from wlls and
limiters plays a fundamental role in the opera-
tion of tokamaks for several veasons: (1) tne
average proton confinement time in the plasma ¥
short with respect to plasma pulse length, and
therefore each proton is, on the average, re-
cycled several times to and from the walls; and
(2) the walls may clastically or inelastically
reflect the hydrogen but, according to our
measurements, at least half or more of the hydro-
gen incident on the walls may be buried in the
wall and thermalized, and most will r2turn to the
plasma volume on a time scale which is on the
order of 10°! sec.

We have studied details of the hydrogen
recycle phenomena from 304L stainless steel using
3 plasma-wall interaction simulator. Low energy

{30 to 212 eV) atomic and molecular hydrogen ions

are used. The evolution rate from su.-faces bom-
barded with a flux of 6 x 10}% ions, sec/cm? has
been measured for several conditions and appears
to be controllied by complex diffusion phenomena
and perhaps, in some cases, by surface recombina-
tion rates. The evolution rate reveals effects
due to diffusion from the highly supercharged,
near surface region. We interpret the prompt de-
sorption process in terms of damage to the crys-
tal structure in the near surface region. The
measurements were made in the simulator but were
found to corréi e well with observations made in
1SX-A. -

2.2.6 Charge Exchange Measurements om ISX-A

G. H. Reilson J. T. Rikalczo
J. B. Wilgen

Ion behavior in [SX-A was inferred from mea-
sureuents of the energetic (0.3 ke¥ < E < 4 keV)
charge exchange neutral atoss escaping from the
plassa. For this purpose, 3 mass-energy neutral
anaiyzer (described later in this section) view-
ing along a fixed midplane chord 6° from perpen-
dicular was used. (Thi. orientatior awvoids
difficulties resultirg fru v particles trapped in
field ripples.} In a typical shot, neutral
fluxes at seven emergies spamning 2 range of
10.6:1 were measured simultaneously with a basic
time resolution of 2 msec. In this report, we
discuss the interpretation of these data in terms
of ISX-A plasma parmeters, namely:

{1) ion temperatures and neutral atom
densities in pure (H* or D*) plasmas,

(2) relative HO and DO emission from mixed
plasmas, and

(3) directional similarity in IFR experiaents.

Ti and " in pure plasmas

The determination of ion temperatures (l’i)
and neutral atom densities ("o) fron measured
charge exchange flux has been described previ-
ously?? in connection with ORMAX data. The
methods used have been adapted for analysis of
iSX-A data, for which the most notable difficul-
ties are the “thickness” of the plasma to neu-
trals due to the high value of iea (s2 x 1013
cm-2}, and the lack of profile information due to
the inability to view different chords through
the plasma. The method is basically one in which
3 charge exchange spectrun calculated from a
plasma profile model is fitted to the measured
data. n the omically heated plasmas under con-
sideration, Ti is determined by the shape of the
spectrum and no(o)ni(o) by the amplitude. Be-
cause l’i profile shapes cannot be measured, they



are assumed for anceling purpose<, and the zalcu-
lated values of Ti and a0
with the assusption.

1

varying the profile assumptions ..ithin extreme
out realistic limits.

Figure 2.33 shows the variation of central

Ti with line-average electron density in o*
plasmas for which lp and BI. were fized and the
exterml gas puff rate was varied. The open
circles represent values calculated from the
slope of the neutral spectrum, with apgroximate
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Fig. 2.33. Vvariation of T with line-
average density in deuterium plasmas.
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attenuation an< profile corrvections applied. Tre
solid dots and error Lars ire deter=ined 5y the
profile oogeling procedure. The dots are consis-
tent wmith a reracolic Ti crufile, and the errcr
bars with grofiles respectively broader end more
pedked than parabglic. Pelative corrections in-
troduced by this method are greatest at high den-
sities, reflecting the progressively increasing
severity of plasna thickness effects with
density.

At low densities, the ion temperature is ob-
served to be consistent with Artsimovich’s
scalir 3, ¥ in which power delivered to ions is
assumed to be lo~t by heat conduction in accor-
dance with neoclassical "plateau” scaling. Tne
decreasing trend at high densities is a2 signifi-
cant observation. HNeoclassical transport
simuslations of this experiment (by K. C. Hows,
Plasma Theory Section) suggest that ion losses
dominate the power balance at the high densities
due to increased ion heat Zonduction and o ei-
hanced electron-ion coupling. [t is noted that
the electron temperature is also observed to de-
crease with density (see Sect. 2.2.2 ¢f this
report), although it remains somewhat higher tharn
the ion temperaiure. Furthermore, fhe charje
exchange data are in agreement with temperatures
inferred from measurements of the absolute flux
of D-D neutrons (see Sect. 2.2.9).

In Fig, 2.34, central neutral densities,
no(o). are plotted against density tor both H*
and D% plasecas. This quantity is calculated from
values of no(o)ni(o) obtained in the profile
modeling analysis procedure. The D* data corre-
spond to the points in Fig. 2.33; the H* data
were obtained in 2 similar experiment, performed
at slightly higher toroidal field. Both curves
indicate that n°(0) falls approximately exponen-
tizlly with plasma density in otherwise similar
plasmas. The low values of no(o) obtained, es-
pecialiy at high densities, imply a very low rate
of Jocal plasma production by fonization.' This
supports the conclusion that plasma must be pro-
duced at the edge and transported to the center
by some convective mechanism, as has been:
suggested. 3
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Fig. 2.34. variation of n, inferred from

charge exchange with censity in 4" and 0‘
plasmas.

Mixed species plasmas

The mass analysis capability of the neutral
analyzer is useful in the study of mixed #*-D*
plasmas. In crder to study confinement and neat-
ing of particles introduced by gas puffinc, -~ e
experiments were done in which & tenuuus E*
plasma was initiated using 2 hydrogen gas feec
which was then turned off and replaced by a sub-
stantial deuterium 535 feed, The time evolutiorn
cf both H* and D® charge exchange neutral flux
was monitored at several Jifferent energies. The
obcerved behavior is plotted in fig. 2.35. Deu-
terium replaces hydrogen on a time scale of .20
msec; after this, transient H- accounts for about
20% of the measured flux at al) energies for the
remainder of the discharge. This is in spite of

the fact that during this tioe tnere is no ex-
ternel nydrogen feed, while the density is still

rising drematically due to the deuterium feed.
full interpretation of these data will require
2 mocdel fcr neutrai tramsport in mixed plasmas.
This is row be’ng developed.

[fR experiments

An important requirement for the iFR experi-
rents done on ISK was plasma similarity with
respect to C¥ and CCM operation (see Sect. 2.2.4
of this report). Charge exchange neutral dita
are one index of such similarity inasmuch as they
reflect the behavior of ions and neutrals in the
plasma. In Fig. 2.36 we present the time evolu-
tion of absolute neutral flux at a typical energy
and the ¢ me-evnlved ion temperature obtained -
from complete spectra for (W anc CCW discharges.
Eased on these measyrements, as well as numerous
other indexes taese conditions were sufficiently
similar for [FR studies

Mass-energy neutral particle analyzer
for ISK

G. H. Keiison J. F. Lyon
C. F. 8arnett L. A. Massearill

J. A. Ray

h seven-channel neutral particle analyzer
incorporating mass and energy resnlution has been
constructed, tested, calibrated, and implemented
on [SX-A. As Fig. 2.37 shows, it consists of a
as stripping cell foilowed by 2 seven-slit, 180°
mignetic romentum analyzer. Each slit defines a
rmomentum beamiet which is effectively mass-
analyzed by means of an electrostatic energy fil-
ter and detected by a channel electron
multiplier,

The analyzer nas been calibrated for inci-
dent H® in the range 0.5 keV < E < 10 keV using
H- gas at =8 x 1072 Torr in the gas cell. The
apparatus and procedure are identical to those
used in previous calibrations of electrostatic
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Fig. 2.35. D ~ H puffing experiment:

and D° charge exchange spectra.

analyzers for ORMAK.¢  The mass-energy charac-
teristics of the present analyzer were determined
experimentally and found to be in 00d agreement
with those calculated from the geometry, siit
widths, and field settings. The net cetection

| efficiency was measured fo- each channel; results
| for a typfcal channel are presented in Fig, 2.38,
! and deviation over all channels was within 102 of
the average,

(a) time evolution of gas

feeds and electron density (Ti calculated from asymptotic slope of CX
spectrum); (b) mass-energy analyzer perm’ts separate measurement of HO

This instrument was used on ISK-A to measure
central ion temperatures and central neutral atom
densities in both H* and D* plasmas; the mess
resolutior featurr was also employed in mixed
species particle confinement experimewts. Re-
sults of these measurements are described in this
saction. The analyzer will be used in injection
experiments on ISX-8 to resolve, by means of mass
identification, the fast ion and therwal jon
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Fig. 2.38. Measured net detection effi-
ciency for channel 3 of analyzer.

distributions. Further testing and calibration
are necessary for this application, and these
will be done while 15X mudifications are in

progress.

2.2.7 Some Surface Plasma Studies in 15X-A

A. C. England
J. L. Dunlap

W. Namkunhg
R. V. Neidigh

Four diagnostics Fave been used in mon-
itoring the plasma near the limiters in ISX-A.
Correlation has been observed between low fre-
quency signals from (1) an MHD loop, (2) double
Langmuir probe current, (3) current hetween the
outside limiter and the vacuum tank, and (4)
light from singly charged iron impurity atoms
(Fe 1I). Characteristic frequencies are in the
range of 6-9 kHz. A necessary condition for
observation of <ignals on the double probe
current, the limiter current, and the fe I!
light is for the MHD Toop to show oscillations.
Large, nonoscillatory signals in the Fe I light
are also observed when instabilities cause large
currents to the limiter.

Double Langmuir probe measurements in the
shadow of the Timiter have shown that the elec-
tron temperature is 20 eV and the jon density is

-2.5-3 x 10:% cm? with madest gas puffing. [f
these values are typical for the plasma in con-
tact with the limiter, then the floating poten-
tial of the limiter can exceed 50 V. The
limiter-to-liner current measurement has shown
that currents >10 A can flow through a small
externa] resistance; these currents are consis-
tent with this observation.

These various observations suggest that
conditions are propitious for the formation of
a1ipolar arcs. However, there is no evidence to
suggest that any of the observations is evidence
of a unipolar arc.

Double Langnuir probe

W. Namkung A. C. England

The double Langmuir probe was used to study
the temporal behavior of the ion density and
electron temperature of the scrape-off plasmas at
three different locations relative to the limiter.
In these experiments the limiter was moved and
the Langmuir probe was fixed. During gas puffing
modes of operatiun, the guter positions (1.4 and
3.2 cm from the limiter edge) show a sudden drop
of the ion satu tion current (proportions! to
n; Té/z) while « > is increasing in the main
plasma column. Analysis shows that this transi-
tion is due mainly to a density change of more
than a factor of five with Vittle change of Te
(<10 eV). At the innermost position (0.64 cm),
both the density and temperature change by less
than a facter of 1.5-2 with moderate gas puffing,
On the other hand, the same behavior has been
observed with ma-sive gas puffing, namely, N> >
5 x 1012 cm™3. In order to explain this phenom-
enon, it s suggested that there may be two
distinct layers in the scrape-off plasmas and
that the boundary is moving inward toward the
Timiter. The existence of the boundary has been
confirmed indirectly by a sudden shift of the
plasma column during the feedback control experi-

ments.




2.2.8 Time-Resolved Electron Temperature of a

Tokamak Plasma by Soft X-ray Energy
Spectrometry

G. R. Dyer P. 4. Edmonds

X-ray-derived electron temperatures have
been obtained on ORMAK and I5X-A using a soft
x-ray energy spectrometer with a cryogenic Si(Li)
detector. Electronics especially designed for
high counting rates allows pulse-height analyc<is
of a signal pulse irn 1 .sec, the duration of the
linear amplifier pulse above the baseline. Count
rates are limited by pileup to ~105/sec. If T4°
counts are considered adequate for a single
spectrum, then one spectrum per 10 msec may be
acquired by this spectrometer.

Energy resolution is comprom’sed by both
short pulse sraping time and int: insic resolution
of the present myltichannel analyzer; basic
resolution is 500 eV, adequate for the tempera-
ture measurements desired (if measurements are
madde on the high energy tail of a spectrum)}.

The apparatus collects x rays along a
central chord of the plasma, with no provision
for spatial scanning or off-axis sampling.
Because the chordal measurement samples all
regions of the plasma, from coldest to hottest,
profile effects myst be accounted for in temper-
Figure 2.39 shows a profile
of electron density, "e' and temperature, T
a function of radius, R, for several ORMAK-
produced discharges.

ature calculations.

e’ as

Note that Te is not maximum at center. The
calculated x-ray intensity along a chord through
this profile is obtained from the equation:

N2(R)  -E/T_(R)
ey =c L -5 e e
R Ti/2(R)

The plot of Ln [(E) vs F is shown in Fig.
2.40.
negliginle, and the temperature derived from the
plo. is 280 eV, very close to the peak profile
tempeature of Zsu eV.

Departure from a8 linear relation is
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Results of several calculations of this
type lead us to believe that maximum plasma
electron temperature may be app-oximated ade-
quately by the simple equation

n? E/Tema
I{E} = e X,
Ti/2
€max
where
T - LE
emax & Ln ”Ej

and that profile effects may by neglected.

Temperatures are calculated by a straight-
line, least-squares fit computer pragram using
tin above equation. Figure 2.41 shows a com-
pari-,n of x-ray- and laser-derived temperatures
for an electron heating study done on ORMAK. In
general the agreement is good.

The present system has several disadvan-
tages. In spite of iis high counting rate
acceptance, it has a limited dynamic range in

the sense of plasma parameters n_, and Te’

e
because x-ray intensity depends on ng and on

-E/T
e . Intensity at the detector must be
adjusted by movable apertures to be ~10>/sec
maximum and must be monitored to ensure that it

remains in an acceptable range.

1000 . .
i *-RAY e
800 ¢ PEAK LAER @
: PROTE AL 6

n 20 40 60 80 00 120 140 160

aoer}

Fig, 2.41. A 35-shot average of electron
temperature vs time,

Even with 10% counts included, a single
spectrum is subject to fairly large statistical
variations because the exponertial nature of the
spectral distribution rapidly diminishes the
numder of counts in higher chainels. This mekes
the least-squares fit uncertain,

The single-channel ,,-tem in the present
arrangement can only neasure along a fixed
central chard, so data for profile calculations,
eensity, etc., must be obtazined from other
<iagnostics. The Te calculation assumes a
Maxwe!lian electron velocity distribution,
neglicible profile and absorption effects, and
counting rates which are relatively well behaved.
It is difficu.t to che~k some of these assump-
tions with the present ;ystem.

On the other hand. the rystem is relatively
simple. It collects data routinely and rapidly
once 1t s been adjusted and provided constant
plasma .arameters are maintained. [t uses no
absorting foil except for tne beryllium entrance
window and thus rin measure Over a greater Te
range thar cza &8 vixed-foil system. [t provides
Te measurerients within two minutes of a dis-
charge, w’th muderate time resolution and
qenerally in good agreement with other diaqg-
nostics.

2.2.9 Neutron Measurements i i3A-/

J. T. Mihalczo A. C. England

Measurement of the neutron counting rate irn
‘He proportional counters placed around [SX-A
and absolute calibration of these detectors with
a <% Cf neutron source lncated in the center or
al, nine port boxes on the plasma axis allowed
the determination of the ion temperature. For
thes, low temperature plasmas (central ion
temperature of 300-500 eV), the neutron yield is
very sensitive to temperature (a factor of ten
in yield corresponds to ~.100-eV change in temper-
ature). lon temperatures ontained from neutron
reaction rate< will be compared with those from
charge exchange fluxes. Nr :tron reaction rate

measurements were also used tn study the effects
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of gas pufring (hoth H, ~ ot and 0. ~ H+) and
the effects of injecting hydr¢ jen pellets into 2
deuteriuym plasma.

2.2.10 Diamaygnetic Measurevents

A. €. England
J. T. Mihalczo

G. R. Dyer
J. W. Pearce

Preliminary diamagretic measurements have
been made on ISX-A, ana wo different coil
systems have been tried. The first had the
diamagnetic coil wound on one of the MHD (Mirmov)
loop support frames which was positioned over a
beliows. The bucking ioop was mounted on the
same frame but was sensitive only to the TF
variation. This coil system proved to be unsatis-
factory, apparently because of the shaking of
the coil suppors.
to buck out the variations on the jiamagnetic
loop from the loop <ensing the toroidal field
only.

The secord system had the diamagnetic loop
wound directly on one of the stainless boxes
making up the vacuum tank. The bucking loop
consisted of four thin coils mounted directly
over the ccil on all four sides of the vacuum
tank. The coils were fitted between the vacuum

It was found to be impossible

tank and the fiberglass torque cylinders on the
inside and cutside; on the *op and bottom they
were fitted between the bo.: and the flanges on
“he poris.

The coil on the bellows would have been more
desirable because it would have been sensitive to
rapid diamagnetic signals, The L'R time of the
bellows is ~70 usec, aud Liem2aoatic fluctuations
with a characteristic period longer than th’s

~ could have been seen.

The cofl on .ne oux ;ould only observe
diamagnetic fluctuations with periods of <4 msec
due tu the decay of the eddy currents in the
thick (0.5-in.) walls,

Diamagnetic measurements on [SX are
extremely difficult because of the TF sypply in
use, The SCk-controlled, 12-phase supply gives
3 magnetic field ripple on the flat top of

59

~0.15% at 720 Hz. In addition, there are strang
modulations at 30 and 120 Hz and a small ripple
at 60 Hz.

Special high perfor-ance notch filters at
30, 60, and 120 Hz were built to eliminate these
components, and low pass filters with 3-dB points
at 100 and 500 Hz eliminated the 720 Hz signa.
and its higher harmonics.

Rogowski loops on the OH, vertical field,
and radiel field buses were used 10 sibtract
direct pickup. However, only " piclup has been
observed and is easily subtractad.

To date, sigaals have been obtained which
appear to be true diamagnetic signals. However,
the data “as not been correlated with calcula-
tions based on Thomson scattering ind charge
exchange measurements of temperature and inter-
ferometer measurements rf density.

2.3 ISX-B
2.3.1 Introduction

“ISX-B is 2 new research tockamak which is to
replace the present ISX.
with a rectangular cross-section vacuum chamover
and a versatile PF system will allow the creation
and control of circular, elliptical, or D-shapcd
plasmas, with vertical elongation of up to
1.8:1. In addition, two neutral beam injector:
will be installed to inject up to 1.8 MW of
neutral beam heating power into the tokamak,

The combination of plasma shaping and high power
heating will allow the study of the equilibrium
and stability limits of noncircular, high beta
plasmas.

The device is designed

2.3.2 Design Description

The tokamak, illustrated in Fig. 2.42,
consists of a stainless steel, rectangular
cross-section torus with a major radius of 93 cm
and plasma dimensiun. up to 54 x 100 cm (deter-
mined by the limiters). The vacuum vessel h.s
been designed for good experimental access, with
164 diagnostic and pumping ports. The two
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Fig. 2.42.

neutral beams will be injected tangentially
(both in the same direction) through two 28-cm-
diam injection ports. A mors complete design
description of the vacuum vessel is given in
Ref. 37.

The new polyidal cofl system will be mounted
on two fiberglass cylinders which are concentric
with the vacuum vessel, similar to the present
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[SX-B tokamak.

ISX coil system. The fiherglass cylindcrs also
serve as the torgque restraint system for the TF
coils.

1SX-B will use the same iron core, TF
coils, and power supply and support siand as the

present ISX. Most of the poloidal coil supplies
will be the same.
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2.3.3 Progress in 1977 and 197b Schedule

The ISX-B project was approved by OMFE in
Rugust 1977. Designs of the vacuum vessel,
poloidal coil;, and torque cylinders were com-
pleted, 2na fabrication of these components was
startes. Engineering design for wast of the
elo trical modifications and for the neutral
beam installation was completed. The neutral
beams are being fabricated by the ORMAK Upgrade
program and are now in the final assembly phase.

The schedule cails ror shutting the present
ISX machine down at the end of Febrvary 1978.
The transitica period will last until the end of
August, at which time the tokamak, neutra® beam
systems, and associated power supplies shoulc be
installed and ready for testing.

2.3.4 Experimental r ngram

The primary goal of the [SX-B program is to
study the stability and transport of noncircular,
hich beta plasmas. Table 2.4 lists the expected

plasma properties with omic heating only, and
with 1.8 and 3 M of injection power, assuming
that no large MHD instadbilities occur. The
neutral beams will initially inject about 1.8 MV
into the plasma, but can be uparaded to 3 M in
the future. In addition, the machine has special
provision for apparatus which will allow several
unique experiments on ISX-B.

High beta stacility znd transport experiments

Measurements of basic plassa properties
(density and temperature profiles, energy con-
finement times, impurity levels, etc.) are
presently beirng carried out on ISX. This capa-
bility «#ill be carried over to ISX-B, utilizing
rich of the same equipment. New diagnostics for
the mea.urement of the two-dimensional properties
of the elongated plasma are under construction.
Some problems to be investigated are:

(1) How does plasma confinement depend on
plasma shape and beta?

Table 2.4. Plasma parameters expected for ISX-B for three

values of neutral

beam injection power

Ping = O Ping ~ 18 xd Ping " 3 nt
- I .
o T .2 1.2 1.2
¢ = bja 1 1.5 1.5
1, kA 130 200 200
9 tmiter 3.5 3.8 3.8
ie' em-3 4 x 10! 4-8 x 101} 215 x 1032
T, & 450 ~1500 ~1500
T, e 300 1500 ~1500
Toqs ) <@ <Q
tge mseC 30t 28.56 60
E, % 0.5 3-6 210

‘ “These numbers have been achieved on ISX-A.

For ISX-B we_assume

that xg * 1,f(ng/7,)2a2/1 + o?, where f(ng/n,) = (naln‘)a with
as 0.5, ng #nd n, are the Tine densities in the respective

tokamaks. We assume that bou., density and temperature profiles
are parabolic, and the temperatures quoted are volume averages.

bScaHng laws for a noncircular plasms with F','"J > 90“ have not

been experimentally investigated. Connqu‘ntly. the numbers for
Pm‘1 * 1.8 and 3 M4 are estimates based on' extrapolstions of

present knowledge,
Crg v 21 msec was achieved in hydrogen (ISX-A).
" 30 mse: was achieved in deuterium (ISX-A), !
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(2) What are the maximum beta stability limits Bundle divertor
for o plasma subjected to massive heating,

and how do these limits change as a Design studies have been corgleted for the

use of a2 bundle divertor on [S1-8, and provision
has been made in the vacuum vessel and gcisidal

function of plasma elongation and
triangularity?

(3) How do tokamak plasras rehave when the ceil design for its installation. This experi-
injected r is 6-If times the ohmic ment is jesigned to help in the reduction of

heating 2 anuf'xtles in the plasma and to study the effects
of such a device on a high beta, noncircular
tokamak plasma. Results from LITE * i.dicate -
that plesma refueling must be done in conjunction

Ripple inj-ction experiment

A diagnostic neutral beam injector (40 kV, with a bunire givertor experiment. To that end,
3 A) which will direct the beam vertically plans exist for injecting solid hydrogen peliets
upward through the center of the plasma is to be of submillimeter diameter -inte the machine . ~!

installed. Two coils, locatid under the machine
and adjacent to the diagnostic injector, will be

] i 2.3.5 Charge Exchange Diagnostic System for
able to cause a ripple in “he toroidal magnetic s

ISX-8
field, with the field perturbation being large~
at the bottom of the machine than at the top. J. T. Minalczo J. F. Lyen
This field will allow an experiment to test the G. H. Neilson R. E. Worsham

concept of ripple injec.ion, which, if successful,
The neutral particle diagnostic system for

spatially resolved ion measurements on [SX-8

would allow the heating of reactor-size tokamaks
with neutral beams of much lower erergy than
would be required for direct injection. ®* employs a diagnostic neutral beam crharge exchan~-,

These exseriments are to be carried out in analyzer combination (both a tangential analyzer

’ collaboration with PPPL. and a perpendicular 2nalyzer »rray view the
diagnostic h..-:. Among the uses of this system
[ ECRH experiment are loca” 7in termperature measurements in single
{H or I, or mixed (H and D) plasmas, measurement
Seven ports have been designed on the r* ripple-enhanced trapping of the diagnostic
vacuum vessel to allow the injection of micro- b-am, and measurement of beam attenuation. The
wave energy from the inside of the torus. The tar jential analyzer has been tested on ISX-A and
frequency of this radiation will be at the V5 teseribed n Sect, 2.2.6. The perpendicular
electron cyclotron frequency at some location in arriy and diagnostic beam configuration are shown
the plasma and will allow the study of electron in fFig, z.43.
cyclotron resonant heating in a hot tokamak Some features of the diagnostic beam are
plasma. This work, to start in 1979 provided horizontal translation to provide radial profile
funds are available, will use a 200-kW source at capability and variable energy up to 40 keV.
28 or 35 GHz. The experiments 4are designed to Sume features of the perpendicular array are
study the effects of [lkd a'one, both for bulk simultancous mass-energy analysis (H and D) up to
heating and for p-eionization, and to use ECRH 50 keV by use of a velocity filter,
in conjunction with neutral beam heating to electrostatic analyzer combination: energy
modify the plasma profile and to study the spectral determination within 10 msec by syn-

effects on high beta stability.3? ' chronously varying the electric fields in the
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Fig. 2.43.
nostic beam configuration on [SX-B.

Perpendicular analyzer, diag-

velocity filter and electrostatic energy ana-
lyzer; multipoint capability by simultaneously
viewing the diagnostic beam with several analyzer
modules; and variation of the analyzer viewing
angle from -7° to +14° from perpendicular. A
photograph of a single perpendicular analyzer
module with four detection channels is shown in
Fig. 2.44. This module will view the plasma
center, and nther modules will have two channels
each and will view the off-center position.

2.4 ORMAK UPGRADE (NEUTRAL BEAM SYSTEMS FOR

ISx-B)
L. A. Berry C. M. Loring
J. D. Callen H. C. McCurdy
A. R. Kem; C. C. Queen

W. L. Stirling

Tne original purpose of the ORMAK tpqrade
program was to design and construct a new
research tokamak designed specifically for
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neutral beam heating experiments an. intended to
replace ORMAK as the principal tokamak physics
device in the ORML program. Bec2use of budget
constraints and chenges in fusion program
priorities, work on the tokamak part of ORMAK
Upgrade was stopped in rebruary 1977, and the
available resources were concentrated towards
completing the vertical field power supply and
the neutral beam systems for use in high beta
experiments with ISX-B (Sect. 2.3). A later
reev luation of tokamak research needs led us %o
conclude that the principal cbjectives of ORMAK
Upgrade will be effectively met by the coabi-
nation of planned high beta experiments in

ISX-B and the proposed LPTT (Sect. 2.5). Con-
sequently, there are no plans to complete the
OPMAK Upgrade tokamak.

Two neutral beam systems consisting of beam
Tines, electrical supplies, and related instru-
mentation will be completed for use with ISX-B.
The new accel power supplies being purchased will
not be ready for ISX-B initial operation; for an
interim period ISX-B will time-share modules of
the existing 150-kV power supply system.

2.4.1 Neutral Beam System Design

The beam lines for [SX-B are basically the
saﬁe design as previously provided for PLT, with
minor modifications to simplify certain features
and to facilitate a future increase of pumping
in the érift tube region. The two neutral beam
systems initially will have a target capability
of 1.8 MW of neutral beam power injected into
the ISX-B plasma. The injection capability can
be increased to 3 MW by proposed modification of
the beam lines and replacement of the 60-A,
PLT-type ion sources with the 100-A sources
being developad under the neutral beam prougram;
the electrical systems initially installed, with
the possible exception of the decel supplies,
are designed to be adequate for driving the
100-A sources,

Pnysical characteristics and performance
goals of the neutral beam systems are given in
Table 2.5.



Fig. 2.44.
detectian channels.

2.4.2 Progress in 1377

The principal activities were detailed
design of the neutral beam systems (which was
about 70% cumpleted)}, purchase and fabrication of
system components, and assembly of beam lines
anc electrical systems as components were
received.

Tokamak systems

The 5-MW, 1000-2000-V power supply planned
for the ORMAK Upgrade vertical field sy-tem wil]
be used instead to drive the [5X-B outer coils.

The single perpendicular analyzer rodule with four

The <upply was delivered by Robicen Corperation
in Octotber 1977 end installed in the enclosure
that houses tne Jz-MW TF power supply. Elec-
trical and instrumentation installation will te
completed during the conversion of [SI-A to

15K-E.
fdeutral beam systems

frocurement and fabrication of team line
mechdnical components were about B completed;
anse bly of beam Vines wan started and about 25
corsieted,  Since the cryncoadensing pumps

40pear to ve g critical schedule item, garallel
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procuyrerent eft1-ts were inttizted witr tws
potenticl sucpliers: Arrold Engincering
Developrent Center {Air Force} end Lnites
Techuologies Pesearch Center. .

k purchase order far two accel power Sup-
plies with capanility for drivitg 109-A sources
was placed with Universal ¥eltronics Cerporation
at a purchase price of $735 ¥ and vendor-
estimated deliyv:ry ¢f 44 weeks [July 1378). The
source and modulator tables were redesigned to
be adequate for 100-A sources, *nd mejor compo-
nents were purchased and received. Assembly of
the modulator tables was avnut 90 completed,
and the source tables were about 50 completed.
An exisring ORMAK dece) supply wes mocified, and
tests indizated that it would be syitable for
[5X-6 ne.tral beans. Modification of two addi-
'tional ORMAK supplies was initiated, The neu-

tral beam systems will be complieted in 1978,
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2.5 LONG FULSE TECHNGLOGY TOKAMAK

John Sheffiels .

Tne LPTT progaram is proposed to support ;nd
speed up the realization of a PEPR-TS by pro-~
viding extensive systems irtagration and proto-
typical component tests in collaboration with
various industries. LPTT will have supercon-
ducting coils in 2 modular assembly allowing
very gond access, which will sermit tests of: a
variety of high beta poloidal systems; 3 variety
of plasma cleaning techv‘ques.’including 2 new
ztyle of bundle diVﬁTtﬂé:*h’.ﬂ{:’S great poten-
*.1 for use in a reactor; anx « variety of

'Hé;ting methods, initially including neutral

injection 8t a level sufficient to give reactor
Tevel thermal power densities. Operation is
proposed with pulse lengths of at Teast 20 sec
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ané with the Lossititity of 2 nigh duty cynle. Tlitier haue :ee;‘~\3:f:c itern ity e
LPIT syitem: will te designed for eyse of main- region 6f mini~um tize for LITT aninr wnlic
tenance and ir the lizit for remnte nandiing. satisfy trne conceive? guzls 0f Sre sergre- 2re
It i7 considered thet wrile the yitirate 0% of The cORSTr2inty <&t Lg [hyrvicg ant tenrrning,
recote hendiing is in the rostile radicective Tris work ka2s tenefited from tre o
enviroaoent, this 13 nGl aecetsarily the best studtes et GPNL oF CEMEv-IT aas 7T
enyiron=ent to iron cul problems and establicn cesign whicn 15 represertative
cptimyc designs, size regicn hat the friiowing ga

Pulse lenqgth 25 ec

Major radius 230 o

Minor radius 65 cm

Maximum plasme noacircularity 1.6

Number of torcidal cnils

Stage 1 {low field)

Stage 2 [high field)

Toroidal field 10-15 &G
Plasma current 0.3-n.5 MA
Heating power -5 M
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DIAGNOSTIC DEVELOPMENT

C. F. Barnett!
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Abstract. During the past year the far-infrared
or submillimeter diagnostic research program
resylted in three major developments: (1) an
optically pusped 0.385-1um D;O-:laser asrillator-
amplifier system was operated at a power level
of 1 My with a line width of less tham 50 Riz;
(2) a conical Pyrex submilliveter laser beam
dump with a r=tention efficiency greater than
10 was developed for the ion tesperature’

- Thomson scatterir.g esperiment; and (3) a new
diagnostic technique was developed that makes
use of the Faraday rotation of a2 modulated
submillimeter laser beas to determine plasma
current profile. Measurements of the asymmetri-
distortion of the B (6563 A) spectral line
profile show that the effective toroidal drift
velocity, dv, /dT;. may be used 3as an iMicator
of plasma quality and as 3 complement to other
ion temperatyre diagnostics.

3.1 HIGH POWER SUBMILLIMETER L _ERS
FOR THOMSON SCATTERING

During the past year research continued on
the development of a 1-M4 submillimeter laser
to be used to measure the ion temperature of
plasmas in the next generation of tokamaks, For
such tokamaks, with plasma densities of 10l°,

1. Physics Division.

2. Graduate student, North Carolina State
University, Raleigh, North Carolina.

3. Summer student, LaSalle College, Phila-
delphia, Pennsylvania.

4. On sabbatical leave from the University of
Mississippi, University, Mississippi,

5. Summer student, University of Texas at
Austin, Texas.

V. Reidigh
A. Ray’
P. A. Staats:
M. Thomas>
K. L. Vander Slyis!

the requirements of the laser system ave: (1)
1 K of output poeer: (2) a pulse length of at
least 200 nsec; (3) laser and viewing dumps with
a rejection ratio of better than 1€7~; ana (5)
spectral purity (peak-to-vailey ratio of pise
amplitude) of no less thas 10°.

Early in the yuar a decisicn wvas made to
concentrate ¢n D,0 (0.385 um) as the lauing gas
because of its high efficiency of converting
optical pump power to ;ubmillimeter power.
Briefly, the optical system is composed of a
continuous wave, tuned CO, laser whose output

. forces a 150-J, pulset CO; laser to oscillate

near the absorption punp line of D,0. The
output from the CO, pusy is split, with part of
the beam pumving an unstable resonator-oscillator
and the other part pumping 3 beam-expanding
optics amplifier. Since most submillime..r
lasers tend to operate in 2 superradiant mode,
precautions rmust be taken with the al;:lifier to
establish single mode amplification. Thus, the
awplifier is 1 m long, and the beam-expanding
optics makes use of a2 large volume of D,0 gas
to provide the required power, MNe hav> operated
the system successfully at low power levels,
The frequency spectrum was determined using a
Schottky diode as a detector; the time profile
of the spectrum was obtained by a Tektronix fast
transit digital analyzer. Fourier analysis of
the time profile gave the frequency spectrum of
the output pulse. For the CO, pump laser, the
full width at half maximm (FWHM) of the time
profile and frequency was 100 nsec an’ 5 Myz,
respectively. The characteristics of the oscil-
lator outpu’. were 320 nsec and approximately

2 Mz, Figura 3.1(a) and 3.1(b) shows output
characteristics of the complete system. The
time profile in Fig, 3.1(a) has an FWHM of

i
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Fig. 3.1. (a) Time profile of 0.385-um
D,0 1aser oscillator-amplifier system ojerating
at 200-k¥ output pmwer; (b) Fourier transform
of the time profile of Fig. 3.1{a). Frequency
at WM is approximately 4 WHz.

150 nsec, and the frequency profile has an FWHM
of 4 MHz. At frequencies exceeding 50 Miz, no
signal was observable.

With the system operating in this configu-
ration, the maximum power obtairable was 200 kW,
being Vimited by the coupliny of the CO, pump
power to the D,0 pump line in the amplifier.
This limitation is determined by an offset of
325-MHz difference in the tuned CO, pump line
and the D;0 line. This decreased coupling was
overcome by placing 3 5-m-long, 15-cm-diam
extension at the exit end of t.e amplifi- -,

With full pump power, 1 MW of D.0 pcwer has been
obtained with an FWHM pulse width of 100 nsec
and an FWHM frequency of 5 MHz. The frequency
spectrum of the complete system is shown in

Fig. 3.2. There is sore evidence of low level
narrow-band superradiance for this configuration.
The system appears to be operating as & pure
Raman, two-photon laser at low pressure (1 Torr)
and as a mixture of a Raman and a normal transi-
tion laser at higher pressures (5 Torr).
Studies are under way to further improve the
power output and reproducibility of the high

power pulscs with the use of a small, atmo-
spheric pressure (0. laser containing an inter-
cavity Fabry-Perot interferometer to iniection
tune the 150-J CO, pump laser. The expected
tuning range is -1.5 GHz, which will permit
operation of the pump (0, lsser at the D,0 pump
line ard eliminate the need for the S-m exten-
sion of the amplifier system.
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Fig. 3.2. Frequency profile of 0.0 sub-
millimeter laser operating at 1-Md power level
with 5-m-long, 15-cm-diam extension to the D,0
laser amplifier.

3.2 LASER BEAM DUMPS FOR SUBMILLIMETER
WAVELENGTHS

One of the many problems encountered in the
measurement of plasma jon temperature by Thomson
scattering is the extreme smaliness of scattered
signal compared with input power. For wmost
plasmas of interest this ratio is 10°'*, Thus,
highly efficient laser beam and viewing dumps
are essential to prevent the desired signal from
being greatly exceeded by the reflected primary
beam. Vacuum requirements and the long wave-
Tengths preclude the use of many of the conven-
tional beam dump techniques.

A large hemiellipsoid mirror was constructed
for measuring the retention efficiency of various
beam dump designs. In the tests the dump was
placed at one focus of the mirror, and a detector




n

was positioned at the other focus. Submillimeter
radiation, generated by a pulced, supervad :-t
P;0 laser, was focused through an aperture
{(}-cm-diam) in the back of the elliptical mirror
onto the dunp. A gold mirror with a reflectivity
greater than 98% was placea at the same position
Because it
is easily constructed, a pyramid cone configura-
tion was used to evaluate severa! materials,
including Lucite, flint glass, carbon spheres
{250-300-um-diam) epoxyed to an aluminue surface,
and a circuiar cone of Pyrex. The reflection
coefficients of the Lucite, flini glass, a=¢
Pyrex were measured to be less than 107%.
Studies indicated that to provide reflection
cofficients of 107" the ratio of tie length of
the dump to its entrance diameter shouid be at
lTeast 10. Fur_t.ner'refinemnts are being made to
the dram Pyrex cone design for the ISX-B
experiment.

as the dump and used as a reference.

3.3 FARADAY PATAIi™N FOR MEASURING PLASMA
CuRRENT LeNSITY PROFILES

When tokamak plasmas are studied experi-
mentally, it is important to be able to measure
the poloidal magnetic field and the tornidal
plasma current, as these parameters confine and
heat the plasma and a~e responsible for MHD
stability. Theoretical analyses have shown that
in some cases the poloidal magnetic field, and
thereby the plasma current, can be determincd by
directing a2 linearly polarized electiromagnetic
wave through the plasma and meacuring the
Faraday rotation of the polarization, Sinc: the
rotation angle is proportional to the square of
the wavelength, the longer the wavelemngth, the
easfer ft becomes to measure the rotation angle,
However, it is desirable to use shorter wave-
lengths to improve the spatial resolution and
wave transmissfon. As a resuit, even at far-
infrared (FIR) wavelengths, techniques are
required to measure rotation angles which, for
present-day tokamak experimenrts, may be only a
fraction of a degree. Ouring the past year we
exnerimentally fnvestigated the possible use of

polarization modulation techniques in 2 sudbmil-
limeter wave polarimeter to measure such >mall
rotation angles with accurate time resolution.
The experimental configuration is showm
schematically in Fig. 3.3. The source of the
system w2s 3 393-.m {cw) HOOOH laser, pumped
with ¢ CO; laser. The FIR laser beam passed

Fig. 3.3. Experimenta: configuratica for
the submillimeter wave polarimeer.

through two wire grid polarizers, a plasm
sim:lator, and 3 polarization modulator that was
driven by rf current. The polarizers were
rounted in crossed orientation. for small
modulation, the amplitude of the output signal
at the modulation frequency was directly pro-
portional to 6n sin (Zep). where 6 is the
amplitude of the nodulation angle and ep is the
angle of the simulated plasma rotation. In
preliminary bench tests, ferrite polarization
rotators were used as the plasma simulator and
the rf modulator. A 1iquid helium cooled InSb
detector and lock-in amplifier were exployed to
measure the low Tevel laser signal. The simu-
Tated plasms rotation and the output of the
lock-in amplifier are showm in Fig, 3.4, In
Fig. 3.5, both theoretical and experimental
results for simulated plasma are susmarized,
with the modulation angle given as a parameter.
A polarization sensitivity of 26 m¥/miY1iradian

!
|
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was achieved at 3 moduiation ane'~ 7 149 milli-
radiar.s with a FIR laser power of § . The
system was installed at ISX-A for preliminary
tests, but because of large losses of submilli-
meter power in transmission, low sensitivity of
the available detector, and extremely high

x-ray fluxes, the signal at the mcdulation
frequency was inZictinguishable from the noise.
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2.4 A FLASMA GUALETY INDIZATOP FOP TOXKEMAKS

R. ¥. . Keidigh

The asymmeiric distortion of the K, (6563 A)
spectral line profile radiating from the ORMAY-
produced plasma bears the signature cf its
prot>n velocity distribution.!*~ The relation
of the effective toroidal drift velocit» to the
ion temperature, dv‘g i/dri' may be used as a
shot-to-stot plasma quality indicator since
dv“ i/clTi appeirs to be sensitive to injected
hydrogen gas {gas puffing) and neutral injection

which, in turn, alter Zeff (see Fig. 3.6).
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Fig. 3.6. Gas puff optimization., Neutra)

beam injection and maximum ohmic heating raise
the impurity level (Zeff)' The optimized hydro-

gen gas puff raises the density and also the
toroidal drift velocity, indicative of a lower
zeff' The effect s noticeably less if the

Tiner has been discharge cleaned with oxygen.
The dashed horizontal line was the average
dvlli/dTi found in DRMAK | with a single-chanrei

rapid-scan spectrometer (Ref. 1).

Although the source of H{j radiation is
predominantly the cold edge of the plasma, the
in*tensity of radiation in the wings of the line
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profile is sufficiently above tne ncise ievel to

permit analysis of dv idei in the energy range

up to ten times therrel, as shown in Fig. 3.7. 1.
This is a worthwhile complement to the ion

temperature geterminec from charge exchange

analysis of tie righ energy tail of the distri- 2.
bution fynction.
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Fig. 3.7. Spectral line profile of H,
{6563 A). The line width and displacement of
its center of gravity are measured at intensity
levels of 2, 2, 12, 32, and 50% of maximum and
are reluced to inn-temperature and toroidal drift
"Nemcity. respectively,
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Abstract, While glasma Thesry hes tese ayalyicsg
Loward mre re;lH;nr, oodels ¢f zagaetically
confined plasmas for oore than two deczdet now,

-overy ;lqniﬁcar)t advances were made 2t ORNL in

. the past year. Theoretical techniques were

“developed for relfably modeling the finite beta,

honctrcuhr. rtsfstfve, firite collisionalfty

plasnls cenfined in tokamaks and- in the EUI.'I

Buwy Torus. An §mportant indication of the

" vealismof these theoretical mdels s the fact

that many of r.hu are bei- 4cu§pared in very

' 2} witb msent ezperimul results.

: sumﬂng of nlam conf inement .

on developing methods for calculating the self-
consistent ambipolar potential because it domi-
- nates plasma transport.  Stimulated by experi-
lne'dta't measurement of this importa t element of
plasma confinement, one-dimensional Kinetic and
fluid transport codes have beeﬂkdeve'toped to
take into accownt the numerous and highly non-
linear effects of the ambipolar potential on
transport. A very encouraging result of this
work is that the plasma parameters, including
temperatures, densities, and ambipolar poten-
_tial, can be predicted*uithin 3 factor of about
S two using @ tofally neoclassical model, i.e.,
with no need to introduce anomalous transport
Other EBT theory studies this past
year include consfderation of macroscopic and
microscopic instabilities and microwave heating

processes.

processes.

The MHD theory group has continued its
pioneering work in.developing the concept of .
high beta tokamaks. This work includes consid-
eration of the dynamic evolution of jnjection
heated plasmas to bigh beta; the °F systems
(inciuding in detail the iron core effects in
ISX-A and -B) required to position, control,
shape these plasmas; and the stability of these
plasmas against ballooning modes. The balloon-
ing mode stability question has veen examined
with initial value, semi-analytic (BALOON), and

“In EET rtrneory the primary emphasis has been

and_

7€

B observed n ORMK.

energy priecicle (23210 and PEISTH comgmiter

(LT AN 1L that

tte range cf 5-107
Encther. u&}ar WG theory .
development i< the very sa::.e..swf ‘correlation
of the resistive Wi ttudies with the Jbserved
mcroscopic modes in towamaks. As reporud iast
year, the = = 1/n = 1 resistive mudes have. been
shown to instigste internal disruptions in
toramaks. This past year it was Shown that the
theoretical nonlincar saturation level of the
2/1 resistive rodes agrees in deuﬂ and alsc in
scaling with the 2/1 Wirnov oscillations :
Further, §t(as shown ’ma
an unstabie coupling between the 372 and} 11
modes causes a drastic rearram,unent of the .
current profile in the yery short growth timfg'?" =
the 2/1 mode; this has peen proposed as the =~
mechanism causing the disruptive instability.
The 2/1 theoretical Growth period .is consistent .-~
with the disruptive instability time in t.ofaml:s
from LT-3 to PLT — about three orders of magni-
tude in tie scalé. . =

ThE answer from thote StugiG
volume-average Letze ir
srauld be achievable.

The most stactling new development in
kinetic theory this pest year was the demonstra-
tion from both numertcal and analytic.:$nvesti-
gations that.'contrary\to most drift wave
literature, the collisiorless drift wave is
nat ynstable;in a smoothly sheared magnetic
field. :
where the wave phase velocit  exceeds the elec- -
tron thermal speed (ard which has been neglected
previously) introduces just enough damping to
overcome the qrowth from other spatial regions
so that the overall hede is damped. Even though
the collisionless dfift wave is damped, the
trapped particle modes are still unsuble.
Another major; development in the kinetic theory
of tokamaks was the introduction of the "magne-
tic flutter” model, in whigh microinstabilities
break up the flux urfaces into microscopic
islands and thereby ‘provide a8 new and more
plausibl2 mechanicm for explaining the anomaiws~
radial 2lectron heat transport in a tokamak.

The remaining kinetic theory activitics were
directed toward an increasing degree of realism

The region nesr the rational surface
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.r:nth ERT. ~ Lip’ the pa‘t year then- has boen 2

work is summarized are: MhD theory (4.2),
kinetic theory (4.3}, and transport siculation
(4.4). The EBT theory wark (4.1) has its own
research projects on MHD theory, kinetic theory,
and transport simulation. In the plasma engi-
neering area {4.5), relevant research work is
further developed and synthesized into models
that are used in the design of advanced fusion
systems — TNS, UDemo, EBTR, etc. Finally, the
computer support activities during the past year
are sumarized in Sect. 4.6.

4¢l EBT 'I'HEORY

D.- Bc.Batchelor
C e f_oldfmger <

7‘. Hedf‘ick. .t

L. E.
E. G. Harris
D. B.

Nelson
D ELF

Jaeger
.;x‘rr'tz\: < 0. Spare
L ¥ - e
\E clzer-/ C L g

I md =~ , H. *] tlnel - - -
- h f
\\-‘ ~ ‘, / " S ;“ -

- - »” - -~ 7

Deleanu

e
A

-~

.

Nebﬂ'a’sswal ‘ransport caiculatMs pres-
e-utf, provrdefr'he “focus ‘fur theow J‘SSOCI;‘LPJ ‘_,r

’rapld ﬂ%vlutlou m\nebclas' lcaktran‘,;a)rt thedry
The‘fme recept’ V-esuft.s of radia¥ly res olvqif ,

. I.rimsport ca]‘t\thﬁons_,iect 4. I;l, are o

 Tolliver -

72

xeasonabl& .(_gr'mnt \3’1”5 expcrinntal‘ uﬁw" —~

vatlon. Xn partu’nlgr “the sign cf ,Jm\eff— -
conmm’t amblpghr electri‘c field v:,megatrvp'.
Tu,a‘,reement mnh expenmental observation, 7. -
Earlier ca\cu‘at\ons w\.th tne reaially reqo]ved
tran:po_rt cocbbect. 4 I...) /whzed po.inve

) T electric fxe]ds. the key i; the p?'oper cboice of

“initial c:mdlhons. Vatgable msights into t.he

_-choice of imtial condltions were provided by
":: work azsocfsted witn kinetic model:cal_cu!ations
e ";(Sect:.'ﬁ.'l.z) and in the refinerent of expres-
- ‘sfons for the fransport‘wefficiencs (Sect.
-4.1.4).
" neoclaseical trancport calculations with setf-

. Thus the present radially resolved

consistent electrin tislds arc a <ignificant -
-pdvance over fhe 11tlal transsore modeling which

o e et i prt s

'ﬁro:Jp Leader

: freld..

oy

includeg self-consistent electric fields {Sect.
4.1.5).
shorld be forthcosing in the next year.

Studies of microwave heating (Sect. 4.1.8)
and stability Sects. &.1.6, £.1.7) are also =~ -
important facets of the theoretical descripticn S :
of EBT. For exzple, the stability boundaries .. .
for the dissipative modes studied (Sert. 4-].7')‘-;:;" =
are quite similar to thosc obtained from D TR
(Sect. 4.7.6).
stable to the modes are compatible with the- L
requiresents of neoclaisical transport and do -'_; -
not now appear to pose 3 significant limit.on :
the plasma beta, :_;

Calculations of ragnetic eguilitria and = -

Still further increases in realism

Pressure profiles which are

particle orbits are presently less vi;iiﬂe-
These calculations undergird most of the otper
theorelical work and now are playiryg an fnp&*—
taot part in design studies for future EBT

— ,,devsces. ) S

P.elat.eo work on electron cy: h..ron heat.mq
35 - srk'mfw-)l'j related to tokarnsks W3 also
been pvrfur;ae'i (Sccr £.5.49).

4.1:]

..aov;er
C. L. Hearlc.c. Jr

, EF A. Spong

e - ~

ln EBT neoclasswca} transpori coefhc ents
deprnd critically on the ambmolar eleccrv- “
Trese’ coefficients, calcylated for- . .

. “rmrbitrafy radial eTéctoll Fields, are applied in

_Twhich, for t!-e fu- t Lmef "‘Coc

3 one-d‘mhsr ang} rmi.d fransgort calculuhon
thc e!ettrlc -
-7 fle\’d e\f—conﬂstemiy. This purely .lessvcd < -
modol ;redh,ts many fea ures’ of experinental Lo "-'_\
operah.on 'r.( Yudma >$eﬁdy-stau§ sol\,t.t -‘;f e
' with, radlally ﬁmam ;:futmg;}mb%pa_\bn Hed;. -

- BN

-Z l 2 A Nuzmrical bfodel 1or Radial Trm.:nort ' .
‘ in ear2 : : )

€. F. Jaeger  C. L. Wedrick, Jr. . = ~
Heutral and charged pariicle densities and .
temperatures are calculoted as functions of '
_vadius for the toroidal pYasma in the EBT

Y}

Lﬁ.)..\ e
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experisent. Tnergy-degendent ionization and
<harge exchange rates, arbipolar di‘fusion, and
self-consistent radial electric field profiles
are included. Variation in magnetic field due
to finite plasma pressure, effects cf erergetic
electron rings, and transport due to drift
waves and magnetic field errors are neglacted.
- Diffusion is assumed to be metclassical with
enhanced losses at low collisionalities. The
model reproduces many of the observed features
of EBT aperation in the quiescent toroidal (T}
mode. T* . self-consistently calculated elec-
tric field is everywhere positive {not as in

experiments) unless enhanced electron collision-
ality is included. Solutions for advanced
EBT’s are obtained and confinement paroa'e..ers
predicted.

4.1.3 B Kinetic Transport Mode} EBT’

E. F. Jaeger C. L. Hedrick, Jr.
J. S. Tolliver

A bounce-averaged drift kinetic equation
is sclved for the toroidal plasma in €87. The
distribution function is assumed isotropic in

are in some caseS twe orders of magnitude
greater than electron rates. In these cases,
radially imard pointing, self-consistent
electric fields occur with potentials on the
order of a few times tie ion temperature.

These negative field results are in approximate
agreement with experiment aad appear to be
stable to the electric field runaway encoun-
tered in positive field cases.

5.1.4 Kinetic Transport Properties of a Bumpy
Torus with Finite Radial Ambipolar Field“

D. A. Spong E. G. Harris
C. L. Hedrick, Jr.

Bumpy torus neoclassical transport coef-
ficients, including finite values of thr radial
ambipolar field, have been calculated. These
are obtained by solving 2 bounce-averaged drift
k;netic equation in a local approximation for
perturbations in the distribution function
{away from a stationary Maxwellian) caused by
toroidicity and radial gradients in plasma
density, temperature, and potential. Particle
and energy fluxes,-along with the associated

pitch angle and is calculated as a function of - transport coefficients, are then calculated by
radius and speed using finite differences on a -— taking appropriate moments of the distribution

2-D grid. A Fokker-Planck representation:of the
cotlision operator includes Coulomb, cricrowave,
ionizing, and charge exchange collisions. lon -
and etectron fluxes, computed av-integrals of
the distribution function, are of .comparable 7~
mognitude for ambipolar potentials which are_
approxlmtely sejf-consxstent. Initial results
a'ssume an unperturbed distribution function -
whicn is’ Haxwe”ian. however, this is not a s
ne:essary assump”ion in the model. Careful
accountmg 0% loss regions where electric and
gneticoohidal drifts canzel (superbanana-
purticie orbits) leads to ion Yoss rates wnich

—

function. Partlc!e orbits are-treated by
breaking them up Intc a vertlcal dnft compo-
nent (due to tomldicvty) cﬂd a precessronal_r,‘
dritt (as a result of E x B and drift dve to -
the bumpy Eoro)_d«? field). The kinetic equa-

tion has deen solved using both a functional ] .

exbansion method and ADI finite difference-

techniques, ~The resulting tramsport coeffi-

cients exhihit a strong dependence on the —

ambipolar ejeciric field and plasaa collision- —
ality. In the large electric field limit, our '
results are in close agreement with the earlier

work of Kovrizhnykh. - -
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8.1.5 A Simple Neoclassicel Point Model for
Transport and Scaling in EBT"

C. L. Hedrick, Jr.
D. A. Spong
N. A Krall’

E. F. Jaejer
G. E. Guest
J. B. McBride’
G. W. Stuart;

A simple neoclassical peint mndel is pre-
scnted for the EBT experipent.
steady state are derived.

Solutions for
Comparison with
experimental observations is made, and reason-
able agreement is abtained.

4.1.€ Macroscopic Stability and i Limits
in EBT

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

MHD stability limits are determined for
EBT. The relativistic hot electron annul} are
considered to be rizid, mndifyinq_thn maqnetic
ficid but not interacting with the instabiiity.
A modified energy principle is used, and the
statility problem is reduced to determination of
the eijenvalues of an ordinary differential
A threshold hot
electyon current is required for stability; its

equaticn along cach field line.

value agrees with experimental measurements,
The calculations show that stable, high beta
equilibris are easily generated.

4.1.7 A ?reliminary Investigation of Trapped
Particle Instabilities in EBT’

D. B. Batihelor C. L, Hedrick, .Ir.

An investigation is presented of the role
which trapped particles might play in the drift

wave stability of EBT. The model adopted con-

'General Atomic Company
*science Applications, Inc.

sists of & bounce-avereges, dri€t Finetic eque-
with ¢ ¥rocr cetlisise aperator.  (2re has
T teken TG mGoel, :t feast in 2n elermentary
wey, the fegtures which distinguish the physics
of EBT from trhat of toramaks - namely the larcge
ragritude ard velacity space dependence of the
poloidél arife frequenty [, the relatively
small collisicnatity /., tre enhancerent of
“off for passing particles, and the closed
nature of the field lines. Instabilities which
have a somewhat dissipative cheracter are found;
however, tne precessional drift is a significant
In most cases the modes

are completely statilized when %/, . - 1 for

stabilizing influence.
normal gradient<. For reversed gradients
(.*/.. < 0), stebility is grea’ly enhanced.

v -
3

3.1.6 Lletus of tne Tneorevical Study of

Microwave Heating in EBT*

; el
Bac. nelor

"
C. k.

The basic strategy of the theoretical study
of microwave heating in EET is outlined, and the
current status of the varicus aspects of the
study is described. There are four broad areas
which are being investigated: (1) heating and
wave damping mechanisms, (2) the geometrical
uptics of micrawave propagation in E8T, (3)
reflection and mnde conversion ef fects at regions
such as cutoff and resonarces whers the geometri-
cal optics approximation breaks down, and (4)
nanlinear effe ts such as ponderomotive effects
and parametric decay. Details are given of the
gecaetrical optics code which has been developed
to do ray tracing in arbitrary 3-D plasme
equilibria, Examples are given for plasma
parameters characteristic of EBT-I ang EBT-II.
Details are also given of the stochastic heating
model currently in use with the 1-D transport
code ang of the linear wave damping mode! used
in the ray tracing code. The most pressing
problems of physics yet to be addressed and the
directions for future work are indiceted,

|
|
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&.1.¢ Electron vyclotron Heeting ir Tokareks'

G. C. Liarizne K. Narhurg

=

"
[0

Tokameks rey be =fficiently heated 2t
‘electron cyclotron resanance by launching of the
extraordinary wave fror the inside of the torus
with a sirple wavequide aperture. For typical
tokamak parareters, 30t of the incident energy

is absorbed in one traversal of the resonant
surface. There is an effective maximur density
for linear neating at the point where the plasma
frequency 1s equel to the cyclotron frequency.
The bulk of the plasma elactrons is heated,
increasing the perpendicu’ar enercy with no
tendency to accelerate a rich energy tail of the
velocity distribution. The ordinary wave ray be
launcred from o.tside the —orus «ith somewnat
smaller neating efficiency. Ueating rates and

velocity diffusion coefficivnts are presented.

4.2 ™:D THEORY

C. H. An J. 5. tolmes

;. Bateman J. . Munrg, Jr.
B. Carreras 5. B. tuelsan’

L. A. Charlion Y-¥, . Penqg

P. A, Dory G, J. Strickler
H. R, Hicks G. Vahala

L. 4. Waadell

The purpnse of the MHD qroup 15 to formu-
late and apply fluid madels of plasea heravior,
Such models, becauss: of their relative sim-
plicity, allow much qreater understending of
confiqurational space effects than do the
kinetic models which underiie them. Of course,
velocity space effects are less well treated by
fluid models. [In this past year considerable
progress was made in understanding the resistive
instabilities which dominate pre<cent tokamak
behavior, The major and minor disrupt.ve

fnstabilities and the Miranv oscillations appesr

L 4

Tokamak Experimental Section
+

Group Leader

xSec*;fon 4.2 Coordinavr.~

t0 be guantitatively understandable in terms of
resistive instadbility theory end calculations
{Sects. 4.2.1-4.2.8). Methods for detecting
iciand rotation in a resistive plasma have also
teen develeped (Sect. 4.2.21). Looking ahead,
many of the limits un operating tokamaks at
rnigher bete have been elucidated (Sects. 4.2.9-
$.2.13, 4.2.15, 4,2.16). By proper plasma
snaping using weli chosen poloidal field design,
equilibria with beta of 5-10% can be maintained
which are stabie to ideal MHD modes (Sects.
5.2.14, 4.2.18, 4.2.19, 4.2.20}). The ISX-B and
PLY experiments are designed to test these
predictions, and they will provide valuable
comparison between theory and experiment during
the next few year-.

tonlinear Nurerical Algorithms for

Studying Tearing Modes!~

M. N. Rosenbluth*
R. B. White'
B. Carreras

B. V. Waddell
D. A. Monticello

This lTecture consists of a summary of th~
numerical methods that have recently been devel-
oped to study the nonlinear evolution of tearing
modes in tokamaks. The essential features of
tearing modes can be described by the resistive
MHD equations. The numerical algorithms
described here are based on 3 reduced set of
2-0 MRD equations that are numerically tractable.

Two distinct types of numerical methods are
described in detail. [n the first method,
referred to as the MASSLESS algorithm, the
inertia is neqlected. On the other hand, in the
second method, referred to as the MASS algo-
rithm, the inertia is retained and consequently
the scheme is capable of handling a larger
variety of prablems, Codes based on these two
algorithms give similar results for the non-
linear evolution of the m = 2 tearing mode.

'antitute for Advanced Study
‘Princeton Plasma Physics Laboratary



4.2.2 Interpretation of Tokamak Sawtooth

Oscillations!!

G. L. Jahns
H. R. Hicks

B. V. ¥Waddell
J. D. Callen

Sawtooth oscillations appear to be the
result of a cyclic process in which the plasma
core is resistively heated until *he safety
factor drops below unity, causing them = 1
tearing mode to become unstable and ultimately
to flatten the electron temperature and safety
factor profiles. A systematic model based on
this hypothesic is shown to provide a consistent
interpretation of ORMAK experimental data,
including for the first time an explanation of
the accelerating growth rate of the m = 1 pre-
cursor oscillations and the repetition time of
the sawteeth.

4.2.3 Internal Pisruptions in Tokamaks!

L 4
G. L. Jahns

M. Soler
B. V. Waddell J. D. Callen
H. R. Hicks

We study the hypothesié that sawtooth
oscillations or internal disruptions are the
result of a cyclic process in which the plasma
core is resistively heated until the safety
factor drops below unity, causing the m = 1|
tearing mode to become unstable, to grow with an
accelerating growth rate, and ultimately to
flatten the electron temperature and safety
factor profiles. A mode} based on this hypoth-
es§s compares favorably with experimental data
from ORMAK in explaining (1) the rate at which a
sawtooth rises, (2) the radial dependence of the
precursor and main sawtooth oscillation ampli-
tudes, (3) the accelerating growth of the m = |
precursor oscillations, and (4) the repetition
time of the sawteeth. The heat lost from the
central region during the internal disruption is
found to transport diffusively through the
exterior plasma with a conduction coefficient

'General Atomic Company

thal agrees within a factor of two with the
42lue inferred from the observed electron power
balance.

4.2.4 Comment on ‘Sirwlation of Large Magnetic

Islands: " Possible Mechanism for a M3 jor
Tokamak Disruptinn”

8. V. Waddell
S. J. Lynch

g. Carreras
H. R. Hicks

In Phys. Rev. Lett. 39, 1618 (1977), it was
reported by White, Monticello, and Rosenbluth
that for S = 10°, the m = 2/n = 1 magnetic
island grows exponentially for a certain safety
factor profile until it saturates at a width. of
0.7 a, where a is the minor radius. Here, m and
n are the poloidal and toroidal mode numbers,
respectively, and S is the ratioc of the skin
rime and poloidal MHD time, [t has been found
that these resulls were severely affected by the
numerical error due to the coarse poloidal grid.
Specifically, if a fine poloidal grid is employed,
rather than exponentiating the island grows
algebraically. [t attains a marimym width of
0.48 a, relaxes, and eventually saturates at
0.33 a. (This comment will appear in the
July 1978 issue of Phy<. Rev. A.)

4.2.5 Interaction of Tearing Modes of Different

Pitch in Cylindrical Geometry' '

H. R. Hicks
J. A. Holmes

B. Carreras
B. V, Waddell

In cylindrical geometry, we have conducted
a preliminary analysis of the hypothesis that
the major disruption in tokamaks §s due to the
interaction of tearing modes of c¢ifferent pitch,
For a flat safety factor p-ofiie having a value
of 1.4 at the plasma center, we find that the
m = 3/n = 2 tearing mode, which is linearly
unstable, is strongly destabilized nonlinearly
by the m = 2/n » } mode. Other modes are non-
linearly destabilized, particularly the m =
1/n=1and m=5/n = 3 modes. Due to the
development of islands of many different pitches,




W The corfesmnding region of island
ctivity can extend essentially from the plasma
ter to the limiter. Presumably, this defor-

Vtér'to the Jimiter. ~The destabilization of
®m=3Mn= 2 mde is sugmfucant because it
cbrrespond to the observed vertical asym-
gsmtry; of some of the major d)sruptlons in PLT.

’ AnalLlc Hodel for the Nonlmear
r -lnteractlon of Teanng Hodes of
Btfferent Pltch m Cylindrtcal

B Carreras B Y. uaddell
" H. R. mcis

An analytic mode) has been developed for

icribing the nonlinear interaction of tearing

wdes of: differest pitch in cylindrical geometry

i for-equilibria characterized by flat safety
f‘fi;:factor profiles. The analysis shows that the

- 'm=2/n =1 tearing mode can destabilize odd

) ‘li,mdes, particularly the 3/2 mode. The model

':.rléa;\pares well with our 3-D code with respect to

'che tlme evolution of. the 0/0, 1)1, 2/1, 3/2,

. jand 5[3 modes. Scaling rules are obtained for
the position and location in time of the maximm
or peak in the 3/2 growth rate. The character-
istic time of destabilization of the odd m modes
predicted by the mode) correlates well with the
observed time scale for the major disruption in
tokamaks.

. 4,2,7 Disruptions in Tokamaks!®s
B. V. Waddell

_ Both minor (or internal) and major (or
external) disruptions will be discussed. First,
the following model will be analyzed. Sawtooth
oscillstfons (or internal disruptions) are the
result of a cyclic process fn which the plasma
core s rasistively heated until the safety
factor q at the plasms center drops below unity,
causing the m = 1 tearing mode to become unsta-

'explammg (l) the rate at uh‘ich 3 savtooth X
‘rises, (2) the radial dependence of the precur- .

ble, to grow with an acceleratin§ growth rite,
and ultimately to flatten the electron tempera a- .
ture and safety fact.or profﬂes as magnetic .
reconnection occurs. In order to explam the
expenmntal data, the nodtf\cahon of the m = l
teanng wode growth rate due to dxmgnehc #
rdr\fts mst be tal:en into accmt Tlns -odel

sor and main sawtooth os:inahon aq:htudes

experment mdicates that nagnehc reconuection
is probab’ly an uq)ortant phenowenon m ’labora-
tory plasnas. . . (s
) Secondly, the hypothens that the maJor .
disruption is due to the interaction of Jow mode
number tearing modes of different helicity wil)’
be discussed. The experimental evidence indi-
cates that probably the most important inter-
actions are those between the m = 3/n = 2 and
m = 2/n = } modes and between the m = 1/n =
and m=2/n =1 !nodes; here m and n are respec-
tively the poloidal and toroida) mode numbers.
Numerical results from RS3 (2 3-D version of the
MASS codel”) will be presented. For example,
the resvlits indicate that for curi'ent profiles
that are flat in the plasma interior, the

= 3/n = 2 tearing mode can be nonlinearly
destabilized by the presence of them = 2/n =
mode. In fact, nonlinearly the width of the
magnetic island corresponding to the m = 3/n = 2
mode can become larger than that corresponding
to the m = 2/n = 1 mode.

4.2.8 Theoretical Explanation of the Poloidal .
Magnetic Field Fluctuations in Tokamaks

B. Carreras B. V. Waddell
H. R, Hicks

By applying elementary nonlinear tearing
mode theory in 2-0 cylindrical geometry, the
smpiftude of the oscillatifons fn thems 2
polofdal magnetic field (Mirnov oscillations) at



the limiter s 2 function of the safety factor
at the limiter can be predicted quite reliably;
here m s the poloidal mode number. The input.
“required is the rzdial electron temperiture

an be calcutated in standard fashion. The

s calcn.lated from the safety factor profile
us‘ng the nonhnear L' analysis which requires
that. the uode saturate at the mgneuc island

tlon across the assoclated lagnetic

"tion 0 the polmdal magnetic fieid -
erywhere and, -in pagticular, at the limiter.
A detailed analysis of ORMAK and T-4 profiles
jives results that are in surprisingly good
‘agreement with the experimental data.

Equilibria‘®
"~ R. 6. Bateman Y-X. M. Peng

Large-scaie MHD instabilities of flux
“UNLD conserving tokamak equilibria are studied com-

. putationally. Stable equilibria are found with

. average beta up to 5%. As beta is increased,
~ the observed instabilities take on a strong
ballooning character, concentrating near the
outer edge of the torus with a mix of poloidal
harmonics.

4:2.10 Theory of ﬁallooning Modes in Tokamaks
with Finite Shear!?

0. Dobrott' H. H. Glasser™
o D. B. Nelson M. S. Chance’
T - J. K. Greene! E. A Frieman'

We studied ballooning instabilities in
tokamaks of arbitrary cross sectfon and finite
shear. These azimuthally localized, ideal MHD

'Gcnerﬂ Atomic Ccmpany
Princeton Plasme Physics Laboratory

‘aturation amplitude of the m ~ 2 tearing mode i

dtb where 4’ is the dncontmulty in the flux

4.2.9 MHD Stability of Fluy Conserving Totamk

rofﬂe, from which the safety factor profile

-

4.2.11 High Pressure Tokamakz*®

rodes have large toroidai mode numbers but
finite variation along the field and 2cross the’
flur surfaces. Stability is determined by

: solving a second order vrdinary differential

equation on each flux surface, subject to the
proper boundary conditions. Qualitative agree-
ment is achieved with the Princeton PEST sta-
bility code. -

GBatman;

The successfu] development of the neutral
besm iruection method of heating tokamaks has

opened up 3 new range of theoreticzlly -predicted = -

pnenomens to be explored. This article, -
iztended for the nonspecialist, reviews the. V
existing experimenial observations and theore-
tical understanding of tokemak equilibrium and
large-scale stability. Then a swvéy is pre-
sented of the new phenomena, such as flux con-
serving séquence_s of equilibria and pressure-
driven baliooning modes, that are expected to

accompany the significantly enhanced plasma

pressure to be produced in tokamaks now under
construction.

4,2.12 High Beta Tokamak [nstabilities”!

R. G. Bateman

Theoretical predictions using the ideal MHD
mode) indicate that large-scale ballooning modes
should appear when the average beta is raised
above 1-2% -in present-day tokamak geometries or
5-102 "R more optimized geometries. The nset
of fnstability is predicted to be sudden and the
behavior of ballooning modes to be strikingly
different from the sawtooth and Mirnov oscil-
lations experimentally obe_.ved at low bets.
Conditions close to the predicted or.et were
achieved in ORMAK with no noticeable changt in
plasma behavior. Experiments are planned for
ISX to test the beta limit.




A43. Stability of Yokamaks with Eiongated
Crass Section

LG MM R 6. Bateman

o T i v
R i e i e

: Fixed boarﬂary nid ‘instamhties are
ied cmucit.\onany as a ﬂmcuon of d.a- <

‘tnrmdal equthbria =t ds found t.,'nt <
r;mmetlc plas-as with eithew peated or broad
rrent profi!e s well as andly dramgnetic

gated cross sectwn are s:.bject ‘to a bal-
."ng lnstabl'llty for q-values we]k ebove
ty at the magnetlc axis.

2.14 Tokanak ldeal MKD Insubrhty Analysv

Code ERATY - s
R. A.Dory  Y-K. M. Peng
L. A. Charlton * -D. J. Sigmar.

( " The ERATO code cf Centre de Recherches en
) -~ . Physiques des Plasmas, Ecole Polytechnique
< Fédérale de Lausamne, was made available by Prof.
: - F. Troyon and Drs. R. Gruber, D. Berger, and

C. Bernard. The code uses a finite element
techn.que to evaluate the energy principle for
tokamak equilibria. Semiminor revisions were
- made to run on the Natfonal MFE Computer Center
‘system, to allow increased resolution, and to
accept input equilibria from the ORNL equilibrium
codes. The ERATO code has been used to analyze
(R high beta and FCT tokamak equilibria for sta-
-bility within the fdea]l WD model. Results to
iku suggest that flattened curient profiles
stabilize ballooning or internsl modes. However,
flattening the current profiles makes kink or
external modes more unstable unless a3 conducting
shell is provided near the plasma surface. If
tne ratfo of shell distance to plasms minor.
radius is 10-20%, then equilibria stal.le to both
types of mudes have been found with average beta
values as high as 8X.

: .utmmg the dyna-ic evolution of a2 toroidi'l
X )arlntrary beta plas-a uuder neutral beu hea
< xfng—. while the -ethod used is also bemg apphed
" to nbre general transport calculanons. for.
' these calcu]anmc it IS assu-ed mtébtlue heiti'

ttsu and current ‘profile in highly elon— et

o tdeal DllD eqations \
‘sEates can be al.tained with a ‘wide: variety of

“tina) profilec and plasma sulnhty vary great.ly. S

“Skin- currents can be avnided by prog: amming the
© PF coi’ system to con’rul platea size and shape

. of the plasna. The force-free currents can be

§.2.15 Intense Beutrai Beam Heating in the
Adisbatic Approximaticn®! =

Y X B;le-!sou”‘

A slq;le -ethod is exhitnted for. acalrately

evolygg dduabahcally. A_.e.
It is ‘m mt

initial conditions. and hea:mg pmfﬂes. The .

dependmg upon the de; 'mtton profile’ cho'en. ‘

during the evolution. It is not necessary to
program the TF coil currents. <l

4.2.16 Inductive Effects ir Flux Conserving
Tokamaks?? : T e

e,

R. G. Bateman

_ Scenarios are worked ou” in straight cir-
cvlar cylindrical geometry fcr the evolution of
flux conserving sequences of 2quilibria 3s the
plasma is heated or compressed. It §s shown
thet force-free currents are fnduced when the
Tow pressure region at the edge of the plasma
is compressed against a flux conserving wall.
A furce-free surface current is fnduced i1 there -
is 8 vacuum region between the expanding plaiu
and the wall, These edge currents run. opposite
to th: direction of the current in the main body

svoided or reversed at the edge of a plasms with
diffuse resistivity profile by programming the

total Tongitudinal current as the plasms is
heated or compressed,



4.2.17 The Ripple Bundle Uivertor for Tokamaks

J. Sheffield" R. A. Dory

The bundle divertor, designed for density
and wmpurity control, has been suzcessfully
applied on the DITE tokamak. In this applica-
tion it is subiz.t to high stresses and is
restricted to short pulses and low toroidal
fields. A new version is made possible by
fitting the vacuum vessel close to the toroidal
coils, which allows the plasma to -xist in the
outer regions of higher Tf ripple. This ripple
bundle divertor should operate at lower stresses
and for longer pulses at higher magnetic fields.

4.2.18 Plasma Magnetics for D-shaped, Air Core

Tokamaks
Y-K. M. Peng R. A. Dory
J. A. Holmes D. J. Strickler

The location of the EF coils, whether they
are interior cr exterior to the T coils, is
expected to have a large impact on ‘he design of
tokamak reactors. A closely related plasma
magnetics problem is how far can the coils
recede f.om the plasma and 5till maintain the
D-shaped equilibrium over a wid2 range of £
values, Free boundary MHD equilibrium calcu-
lations have heen carried out to answer the
latter question. [t is found that properly
placed EF coils exterior tuv the TF coils will
work but will require an order of magnitude
increase in currents. The interfor and th:
exterior coil arrangements are shewn in Fig.
4.1, with the corresponding MHD equilibria
shown in Figs. 4.2 and 4.3, respectively. A
comparative study is made of the power supplies
required by interior and exterior coils. It is
showr that the interfor coils need power supplies

”
Tokamak Experimental Section
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Fig. 4.1. Generic EF coils that are interior

{11, ID, I0) and exterior (EI, ED, EQ) to the TF
coils. Either the interior or exterior coils can
be used alone to maintain high beta, D-shaped
equilibria. The dotted lines indicate a group
of coils connected in series and using a single
power supply.

tha *n order of magnitude below those

re the exterior coils, while the latter
are .0 .ess difficult to build than the former,
A hybrid (F coil concept is proposed that com-
bines the interior and the exterior coils to
retain their advantages in avoiding large inte-
rior coils while lowering the power <upplied to
the exterior coils by an arder of magnitude.

The MHD equilibria maintained by the hybrid
coils are shown in Fig. 4.4.

4.2.19 MNoncircular MHD Equilibria and Shell-1ike

Poloidal Field System in [SX-B

Y-K. M. Peng
D. J. Strickler

R. A. Dory
D. W, Swain.

15X-B wil) have peutra) beams up to 3 MW to
explore plasma beta Iw.its in 3 tokamak., One of
the 1imits is expected to come from ideal MHD
ballooning instabilities. To ensure adequate
flexibility in achieving high beta and to permit

'Tokamak Experimental Section
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. Fig. 4.2. FCT equilibrium flux plots rig. 4.3. FCT equilibrium flux plots
with various & values for TNS, using only ) with various £ values for TNS, using only
the interior coiis shown in Fig. 4.1. The the exterior coils shown in Fig. 4.1. The
plasma edge is represented by the inserted plasma edge is represented by the inserted
and closely spaced flux contours passing and closely spaced flux contours passing
near but within the separatrix. near but within the separatrix.
large access for beams and diagnostics, a "shell- 4.2.20 Poloidal Field Modeling for the iron Core
1ike" PF system was designed for ISX-B. The 1§34
system contains an inside and an outside set of
coils that carry currents opposite to the plasma Y-K. M. Peng R. A, °°'Y'
current to drive the plasma current and produce T. C. Tucker . W.D. Cai"+
the vertical field that centers the plasma column D. H. McNeill’ W, R. Wing

vadfally. Shaping coils with interchangeable
connections are added roughly above and belov

the plasma chamber to produce shaping fields

(Fig. 4.5). Free-boundary MHD equilibrium
calculations show that cross sections of D shapes,
inverted D shages, and ellipses can be obtained
with vertical elongations up to two, averaged
betas up to 9%, and large safety factors 'Magnetics and Superconductivity Section
(Fig. 4.6). *Tokamak Experimental Section

The ISX tokamak uses an iron transformer
core with & single return leg and a vacuum
vessei with 3 magnetic flux diffusion time of a
few moec. During each plasma discharge, the




_ Vig. 4.4. Flux contcurs for equilibria
(e = 5.3z) maintained by a hybrid EF coil
system with various distributionz of curren’s
between the exterior and interior sets.
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Fig. 1.5. The shell-like EF coils consist
of ar outside group (01-04), an inside group
(11-13), and a shaping group (ISV, IS2; D1-D3;
0S1-053). Alternative connections are also
built in to increase the flexibflity of plasma
‘shaping.

image field from the iron core has a strong
effect on the plasma equilibrium position and
cross section. To model the magnetic field, we
enploy a 2-D axisymmetric anolytic model (Fig.
4.7) and a 3-D tetrahedral iron element model
GFUN3D2® (Fig. 4.8). In the plasma chamber, the
2-D and 3-D results are found to agree within a
few percent when the iron is not saturated. The
variation of the field strength in the toroidal
direction is also found to be within a few
percent. The calculations agree with the
measurements within the experimental error (Fig.
4.9). 7-.-> results justify the use of the 2-D
model in MHD equilibrium calculations. However,
the results by the 2-0 and 3-D models agree with
the seasurements only to within 202 2long the
horizontal leq of the TF coils (Fig. 4.10).

4.2.21 Perturbed Magnetic Field Phase Slip for

Tokamaks’*

G. Vahala L. Vahala'

J. H. Harris’ R. G. Bateman
B. V. Waddell

Given a set of rotating helical current
filaments within a cylindrical plasma and a set
of fixed magnetic field detectors at the edge of
the plasma, a mathematical model is used to
investigate the observable effect of rotation or
Jongitudinal motfon in the intervening plasma.
If the soft x-ray sijnals from magnetic islands
indicate the instantaneous position of the
helica: -urrent filaments within the plasma,
then the phase difference between the x-ray
signal and the magnetic fluctuations should
provide a diagnostic of tokamak plasma rotation.
The relative motion between the islands and the
surrounding plasma is measured by the "slip”
S(r) s w - kvz(r) - mvﬁ(r)/r, where . is the
rotation frequency of the islands and v is the
plasma velocity.

*College of William and Mary
fUniversity of disconsin
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Fig. 4.6. Some examples of MHD equilibria computed for [SX-B using
the coil system shown in Fig. 4 1.

CEnTRAL :es'n:'r-m ’ The plasma velocity is added to Rosenbluth's
‘:’,;;‘E Sn:grt ) reduced equations to compute *he phase differ-
- ence between the island position and the
. *o o T perturbed magnetic field at the edge of the
[ plasma as a2 function of the slip for a varfety
g ;ZE 80" of resistivity profiles. The current profile
ond [ vacoum Tus within the islands is Faken from the nonlinear
e VESSEL | oLane computer results of W-ite, Moncicel'lo. Rosenbluth,
ey Mio o R and Waddell. For peak>d conductivity profiles,
i the phase difference is “hserved to saturate and

the n to Cecrease at large values of the slip,
Fig. 4.7. Two-dimensiona' iron model and
the Pf coil arrangement in ISX, '

Il
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1977 was a particularly eventful year.

o ;IC%?L%:I‘ ALonEc, :‘ T[F con [ lggé.oe J Highlights in Sect. 4.3.1 include the amalytic
34 7 INCHES { existence and accessibility proof of flux con-
_ ! ABOVE ImOPLENE § serving, high beta tokamak equilibria and an
' - exact unified theory of the neoclassical multi-
§ £ XPERIMENTAL FIELD ': spet-:ies ?rat.lsport coefficients for arbitrary MHD
& -2 b cata - equilibria in the banana-plateay regime.
3' Our work in anomalous transport theory,
o L 20 cook Sect. 4.3.2, led t7 several surprises. A carcful
3 ‘ ’ analytic-numerical investigatior of the radial
5 ; { eigenmode structure of the universal instabiiity
w -4 v /g + 2000 —? showed . co ' 1etely unexpected stability — in the
; :-c ;jc‘:‘m i electrostatic approximation as well as in a
-5 r: .6 em _’? finite beta treatment. A quantitative quasi-
| [ D i ; linear calculation of the velocity space insta-
o] bt a0 40 S0 €0 70

bilities due to atpha particles in a tokamak
fusion plasma revealed the possitility for

) ) . substantial anomalous alpha losses.

Fig. 4.10. Vertical fields (Bz) along

the ho - f the TF . The flutter mode' of anomalous electron
rizoncal leg o coils produced s s -
by 450 & ir the Vg coils. produc transport due o magn.tic islands caused by high
mode number drift instabilities has provided a
new and more viable mechanism for expiaining the

CISTINCE FROM MACHINE AXIS (nches )

4.3 KINETIC THEORY anomalous radial electrun heat transport in a
tokamak .
C. 0. Beasley, Jr. i-K. M. Peng By improving previous work on electron heat
J. D. Callen J. A. Rome pulse propagation, it was shown that the ot-
P. J. Catto K. E. Rothe served cross-field electron heat loss rate in
E. C. Crume, Jr. D. J. Signar' present-day tokamaks can "e consistently in-
J. Denavit J. Smith terpreted as a purely dif ‘usive process.
R. H. Fowler M. Soler Concerning energetic particle orbits, Sect.
P. W. Gaffney 4. M. Stacey, Jr, 4.3.3, the concent of ripple injection (which
J. E. McCune K. T. Tsang may be necessary for beam penetratfon in large
H. K. Mefer W. 1. van Rij devices) progressed substantially. A coopera-
J. C. Whitson tive effort between ORNL and PPPL resulted in a
magnetic desiga for ripple injection into ISX-B
Research in this area will be broken down and IFIR.

into the subgroups 4.3.1, Analytic High Beta
Equilibrium Studies and Nenrlassical Transnort;
4.3,2, Anomalous Trans, .rt; 4.3.3, Energetic '
Particle Orbits; and 4 ', Numerical Transport

The CPM is discussed in Sect. 4.3.4 in t+r
of its basic content, application to neoclassi. 1
equilibria, and nonlfinear evnlution of drift

modes.
Studies Using the Coll. .onal Plasma Model.
After pointing out selected highlights, a 4,3.1 Analytic High Beta fquilibrium Studies
systematic e“sccount of published papers and and Neoclassical Transpert
el | '
: ports wil] serve to describe last year's Until recently, the bulk of neoclassical
, progress, |

theory papers focused on the calculation of
transport coefficients at the expens. of a
e - c--eful treatment of the underlying MHD equi-
. Group Leader Vibrium, The advent of powerful neutral beam




heating and the econoric necessity for igh beta
reactors now necessitate an amalytic fo. wlation
of circular and noncircular finite beta - uyi-
1ibria (first 5 <opics in Serr 4. 3.1}, gRe>”
istic geometry is the motivation alse .
investigation of banana drift difiusicn due to
Tield ripples (topic 6), while 2 fresh look at
the impurity problem for near equal mass-species
led to the discovery of an impurity screening
effect in the Pfirsch-Schlitr regime (topic 7).

High Pressure Flyx Conserving Tokamak
Equilibria?®

J. F. Clarke 0. J. Sigmar

An analytic theory is developed to calcu-
late poloidal beta gy and the diamagnetic
parameter i, fer axisymmetric toroidal MHD
equilibria confining high pressure plasma
[e ~ 0(a/R)] under the constraint of flux con-
servation. To satisfy the equilibrium equa-
tions, ihe plasma current increases with pressure
as p!/2, Previously calculated equ’tibrivm
Timits on poloidal beta are avoidec

Analytic, High Beta, Flux Conserving
Fquilibria for Cylindrical Tokamaks?%

D. J. Sigmar G. vahala

Using Grad's theory of generalized differ-
ential equations, the temporal evolution from
low to high beta due to adiabatic and nonadi-
abatic (i.e., neutral beam injection) heatin¢ -f
3 cylindrical tokamak plasma with circular cross
sectior and peaked current profiles is calcu-
lated analytically. 7he ...luence of shaping
the initial safety factor profile and the beam
deposition profile and the effect of minor
radius conpression on the equilibrium is ana-
lyzed.

*
OFE/DOE
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Fundamental Time Scales for Flux Conserving
Tokamak Meating and Certain Global FCT
Equilibrium Proper-ies?!

D. J. Sigmar

Because the existence of high beta flux
conserving equilibria has been established, it
becomes important to analyze the accessibility
of these equilibria via auxiliary heating, %o
discuss the resistive decay of the safety factor
profile, and to extend the viria: theory to
noncircular plasma cross sections.

Neoclassical  _aznort of a Multispecies
Toroidai Plasmd in Various Collisionality

Regimes??

S. P. Hirshman

D. J. Sigmar

Continuously valid expressions for the
neoclassical tr-nsport coefficients are ana-
lytically calculated for a multispecies plasma
in the low to intermediate collision frequency
regimes. The modification of the transport
problem which results when a single n:avy
impurity ion species is in the collisional
regime is presented. Consistent with the
detailed balancing principle, a qualitative
change in the magnitude of the long mean-free-
path particle flux is shown to arise whenever
there is more than a singl¢ collisionless
species. A novel calculation of the bootstrap
current permits the computation of a complete
set of transport coefficients throughout the
various collisionality regimes.

Neoclasssical Transport in an Elliptic
Tokamak?8

K. T. Tsang

Neoclassical transport for an elliptic
tokamak in all collisional regimes is investi-
gated by the technique of partitioning the

S S,

'Princeton Plasma Physic, Laboratory (now with
FED Theory Secifon as an ORNL Wigner Fellow)




welocity space. It is found that in a tokamak
of mcderate elongation, particle and ion heat
confinament times are increased by a factor of
g2, where g is the ratio of the vertical minor
radius to the horizonial wmivor radius. Ripple
diffusion in an elliptic tokamak is also studied.
Ien heat conductivity due to ripples is reduced

by a factor of approximately c2.

Banana Drift Diffusion in a Tokamak
Pagnetic Field with Ripples2?

K. T. Tsang

The drift motious of trapped particles in a
toxamak field with ripples lead to a new trans-
port process in large tokamaks in addition to
the diffusion process due to particles trapped
in the ripples. This problem is studied by
solving the bounce-averaged, drift kinetic
equation with a model collision operator. Ii is
shown that thc “banana drift diffusion” is
proportional to the collision frequency when the
poloidal banania drift frequency is smaller than
the effective collision frequency. This result
i3 contrary to earlier pr.dictions, but in a
reactor rejine, this loss me.aanism is shown to
be unimportant.

Temperature Screening Effect in Two-Ion-
Species Pfirsch-Schliiter Transport>?

K. 7. Tsang E. C. Crune

The partic'e and heat flux problems in the
collisional or Pfirscn-Schliiter regime for a
two-ion-speciec tokamak plasma are solved by
using a kinetic approach with exact Fokker-
Planck collision operators. These soluticns are
apnropriate for analyzing the benavior of
impurities in the low temperature plasma edge
region, where impurities first enter the plasma
from the ou’side. We find that Jow charge
states of Yow mass impurities can be screened
effectively from further penetration of the

T plasma.
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4.2.2 Anom2lous Transport

In this area, part of the effort was
divected at advancing fundamental technigues,
suc1 as deriving a gyrokinetic equation (a
mettod to retain fully the two-dimensional
viye mode structure of trapped perticle insta-
bili: ies) and develcping the “flutter model.”
Part »f the effort went into calculating spec:ific
trans,jort problems.

for cxample, we scrutinize the often made
assump-ion that fusion-born alpha particles will
be con:ained classically during their slowing
dewn period (see

In the collisionless limit of the parameter
space, 'he collisionless drift instability has
long been 2ssumed to ‘e absolutely unstable in a
sheared .iagnetic field. We have derived an
improved eigenvalue equation for the collision-
less dritt instability in tokamaks which does
not rely n the often used perturbation expansion
in the sm:1Iness of the growth rate (topic 2}.

Nume:i ical work has also been carried Jut to
check this analytic result. We have concluded
that, cont-ary to the prevailing view of drift

spic 1).

waves as p-esented by Pearistein and Berk,’! the
so--alled absolute universal instability” is
not univer:al at all (topic 3). This startling
finding is haviry a substantial effect on our
understanding of the role drift waves may play
in tokamak jlasma confinement. Since present
tokamak exp:riments operate near the transition
between the banana and plateau rec,imes of
collisional ty, we have investigated the col-
lisional eftects on trapped electron insta-
bilities (tcpic 4).

The ustal treatments of the trapped elec-
tron instabilities ignore the fact that trapped
electron orbits are concentrated around the
outside of tie torus: hence, the driving term
has a poloidil angle dependence. If this
poloidal variation is retained, the problem
becomes two-limensicnal. Until recently, only
numerical so utions of this problem had been
published in the literature. By ignor.nq the


http://1gnor.ni

jon magnetic drift term, we were able to oblain
anzlytic solutions of the two-dimensional eiyen-
value problem for trapped electron instability
{topic 5)-

-The effects of impurities c¢n the trapped
electron mode have been investigated (topic 6).
As a vehicle to investigate the relevant insta-
bilities in tokamaks, we first derived the
linearized gyrkinetic equation with coilisions
(topic 7).

Small resonant r.agnetic per*urbatinns can
cause significant distirtions of the magnotic
syrfaces in tokamaks. It has previously gone
unrecognized that since the high mode number,
drift wave type turbulence is probably not
purely electrostatic, it is, in fact, accom-
panied by magnctic perturbations that can induce
densely packed magnetic island structures and
thereby strongly affect radial plasma transport
in tokamaks. The islands are discussed in
topic 8. The ensuing anomalous electron trans-
port due to field line "fluttering™ is treated
extensively in topic 9, the basic ideas of which
have appeared in the open literature and as an
invited paper at the 1977 DPP-APS meeting.

Finally, in topic 10 we renort on the
experimental demonstration of the diffusive
~ature of radial electron heat transport in a
tokamak, In the original investication of the
space-time evolution of electron temperature
perturbations induced by the internal disrup-
tions (topic 10), it was found that while the
electron heat transport is a diffusive process,
the electron heat conduction coe.ficient gov-
erning it seemed to be about an order of magni-
tude larger than that governing the background,
In more recent work (topic 11} this paradox was
reconciled by: (1) a more careful treatment of
the "initial conditions” prevailing after the
interna) disruption; (2) a more careful treat-
ment of the region near the initial perturbation;
and (3) refinement of the data. The net result
was to produce a number of new methods for

"

analyzing the data and a conclusive demonstra-
tion that radia’ electron heat transgart in
ORMAK was a microscopic, diffusive process.

Anomalous Alpha Particle Transport i
in Thermonuclear Tokamak Plasmas::

D. J. ngmar H. C. Chan'

Due to the strong localizaticn of the
fusion-born a'>ha particles in velocity and
configuration space and thei: _oupling to
Alfvén waves in the background plasma, the
relaxation of alphas is anomalous. In a finite
system, the erhanced electromagnetic fluctua-
tions can produce rapid spatial losses of alpha
pop ~ tion and energy. These losses p event the
alphe  _locity distribution from attaining a
stable collisional equilibrium, thus maintaining
a steady-state turbulence level. A self-con-
sistent numerical quasi-linear calculation is
performed for a low frequency mode, showing the
evolution of the alpha distribution and yielding
the anomalous 10ss rates.

Improved Eigenvalue Equations for the
Collisionless Drift Instability
in_Tokamaks **

P. J. Catto K. T. Tsang

Previous work has considered the validi'.y
of the perturbation theor, technique of solving
the radial differential equation for the col-
lisionless drift wave in a tokamak only near
marginal stability for the most unstable radial
eigenmode. The present work extends the pre-
vious result and determines more exact eigen-

value equations (for all even and odd spatial
modes) that are valid .or arbitrary growth

rates. Away from and perhaps near marginal
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stability, these more complete eigenvalue
equations are required in order to accurate’,
calculate growth rates.

“Absolute Universal Instability” Is No*
Universal +

K. T. Tsang
J. C. Whitson

P. J. Catto
J. Smith

The roots of an improved analytic eigen-
value eguatics for the absulute universal or
coilisionless drift instability in a sheared
magnetic field are found numerically and com-
pared with the eigenvalues obtained from a
numerical solution of the exact differential
equation. The startling result is that both
techniques predict stability, no matter how weak
the shear or how large the transverse wave
number, in contradiction to all previous work.
Stability is due primarily to the stabilizing
influcnce of the nonresonant electrons.

Collisional Effects on Trapped Electron
Instabilities s

K. T. Tsang J. D. Callen
P. J. Catto

The effects of collision. on di<sipative
trapped electron instabilities are evaluated by
distinguishing between the perpendicular 3and
parallei electron velority components when
calcularing tripped a3 untrapped electron
contributions The growth rate is obtained for
all regimes of collisionality and redre~-~ to
previous results in appropriate Jimits. It is
shown that the dominant effect of finite 1-
lisionality is to determine the number of
trapped and untrappec electrons, It is also
shown that collisional br ,adening removes the
resonant electron response only for collision
freauencies greater than or equal to ten times
the wave frequency, e ” 10 .. For suct large
ve/.. fon.-ion collisions are found to efert 3

| |
J |
| |

far stronger stahilizine influence than does
broadening.

Anaiytic Solution; of the Two-Dimensional
Eijenvalue Problen for the Trapped Electron
Instability in Tokamaks® €

K. T. Tsang P. J. Catto

The radial lccalization of the destabilizing
trapped electvon tevm that is caused by the
Jifferences in the pitch of the magnetic field
and the mode structure is shown to result in a
completely new form of the dispers on relation
tor the trapped electron instability.

Dissipative Trapped Electron Modes in the
Presence of Impurities3?

K. T. Tsang

The effect of impurities on low frequency
drift nodes of a toroidally confined plasma is
investigated by the gyrokinetic equation. It is
assumed chat the electrons are in the banana and
the ions in the plateau regime. Impurity col-
lision damping is found to be significant in the
usual trapped electron mode. A new instability
due to the impurities can occur for normal
profiles and impurities peaked at the center,
ar1 quasi-linear considerations show that
impurities will be driven outward if such an
instability occurs.

Linearized Gyrokinetic Equation
with Coliisions’®

P. J. Catto K. T. Tsang

A like particle coliision operator is
derived for arbitrary values of the product of
poloidal wave number times gyroradius by em-
ploying an ordering in which gyroradius correc-
tions are retained in lowest order and the
radial dependence 3appropriate for sheared
magnetic fields is included. In addition,



neoclassical drift, finite beta {plasma pres-
sure/magnetic pressure), and unperturbed to-
roidal electric {ield modifications are con-
sidered.

Magnetic island characteristics in tokamaks

J. D. Callen 6. 6. Kelley"
8. V. Waddell

The concept of a helical flux function is
developed and utilized to investigate the
magnetic topology in tokamaks when there are
small, helically resonant magnetic perturbations
present in the plasma. Genérally speaking, the
perturbations produce complicated magnetic
island structures whose details depend on the
character of the magwetic perturbation. Ex-
pressions are derived for the magnetic island
width (5), field line trajectory within an
island, and length of field line required to
trace out an island (2=RN)}. For helically
resonant magnetic perturbations (B) which
decrease as x  away from a ritional surface, we
find ¢ ~ (ﬁlnq')”('ﬁz) and N ~ (nq’s)'] A
~§'”(°+2)( nq')'(“”)l(u’z). where q’ is a
measuve of the magnetic shear and n is the
toroidal mode number of the hlical perturba-
tion.

Possible Effects of Drift Wave Turbulence
on Magnetic Structure and Plasma Transport
‘n Tukamaks *?

J. D. Callen

A new mechanism is proposed by which low
Jevel, drift wave type fluctuations, such as
those observed in the ATC and TFR experiments
(«!E/Te < 10°2), can cause anomalous radial
electron heat transport in tokamaks. The mode'
is based on the fact that since transport
processes parallel to the magnetic field are
many orders of magnitude more rapid than per-
pendicular ones, very small, helically resonant

'Special Projects

magnetic perturbations (e.q., érIB > \fm ~
107%) which cause field lines to move rapidly
allow the parallel transport process to con-
tribute to radial electron heat transport. W
hypothesize that the small magnetic perturba-
tions (5.,/8 < 1073) accompanying drift waves at
any nonzero plasma beta (ratio of plasma pres-
sure to magnetic energy density) are large
enough to produce significant effects in present
tokamak experiments. The helical magnetic com-
ponent of drift waves produces magnetic island
structures whose spatial widths (¢ ~ 0.5 cm) can
easily exceed the ion gyroradius. In a drift
wave oscillation period, electrons circumnavigate
a magnetic island, whereas the slower moving
ions see only a tilt of the magnetic field .
lines. Thus, electrons try to diffuse radially
more rapidly than ions; however, a radial poten-
tial builds up on a very short time scale to
confine the ele.:vons electrostatically and
thereby keep the particle diffusion ampipolar.
Nonetheless, this parallel electron diffusion
process does cause net radial electron heat
conduction through an ensemble of closely packed
island stiuctures. The heat conduction coeffi-
cient is estimated to be 12 ~ (3/16)(v + v)i7,
where v is the electron-ion collision frequency
and y is the drift wave growth rate, or inverse
island correlation time. Other effects which
these magnetic flutters may have on plasﬁta
transport and runaway electron processes are
also discussed.

Experisental Measurement of Electron Heat
Diffusivity in a Tokamak"9

J. 0. Callen 6. L. Jahns"

Electron temperature perturbations produced
by internal disruptions in the center of ORMAK
are followed with 38 multichord soft x-ray
detector array. The space-time evolution is
found to be diffusive in character, but the
cobductior coefficient determined from a heat
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pulse propagation model is larger by a factor aof
2.5-15 than that implied uy the measured gross
energy containment tixr-.

On Measuring the Electron Hea: Diffusian
Coefficient in a Tokamak from Sawtooth
Oscillation Observations“!

M. Soler J. D. Callen

A number ot new methods are discussed ror
determining the =2lectron heat conduction coef-
ficieat Ya in 2 tokamak from the experimental
- observation of the space-time evolution of the
temperature perturbationc induced by internal
disruvptions. In ORMAK the various average
values of Xe and the radial .eperndence of e 2T
found to be consistent with and more precise
than the xe(r) determined by cosr ventionally
analyzing the electron power balnce equation.
The net result of these measurements is to prove
conclusively that the dominant radial electron
heat trausport mechanism in tokamaks is a
microscopic, diffusive process.

4.3.3 Energetic Particle Orbits

Concomitantly with the success of the ORNL
neutral beam development program we have main-
tained our theoretical effort in this area. The
very high energy particle drift orbits due to
injection or to the fusion process show signif-
icant deviations from standard orbit theory for
thermal particles. necessitating extensions of
the guiding center motion to higher order
(topic 1). 45 an alternative to the very high
‘nergy bean development needed for heating of
. reactor-size machines, the concept of "ripple
injection” will soon be tested. He ¢ we repor:
on a magnetic Jdesign for ripple-asci.ted beam
injection into the ISX-B and TFTR tokamaks
{topic 2). In this context two new computer
codes \ ere generated, bo%h of which allow for
the realistic magnetic field geometries needed
for the ncxt generation machines (topics 3
and 4).

97

Extensions of Guiding Center Motion
to Higher Order“?

1. 6. Northrop' J. A. Rome

In a static ragnetic field, some well-known
guiding center eguations maintain their form
when extended to next order in the magnetic
mment series. The differential equation for
guiding center motiosn which describes both the
parallel and perpendicular velocities correctly
through first order in gyrcradius is given. The
question of 1w to define the guiding certer
position through secord order arises and is
discussed, and second crder drifts are derived
for one usual definition.

The toroidal canonical angular momentum,
P., of the guiding center in an axisymmec®ric
fgeld is shown to be conserved using the guiding
center velocity correct through first order.
When second order motion is included, P_ is no
ionger a ~onstant. ’

The above extensions of quiding center
theory help to resolve the different tokamak
orbits obtained, either by using the guiding
center equations of motion or by using conser-
vation of P;.

Magnetics Design for Ripple-Assi-ted Beam
Injection into the ISX-B and TFTR
Tokamaks™?

R. J. Goldston”
h, H, Touner‘
J. F. Lyon:

0. L. Jassby‘
R. H. Fowler
J. A Rome

T. Brown®

A test of ripple-assisted neutral beam
injection will be perfurmed on the ISX-B device
in 1978-79, using a Tow power beam with Hb ~ 10-
20 keV, 3nd possibly also on the TFIR device

*NASA/Goddard Space Flight Cr ter
fPrinceton Plasma Physics Laboretory
?tokamek Experimental Section
?Grunnun Aerospace Corporation



ca. 1022 with 2 bigh power 29-kef beam.  Ir hoth
cases, the gptimal coil confiqauration for
ectablishing the reguired verticolly asymetric
Tl ripple consists of @ pair of trapezoida)
current. lonps lacated between the TF cail, and
the vacuum v:ssel and bracketira the Lertically
injected bea . This report discribes tae desigr
of the ripple wails for [SX-B, the ripple con-
tours in the elliptical [54-L and circular TFIR
niasmas, and the objeitives and parameters of
the [SA-B experiment. The formaticn of magnatic
isiands in the plasme is examined for an arbi

t: .o, number of ripple injection locations.

FLOC - A Field Line Orbit Code for the
Study of Ripple Injection into Tokamaks™"

. v. Lee
J. A. Rome

R. H. Fowicr
P, W. Gaffues

A computer code is described which is used
to study ripple beam injection into a tokamak
piasma. The collisionlcss gquiding center equa-
tions of motion are integratec to find tne
orbits of single firticles in realistic magnetic
fields for ripnle injection. n ovder to
determine whether the ripple i5 detrimental to
‘the pyasma, the magnetic fiur surfaces sve
consiructed by integration of the field line
equations. The rumerical techniquei are de-
scribed, use of ‘the code i outlined, a program
listing is provided, and the results of sauple

coses are presented.

Monte Cerlo beam depcsition code

R. H. Fowler J. A. Rome

D. §. Post (PPPL} has developed a Monte
carlo beam deposition code (FREYA) which allows
for arbitrary injection jeometry, We modified
this code to account for the nonc.rcular,
shifted flux surfaces which characterize nigh
beta equilibria. This code now employs tie
aquilibria calculated by t'.: Oak Ridge Equi-
1ibrium Code to allow us to study injection
scenarios which result from low density and/or

)

R\

s . :
wmall radius stertyp. This code i3 Row unger-

T furtrer rodification to account ftr the

25 ton orbits.

¢.3.6 The Coilisignal Plazra Model
C. G. Beasley, Jr. J. B, Mclune
Y. ¥, Meier Y. £. Pothe
C. . Sigrar W. [, van P

The {PM effort focuses cn a4 computer code
which solyes the kinetic ecuatior for each
plasma species. Besides beirg used for a
variety of production ru..5, the code and its
underlying theory are presently extended to
include tre gyrokinetic equation (see topic 7).
In 1977, fundamental papers< definjpg jhe (M
were published (tuypice 1-2). [Irts first apni:-
ration, to neoclassical equilibria, was also
rennried ar tohliched franicre 4 61 firer
results nn the nenlinear 2volution of drift
modes are given in topic €.

[n the course of deriving the gyrovinetic
equation fur genersl equilibria using symbolic
coftware techniques to handle the alqgebra, &
c.mpletely new software package called WRITE was

deveiopes {(topic B).

The CPM: A Velocity Orthogonal Function
Representation for the Distribution
Tunction of ¢ Ccllicional Plasma””

H., ¥. Meier W.

C. 0. Deasley, Jr. g.

[. van Rij
E. McCune

A velocit,-space, orthogonal fynction
representation hac been .eveloped for the
distribution functions of a collisional plasma.
The choice of functions is determined by several
criteria: (1) the functiuns must provide an
accurate representation of the Coulomb collision
uperator;.(Z) the representation must be effi-
cient, in that physical plasmas be represented
by as few terms as possible in order to minimize
both corputer time and storage requirements; and
(3) the collision and Vlasov operators must lead
to simple expressions which can be rapfdly and
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easily calculated. The collisior operator in
the representation used here is developed both
for the ncalinear {ceneral distribution func-
viors) and approxi~ately linear (approximately
Maxwellian distribution functions) cases. Some
nyrerical results are discussed, and eroressions
for macroscopic chservables in terms of the
expansion amplitude are also given.

Yiretic touations for the CPM™

H, K, Meier
J. E. McCune

W. [. van Pi;
C. 9. Beasley, Jr.

Using the CPM representation, expressions
ere derived for the Vlasnv operator, both in it
general form and . the drift kinetic approxi-
ration following the recursive derisation bv
Hazeltin2. The espressions for the neraters
give cusily Lateulatnd cupd iy bolecen oeigie
boring components of the (PM representation.
Exprescion., for various macroscapic nbservables
in the 4rif_ binstic apprariration are al<n

given.

Humerical Study of Drift Yinetic Evolution
of Collisional Plasmas in Tori“”

C. 0. Beasley, Jr. J. E. McCuyne
H., ¥. Meier W. 1. van Rij

Preliminary numerical results for the
dynamnics ¢f toroidally confined plasmas n the
drift kinetic, Fokk:r-Planck description are
discussed. These solutions were obtained by
using the C'M (described in detail elsewhere).
An initial value problem was solved in wh'.h
collisions and par‘.icle dynamics compete in a
given magneiis field to set up a ¢ asi-equi-
Yiurium, The plasma (quiding center) distri-
bution function and many macroscopfc quentities
of interest are mcnitored. Good agreement with
corresponding but more approximate theories is
ohtained over a wice range of collisfonality,
particularly with rejard to the neo~lassfcal
particle flux, Cenfirmation of earlier results
for the distribistion function s achieved when
due account is taken of the differing collision-
ality of parti-les with differing energies.

flectrical Conductivity of Tokamak Plasmas
Lalculated by CPM Codes™"

C. G. Beasley, Jr. D. J. Sigmar
®. [. van Rij H. K. Heier
J. E. McCune

We hive used the CPM to calculate the
parallel conductivity for several values of
collisionality, Zeff' and aspect ratio, using
parameters characteristic of present experiment;
{e.g., ORMAK) as =ell as in the slideaway
regjime. The accurate treatment of the Fokker-
Pianck collision operator in cembination with
toroids  rapping effects, in the regime of
finite values of E/EDREICER' removes the am-
vicuities introduced by the ad hoc model treat-
ment of this probiem hy Hui, windsor, and
foppi.~*

Calculation of a Seif-Consistent, Low
Frequency Electrostatic Field
in_Toroidal Gemetry' "

H. K. Meier
J. E. ¥cCune

C. 0. Beasley, Jr.
w. I. van Rij

We derive an asymptotic series in u;°.
the inverse square plasma frequency, for the
-elf-consistent, cu = free, low frequency
electric field in tos1. The derivation is
ccnsistent with the drift kinetis ordering and
may he used in either instability or equilibrium
calculations., We also provide &an interpretation
0y past formulations of the statement of quasi-

neutrality as applied to neoclassical equilihria.

Numerical Study of Drift Mode Lehavior
Using a Self-Consistent Drift
Kinetic Expansion®!

H. K. Mefer
J. E. McCune

W. I. van Rij
C. 0. Beasley, Jr.

We derive the perturbed distribution func-
tion for low frequency drift modes in cylin-
drical plasmas, correct to first order in the
(ku/k"mp)? .eries expansion for the self-con-
sistent electrostatic field derived in Ref, 50.
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R 4rifr vinetic equation for low (requenc
wnstabilities including finite Larmor radiys
terms ni;y; derived for grbitrary {high beta}
tobamak equilibria. in Part i the Viasov equa-
tion is fir.l transtorred (3< Cat.o did) to
magnetic ficld line velocity-<pace conrdingter
without specifying the MHD equilibrium. By
contructing the eigenfunctiong of the lawest
o der Y1asov gperator (including the finite
qyroradiug term) such that it cigenfunctiont
are riqorously separsble [-G{.) esp Lil: - ia],
whe - i5 the gyroangle, - and - are 3 certain
pair of poloidal and toroidal anqgles, and
and + are inteqers}, the confiquration space
variables (=, r} are detined rather than ‘niro-
duced arbitrarily. These natural variables and
eigenfunctions permit 3 riqgorous and nsserically
economic forrulation of the gyrokinetic problem
for arbitrary heta equilibrium. This will be
shown in Pary [§.

“WRITE" {a DISSPLA Macroprogram) User's
Manya]®?

H. K. Meier

A PDP1GG program called WRIT. has been
written which considerably simplifies the task
to computer-generate text, slides, viewgraphs,
etc., of complex mathematical expressions. This
program constitutes an interface between the
user and DISSPLA,"* a widely used computer
graphics software package.

- - -~ *
T, Erann So T e
S.L. Arrurius R
. f. Futenterger e o
I L. failen £ 7. Merie
£ Lryre, Ir, J. ¥, Mynes, Jr.

The contirying uccets of negtral injectiun
reating hae Lrougnt onme bey elenents GF tre
auproacn Noan #congcicatly corpetitive tih avay
reactor et criruer fncur. Tre BIGn pGwer
dernities which are Yyical of cecent reactor
concaptual designs force detatled attenting to
be paid to tre protiecs of imourity qeneration
and trarspori, cold sas and pellet fueiing, 2nd
transpert in hign Beta plosmas. The path to the-
hish beta tovamak reactar leads « rectly thvgugh
suCh contenparary esperizents as [SX-A and

R

oo

70 Vhemrnr, Gins e e lhiey OF wddels TG0
these prucesses 23ainst experimental recuits has
improved nur technical qrasp of irportant [siues
in several areas ia the past year,

Tae reactor high-Z snburity transpors
question can be ctudied by analyzing in detail
the behavio= in present experiments of lower-/
impurities (such a. carbon, oxy;en, aluminum,
and neon;, for which the basic nenclas<ical
theory of transport can be tested as a ~efer-
ence,  Agvances (Sect. 4.4.1) on both the atomic
physics and diffusion probiems have heen made,
and & tentative recycling mode] has been pro-
posed for comparisnn purposes (Sects. 4.4.2,
4.4.2).

The development of a successful strategy
for reactor fueling far lang pulse lengths
requires the developmont of a more successful
nodel for particle confinement, Anomalies which

|
!
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'Grnup Leader )
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have been discloseq by present celd 333 ‘nmiec-
tion techrigues may be resolved with the id (f
mulvispecies reutral jas models developed 1n the
past year [Sect. 4.4.2). reliet injeition inte

2 tokamak discharge ha< beea medeled for tne .

first *ime and some features of the experiment '

predicted in advance (Sectl. 4.3.7).

High beta FCT equilihria have oeeh Shws 20

be accessible, granted Lolh preéenzfy favored
and more pessimistic models for offfustve trans-
port iSect. 2.4.3). It 35 becone clear a5 4
result, homever. that the limits to beta and
confinement can be expected to come from arw
classes of Ml fustatilities (such as taloon-
ingj, which will be triggerec by fncresses

prescure. _ o

83,1 Prysics Zackages . S

D, E.'Ar{euriuﬁ T. Ararno
£. C. Cruce, Jr.

Numerical Calculat.cr of Impurity Charge

E. C. Cruse, Jr. 0. £. Arnurius--

The numerical calculation of impurity
charge state distrivvtions using the computer
program IMFDYH is discussed. The time-dependent
corona atomic physics model used in the calcu-
lations is reviewed, and general and specifi~
treatments of electron impact ionization and
recombinat on are referenced. The ¢amplete
program and two example, rejating to tokamak
plasmas are given on a microfiche so that a user
mdy verify that his version of the program is
In the discussion of the
examples, the corona steady-state approximation
is shown to have significant defects when the
plasma environment, particularly the electron
temperature, is changing rapidly.

working properly.

-

" neutral species.

S:oroutines for impurity escitation,
i

aeizarion, ard recomhinaticn

7. -Rmang
£. C. Crume, or.

. B

Arnur fus

RMjitrinal sabrastines for gereral use were
devetoved for ca}culating nonéduiliprxun elec-
teon ttoact excitation, ionization, and recom-
cination of impurity elements of significance to
recent {e.g., ATC] and curvent {e.g.. ISX, PLT,
TFR} tobanmak experiments.
elements treated are slusinua and neon for
impurity ihjeétiou experiments, and the sub-
routines for iren and oxygen mare upgraded.

3.5.7 Tokamek Dischargs Modeling
Two-soecies neutral transport model

W, . Howe . E. Armmuriw,

In ¢ plasma consisting of two hydrogen
isotopes (hydrugen and deuterium or deuterium
ard tritium), the neutral particle transport is
described by a Boltzmann equation for each
These two equation; are
coupled by charge exchange of the neutrals of
one species with the plasma ions of the other
species. This provides ¢ach neutral population
with 32 volume source and sink term in addition
to electron ionization. We have developed a
code which solves for the neutral density and
energy profiles in a slab geometry using simpli-
fied collision uperators to describe the charge
exchange coupling. Global neutral particle and
energy balances are calculated along with the
energy balances are calcula‘ed along with the
energy spectrum of emerging neutrals and the
The code is Leing used to analyze charge e«<-
change data from recent experiments in [SX-A in
which deuterium was puffed into a hydrogen

Amng the new impurity
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conventional tLire-dependent suualions for
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g enopergLare . A 11105, The pellet

mndel, developed o cofinection wiln reantor
fucling studise, (Seat. 1.5 1), decludes abiation
and denocition of the injected hpdrogen nn flus
curfaces; the ablation madel aqree, well witn
pellet injection recylty from GEMAY,

In the transport sodel, neyt ol froo the
wail and from the qas Injection valye cccale i
plasms wource in the outer region of the
plasma. The neoclascical pinch transcorts one
of this plasma to the center, while ro.t of fne
particies recycle to the wall {which actn a7 3
partial qetter). An roitrary gevticle ditfusion
Jevel balances both tne neotral cource and oo
neoclas . ica! pinch and reproduces ohnerved
prepetlct density levels for a diffusion coef-
ficient of O - 1-16 e /mec, ke peliet mode!
provides, a density deposition protile, The
addition of this density to the pYyiea densi®y,
combined with an adiabatic drcrease nf the
plasma temperalyre, jives initial conaition, for
the evolution of the plased after the pelle’ is
injected.

The model predicts the two major experi-
mental signatures of 4 pellet injected into
19%-A (see Sect. 6.4}, The density increases by
~30. due <imply to depasiting 411 the pellet
particles in the piaﬁma. i.e., simple particle
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fepurity recycling rodel for vuy

spectroscopic data analy~is

5. L. Arnuriys £, €. Crume, Jr,

H. C. Howe

An extension af an impurity recycling model
used by the TFR Group' © has been made to assist
in the analysis of vuv spectroscopic data from
ORMAK and 15X, The extension allow. for more
freedom in the choice of diffusion velocities
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Twaray Gea (njection

Jo T. Hogan

Tre tGtan gk rainetic qeomnetry possesses
Latrctgatsry confinement penpert es and wiil
sors teee nacte for many large, rew experiments
Votre nees® Yew gear<,  Tre ain of all of these
veleritenta 1, o «alore the physics of not,
derqe pianmas o conditiany near to those for
arich Lignificant thermonuclear enerqgy produc-
tion 14 a posninility. Some experiments, such
4% TP, may even attain breakeven, with energy
praduced {roe B-T fusinon reactions equaling the
naeray input nerded to sustain the plasma
AAINRG L Liyees.,

it i~ 3 common asnurption that some sort of
eaternal heating mechanism will be required to
avhivve high plasma temperature. While various
forms of radin frequency and other wave heating
ternniques are being studied, the dominant
emphanin i5 being placed on heating by the
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injection of ererqgetic brams of neutral hydry-
genic garticles. We wxill first discuss the
proce .5es which are irpartan? to an understand-
ing of the neutral beax injection process in a
tokamak, and then Jiscuss those areas for which
atomic and molecular data are particularly
needed.

accuracies required and with .ore estimation of

We conclude with an assesument of the
the priorities which should be 2s55igned.

Tokamak Transport Simulation Models®!

J. T. Hogan

We describe the Oak Ridge Tokamak Transport
Code.
and energy balance for particles and follows the

This code computes the number, momentum,

evwolution of tokamak poloidal and toroidal
fields.
sional, with solutions of the Grad-Shafranov

The
velocity-space description cf fast injected ions

The magnetir. geometry is twn-dimen-
equation providing flux surface topoloqgy.

i also two-dimensional, and the Fokke: -Planck
equation is solved for the injerted species.
Transport per se involves six coupled nonlinear
partial differential equations, while the treat-
ment of the plasma-wall interface requires the
solution of 14 zero-aimensional rate equations.
The XSORN neutron and photon transport code has
been adapted to serve as a neutral gas transport
modu.e.

Some cxampies illustrating problems of
current intere-t a-e presented.

A User's Manual for the Oak Ridae Tokamak
Tre~sport Code®?

J. K. Munro, Jr.
H. C. Howe

J. 1. Hogan
D. £. Arnuric.,

A 1-D tokamak transport code is described
which sim:lates a plasma discharge using a fluid
model which includes pnwer balances for elec-
trons and fons, conservation of mass, and
Maxwell's equations. The modular structure of
the code allows a user to add models of various
physical processes which can modify the dis-
charge behavior. Such physical procasses

treated in the yersion of the cnde described
here include effects of plasma trensport,
neutral nas ransport, impurity diffusion, and
neutral beam injection. Each process ran be
modeled by 2 parameterized aralytic formuls ~r
2t least one detailed nymerical calculation.
The prograr logic of eacn module is presented,
followed by detailed descriptions of each
subroutine used by the module. The physics
underlying the mudels is only briefl,; suw.rmarized.
The trarsport code was written in 1BM FORTRAN-IV
and implemented on I2M 360/370 series compy‘ers
at OPNL and on the CDC 7600 computers of the MFE
Computing Center of Lawrence Livermore Labo-
ratory. k listing of the current reference

version is pravided on accompanying microfiche,

Free-Expansion rxperiment on ATC °

R > LJ
L. #. frisham ¥, Bol

J. 7. Hogan

The transport of a tokamsk plasma freed
from contact with a mater,al limiter is stu+ied.
A stall compression in major radius of the
plaima in the ATC tokamak produces a free-
standing discharge, similar, except for scale,
to & possibie confiquration of the TFIR. The
deasity evolution is resdily modeled by a
The
experiment provides a successful preliminary

numerical transport model calculation,

test of the feasihility ¢f this technique,

4.5 PLASMA FNGINEZRING

S. £. Attenberger Y-K. M. Peng

J. N. Davidson J. A, Rome

G. A. Emmert K. E. Rothe

wW. A, Houlberg W. M, Stacey, Jr.
D. G. McAlees D. J. Strickler
J. R. McNally, Jr. N. A. Uckan®

A. T. Mense R. M, Wietand

Plysma engineering applies and coordinates
specialized theoretical plasma physics tech-
niques and models to applied areas of fusion

'Princeton Plasma “nysics Laboratory
'Group Leader
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b energy research, develop-ent | 'and engineering as
lgeeds arise or zre antlclpatd_l.
¥
o : S ¥
.51 Plasma Systems Activity.
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i
AL T. Mense - J.: M. Davidson
' d. R. Kclally, Jr. S. E. Attenberger -

N. A. Houlberg s. il. Nilora

The Plasn Syste-s kuvity this past year

could deuelop m a
so-called dtsswati
bihtles a.ay occur the

kasak reactor operatwn by niguiving the
)SMa current during the- tmsfq-gr recocl:ing
“phase™ with neutral beam-driven currents. The

o Dorwm D

’N’)!Ulilb’ ur VTR U rua-vu -ué-m'y-w

- twely ou the plasn de
“wsually depend on tewperature gradie
higher order.) Control of the cold ’foell neling“
profiles appears to have a profound effection SHTRE o

seed currents has also been addressed in pre- the density gradient dependencies of these - S ‘ W

f‘l?"i'inary studies. instabilities. Edge fueling tends to ﬂatten Co Ty k

~d ] The electrostatif:_plasna siieath prodlem the density (vn = 0) over the. hot central ;plasu
- (which -ay occur at divertor collec-or plates

) : regions. Near the edge, where Wn is staq - the
L , 'yand limiters) has been generalized to include temperature is held Tow due to the do-ma,ce of -
; "mltispecies. the cold fuel.  The net effect is to redule the

energy losses from the plasma due to thes:

O Effects of fueling profiles on plasma modes. In addition, self-consis.nt 1-p %’tnns“-
¥, A. Houlberg A T. Mense port studies of neutral beam-heated; full-bore - T
S. L. Hilora' S. E. Attenserger -starlup tend to indicate that gas puffing is a
less than optimm way to fuel if these trapped
__ A sumary of the plassa fueling study is particle modes are present; thus some degree of
presented here; the details of the .tudy are pellet injection appears necessary (see Figs.
reported in Ref. 64. The following points have 4an, 4.2).
- been observed. (4) Fora ™S-size device it was found
' (1} There appears to be no experfential . that 2-mm radius, 1-im/sec-pellets did a suit-
evidence or theoretical restriction (to date) able job of -aintaining the plasma st any
which would dictate that cold fuel must be desired operating density. Typically, pellet
injected directly into the hot centra) core injection rates on the order of 10 to 20 pellets/
regior of & tokemek. Even classical processes " sec were required to maintain s volun-ivenm
appear to be sufficiently fast to balance density, n, f 8 x 10! cw™2., The peliet depo-
central jon Tosses due to fusions. sition profile was computed self-consistently
(2) By reducing the pellet penetration using the ablation theory of Parks, Foster,
requirements in the plasia, 8 :'sequent reduc- Milora, and-Turnbul1.67+68 pscillations in edge

density and temperature occurred, but becau_e
|
: } they occur on ¢ short time scale comparsd with
“Plasms Technology Section the loca) energy confinement times, the local




m/sec shenever the plass
deusuty dnps below n = 101 72, resulting
‘im 377 peiieis injecles wrmg “the simglation. *

TURE

RADS (cm)

Fig. 4.12. Evolution of the ior temp.rature
for the same case shown in Fig. £.1. Th. hot
fgnited central core rogion (sharply veiined ho-
cduse of local alpha heatirg) and th- c.ic edge
region resemble the low penetrating, continuvous
particle source resulits.

vuetier 2 s!giﬁun. fractua of ne-trai be- -

plasma beta (= density x temperature) was essen-
tially unaffecGad. Also there were no iuSion
power- oscillations becuse all the fusion events

occur in the central plm coie and thus are
not affected by edge oscillations {see Fig.

T '
«la:ie,a'm;insmtag‘lenus efféc't on the fu’sigu

Deeper penetration would, of course, i

(5) Tbereusatmeu-eammabwt:' »

5

g
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- TREE (oog) ‘
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The normelized values of the -

Fig. 4.13.
average fon temperature and totzl fusion rate

as a function of tise, The fluctuations in the . -
ion temperature result from fluctuations {(dve
to pellets) near the plasme edge. The fusion
rate §s very strongly centrally peaked and - .
basically unaffected by the edge fluctuations, ) !




suspect. However, for reasonable pellet sizes
{e.g., pellets carrying 107 of plasma density/
pellet), we find negligible effects on beam
attenuvation.

-~

Electrostatic Sheath Potential for a Hot,
Kiltispecies Plasmat?

J. R. Davidson A. T. Mense

The collisionless electrostatic sheath
‘between 2 plasma and 3 wall has been investi-
gated for the case in which the plasma contains
several ion species and has a finife emperature.
"rhis modest extension of the analysis of Hobbs
and Nesson’® also incorporates secondary elec-

- tron emission from the wall. The inclusion of
impurity species in the plasas modifies the Boim
criterion 30 that the sheath potential is
slightly incrv.ased and the total heat flow
across the <neath is slightly increased. Be-
cause the eneryy carried from the plasma by the
jons is increased, enhanced sp.:tering is a
possibility.

4.5.2 9Jivertor Modeling’!

A. T. Mense G. A. Emmert

X

One-dirensional transport stusies using the
Meuse-Emmert Aivertor mogel have been czrried
out for lorge fusion reactors (e.g., EPR,
UMAK-TI, UWMAK-TII) and for smaller devices

" (e.g., PDX/AST.X). “o allow modering of this
inherently 2-D problem with a 1-D code, suitable
expressions must be found for tie particie and
emergy loss rates along the field lines to the
collector plates. In the model used here thi<
requires the replacement .

o ir) v, n
r

- !TT_' Iv-l-: Sr—“_'
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where L{r} is the "average™ distance which 2
particle ms: travel along the field before it
is collected. Similarly one makes the replace-
ment

Yo" (;Terl ;69)“’%?)'

and

(1 v % _
oAzt Y ) e -

where 5“ represents conductive loss and 3/2 Tr,
is the convective less along the field lines.
By requiring the net electrical curvent at
each position along the collector plate to be
zZero, one can determine (approxin_\tely)*the
sheath ootential '
which includes recondary
effects, is given by

The sxpreccinn. i = 0

electron emission

1+ <:.> I <t B >
(erec = ¢ ion (___L?ﬁi)r S o

R R (r;)im
where (ij>eff is the effective secondary elec-
tron emission coefficient of the collector plate
material due to bombardment of the jth particle
species. [In addition <3, 8> gives the secondary
electron emission due t0 3 gamma ray or x-ray

flux ,;_', The resulting max i< given by
1/2 - <&
(miTe) ( ! ‘“e’eff)
- = ky in .»T—J_i._ __..l.:.-m
max e <3 3 > ’
- !\ !
(r))
N’ ion

, Applying these resylts for tne case of no
secondary electron emissions, ore arrives at the
following expressions for the parallel fluxes:



n(r} [ 8 KT, (r)]V/<
)= 3 l: . l .
§;ilr) = z"i(r)rl (r) . ano -
Q.(r) = AT (rhyg Iy (r)
where

TE(r) e

I
-t H
-+
5
—
»n
-«l!o-c
S
~.
L 4

L]

| [ren)_

2.88 + 0.2 M\Ti—

These expressions are then applied at 3
reasonable wumber of spatial mode- near the
nlaramwe ados .-

PraTES o3 v e -u 'tl.l"}wrc co e. it can
clearly be seen *lgc

v
=

T
-3

-
-

which shows that the electrons "cool” faster
than the ions; thus, ener y depositicn profiles
across a collector plate 2 ‘e steeper than
particle density profiles, i.e.,

)

across the collector plate. Two examples apply-
ing the above model are shown in fFigs. 4.14 and
4.15.

4.5.3 Plasma Startup

W. A. Houlberg Y-K. M. Peng
S. K. Borouski T. Uckan

A comprehensive analysis of stariup for
1ergn tokamaks has been initiated at ORNL. The
“imary objective of the study is to determine

s &vnn—mﬂ.
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Fig. 4.14. Electron density, neutral
density, and 20-e¥ carbon ispurity deposition
profiles. Note that ng = 0.98 imnlies a 98%

skielding efficicncy, i.e., only 2% of the wall-
crizinated 20-eV carbon atoms makes §t across
the scrape-aff zone into the main plasma.

whether innovative startup scemarios can reduce
or eliminate major tecnological problems
associated with traditional techniques.

A three-phase startup procedure which has
some very attractive features is being examined:
(1, microwave breakdown of the plasma and
electron heating near the upper nybrid resonance
before the toroidal current is introduced, (2)
continued microwmave heating while ncreasing the
toroidal current and density in a relatively
sma11 plasma, and (3) heating by neutral beams
vhile simultaneously incressing the blasn size
and current to final values. '

Estimates of required microwave power
levels ‘or *the first phase and theoretical
estim-ces of relevant time scales for ohmically
heated plasmas for the third phase have been
made. One-dimensional transport calculations
are now being developed for the second and third
phases of startup to increase flexibility of the
moJel. ‘
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fig. 4.15. Twvpical temperatuve profiles
for a large fysion reactor.
102 of the divertor-collected flux back to the
plasma as wall-originated reutrals causes a
factor of two to three increase in jon tempera-
tures in the divertor zene (where most charge
exchange occurs) and little or no difference
in bulk plasma temperature.

Microwmave Startup of Tokamak Plasmas Mear
Electron Cyclotron and Urper Hybrid
Resonances’’

Y-K. M. Peng S. K. Borowski

The scenario of toroidal plasma startup
with microwave initiation and heating near the
electron cyclotron frequency is suggested and
examined here (see Fig. 4.16). We assume micro-
wave frradiation from the high field side and an
anomalously large absorption of the extraor-
dinary waves near the upper hytrid resonance.
The dominant electron energy losses are assumed
to be due to magnetic field curvature and
parallel drifts, fonization of neutrals, cooling
by ions, and radiation by low-7 impurities. It
is chown by particle and energy balsnce consid-

Note that recycling
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“m: assumed mechanisms of

Fig. 4.16.
microwave (as ext-aordinary mod2) absorption
near the F7R and the UFR in a currentless
tokamak p,u>ma; (2) in the low density regime,
and (b) in the high density regime.

erations that electron temperatures around

250 =V .d densities of 1012.10:? em™? can be
mainiained, at least in a narrow region near the
upper hydbrid resonance, with modest microwa:. 2
powers in ISX (120 kW at 28 GHz) and TNS (0.57 W
at 120 GHz). The loop voltages required for
startup from tnese initial plasmas are also
estimated. It is shown that the loop voltage
can be reduced by a factor of five to ten from
that for unassisted startup without an increase
in the resistive loss in volt-seconds. If this
reductfon in loop voltage is verified in the ISX
experiments, then substantial savings in the
cost of power supplies for the OH and EF coils
car be realized in future large tokamaks.
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Small radic, startup of omically heated
tokamak plasmas with moving limiters’2:7*

T. Uckan

The problem of startup for a large tokamak
olasma is stedied with a2 moving limiter. The
plasma transpory with the presence of the elec-
tric field diffusion and heat conduction losses
is investigated amalytically by the separation
of variables during this early phase of the
discharge. The time evolution of the current
density and temperature profiles is then ob-
tained for this simple model. Expressions are
also yiven for plasma discharce parameters such
as the time evolution of the safety factor, th
plasm2 current, the poloidal flux function, the
skin tice, the poloidal beta, the transformer
flux, and the electron energy lifetime. The
results are then applied to a typical tokamak
(In>-S1Ze) plasma. Lt 15 shown that a moving
limiter may heln ameliorate the possible problem
of skin effects on the curvent profile.

4.5.4 Beam Heating Scenarios

J. A. Pome R. H. Fowler
J. A. Holmes Y-K. M. Jeng

Possible “approach to ignition™ scenarios
for large and dense tokamaks have Seen studied.
The primary scenario which has been adopted’®
starts with full-bore, low density plasma where
bea~< can easily penetrate, s0 the heating
profiles can be centrally peaked. As the plasma
is heated and the density is increased, alpha
heating and flux surface shifts seem to allow
adequate beam penetration. Because of the
centraiized alpha particle heating (see Fig.
4.17), the need for full neutral beam penetra-
tion for 8 > 25 may be eliminated. 75+7%

T ~ other possible scenario s* *s with a
dense, small-radius plasma which can be easily
heated by the beams. /s the radius is increased
by gas puffing, the newly forned plasma is
heated via beams. This scenario has the advan-
tage of keeping the plasma away from the walls
to (hopefully) control impurities and may allow

1
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Fig. 4.17. Rlpha particle ncating
and the required neutral (njecti- heating
profiles in a sequence of FCT equilibria
in a TNS-size plasma from =z = 0.77 to 3.7%.
Meanwhile, the peak plasma density (no) is

assumed to increase from 1.2 x 10'% o™
to 2.1 x 10'" emn”? in a Tinear fashion with
¢ (from Pef, 74}).

some major radius compression to “kick” :t.he core
to ignition. |

The sensitivity of beam injection to plasma
density has been studied by using the Monte
Carlo beam Jeposition code (Sect. 4.3.3). If
the density is too low, the beam goes trrough
the plasma and hits the far wall, while :if it is
too high, the beam will not reach the center of
the plasma. As illustrated in Fig, 4.18, the
range of acceptable plasma densities is quite
narrow — only a factor cf two to three, 'for
effective heating during the apyroach to'igni-
d‘on. variable beam enerqy n:wy be requir.:zd.

B |
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Fig. 4.18.
“density window” for acceptable beam penctra-
tion is small.

Fo: a given beam energy, the

4.5.5 Advanced Fusion Fuels

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

Advar.ced fusion reactors may permit the use
of cleaner fusiun fuels than the classical D-T.
The reaction rate parameters is 3 function of
ion temperature for many of the fuel cycl2s have
been developed and are available in a subroutine
on the NMFECC computer. A new ignitinr param-
eter Tn- and an ener;y riltiplication factor k
(analogous to the f ur-factor formula in fissicn)
have beun evaluated tor J-T and for advanced
fuel plasmas.

The Ignition Parameter Tn:_and the Energy
Multiplication Factor k for Fusioning
Plasmas’’ J

J. R, Mcrally, Jr.

Prriented here are some novel interpreta-
tions of fusin, plasmas which may be'of intcrest
to both fission and fusion scientists and engi-

|

11

~eers. A new fusion ignition parameter (TnerE)l
.» proposed which is proportional to g2B* and
inversely proportional to the charged particle
tusion power density (pFusion) of a reacting
plasma. Curves are given for many potential
nuclear fusion fuels (see Fig. 4.19). The
energy utilization factor in existing devices is
defineq as f = PFusionlpl.oss = (TnerL)I(TnetE)l:
in experimental plasr s, T has increased by
about two orders of magnitude in the past decade
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Fig. 4.19. The ignition parameter ”"e’E)l
vs kinetic temperature T with T = T, = Te- péLi,
D¥e, and D-T do not include D-D side reactions.

and now exceeds 107", while a "nearest” f*
exceeds 10”3 (see Fig. 4.20). The f factor is
also analogous to its fission counterpart in the
four-factor neutron multiplication factor
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FUSION EXPERIMENTS PROGRESSING TOWARD GOALS
OF BREAKEVEN AND IGNITION AS MEASURED BY Ty,
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Fig. 4.20. Experimental qu’L points,

Lawsor. breaki'ven cvrve, and three ignition
curves. I = injection, GP = gas puff,

He = helium, V = high vacuum buildup, A = arc
breakup of H;. Ignition curves must be bolow
appropriate bremsstrahlung limiting curve.
Mirrors must be partially closed in some way

to be above mirror limit. [f* is the ratio
of the experiment:} (TnezL) 10 3 x 1015 kev

cn 3 sec]. Laser ?ellet best experimental
point is at 8 x 10'? keV cm™3 sec at 8 keV
(Erik Storm, LLL, private communication,
September 1977).

k = fncp, where f is the neutron thormal utili-
zation factor. Past, present, and future fusion
experiments are discussed briefly in this con-
toxt.

112

D3He as a "Llean” Fusion Reactor’t

J. R. Mchilly, Jr.

The prospects for relat.vely "clean" Die
-eactors (lean D,;;ich *He)} are evaluated, with
significant gains nver @ comparable power D-T ~
reactor (14-MeV neutrons reduced by 135, all
neutrors by 25, piasma tritium by ~107, tritium
handliny by ~10%).

Energy Treasfer from lons to Clectrons
and_tne Coulomb Logaritkm”3

J. R. ¥chally, Jr. -

Application of Chandrasekhar': stellar
approach o piasmas reveals the importance of
nondominant terms ia both the energy transfer
from ions to electrons and the form of the
Coulomb logarithm. Figures 4.21 and 4.22
illustrate the role of dominant and nondominant
terms in the neighborhood of electron velocity
near the ion velocity.

4.5.6 Plasma Ergir:ecing Support of Advanced
S/stems

Adsanced fusion systems design projects
{see Sect. 8 of this report) receive fusion
‘hvsice support and guidance from the plasma
engineering group.

Plasma Engineering Considerations and
Inwvativns for a Medium Field Tokamak
Fusion Reactor’é

S. E. Attenberger «. D. Callen

W. A. Houlberg A. T. Mense

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

Recent plasma engineering studies have
ascertained a viable concept for T4S based on
medium toroidal fields between § and 7 T at ae
plasma center, plasma ¢ values up to !0%, and
averaged densities between 0.6 x 10'* cm”2? and
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doo not sigqaificantly alter the character of
the instability at normal plama densitien, F
[inear teedback response for the particle nource
is tound to provide a stabilized equil hriun in
all cases.  Strong radial variation of the
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Feedback on t.e
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density is sufficient for stabilizaticn with
noderace responae tines {(sec Figs. 4,24 and

4.25).

Piasma Simulation and Modeling for EBTR -

M. A. lUckan C. L. Hedrick

A simple mode} (time-dependent D-T ponint
model)} has been formulated to assess the energy
balance in an EBTR plasma. The effects of the
different scaling assumptions on EGTR perfor-

mance and operating point have been analyzed.

.University of Wisconsin o
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ization time for ihe fusion aiphas. The char-
actecistics of tne initibility are changed by
the finite thermalization time only when the
density i< low and the thermalization time
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Although in the present EBT device (ERT-I)
plasma transport seems to be governed largely by
neoclassical processes, h,pothesized anomalous
transport losses are included in the plasmg
simulation model in addition to neoclassical
and/or classical transport in order to #est the
sensitivity of EBTR parameters. For the par-
ticular case studied, it is sknwn that the
reference ERTR can accommodate #nomalous losses

‘point {steady stals}.
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4.€ COMPUTER SUPPORT

I. Burnett, III
R. D. Burris
D. N. Clark

k. K. Gryder
»
C. E. Hammons

4.€.1 User Service Center

C. £, Parker
R. D. Burris D. N.

c. 0
B. &
c. t
J. E. Francis, Jr. J. ¥
c. R
0. ¢C

Crevedivan and fon femperature profiles for the

greater than the
the operating
dre Jiscussed.

. Kemper

t. Overbey

. Parker

. Reynolds

. Stewart, Jr.
. Yont-

1. Burnett, 111

Clark

The User Service Center hardware was up-
graded by the addition of 128 K woras of memory,
resulting in a8 system total of 320 K wo, ... An
additional RPO6 disk system was added to further

w'Grnup Leader



SURPATY ‘the increasirg data needs of the ISX

‘eXsEriment. Concuvrently, the DFID datd channel

was aﬁqi'med té 2 OFI0C un 2 sales/erchange

eq'f:emeot in order to .upm‘r the semory aboye

“256 Y d:hﬂ dﬁcupe systes: was to pmvide

Bivision reucr(f.prs with gersonal file storage
"~ for hac%:s.p purposes and lqrter'ysteu transport-

’ ability. .”fte KE0 central orocessor wes up-

'~3-‘:graaea W the new modei ¥L10-8 Cpu; 3 memory
unit. ptth an m..:sfhuenr, number of memnry pertss—

165 u was saleslexchanged in this proce,:.
‘leaqu o.Jy the 356 K memory for the USE.
new central processor fwhich has an internal

d&ta channel to relieve data flow bottlenccks)
was in “full cperatmn five days after arrival.
A dua! port.ed disk was mstelled at the same

- “time a3s a requlrement of the new central pro-'

Cll'.';O!'

B 'k(l!:$3l’y changes were made to the NMFECC

softuare to make it compa.nble with the new

,-rocc—ssor's cache lremorv* The PDP11/45 experi-
manral data cyordinating computer was hard\'are
.. interfaced to the USC to nrovide a more Frapid
data path to the USC from the Divisio. .experi-
ments and the ORSL computer center. Software

modif i itions to support this v e begun and

“targeted for completion in early 78, A gen- -
eralized Network Command Lanjuage and system

_ PLOT cormand were made ful ly operational.”

4.6.2 Experimental Data Handling

J. E. Francis, Jr. 0. R. Overbey
0. C. Yonts . J. W. Reynolds
C. R. Stewart, Jr. C. 0. Kemper -

Mew data handling requiremenis arose in the
transition from ORMAK to [SX. A restructuring
of the PDP12 operating system was necessary in
order to accommodate addi’ional communication
Tinks into the PDP12, This restructuring re-

sulted in disk data spoolfng and allowed the
comparison of data channels from different

shots. This system modifi- tion required a new
communications subprogram beiwee:, the PDP11/45

and the POP12 at [SX.

-t
(L]

A PIPZ wac interfaced to 2 residuzi 4as

enalyzer for st.dying impurities in [S3,
Sofiware w2, developed sn that scanc couid be -
taken autoretically and a printed copy of Tne
resuits could be obtained from a Tektrouix 40!0
terzingl.

The PLT bear test stand fata ecguisitis
system was hrought on line and is daocumented in
a published paper.®<- . -

A data acquisition systen whick sup:oorts
seven analog data channeis for taking data from
smgll: ryogenic ¢oils was :le__velc;p:éd for the
Mzanetics and Superconductiv'i,t,g Section. The
incoming analog data are digitized 23d stored in
memory, whe-'cu;mn they car be processec or
transmitted to efther of two POPIO" s for mrther
endlysis ard storag-. Preliminary calculauons
to;-‘»gn,hys;eres’i: 16ops can e made ard Lthe
curves displayed on the POP12 display unit.
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ATOMIC, MOLECULAR,
AND NUCLEAR PHYSICS

C. F. Barnett!

D. #. Crandalll
H. B. Gilbody*

B. E. Hasselquist:
S. W. Hawthorne!
1. A. Howard"

4. J. Kiml

Absthact. Measurement: of electron capture cross
sections were comoleted for mmlticharged ions of
0, Si, Fe, Mo, Ta, ¥, and Ay in H and H, in the
energy range of 60-250 keV/amy (TFTR injection
energy). The cross sections increased with
increasing ion charge q and can be represented
by a simple power law expression, %3.9-1 = aoqp.
for the heavier particles (Ta, ¥, and Ay} the
q-dependence exhibited an oscillatory structure
superimposed on the power law g-dependence. The
“oscillations were attributed to the interaction
of the captured electron with a Coulomb potential
modified by a short-range term that accounts for
the screening by iomic electrons. Low energy
(1.25-8.45 keV/aru) electron capture cross )
sections were measured for jons of the He and Li
isoelectronic sequences in H and H,. Thse
measurements indicated that in this energy rangs
there was no uniform scaling ...th ion charge and
no general behavior of the cross section with
velocity or erergy.
Hydrogen-1ike or completely stripped jons
are difficult to obtain from conventional ion

1. Physics Division.

2. Consultant, Queen's University, Belfast,

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

4. Summer student, Massechusetts institute of
Technology, Cambridge, Massachusetts.

5. Consultant, Georgia Institute of Technology,
Atlanta, Georyia.

6. Consultant, California Polytechnic State
University, San Luis Obispo, Californis.

7, Consultant, Wesleyan University, Middietom,
Connecticut.

E. W. McDaniel”
R. H. Mcknight®
F. W. Meyer!

T. J. Morgan’
R. A. Phaneuf!
E. ¥. Thomas®
M. 1. Wilker!

sources because of the large energy required to
remove the electrons from the K-shell. To
overcome this difficulty, we used a C0; laser
be2w to create 3 high texperature plasms from a
C target. A power density of & x 107 W/cw?
incident on 3 C solid target provided *sable
beams of C5*. Equilibrium yields of D~ obtaiied
by passing D jons and atoms through thick Cs
vapor targe:s were reinvestigated in an attespt
to remove discrepancies in the various measure-
ments. Present D™ yields of 0.18 at a D energy
of 300 eV are lower ty approximately a factor of
two than recent measurements of Schlachter
et al.

Work continued on the collection, evaluation,
storage, and retrieval of otomic data pertinent
to the controlled fusion projram.

5.1 HEAVY PROJECTILE ELECTRON CAPTURE CROSS
SECTIONS: MEASUREMENTS WITH The TANCEM
VAN DE GRAAFF

We continued our measurements of total
single electron capture cross sections using
projectiles from the Tandem Van de Graaff
accelerator incident on a high temperature
atomic hydrogen target. The fon species in-
vestigated were O, Si, Fe, Mo, Ta, W, and Au,
with collision velocities ranging from 2.2-

6.2 x 10° cm/sec (or energies of 60-250 keV/amu).
The original experimental method, described in
last year's annual report,! was modified to
evtana the highest charge states investigated;

» sections for incident fon charge states up
to q = 19 were measured.

|
i
i
|
-1
j
3
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The experimental cross sections for three
representative i species at 3.4 x 10% cm/sec
(the collision velocity for TFIR neytral beam
injection) are plotted vs initial ion charge g
in Fig. 5.1. The results fo- lighter ions are
simiiar to those previously reported;”? except
for sharp dips at charge q corrasponding to
closed shell configurations of the projectile
9.-1 for Fe and Mo
proje~tiles increase rapidly with incident

ion, the cross sections «

charge q, and the increase can be well repre-
sented by a simple power law qp. The straight
1ines which accompany the data shown in Fig. 5.1
are the least-squares fits using a two-parameter
expression, “q.q-l = aoqp. Such a monotonic
increase of %4.g-1 with charge q is predicted by
the classical theory of Olson and Salop.?

The g-dependencies of the cross sections
for the heavier projectilec are more complicated;

superimposed on the simple power law scaling (as

122

observed in the lighter prajectile data), all
three of ‘.ie heavier projectiles investigeted
{Ta, %, :nd By} esnicit 2 cormon oscillatory
structure whose relative megnitude is apparently
independent of ion species and velocity. This
oscillatory behavior can be seen for Au projec-
tile ions in Fig. 5.1. To emphasize this
structure, the experimental cross sections
’rq.q-l' divided by the least-squares fits :oqp.
are plotted vs q for Ta, W, and Au icns in
Fig. 5.2. We attribute the oscillations to
interference -in the amplitude for scattering of
the captured electron by a Coulomb potential
modified by a short-range term that accounts for
screenin’ )y the ionic electrons. A theoretical
impulse model for the collision reproduces well
the observed oscillations."

The typical collision velocity dependence
of tine cross sections which characterizes all
charge states and ion species investigated is
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illustrated in Fig. 5.3. The classical theory
of Olson and Saiop® reproduces the observed
shape and the magnitude of the cross sections.

5.2 LOW ENERGY MEASUREMFNTS OF ELECTRON
TRANSFER FROM HYDROGEN ATOMS AND
MOLECULES TO MULTICHARGE ; TONS

The Penning Multicharged "un Source Fa-
cility® Tocated in the Phys,., i\ sion at ORNL
has been used for measurements of tote’ ~ross
sections for electron capture by various mul-
ticharged fons in atomic and molecular hydrogen
gas targets at low velocities (v - 177 ¢m/sec),
Apart from their relevance to plasms diagnostics

P

»
This program was supported by ERDA jointly
through DPR and DMFE.
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Fig; 5.3. Measured cross sections %4.9-1

for 56Fe and %tMo vs collision velocity v.
Solid points are measured results and oper :-on-
nected points are the theoretical results of
Olson and Salop (Ref. 3).

and modeling, these measurements provide a basis
for testing our understanding of inelastic
processes such as electron transfer. Theoretical
calculations at Tow velocities are difficult and
are based cn a quasi-molecular model for the
collision.

The general experimental method and, in
particular, the implementation and calibration
of the atomic hydrogen target have been described
1n detail.® The experiments have concentrated
on mylticharged ions isoelectronic with He and
Li; sincle electron capture data have been
obtained for the fons 8%* (q = 2,3,4,5), ¢%*

(a = 3,4,5), K" (g = 3,4,5), o (q = 5.6),

_and * " in collision; with hydrogen atoms and

molecules in the velocity range of 0.5-1.3 x 108
cm/sec. Representative electron capture data
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for #e-like B:* and £~* ions colliding with
hydrogen atoms 2rc shown in Fig. 5.4, along .ith
the theoretical calculations of Qlson, Shipsey,
and Browne.” The theory utilizes ab initio
potential energy curves in multistate close-
coupling calculations and, vithin the combined
umncertai-ties satisfactorily reproduces both
the magnitudes and velocity dependencies of the
experimental cross sections for BX* + H and
C** + K collision...

m3ynitude and velocity dependence of the charge
transfe- cross section. Such an analysis also
21luss urediction of the most probable final
electronic states of the multicharged ion.

Since these are often excited levels which decay
by short wavelength transitions and since the
cross sec “ns are large, charge transfer tc
sulticharged ion< is 3 potentially important
mechanism for achieving population inversion in
the x-ray re:. ‘on.” -
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Fig. 5.4. Total cross sections for cimple electron captusce from

nydrogen atoms by B3* (circles) and C** (triangles). Solid points are
experimental data and open points are the theory of Qlson et al.
(Ref. 7). Flags represent estimated total uncertainties.

In contrast to measurements made at higher
velocities,”+*8 the c~iss sections at Tow veloc-
ities exhibit neither uniform scalings with
fonic charge nor genera! behavior with velocity.
Calculation of the potential curves relevant to
each collision pair 1s necessary to predict the

--3 LASER ION SOURCE

To obtain hydrogen-like and completely
stripped fons for collisfon studies in the very
important low energy region, we assembled an
apparatus to investigate the feasibility of
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:$ an ion sgurce 3 pulsed larer beam
* vacyym onto 3 solid surface. Laser
b . 2arch has revealed that highly stripped
ions ererging fruw such plasmas account for 3
significant fraction of the energy deposited and
of the target mass abla*ed by the Taser beam. 1
In the present erperiments, a pulsed laser
beam from a modest 10-J cosmercial TEA CO; laser

was focused onto 2 solid taret at power den-

sities as high as 4 x 10% W/cm?. An ion bear.
was col)imated from the particle blow-off normal
to the target surfice, directed through a cylin-
drical ‘electrostatic analyzer, ind detected
using a channel plate electron m,tiplier. The

_combination of time-of-flight énd electrostatic

analysis permits icolation and identification of
jops with different charge-to-mass ratios.
Typical erergy distributions for the various
charge states of c.arbon in the pulsed ion beam
are plotted in Fig. 5.5 for a graphite target at
2 laser power density of 4 x 107 W/cm’; note

~ that hydrogen-like C** jonr are produced even at

-

relatively modest laser power levels. (Focused
power densities in current laser fusion experi-
ments are typically 10!¢ W/cm )

Modifications tv the CO; laser to permit
fundamental mode operation and simila- experi-
ments with a KD:glass laser are expectec "o

power and to yield fully stripped ions. The
technique is suitable for producing ions of ~ny
element that esists as a solid or in a solid
compound. Such Taser produced plasmas are also
3 convenient source of the optical spectra of
highly stripped ions.!! We are currently imple-
menting a computer d: ta acquisition system to
facilitate the development of the fon source and
its application to cross-section measurements
for such fundamental atomic processes as electron
capture ty fully stripped ions in the critical
low energy region, where theory!? has not been
tested, !
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Fig. 5.5. HMeasured charge and energy

distributions of carbon ions emerging from a
lasrr-produced plasma. The CO, laser pulse
was focused onto grzphite in vacuum to a
power density of 4 x 10% W/cm2. The numbers
represent the carbon ion charge.

5.4 H~ EQUILIBRIUM YIELDS IN A THICK Cs
VAPOR TARGET

The equilibrium factor F-; for K (or D*)
incident on a thick Cs vapor target is an
important parameter in the design of charge
trinsfer cells for use in MFE neutral beam
injection schemes. Counsiderable disagreement
exists in previousiy reported measurements of
Fy for H* incident on Cs, particularly in the
vicinity of the maximum §n *re equilibrium
fraction curve at proton energies in the range
of 200-500 ey 3715

. To determine whe.iher excitation of the
Cs(6p) state by H' sigm ficantly affects the
thick target H™ yield, we have measured F_ for

0

0



botk H™ and H' incident on Cs in the energy
rar.je of 750-1000 V. The crosc section for H™
preduciion from H® is about an order of magni-
t.de larger for collisions with Cs{6p) than for
collisions with Cs(6s). If Cs{6p) excitation by
#' is an important mechanism in H™ formation,
thes differences in the Cs(6p) population due to
variations iu target ce!l geometries and incident
H+ intensities might explain the discrepant
results in the existing F_; measurements.

In the present H™ yield measurements, an
analyzed H™ beeg,dfkthe desired energy was
incident on a(nv#3qt"‘1pﬂ target. the charge
components of rnah _,erglng from the target
were monitored as -functhplof the Cs target
thickness » by 2 secondary emission detector
Jocated a short distance downbeam of the target.
Appropriate biasing of high transmission grids
in front of the detector 2llowed separate
measurements of the H', HO, and H™ beam frac-
tions. Upon reaching the «quilibrium target
thickness where the beam froctions become
independent of =, the incident Leam w2s switched
to H', and F7} was again determined.

During experimental runs, the secondzry
emission factors v, anu y_ of the charged beam
components incident on the detector were con-
tinuously monitored. The factors vy, and v _
were observed to increase with the Cs target
thickness, possibly due to the increased Cs
coverage of the detector surface., Sinre the
secondary emission factor yy for H? incident on
the devect»r could not be measured directly
during an experimental run, a separate experi-
ment was performed in the energy range from
100 eV to 2.5 keV to determine the ratjos

v_/vo and yo/v,, which are believed to be in-
dependent of the detector surface condition.
The results of these measurement. are shown in
Fig. 5.5, Thece recults, to.ather with measure-
ments of vy, or y_ avring the equilibrium run
itself, allowed continual calibration of the
detector response to HO under alY surface con-
.jtions. ‘
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Figure 5.7 shows the results of the equi-
librium yield measurements and compares them
with existing measurements, The yields F’
were found to be the same for H' and H™ 1nc1dent
on Cs, suggesting that Cs(6p) excitation by H*
plays a negligible role in H™ formation in 2
thick target. Measurements of F_, with D~
incident showed no observable fsotope effect,
consistent with earlier observations!® that e
equilibrivm yields for 0" and ' incident on 2
thick Cs vapor target are the same for equal
incident velocities. Tre discrepancy between
the present measurements and those of Schlachter
et al1.}3 and Agafanov et al.!" at low energies
is not understood and will be the basis for
further experiments.
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F. W. kerer and

L. W. Anderson, Phys. Rev. A 11, 589 [1975)].

5.5 CONTROLLED FUSION ATCMIC DATA CENTER

The two-volume compilation of Atomic Data
§on Controtled Fusion Research is being updated
with new and revised data. The compilation has
been critically reviewed to remove mistakes made
in the initial publication, We are now evalu-
ati,, new sections of the compilation; theze
data concern charge exchange of multicharged
jons, electron ionization, and excitation of
multicharged ions. These sections will be
published either as a third volume or as sup-
plements to the "Atomic Data for "uzion" news-
Tetter. |

In cooperation with the Atomic Transition
Probabilities Data Center at NBS, the bimonthly
publication :of "Atomic Data for Fusion" has

continued. Ouring the year, Yolume 3 was com-
pleted and distributed. The newsletter is now
sent to 475 scientists and libraries and, judging
from the response we have received, is serving a
useful purpose.

Searching, evaluating, and entering biblio-
graphical data into the computer file have
continued, Several hundred references were
added into the computer file for 1950-1975.

This file is as complete as it is possible to
obtain without a8 significantly increased effort.
From our studies we have determined that the
file contains more than 90% of the atomic col-
1ision papers published during 1950-75, Tapes
of this file are being transferred to the JAEA
for use in publishing a composite bibldography.
Four bibiiographies of primery use to fusion
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research will be published, including heavy-
particle charge exchange, excitation, dissoci-
For the period 1976-77,
90% of open literature has been searched and
evaluated. Ouring a critical review of our
bibl iographical file, we found that in 1970 a
serious error had been made in our retrieval
program,
was made tu replace the computer program with an
' up-to-date, more universal format using an on-
Tine couter terminal for input and output.
This new system was placed into operation in
January 1978. Significant time will be saved in
the input operation and file editing.
Programming was completed tc convert crosc
sections to reaction rates and to amalytical
expressions for systems where beam-Maxwellian
and Maxwei: fan-Maxwellian distributions are
applicable. Presently, t'ie storage and retrieval
system, including file management and editing,
5 being debugged on the ORNL POP-10 computer
for storage on the Livermore 7600 computer.
Cooperation has continued with the IAEA in
its efforts to establish an Atomic Data for
Fusion data center. We have been able to supply
both advice and material for their newsletter
and for the forthcoming bibliography.

ation, and ionization.

This was corrected, and the decision
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Abatract. The Plasma Technology Section has the
responsibility for: (1) develonment of multi-
megawatt neutral beam systems for plasma heating,
(2) development of techniques for fueling the
plasmé using high velocity pellets, and (3)
devnlopment of vacuum pumps of large pumping
speeds (+108-10% liters/sec) compatible with
neutral beam and fusion devices. Significant
advances have been made in each of these areas.
In the neutral beam area, four systems,
each capable of delivering approximately 750 kW
of neutral power into the tokamak plasma, were

1. General Electric Company, Oak Kidge,

Tennessee.

2. Engineering Division.

3. Chemical Technology Division.

4, Stanford University, Stanford, California.

5. Madison College, Harrisonburg, Virginia.

6. Lawrence Livermore Laboratory, Livermore,
California.

7. Princeton Plasms Physics Luboratory,
Princeton, New Jersey.

8. Computer Sciences Divisicn.

delivered to the Princeton Plasma Physics Labo-
ratory. Two of the beam lines have already been
used for injection into the Princeton Large
Torus (PLT) and a record ion temperature of

2.2 keV has been attained with an injected power
of 1.1 MW (D%) at 38 keV, divided equally between
the beam lines. The achievement was made pos-

. <,fh)g_ byrthe development of modified duoPIGatron

fon sources and appropriate beam transport
systems. The three-grid duoPIGatron source has
provided ion beams of yp to 70 A at energies
greater than 40 keV. The source is characterized
hy moderate filament and arc power requirements
{1 A/kM), high gas efficiency (50%), and high
reliability. A singular feature of the source
is the high atomic yield (85%) it provides, An
updated version, expected to deliver up to

100 A, is being developed. The beam transport
system incorporates liquid helium cooled cryo-
condensation pumps of 500,000 1itevs/sec pumping
speed, and beam dumps and calorimeters using
water cooled swirl tubes that operate at steady
state and dissipate very high power densities
(~5 kW/cm?). Improvement of the beam optics is
crucial in a high power neutral beam system,
Experiments using a preaccelerating voltage




- between the plasma grid and the second anode
praduced substantial improvement °307) in beam
transmission efficiency. Similar improvements
have also been obtained using shaped apertures
on the plasma grid. A two-stage accelerating
technique has been successfully employed to
obtain good beam optics (0.3° HWHM) at energies
up t# 120 keV, using 2 single beamlet. Efforts

" are being made to produce high energy (120-keV),
high current (50-A) beam nsing the two-stage
accelerating technique. The development of high
voltage, high power electrical systems switching
megawatts of power at a high repetition rate hac
been a vital part of this program.

In the pellet fueling area, hyd. jen pellets

accelerated to high velocities (330 m/zec) using
a pneumatic gun techaique have alreﬁdy been
successfully injected into the ISX tokamak
plasma. The pellets penctrate 12 cm into the
plasma, in agreement with theoretical prediction,
and corresponding increases in plasma density
have been observed. A pellet accelerator using
a rotating arm concept is also under development.
In the vacuum components development area,
cryocondensation pumps of enormous pumping speed

(~105 liters/sec) have demonstrated their useful-

ness as an integral part of the neutral beam
systems .
techniques are being develope?.

6.1 ION SOURCE DEVELOPMENT
6.1.1 Introduction

Injection of energetic neutrals (hydrogen
jsotopes) is the prine plasma heating technique
for fusion devices.  In practice, the neutral
beams are produced from positive and/or negative
jon beams via neutralization processes. Below
4200 keV, the present technology based on
positive fon beams is favored. At higher
energies, however, the high neutralization
efficiency of negative ions encourages the
development of negative ion sources. Our
program has been heavily involved in the de-
velopment of fon beams at energies up to 60 keV
and currents up to 100 A, and development of

Alternate approaches using cryosorption
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higher energy positive :nd negative jor sources
is also being pursued vigorously.
achievements are reported below.

The major

6.1.2 Pasitive Ion Sources

The dyoPIGatron ion sourcel™® (15-A, 10-cm
grid) developed for ORMAK injectors is reliable,
efficient, and simple. Recently it 4as operated
for studying its long pulse cagsisility, and ion
beams ot 5.5 A/25 keV¥/2 src and 9.5 A/29 keV/0.9
sec were extracted. The arc discharge corre-
sponding to the latter beam comlitiofi was
cxtended to 10 sec. Although the experiment wa§
terminated due to melfunctioning cf ‘the vacuum

“system, the results indicate that the source

components would withstand dc operation.

Employing 2 magnetic mul tipo'le line-cysp
confinement %>’ the source has been scaled up to
versions with 15-, 20-, and 22-cm grid diam-
eters. The sources are capable of creating a
uniform {+5% density variation over the grid
diameter) and dense (about 2 x 10!2 cm™? at the
extraction surface) plasma. -For PLT injectors,
the 22-cm version delivered beams of 60 A/40
keV/0.3 sec, as originaily designated.®  Beam
parameters of 70 A, 45 keV, and 0.5 sec have
also been independently achieved. The beam
current density was found to be in the range of
0.3-0.4 A/cm?. With the optimization of elec-
trode dimensions and configurations, magnetic
field arrangement, and gas feed, the source has
provided 2 high arc efficiency (1 A/kW) and 50%
gas efficiency and has operated reliably without
any maintenance over long periuds of time
(~50,000 beam pulses). The most unique feature
of this source ¥s the h:ih atomic yield (85%) it
provides.

A species model” was developed 1o explain
the high proton yield. The essential factors
are the high volume productior. of atomic fons
due to the high gas pressure and the low ion
loss rate due to the maximized ratio of the
plasma volume to the electrode surface. The
high production rate of atomic ions in the
volume s essentially due to the dissociation
proces .es of molecular ions by the cold plasms
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electrons. Measuyred electron energy is <5 eV.

The source performed equally well when hydrogen

was substituted with dey rvium.
An alternate ion source with tungsten
filaments,® similar to the magnetic multipole
line-cusp containment device, was studied ex-
perimentally.
AJcm? current density) were formed.

noise level (:0.5%2) - characteristics that
improve the beaw transmission.:®¢ It is al-<o
capable of delivering beams with high atomic
yields (90%). However, the large amount of
tungsten vapor released by the filaments could
cause impurity problems in the fusion plasma.
Hence, the elecrron source must be improved.
An 80-keV/40-A ion source with a plasaa
generator similar to PLT injectors and a two-

-~ MAGNET COOUING LINES
TOP {ON INJECTOR COOLING
LINES 1

..

el ... ...
FILAMENT COOLING LINES ™.

Ion beams of 14 A/18.5 keV (0.15
This source
previded good radial density uniformity and Tow
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stage ion accelerator with an 18-zm grid were
fabricated (Fig. 6.1). Initial operation of
this source delivered ion beams of 64 keV/20 A.

A plasma generator with a2 35-¢cm -c chamber
has been ogperated successfully and is e'.pected
to deliver :n ion beam of 100 A from a 25-cm
grid.!! Jon sources {circular as well as rect-
angular cross section) are also being designed
for beam currents p to ~100 A at energies up to
tey ke¥. These sources are intended for neutral
beam injectors for IS¥-B at ORNL, POX at PPPL,
and TNS.

6.1.3 Negative lon Sources

The ORNL negative ion source program is
composed of several new and unique ideasi?»13
for generzting plasmas from which negative ion

N ORNL /DWG /7EG 70-401 -

p——
i

\\koecen. COOUNG LINES
2, .

ACCEL COOLING LINES 1

‘ Fig. 6.1, & two-stage {on source.



beams may be produced. There are two well
established methods by which negative ion beams
are ge. rated: (1) direct eatraction, and (2)
two-stage or double charge exchange extraction.
In direct extraction, an electric field is used
to extract negative jors directly from the ion
source plasma. However, in the double charge
exchanrge method, relatively low energy positive
ions are extracted from the ion source plasma;
the ions then charge exchange while passing
through an alkali vapor cell. The resulting
negative ions are then accelerated to the
desired energy. The ORNL program deals with
three separate ideas which fall under the direct
extraction categbry and une under the double
charge exchange wethod. A discussion of these
ideas and the’r status was recently issued.l®
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6.2 MEDILM ENERGY NEUTRAL BEAM SYSTEMS

6.2.1 PLT Nect-el Beam Systems

Four ORNL/PLT neutral beam systems (Fig.
6.2) had been delivered to PPPL as of January

- 1978. These beam lines are rated at a nominal

750 kW of neutrals ta the PLT plasma at 60 A and
40 kev for 300 msec. TYest stand operation of
beam lines one and two at ORKL achieved these
performance criteria.’»!> [nitizl operation of
beau lines one and three on PLT delivered a

_total 1.1 My of D° and H® to the plasma, re-

sylting in a rise in Ti from 0.9 to 2.2 keV.
Final operation of all four beam lines on PLT ’
should result in over 3 Md of neutral power to
the tokamak plasma by early susser 1978. -

<
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Fig. 6.2. ORNL/PLT besm 1ine and ORNL test facility target box.




Significant performance paramete:rs of these
bearw lines as Genonstrated at ORNL’ irclude:

- {¥) Neutral power from a single scurce through
a3 Pi-size {20

50 A, 40 kV, 300 msec  550-kM neutrals’
. 60 A, 45 &V, 700 msec  FOO-KN neutrals
70 A, 40 kv, 100 msec 750-¥N neutrals

(2) Species ratiss ef the fon beast as ex-
B, tracted from tre ion ‘sGurce of H+:H§:H; =
- e 85:12:435‘_{_@.7&; 2asily rgproqéced) are to
v 'Q? comparcd to previous bect vzlues of
35:28:20 from ORNL/ORMAK sources.
’3) Beams cfuptgGOAhaveheeuprod\.ced
Bl -  with 15 Torr l'tenlsec of H; (including
. : 1%;5_ ’ l:em.rah:e.') T

ST (4) Besw power: dems:tmn hés been measured

o A - calorﬁletncahy with 18 cnannels which

‘ S “have accoamted for 90-95% of 1.V power

“for well focused beams.

) 1‘;(5) The'500,000 liters/sec LHe cryoconden-
~-o-7 sation pumps have performed flawlcssly

" in concert with neutra) beam operation.

{6) Arc power required «s ! k¥ per ampere
of beam current.

{7) Swirl wube targets on the fon dump have
held up with power densities exceeding
5.4 kW/om for 300 msec.

{8) The ORNL modified duoPlGatron has oper-
ated for over 50,000 pulses ¢n the beam
line before needing new filaments, even
after accideri3l exposure to water vapor
between runs.

The power flow 2long the beam line was
moriitored by sensing the cooling water flow rate
and .ne rise in temperature on various elements.
A POP-11/40 computer was used for data acqui-
sition. A typica) plot of power deposition as a
percentage of the input electrical power is
shewn in Fig. 6.3. With the help of such plots
appropriate operating parameters can be selected
to optimize the power reaching the iarget.

Approxima.ely 600 kW of neutral power has
been collected on the inertial target kept 4.1 m
downstresm under optimum conditions. The
highest power (power supply limited) that has

x 25 cm, aperture at 4.10 m_

]

been measured 3% the target with hydrogen as the
working gas was 750 ki when the source was
opcrating at 40 kv and 70 A. With a precel
voltage of 10G V (see Sect. 6.4.7), 830 «W of

, neutral power has been measured at the target

using deuterium gas when tne source was oporating
at 45 k¥ delivering 54 A. This will translate

to 2lmost ~ "M of neutrals at the PLT plasma
because t : solid angle subtended by the machine
is grea* r than that afforded at our test
facility. ’

ORNL/DWG /FED T8-M7
et T T . T I
GEAM ENERGY « 35 keV
3
(-]
3
&« 30 = ]
:
§ \ DEFNGOING PLA
- 20 —
: 7
€
[ 4 GAS CELL
w0 ——
ACCEL GRD
0 L
(] 2 4 ] 8 ©
Tomam * O Vacen, 32
Fig. 6.3. Typical data from PLT {on source
and beam line.

6.2.2 1SX~B Neutral Beam Systems

A cryogenically pumped beam lin: was added
to the Medium Energy Test Facility tc produce a
system similar to the ORNL develop2d PLT beam
Tine,!5 This system simulates very clasely the
4.15-m [5X-B beam 1ine and is being used to
qualify two 40-kV, 60-A injectors for the ISX-B



expericent. The injectors are identical to the
22-cm PLT injectors’ and should deliver about
700 kW of neutral power per beam line.

Operation of the METF beas: Yine has begun
and the first ISX-B injector has undergone
prelininary testing of 50-A output at 42 kV.
Optics studies to maximize the neutral power
output are proceeding. Both ISX-B sources are
to be ready for installation by July 1, 1978.

An added feature of the METF bear line is
the capability to test a 28- to 30-cm-diam source
of 100-A output. Both the beam defining plates
and the drift tube calorimeter have been modi-
fied to accept a larger beam. Testing of a
100-A injector for py:sille ISX-B use will begin
in Auqust 1978.

6.7.3 PDX Heutral Beam Systems

The Poloidal Divertor Experiment at Prince-
ton Plasma Physics Laboratory will have attached
to it four cperational OPNL neutral beam systess
by early 1980. Each 4.2-a-long system will
deliver 1.5 W of neutral power (through a
30 x 35-cm rectangular aperture) to the plasaa
for 0.5 sec. To achieve this injected neutral
power the Plasm i’eclmology Section is develop-
ing 3 50 keV,1,00 A/0.5-sec source with a >80%
atomic ion yield and having a 30-cm-diam grid
pattern. This source is a relatively modest
extrapolation of existing sources and should
provide no major development problems. In
addition, the beam line design is a relatively
straightforward upgrade to the successful PLT
design to accommodate the higher power beams.

6.3 HIGH ENERGY NEUTRAL BEAM DEVELOPMENT

The High Power Test Facility!® and its
associate! electrical systems'’ were completed
on schedule., The test stand wes utilized for
two-stage beam optics!® study as well as for
fnvestigation of two-stage besm steering.!? An
18-cm, two-stage source designed to deliver 40 A
at 80 keV is currently being tested at the
facility. Geam currents up to 20 A at energies
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of ~65 keV have already been extracted. A
120-kV, 50-A, two-stage source is being fabri-
cated and will be installed on the test stand
after the limits of the present source are
tested. The test stard is also being updated
to incorporate various diagmostic facilities.

6.4 BEAM OPTICS STUDIES
6.4.1 Theoretical Nork

In the jon optics code a new iteration
scheme for treating the source plasma was im-
plemented.?%»2! Compared to the previous
scheme?Z touted last year,® it is a paracea.
Figure 6.4 shows the accuracy and expedience of
the scheme as compared to the previcus one.
Briefly, it is a Newton SOR iteration scheme
which has proven global convergence and unique-
ness properties for the problem at hard. HNate
that even the pre- ~ 'us scheme has enormous
advantage over st  :arlier iteration schemes?“
(see rig. 3 of Ref. 23).
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Fig. 6.4. Comparison of computation works vs

accuracy of last year's and this yesr's scheme.

The code has been used to verify, 25°26
predict,?® and explain!+29°31 experimental
findings. Specifically, & study was made of the




dependence of ion optics on plasma parameters,-©
along with electrode suape, > tetrode voltage
distribution and gecmetry,” ’ plassa electrode
preacceleration with and without an insulatur
coating,”® and source plasma density fluctua
tions. - An important result is that a small
preacceleratior .*11 noticeably dirinish the
beam divergenL?;erer actual operating con-
ditions. :

cider tne effects of 2 co'lector plasme in 2

The code has also %een used to con-

direct recovery device. -

9ther studies completed include a linear
theory of ion beamlet sieering,EE'E* reioniza-
tion losses in drift tubes,’" beamlet-beamlet
interaction in the accelerator regior, " and
mitigation of residual space charge in the
neutralizer.?

6.4.2 Experimental Work

Two-stage ior beam optics

Extensive investigations using 2 two-stage
acceleration technigue!® were carried out to
determine the beam optics. The beam optics in
such @ scheme is a function of the ratio of the
voltage gradients across the individual stages
(r/f), the beam perveance in the er:raction gap,
and the aspect ratio of the grid structure (see
Fig. 6.5). The beam divergence is also in-
fluenced by the magnitude of the decel voltage,
the total energy of the beam, and the backqround

s
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Schematic representation of 3 two-

Fig, 6.5.
stage arccelerator.
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pressure. The divergence of 2 single beamlet
was examined to elucidate the parametric depen-
dence af “he above quantities for beam energies
up to 120 keV.
angle with extraciion perveance for different
values of . is shown in Fig. €.6. Under optimum
conditions, the HWHM divergence angle can be
reduced to about 0.3°.
conditions the beam divergence is not seriously
affected by plasma density fluctuations.

The variation of divergence

Also, near the optimum
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Beam optics with precel voitage

Substantial improvement in beam optics was
realized by employing a precel voltage between
the plasma grid and the second anode.’® For a
22-cm jon source of the type used for injection
into PLT, the total transmission efficiency
through an apertyre of 20 x 25 cm locited 4.1 m



downstrear increased oy 307 when a precei

voltage of 175 - 25 V was applied (see Fig. 6.7).
No deleterious effects were noted on power
loading at the grids with the precel voltage.
However, appliczation of the precel voltage
lowered the optimum perveance value by -~10-15:.
The beam transmission efficiency was also found
to iuprove when the plasma electrode was tied to
the arc negative. The arc supply in effect
acted as the precel ‘supply.
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Fig. 6.7. Transmission efficiency vs beam

perveance with and without precel voltage.
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Shaped apertures

Previous studies indicated substantial
improvement in beam optics with shaped aper-
tures.:® A 22-co PLT type source was fabricated
with shaped apert .res on the plasma grid to
utilize this eff .ct.

125 @il on the plasma side to 150 mil on the

Each hole was tapered from

other side, leaving a straight section of 15-20
(The total thickness of
the plasma gric was 75 mil.)

ail facing the plasma.
Preliminary in-
vestigations sFuw about 30 improvement in
transmission efticiency when compared Hith
straight circular apertures.

6.5 BEAM DIAGNOSTICS

6.5.1 Plasma Source Diagnostics

An escential diagnosti- of a discharge
“plasma source is the measurement of the plasma
density variation across the pissma column from
which an ion beam is extracted, since the plasma
density uniformity 15 extremely impartant for
stable ion beam extraction. A simple, moveable,
cylindrical Langmuir probe has become an integral
part of every ion source, providing information
on the plasma density, the electron temperature,
and the density fluctuation.

6.5.2 Species Measurement

The ion beam species composition has been
successfully analyzed by using the deflection
magnet in a beam line as a sweeping magnet and
by monitoring the signal from a calorimetric
probe (see Fig. 6.8). A typical species compo-
sition of 85 H;, 12z HY, and 3: H; has been
determined at the source using this technique
and known cross sections for the atomic processes
present in the equilibrium length, charge ex-
change cell. The proton fraction was nearly
independent of beam current (arc current) above
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Fig. 6.8. Calorimetric scan of the full,
half, and third energy ion peaks emerging from
the gas cell.

30 A. At Jower currents the third energy com-
ponent increased at .he expense of the primary
energy component.

6.5.3 Power Monitoring Along the Beam Lines

In our cryogenically pumped METF, the
essential parts intercepting the beam along the
beam line are calorimetrically ~unitored and the
information is processed ans stored in a CAMAL/
PDP-11 computer system. This diagnostic proved
to be exceedingly valuable in studying the beam
transmission and ion source tuning, and in
sonitoring the power loading on various elements
of the beam lire.

6.5.4 Target Profile Scanner

Faradsy cup arreys have been used behind s
target plate tc resolve the beam profiles by
sampling the beam throuqh corresponding pinholes.

This type of scanner was effectively used in the

_ previous work"! as 2 potential diagnostic for

study of two-stage beam optics up to 120 keV.
Thermacounle arrays embeaded on a target plate
are in use at the METF to resolve the neutral
beam profile for the ISX-B injectors.

€.5.5 Photodiode Array

An indirect measurement of the beam profiles
has been successfully made™" ysing an arvay of
photodiades detecting the amoynt of excitation
light from well collimated chords across the
beam. The prototype ISX beam line has a narrow
and long Pyrex window spanning the entire beam
cros; section for the on-1line photodiode array
mea~rements at the location of the drift tybe.

6.5.6 Gas Pressure Monitor and Analyzer

A gas spectrum analyzer and . time-resglved
absolute pressure monitor were used for the
drototype PLT beam line and also are in use at
the prototype ISX beam line. -

6.5.7 Pinhole Camera

This technique has been revived from our

examining individual beamlets. The camera is
now under development at the prototype !SX beam
line. '

6.5.8 Fast Neutron Measurements

during the last phase of the PLT beam
injector development, deuterium beams were ‘
tested for comparison with the hydrogen beam
performance. Fast neutrons from D-D reactions
from targets and other parts were measured™? by
& system consisting of a 3He counter, a fission
chamber, and TLO's.

6.5.9 Computer Data Processing

A CAMAC/PDP-11 system is constantly used éo
process and store data from the METF, where the
PLY neutral beam injectors were developed and '
the ISX neutral beam injectors are now under
testing. ‘



6.6 ELECTRICAL TECHNOLOGY OEVELOPMENT
6.6.1 Hizh Power Test Facility

The installation of the 1€5-kV, 50-R, dc
accel power supply was completed as scheduled.
The three power modules were tes’.ed indepen-
dently tn full power (26 ki, 50 Aj on a water
cooled resistive loar'. All other tests were
wade and were ir gyreement with <pecification
ES-YEE-8301-1.

In<tallation of the 150-kV, 50-A modulator,
crowbar system was completed and tects conducted

up to 90 kv 30 A into & resic d. The
system has operated into an * . levels
of 65 kV and G A, Althoug ith

series operation of vacuum te.
voltages and currents, the prob
insurmountzble.

The 20-kV, 5-A decel power supply . :sts
were completed and accepted as outlined in
specification TD SP-131. All isolated power and
control systems were tested and turned over to
operations as a complete operating neutral beam
test facility. -

Yo upgrade the test facility from 50-A to
160-A ion sources, a new 220-V, 1500-A, dc arc
power supply is under construction. A similar
arc power supply will be used on the [SX in-
jectors for future 100-A neutral beam systems.
Completion is expected in spring 1973,

6.6.2 Medium Energy Test Facility

With the completion of the PLY beam 1ine
program, the test facility will be upgraded for
developar at of 100-A ion source systems for PDX
and [SY neutral injection experiments. The
accelerating power will share the same 168-kV,
50-A power supply with the High Power Test
Facility. The three power modules will be
series/parallel connected providing 84 kv,

100 A,

The performance of the 60-kV, 60-A modulator
'for the METF has been excellant. For PLT source
development the modulator has delivered 40 kv,
60 A at pulse lengths up to 300 msec. [ndepen-
?enz parameters of 50 kV, 70 A, and 500 msec

have been attained. MNo maior failyres haue

orcurred and the maintenance required nas been
minimal

In conjunction w*th 10G-A ion source cevel-
oprent, an 83-¥1, 160 > modulator is presently
being designed. The wdulator will utilize two
Eimac X-20€2d vacuum tetrndes connected in
parallel to realize these parameters. Antici-
pated completicn of this proiect is about
September 30, 1572.

A 300-¥, 2500-A, dc arc power supply is
being developed for the METF upsrade program.
It will deliver enough arc power for ion sourzes
with a grid structure up to 40 ¢m and beam
currents up to 200 A. The isolated deck is
being redesigned to accommodate larger ion
sources. The design and construction are under
way for the upgrade.

6.6.3 Qther Developrents

A power syster was desiqned and constructed
tn operate an MIT ion source. There are simi-
larities to the ORNL duoPlGatron ion source.

The major differences were in the arc power
supply and the filament power sSupply. The arc
required pulsed 600 V(dc) at 100 A, and the
filament required 75 ¥{dc) 2t 4 A opposed to
100 V(dc) at 800 A and 12 V(dc) at 200 A, re-

tively. FResults of the experiment are
reported elsewhere.

A complete MacKenzie inn source will be
studied; the power and c.ntrol systems have been
designed and built to operate it. The major
difference in power requirements from those of a
duoPlGartron is the filament power. The MacKenzie !
source requires 12 ¥(dc) at 1200 A due to the ;
large number of tungsten filaments. The fila- :
ments must be ©  .cd at & low temperature, and }
prior to ion extraction they must be pulsed to j
full power. The system is ready for installa-
tion, 4

A precel experiment was conducted with the
PLTY ion source to test for improved beam trans-
missfon efficiency. A 300-V(dc), 100-A pulsed
power supply was desijned and constructed for
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cornection betweern the second angde and the

plasma grid. Fesults indicated a 35 improve-

ment in transmission efficiency.

6.7 VACLUM COMPONENTS DEVELOPMERY
6.7.1 Introduction

Th2 objective cf the Vacuum Components
Development {¥(D) Pragrax is development end
construztion of integrated high speed (-10°-10°
liters/sec) pumping systems for near-term fusion
experiments with applicability to future fusion
reactor requirements. Since getters, cryosorp-
tion, and cryocondensation hive meny comple-~
mentary- characteristics, it is probable that 2
fusion vacyum system would employ 2 cumbination
of these technigues. Currently the most favor-
able appiications appear to be in neutrai team
injectors, tokamak divertors, ani direct erergy
convertors. These systems will be designed to
pump hydrogen isotopes, helium, and other con-
taminants as cleaniy as possible. Simple and
rapid regeneration will be provided in antici-
pation of the requires unts of machines using
tritium, (lose attention will be give~ to
economicasl industeial fabrication.

Pumps

Seven cryacon-‘ensation pumps cooled by
4.2-K liquicd helium wer. fabricated for th2 PLT
injectors {Fig. 6.2) by Arn.!d Engineering
Development Cercer (AEDC) under subcon? ract,
These were designated as types "A” (5 m"), "B"
(0.5 m"}, and "C" (2.5 m”") and were installed in
the source tank, drift tube, and METF target
tank, respectively. The numbers fn parentheses
give the pump inlet areas. During fnjector
system tests ot ORNL, the helium consumption per
pump varfed fr. 3 to 5 liters/hr, depending on
operating conditions. Continuous flow hydrogen
pumping tests on a "C" pump indicated a maximum
pumping speed of about 7 x 10~ liters/sec (Ref,
43) after proper for gauge sensitivity correc-
tions were applied, tio evider.ce of pump insta-

bility was observed during high power neutral
tear pulses, ancd typical maximum bear line

rerained in the range of 157~ Torr,

€.7.3 Beam Line Cryosorplion Pu=y

Construction is proceeding on & large
cryosorption pump with an inlet area of two
square meters.~~ The pump (Fig. 6.9) is very
similar in configuration to the AEDC type “C*
cryocondersation purps, and will be tested in
the METF target chamber in direct comparison
with the existiang "C" pump. The pump is fadbri-
cated by Ercalibur Corp. of Waltham, Massact.u-
setts; delivery is expected in early summer
1978. The pump panels will be maintained at
temperatures between 10 and 2G K by 3-atm super-
critical helium gas circulated through 2 liguid

CHEVRON ASEY

Fig. 6.9. Excalibur 2-m? cryosorption pump,



heliym bath by a room temperature cempressor
coupled to the cold 1nop through a heat ex-
changer. Design and most of the pro-uremeat for
this loop are comnlete, and fabric:tion should
be finished by the time the Evcalibir pump
arrives.

6 7.4 Vacuum kngineering Data Studies

Engineering data on molecular sieve mal«-
riais for cryosorption are being obtained in
collaboration with the ORNL Chemical Technology
Division. Sample panels 10 cm in diameter are-
being tested in a Variable Panel/Temperature
Cryostat ([ig. €.10' The first tests were
carried out on a sample of type 5A molecular
sieve (5-A pores) *u 1.5-cam-deep grooves On a
stainless steel substrate. A total of 82 iive-
minute test runs with hydrogen gas were com-
pleted at panel temperatures ranging from 12 to
3% K. No evidence of panel degradation was
observeu. Figure 6.11 gives average speeds vs
oressure 2t various hydrogen flow rates and
panel temperatures. It can be seen that the
highezt speeds are obtained at the lowest panel
temperatures. The minimum 15-K speed amounts to
about 2 Titers/sec/cm’ at 107" Torr. This
rather Tow vaiue is due to rapid falloff o" the
pumping speed as material accumulates in the
surface pore layers and indicates that 5A sieve
will probably not be acceptable 15r fusion
applications. Some prelwainary tests with type
Na-Y sieve (7-A pores) on a similar stainless
steel substraie indicate that larger pores give
an order of magnitude better pumping speed at
15 K. This sieve will be used on the 2-m’
Ex~alibur pump.

The pumping systems for the divertor and
m3in plasma chamber will have to handle gas
mixtures containing as much as 15% heljum pro-
duced by the fusion "burn.” Pumping speed tests
with a D-55 He mixture were performed on a )
moleci'ar sfeve 5A panel at 4,2 K,"” The
resulis indicated that the sirve will not pump
both 4ases at once - the deuterium plugs the
sieve pores and the helfum accumulates, leadinn
to cryogenic runaway. When an intermediate

owm. gug 77 .063

LNz
VENT PONT—

Lt THROTTLE
VALYVE
GUARD
VACL!
rssssm

THT---
L

TT°K RADATION '
SMELD -~ T

[\

" Crtaon .L DI

= —

1
& 3

Fig. 6.10. Variable pane)/temperature cryostat.

chevron cooled with 4.2-K helium gas was inter-
posed, pumping %peeds comparatie to those for
pure deuterium werc obtained. Hence, compound
pumps having separate stages for each gas com-
ponent will be required for mixed gases.
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6.8 PELLET FUELING

6.8.1 Introduction

The ORNL pellet fueling program is devel-
oping solid hydrogen pellet injection devices
for use in pellet-plasma interaction studies.
The immediate objective is to develop equipment
whick. can be applied to cantemporary tokamak
confinement devices in an effort to determine
empirical pellet fueling criteria., The ultimate
goal is the realization of a practical device
that can be used to sustain ignited plasma
conditions in a tokamak power reactor. The
status of the various pellet acceleration pro-
grams and results of recent pellet infection
studies on ISX are repcrted below.

6.8.2 Mechanical Pellet Injector Program

conceptually, the mechanical injector
accelerates extruded solid hydroger pellets on
the surface of & high speed rotating disc to
speeds approaching 1000 m/sec."¢ A schematic of

the prototype device which s nearing completion
is shown in Fig. 6.12. A continuous stream of
pellets is formed by the extruder/cutter disc
mechanism which is situated along the vacuum
spin tank assembly. These pellets are to be
injected past the spin tank 1id and onto the
surfarce of the spinning aluminum arbor. A
uniquely shaped groove machined in the disc
surface carries the pellets from the central hub
regioy to the outer periphery, where they exit
tangentially with a velocity that is twice as
large as the arbor trip <peed. In this way,
pellets would be fed continuously into the
tokamak ¢rift tube at a rate sufficient to
sustain the plasma discharge.

To date, the arbor has been operated
reliably at the design speed of 470 m/sec. The
peliet feed mech#nism, which is nearing com-
pietion, will be 'tested separately; if these
tests are successful, the two syst:ms will be
combined in the éoming year to form a prototype
pellet injector system,
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Fig. 6.12. Mechanical pellet injection system.

6.8.3 Pneumatic Pellet Injector Program

A gun type pellet injector has bren devel-
oped for use in near-term pellet injection
experiments; it operates on the principle of
accelerating a frozen hydrogen pellet in a
miniature gun barrel with pressurized gaseous
propellant. This device has been operated
successfull  in the laboratory at speeds as high
as 430 m/sec with 0.6-mm-diam cylindrical
hydrogen pellets. Presently, this device is
capable of injecting a single pellet during each
tokamak discharge. In the future, its capa-
bilities will be extended to multiple pellet
injectign for the purpcse of sustaining the
plasma density during 'the tokamak discharge.

|

6.8.4 Pellet Injection Studies on ISX

Hydrogen pel’ets Fe'e injected into the [SX
plasma at velocities of 330 m/sec to test the
pellet ablation dynamics and to determine the
er? ..t of abrupt density increases on the plasma
discharge. Photographs of the discharge fndi-
cate that pellets penetrated nominaliy 12 cm
into the plasma, which:is in agreement with
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pellet ablation scaling laws developed from
previous pellet injection experiments 7 The
much”&éepér penetration, combined with the !
larger mass of the pellets, appears to indicate

that the plasma density can be efficiently and

significantly increased without deleterious

effects on the discharge. Figure 6.13 shows
typical recorded line average densities during
pellet injection into high and low density
discharges. Pellets enter the plasma at 77
msec, which results in an abrunt increase in
plasma density. In the high density case, a 30%
increase is noted; the background density is
maintained in this example by gas puffing. In
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Fig. 6.13. Line average density records
during pellet injectfon intd ISX-A. (a) typical
high density case, (b) typical low density case
(shots 5597 and 5511).

the low density example, gas puffing was dis-
continued to produce a nominal plasma density of
7 x 10*%/cm*.  [Introduction of the fresh fuel is
seen to nearly double the plasma density momen-
tarily. An overall increase in MHD ictivity
brought about by pellet injection is a,narently
responsible for the decrease in density seen
after injection., The plasma ruturns to its
nominal densiiy in about 20 msec.

These preliminary results indicate that
relatively large pellets can be injected into
the tokamak plasma. [f these observations are
correct, technological requirements based on
reactor fueling devices will be greatly relieved,
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Abstract. in this year our efforts were focused

-primarily in éupport of the LCP and ‘in advanced = - evaluating the _previeusly developed MCOY on a
development of superconductor. We also carried real ;_v;.ggu. 1S5-A. Nex facilities were de-
out smaller but izportant design tasks in sup- signed 4nd construction isitiated to enable us
port of the TN5, EBT-S, EBT-I1, and EBTR pro- Eq evaluate properiy the fili-size conductor
grams. As a result of our coliacorative efforts chosen by the three iCP ’participangs- Capiiiz:
-with commercial supercunducter manufacturers, we facilizies such as power supplins, . computer,
were able to procure the first lony length of and a large refrigerstor/liquefier were re-
-8-T, 10-kA NbTi conductor. A second type more - ceived. The struq@‘_v"al snalysis and 3-D eddy
" analogous to the GE-LCP conductor is expected current and magnetic field code development
garly in 1978.° Thrae CPFF subcontracts were" carried out in support of the ongoing projects
arranged with industry to develop Nb;Sn and "7 also provided an extended capability for the
forced flow conducior. Our small-scale ex- - "~ future. A major effort was expended on getting
perimt'ﬁ on conductor stgbility, ac losses, and “ the LCSTF set up. Practice winding of the first
pulse coils, and the theoretical work in tupport segment coil was completed and plans were for-
of these experiments have contributed to a mulated for winding the subsequent coils. The
better understanding of the design of conductor -pruject was on schedule for completion (in July
for TF coils. The instrimentation devel -pment 1978) and within budget at the close of the
year, but a cut in funds required 3 hold to be
1. Consultant. Put on the preject.
2. UCC-ND Engineering. |
3. Metals and Ceramics Division. 7.1 CONDUCTOR DEVELOPMENT |
4, Energy Division. 7.1.1 Development Contracts
5. Sabbatical from Saclay. |
6. Present address: Intermagnetics General Three contracts for forced flow conductor
Corporatifon, Guilderiand, New York. development were awarded for TF coil work, One

7. Grumman Aerospace Corporation. is with Supercon to develop 'a forced flow NDTi



conductor using the Ukonite process for fack-. 7.2 STABILITY EXPERIMENTS AND THEQRY
eting the cable. The secund is wita Airco for
‘forced flow M7i -and Kb.Sn, concentrating on the 7.2.1 Current Transfer in Built-up
i Nb,S asing Airco’s em_jacketing process. The Conductors
- . third is xitk 16C to develop 2 novel concept for Superconductors carrying 10 kA or more have
o B M;Sn forced fiow conduct” - using tuo Copper been widely suggested for use in fusion research
i , braiq heat exchangers flanking an Mb,Sn braid or and reactor magnets. Built-up or cable con-
ﬁ C csblg. These contracts were signed in August- ductors have been proposed in which supercon-
‘_S.eptube'r 1977 ard will run iunto Cv 1978, ) ductor is concentrated in part of the conductor
\ or part of the strands while the stabilizer
B ‘22 7.1.2 Conductors Purchased occupies the rest. This scheme leads to sub-
L e stantial savings in manufacturing cost and to
o m Orders were placed for two 600-m lengths of reduction of ac losses. We have constructed a
10-kA, 8-T TF pool bniling conductors. The simple theory that predicts a reduction in cold
first, consisting of seven parallel compacted end stability by extra heating in resistive
cables, was received in Septemher 1977 The layers joining stabilizer and composite. Two
second, similar to the GE/IGC concept for LCP types of conductors were constructed for the
o e use, is expected early in 1978. In addition experimental test. Triplex conductors con-
IR S 250 m of practice corductor, 3 physical dupli- sisting of either three superconducting wires or
' cation of the second TF conductor, was received two superconducting wires plus one copper wire
for use in setting up the winding facility. were used to Simulate cables. Laminated super-
Other conductors purchased and received in 1977 conductor and copper strip: with different
for test and evaluation were B00D kA-m of B-T soldering bonds were used for built-up con-
conductor suitable for pulse application and ductors. Normal zone propagation and recovery
300 kA-m of aluminum stabilized conductor. experiments have been performed and the results
compared with theory. The predicted decrease
7.1.3 Conductors for Tokamsk Toroidal appears to be small in the cases considered, and
Field Coils! ] experimental evidence suggests that the effect
is even smaller than predicted, i.e., the theory
This paper describes six conductors which is conservative. In fact, other parameters that
are being developed for use in superconducting are difficult to control, such as effective heat
TF coils of tokamak fusion machines, Included transfer, appear predominant.? This is an
are three pool boiling and three forced flow important result because it gives the conductor
concepts. Research and development programs on designer more freedom to reduce manufacturing
several of the conductors are under way, jointly difficulties, improve conductor performance, and
involving ORNL and conductor manufacturers. reduce ac Yosses by segregation of composite and
Conductors will be tested in short lengths and stabilfzer. It also indicates thar stringent
in the form of 2.7 x 2.0-m LCS tests. The quality control of soldering in built-up con-
conductor development and testing are closely ductors is probably not necessary from an

coordinated with the LCP at ORNL. electrical standpoint.




7.2.2 VYapor Locking

Recently Nilson and Walters suggested that
it seemed "worthwhile to investigate stagnant
two-phase cooling.” Their suggestion was based
on the assumption that “gas is free to vent but
no new liquid enters the zone during the pulse.”
Subsequent experiments by [wasa et al. showed
that in n2rrow channels the gas did not vent
freely but expellad liquid instead. Were no new
liquid to enter and no gas to vent at all, the
helium would then have only about cne-seventh
the energy absorbing capacity as supposed by
»ilson and Walters {because of the seven-fold
volume expansion upon vaporization). For a3l
practical purposes, heat transfer stops when the
channel is filled with vapor .
oc:ur, it sust uccur before this happens.

The heat delivered to the helium in 2
temperature excursion is the sum of the initial
heat pulse that created the normal zone and the
Joule heat produced during recovery. If re-
covery is fast, Joule heat p-oduction may be
kept small, and the tulk of the energy absorbing
capacity of the helium may be cevoted to the
initial pulse. Rapid recovery is fostered by a

If recovery is to

large cooled surface such as is typified by
cable-in-conduit conductors which have been
proposed for use with supercritical helium in
forced flow; this work is concerned with the
recovery processes in such conductors.

Vapor locking has been observed to limit
the stability of superconductors in narrow
tubular channels. This limitation is comsistent
with an analysis based on reduction of cooled
surface by vapor formation. In very long
channels {L/D » 50), however, it was found that
stability increases. When the superconductor
inside long sheathed sections recovers from the
resistive state, it recovers faster than in open
section. This is believed to be due to the
fncrease of the heat transfer coefficient and
heat capacity caused by pressure buildup and
reljef inside the sheath.®
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7.2.3 Design of Force Cooled Conductors
for Large Fusion Hag _ts

One of the central problems in designing
conductors force co~led by supercritical helium
is to maintain 2n adequate stability margin
while keeping the pumping power tolerably low.

A method has been developed for minimizing the
pumping power for fixed stability by optimally
choosing the matrix-tc-superconductor and the
netal-to-helium ratios. Optimized co.ductors
have acceptable pumping power requirements for
fusion-size magnets. The mass flow and hence
the pumping 1osses can be varied through 2
wagnet according to the Yocal magnetic field and
wagnitude of the desired stability maryia.

Force couled conductors 21so give flexibility in
operation, permitting, for exasple, higher
fields to be ohtained than originally intended
by lowering the helium temperature or increasing
the pumping power or toth. This flexibility is
available only if the pumping power is low to
bejin with. The design method is explazined in
dezail (with examples).”

7.2.4 The Effect of a Continuous Resistive
Transition on Self-field Instability

As transport current increases, composite
supercanduc tors develop resistance continuously
rather than discontinuously. This means *hat
the distribution of current among the fi,cments
in 3 composite conductor is determined not only
by their inductive coupling but also by the
longitudinal resistance they develop as they
begin to carry current. The current distribution
has been calculated, taking into account the
continuous nature of the resistive transition
for the following two cases: (1) a composite
clamped suddenly across & constant current
source, and (2) & composite being charged at a
uniform rate. Tha sesults of problem (2) have
been used to show that slowly charged conductors



are such more stable acainst self-field insta-
bility tham is indicated by purely inductive
calculations -»¢

7.3 ac LOSSES AND PULSE COIL MEASUREMENTS

In CY 1977, the setup, building, and in-
strumeatatioca efforts of the previous year were
brought to fryition as stability and loss
results were cbtained on 2 wide variety of
pulsed coil conductors.

Stability measurements early in the year
were concentrated on the 2000-A cables produced
in CY 1976. The results show that solder
filling does improve cable stability but that
statility with inselated strands was equal to or
better than that obtaimed with bare strands.
Evidence of additional loss due to ispurities or
superparamagnetism in the Cu-302 Ri matrix of
some conductors was also found. Loss measure-
ments or triplex and seven-strand cables demon-
strated tha: solder coated cables had essentially
the same losses as those myde with insulated
strends. Solder filled cables had much higher
1osses. A “ransformer model, which was devised
to solve the transient losses in normal conductor
and superconducting corposite, was found to
describe all the results quite well. Very
interesting results were obtained in measurements
of the saturation magnetization of the triplex
cables, and these have led to 2 more systeratic
investigation of the influence of superconductor
distribution within a8 strand or cable on the
pulsed loss. This project is coordinated with
our efforts to produce low cost, low loss, high
stability cables by incorporating pure copper
strands with the composite strands.

A design study for a fast ramp supercon-
ductor initisted in 1976 at 1GC led tc 3 very
fruitful collaboration this year. A promising
"self-ventilating,” pancake-wound braid cofl
design has been developed. This design for a
TNS-size PF coil obt2ins effective cooling
without the use of 1.°erturn spicers, When
combined with the high : tability, low loss braid
described below, this romises to be a viable
method for winding ‘ull-size Pr coils. The

l4g

second result of the ORNL-IGL collaboration was
the high Cu:SC "“fimned” conductor. TRis design
provides low loss in strands that are individ-
uwally cryostable and which may thus be incorpo-
rated into an insulated braid. A test billet of
this conductor was successfully extruded and
drawn to wire, and fabrication of 3 full-size
billet was initiated.

Our plans for 1977 called for fabrication
of a 300-kJ test coil to be tested early in 1978
and the comstruction of a second such coil
incorporating state-of-the-art mixed matrix
conductor by April 1978. Budgetary restrictions
have made it impossible to plan for either coil.
However, based on the successful production of
the “finmmed™ conductor, it was decided to pro-
ceed directly to the mixed matriz coil. A sho-:
Tength (=100 ft) of 2000-A braid similar in size
and Cu:SC ratio to that needed for the coil was
produced, and extensive stibility measurements
were made to determine the proper degree of
compaction and the detailed coil design. An
insulation previously not used in superconduc-
tivity (Essex Wire Co. GP-20C) was tested and
found to have the abrasion resistance necessary
for braiding. Mechanical design and structural
analysis of the coil (designated as ORPUS-III)
have been performed.

A contract for & 2000-A, 300-V bipolar
power supply was placed at the beginning of
FY 1977, and an acceptance test ~f the supply
was witnessed at the vendor's plant in Novesber
1977. Delivery to Oak Ridge was accomplished in
December and final checkout will be completed in
February 1978.

7.3.1 Losses and Transient Field Effect
in Superconducting Cables for PF -
and TF Coils’

This paper presents results of transient
loss measurements on some seven-stranJ cable
conductors. In addition to the filamentary
coupling in a single composite strand, we have
observed apprecisble interstrand coupling in the
cables filled with solder. We 3lso have found
that the interstrand coupling depends on the




arrangement of the strands. Coupling loss
results are analyzed in terms of a diffusion
time constant associated with the coupling
mechanism. Oeduction of effective resistivity
is also presented and discussed.

71.3.2 An Apparatus to Examine Pulsed Parallel
Field Losses in Large Conductors-

Conductors in tokamak TF coils wil® .e
exposed to pulsed fields both parallel and
perpendicular to the curvent direction. These
conductors will likely be quite high capacity
(10-20 kA) and therefore probably will be built
,q?out of smaller units. We have previously

-published weasurements of losses in conductors
e7posed to a pulsed parallel field, but those
experiments necessarily usad monol ithic con-
ductors of relatively smll cross section
because the pulse coil, 2 torys that surrounded
the test corductor, vas itself small. Here we
describe an apparatus that is conceptually
similar but has been scaled up to accept con-
ductors of much larger cross section and current
capacity. The apparatus consists basically of 2
superconducting torys that contains a movable
spool to allow test samples to be wound inside
without unwinding the torus. Details of appa-
ratus design and capabilities are described, and
preliminary results from tests ov the apparatus
and from loss measurements using it are reported.
A novel winding technique usea in the construc-
tion of the pulsed torus is described in Sect.
7.6.1.

7.3.3 Superconductors for Tokamak Poloidal
Field Coils?

The PF system in a tokamak fuston device
provides a time varying flux which is used
initially to break dowm the plasma and build vp
the plasma current and subsequently to compen-
sate for plasms Josses in sustaining the burn,
Although the col) parameters vary somewhat from
device to device, maximum fields up to 7 T and
field sweep rates up to 7 T/sec are common,
This combination of maximum field and field
sweep rate §s somewhat beyond the state of the
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art and, when combined with the large size of
the sagnets (stored energy ~10% J), presents a
rather demanding technological challenge. In
this paper we jresent stadility and loss meas-
urements on superconducting cables similar to
those that could be used in PF coils. A mode)
which aids in the interpretation of the Joss is
also presented.

7.3.4 Fast Ramp Superconductor for Ohmic
Heating Coilst?

The present study was conducted to comsider
practical 10,000-A conductor designs to weet the
operating constraints for the OH coils of TNS
and experimental tokamak reactors. The con-
ductor must simultaneously meet the regquirements
for mechanical support, cryostabilization, high
overall winding current density, Jow mechanical
and electrical losses, and mechanical and elec-
trical integrity for cyclic pulsed operation
from -7 7 te +7 T in ] sec.

Our suggested winding is a set of nested
tubes, each made up of a stack of pancake-wound
bobbins. Each pancake is cowound of a flat open
superconductor braid, steel tzpe, and Kapton
jnsulation. The strands of the braid consist of
sectored copper regions separated by copper-
nickel and surrounding a2 mixed matrix copper,
copper-nickel, and NbTi multifilament core.
Strands 1.5-mm-diam provide conservative cryo-
stabilization at overall winding current den-
sities adequate for the OH winding of an EPR-1
or TNS-size coil (~1500 A/cm?). Eddy ¢ .rrent
and coupling losses are at 2cceptable levels,
and hysteresis losses can be reduced to within
accepiable Vimits with 10-um-diam filaments,
provided the winding is graded, tube to tube.
The basic conductor and winding concept can be
extended to provide conductors of higher cur-
rents.

A 2000-A model conductor has been fabri-
cated from 0.94-mm-diam strands and tested in 3
reinforced pancake configuration., The measured
maximum recovery current corresponds to a cur-
rent density of 3500 A/cm* over the entire coil
cross section.



7.3.5 Mechanical Design of ORPUS-IIIE

ORPUS-III is the third in 3 series of
pulsed superconducting solenoids built to test
construction technigues applicable to toksmak PF
coils. The present coil is designed to be
charged to 2 aaximm field of 7 7 in 1 sec, and
stored energy is approximately 300 kJ. The
conductor is a Figh copper-superconductor ratio,
mixed matrix .aterial developed for this appli-
cation. [In this paper we present 2 mechanical
design whicn uses distributed reinforcement to
support a self-ventilating braid conducr
Using this design, it has been possidle .
obiain 2 high overall current density and a Tow
heat flux in a fully normal zome. In order for
the stress to be kept within acceptable limits
in the reinforcing material, a prograswmed
winding tension schedule has been calculated.
The deflection, stress, and strain of the
windings are predicted using the STANS(L-II
computer code.

7.4 [INSTR'MENTATION AND DATA ACTY' ..TIOM

A small-scale effort in testing instrumen-
tation for magnet testing in LCSTF and LCPYF
continued through 1977, In addition, a data
acquisition system for coil testing (based on 3
PDP 11/60 minicomputer) was designed and pur-
chased, and work on software development was
begun.

Platinum-tungsten strain gages were tested
in fields up to 7.5 T and were found tc have an
acceptably low magnetoresistance; this, together
with their low temperature coefficient of re-
sistance, makes them good candidates for magnet
strain measurement.

A second prototype voltage tap signal
conditioning unit, capable of amplifying and
compensating inductive signal components in
millis0lt signals superimposed on a 2000-V
cosmon mode background, was breadbcarded and
bench tested. The first prototype has unaccept-
ably large phase shifts.
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A double shielded transformer isolatior
schese for strain gages and other transducers on
or near high potential surfaces {i.e., the
windings of ar LCP magnet during a quench) was
under development in 1977. The system is
designed for use with stranded carrier aspli-
fiers.

Deflection measurements were made on three
of the TF coils of [SX during the magnet system
test using two devices developed in the magnet
program. The measured deflections agreed well
with the valves gredicted by finite element
stress amalysis.

Finaily, a significant part of the instru-
mentation effort was dedicated to monitoring and
review of the instrumentation efforts of the
three large coil contractors.

7.5 LARGE COIL SEGMENT

7.5.1 Test Facility

LCSTF is a facility for testing supercon-
ducting "segment coils™ — coils nearly as large
in diameter as the coil for LCP and with the
same transport curvent (10-15 kR), but with
approximately one-tenth of the cross section and
less than one-tenth 2s much superconductor.
Since the self-field of the segment coils is low
{about 1 T), four superconducting niobium-tin,
tape-wound coils salvaged from the INP f-cility
are used to produce 2 maximm total field of
7.5 T over a 60-cm length of the test coil
In addition to the background coil
and support structure, the facility includes a
large vacuum chamber (the old ORMAK vacuum
vessel with m. .ifications), vacuum purps and
valves, Yiquid helium and nitrogen supply lines,
an LN,-cooled cold wall, vapor-cooled current
Jeads, buswork, dump circuits, a diamostic ang
control system, and miscellaneous utilities.

At the end of November 1977, the project
w3s placed on a hold status because of lack of
funding. At this time, costs were within
projected levels, and the project was on schedule

windings .
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for a completion date of July 1972, Censtruction
for various parts of LCSTF was in various states
of camletion; overzll, about 95 of the enqgi-
neering design was finished and asproximately
20% of the fabiication was complete. Major
procurement for LCSTF was abou? 25: complete.
The revised schedule for LCSTF, assuming
that work on the project resumes 2t the start of
FY 1979, calls for completion in June 1979,

7.5.2 Segment Fabrication

The bobbin for the first coil wes fabri-
cated 2nd delivered along with the talance of
the steel case, which will be welded to form the
entire coil case after winding. [nsulation
saterial, epoxy fiberglass. Zapton, and epoxy
were purchased and received. Detail design of
the first coil, including instrumentation, was
completed. Practice winding, including insula-
tion insertion, was initiated.

7.5.3 Design of a 3-m, 7.5-T Superconducting

Segoent Test Facility::

Thc desian of a test facility for so-called
seqrent coils is descrited. The segnents are
D- or oval-shaped test coils, up to 3 m in major
dianeter, and can heve 2 maximun winding cross
section of 14-cm axial lenqgth and 30-cm radial
build, which is approxirately one-tenth that of
a coil for ¢CP. A backqground field of 6 T,
which when added to the 1.5 T available from the
seqment self-field yields a peak total field of
7.5 T in tre sequment, is produced by a <et of
nicbium-tin, tape-wound dipole magnets mounted
on either side af the teit seqment and caoled
with boiling helium. The high field region is
approximately 30 aw i+ lcngth and is centered in
the straight or largest radius portion of the
test coil. The test coil and backgrourd field
¢1ils are suspended with 3 hor rontal axis
orfentation in a vacuum vessel with a liquid
nitrogen-cooled liner to provide thermal iso-
tation.

The first segment coil to be tested in the
facility will be wound from a cryostable con-
ductor rated at 1C kA at § T and will be cooled
by bailing helium. When combined with a helium
curp loop, the facility is desianed to provide
essential design data on the stability of high
current {12-15 kA)} conductors of the LCP-TNS
generaticn in an environment which simulates the
cryogenics and heat transfer aspects of a
tokamak TF coil (including horizontal axis, long
canling channeis, transverse convection effects,
and asymietric field distribution}.

The magnetic analysis, facility descrip-
tion, and structural, cryogenic, instrumentation
and control, power supply, and coil protection
systems designs are describeg.

7.6 COIL FRBRICATION DEVELOPMERT

Sore tizme wag cpent in the early part of
the year relocating the large coil winding
facility in the large bay area of Bldg. 9204-".
Alterations and additions were made in some cf
the equipment fo improve its performance. Three
types of conductor have been used for practice
winding on 0-shaped bobbins. One conductor with
square copper strands, spiral wrapped around a
he.vy stainless steel ribbon, almost exactly
duplicates the superconductor to be used in the
first LCS coil. The design and winding tech-
niques are substantially in hand for winding the
LCS coil when the superconductor arrives.
Subsequent LCS coils will have jackets wrapped
around them 2qad be cooled oy forced flow.

In othe r coil development work, several
small test coils were fabricated for pulsed coil
investigations and conductor stability experi-
ments. Also o spliceless pancake winding Scheme
was demonstrated by fabricating a four-pancake
prototype coil. Pancake-wound coils have
certein fabrication advantages over layer-wound
coils if numerous splices can be avoided. They
may also withstand magnetic forces well, and for
some applications cooling methods may be better
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and more reliable. Parts for winding a 10-
pancake coil (76-tm bore) have been made and are
ready to wind.

Some coil winding innovations developed at
ORNL are attractive to the LCP coniractors.
General Electric plans to fabricate its couil
using almost the .ome kind of equipment that was
developed for winding the LCS coils. The con-
ductor, insuvlations, and design of their windings
can hardly be distinguished from the first L(S
coil. Westinghouse has wound a2 small prutotype
D-shaped coil that demonstrates the feasibility
of the spliceless winding method using its Nb.Sa
conductor. Also, 2 suggestion for simplifying
and reducing the expense of fabricating end-of-
layer splices will probably be adopted by
General Dynamics.

7.6.1 Superconducting Coil Fabrication
Development at ORNL!? -

Superconducting coils may be essential for
minimizing power consumption in very large
magnet systems. In fusion devices, the require-
ments vary over 3 wide range. Some coils will
be operated at steady state and will have un-
symmetrical shapes, while other coils will be
pulsed. Furthermore, many test coils will be
neeed for experimental purposes.

A large coil winding facility (>2-m 0D) is
devoted to developing equipment for winding
steady-state TF coils having D or oval shapes.
Some activities for this facility are discussed.

Rovel techniques have been developed for
winding spliceless pancakes that may have
immediate applications for pulsed PF coils. The
concept is also applicable for many other coils,
including room temperature coils and coils with
odd shapes.

Also, 3 unique method of winding small TF
trs¢ coils has been developed. This method of
winding suggests possibilities for remote
winding of coils, which may be useful in fusion
devices.

In all superconducting coils, the windings
must be securely supported against magnetic
forces and conductor motion that could cause
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frictiona: heating. It is important that suf-
ficient space be reserved to maintain adequate
liquid helium cooling. - & bonus for any coil is
to keep the number of éplices to a minimm. The
selection of suitable superconductors an? 3iruc-
tural materials is a continving concern, but

the emphasis of this work is on the development
of fabrication methods.

7.7 CRYOGENICS AND REFRIGERATION

7.7.1 Helium Liquefier and Refrigerator

The 3.5-K helium refrigerator/liquefier is
being purchased to supply helium coolant in
supoort of the LCPTF, the LCSIF, and other
experiments where the use of a closed cycle
helium refrigerator is cost effective. The
refrigerator has a nominal capacity of 866 W and
125 liters/hr of LHe at 3.5 X,

A1l components of hardware have been
delivered to ORNL including tre helium com-
pressor, the coldbox, the -ontrol panel, and all
spare parts for the compressor and the gas
bearing expansion turbine. All detailed designs
for construction have been completed by the
architect-engineer, approved by UCC-ND.

7.7.2 Helium Pump Development

The LCPTF requires a method to pump helium
through the maqgnets cooled by the forced flow of
supercritical subcooled helium. The use of a
cold helium pump is the preferred method of
force flowing the helium through the coils. A
single-stage, preprototypical piston pump has
been obtained from Gardner Cryogenics Company
for test and evaluation purposes. This pump has
& variable flow capacity of frum 4 to 20 g/sec
and can develop a head of +3 atm. The unit is
designed to pump single-phase supercritical and
subcooled helium with 3 suction pressure »2.5 atm,
A pump test assembly has been designed for
costing purposes. The loop is designed to
operate either as a closed 'oop isolated from
the refrigerator by 3 heifum beiler or as part
of the refrigerator circulating system, The




loop will contain a calorimeter for flow cali-
bration of the pump and of flow meters for LCPTF
that are located in series with the pump flow.
Heat exchangers, thermocouplers, and pressure
transducers will be located to permit measure-
vent of mass pump efficiency.

7.7.3 The Helium Liquefier-Refrigerator
and Distritution System for the
targe Cril Program Test Facilityl®

The LCP has tne objectives of obtaining and
testing superconducting magnets of a size and in
an environment that demonstrate feasibility of
application for TNS. These magnets are to be in
a3 toroidal array which may include from one to
six magnets and are to be cooled by either pool
boiling or forced convection of helium. The
toroidal array will be housed in a large vecuum
vessel measuring about 11 m in diameter and 11 m
high. The magnets will be modified [-shaped
coils and will have a bore of 2.5 by 2.5 m.

The program objectives require a versatile
and sophisticated liquid helium supply and
cryogenic distribution sys®=: to .neet the test
The liquid helium suiply system
consists of a high pressure gas storage system; a
1050-kW, twy -stage compressor; a refrigerator
toldbox capable of delivering helium at two
thermodynamic siates; and a 19,000-1iter helium
storage dewar with the associated piping and
controls. The refrigerator built by CTI is
designed to supply the experimentai’ load with
either supercritical helium at temperatures to
~3.5 K or as saturated liquid down to ~3.5 K.
The compressor system is an oil-flooded rotary
screw unit capable of operating to 0.5-atm
suction pressure. The first and second compres-
sion stage sizes are 300 kW and 750 kW, respec-
tively, and they mdy be used either {ndependently
or in tandem. The features of the refrigerator-
Jiquefier are described in this proer. The
features of the helfum distribution system and
cryogenic systems ave described in Sect. 7.7.4.

requirements.
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7.7.4 The Helium Distribution System
for the Large Coil Program Test
Facility {(LCPTF)!S

The nelium distribution system of the 'arge
Coil Program Test Facility is designed to estab-
Jish and maintain the thermal enviromment of the
toroidal array of superconducting magnets
throughout the initial test and evaluation period
of the test prograa.

Tre refrigeration and liquefaction require-
ments for the LCPTF will be discussed including
both the usual cooidown, lead cooling, thermal
conduction and radiation and Joule heatin;
losses, and the unusual losses due to simulated
nuclear heating, magnetic coupling losses dve to
the transient fields of the driving magnets, and
pumping losses due to fluid resistance and pump
inefficiency.

The flow system is designed with separate
cooldown and steady-state flow systems, and to
simultaneously circulate helium under steady-
state conditions through coils cooled by boiling
liquid or supercritical helium at ~4.0 K and
>2.5-atm pressure. Separate helium storage
dewars are utilized for vapor cooling of the
current leads to the magnets, with the effluent
gas being stored after compression in high
pressure storage tanks. The flow diagram will be
presented in simplified form to show the salient
features of the cryogenic system.

7.8 STRUCTURAL ANALYSIS AND MATERIAL EVALUATION

7.8.1 Material Evaluation

The first experimental phase of investiga-
tion to determine the effect of jrradiation
damage on organic electrical insulators at liquid
helium temperatures has been completed,

Involvement continued in support of local
projects such as LCP and LCS in selecting appro-
priate materials and fabrication technology.
Participation in external liafson activities for
OFE such as the DOE/OFE Task Group on Special



Purpose Materials continued, along with an
expanded irvolvement with NBS (Br:lder, Colorade)
in their work for NOtL/OFE.

Mechanical testing wa> nerfurmed on the
behavi.r of the superconcuctur o be used in the
ORPUS-III pulse coil experiment, and preparation
was made to test LLS/LCP prototype conducters.

Interactions Between Conductor Strain and

0t! =~ Magnct System Design Parcmeters!s

A simple closr:d form electromechanical
analysis of a (f .oil is used to calculate
current density in the conductor pius coolant
(Jcon) and fraction of che cross section allotted
to structure (Ast) as functions of important.
machine parameters, irciuding the Young's modulus
of the structural material, allowable elastic
strain, system aspect ratio, major radius, and
maximum field. The analysis is used to assess
trade-offs between conductor strain and other
machine p~rameters and to identify ways in which
strain tolerant superconduc*c. can increase
flexibility in the system as a whole. Buth Jcon
and Ast are regarded as figures indicating
feasibility of a particulay set of mag.et param-
eters. In particular, high strair ccnductors
allow the use of less stiff structural maierials
(aluminum alloys rather than stainless steei, for
example). High strain conductors also signifi-
cantly impact attainable field and usable aspect
ratio. The analysis allows straightforward
caleculations of the manner in which the system .s
affected when parameters are varied.

Mechan.cal Characterization of Selected
Adhesives and Bulk Materials at Liquid
Nitrogen and Room Teiperatures!”

This paper presents the results of a series
of mechinical tests on selected adhesives and
bulk materials. The materials tested are of
general interest to designers of magnets for
cryogenic service and include several epoxies, a
varnish, a B-stage qlass cloth, insulation
napers, and  mmercially available fiher rein-

~iorced compasites. These tests were performed at

vaom tempersiare (293 ) and 3t liquid nitrogen
|

“emperature {77 ¥) and include bath simple
tension tests and lap shear tusts with various

adherends. The parametars criti. «1 to tensile or

bond strenath werz var‘ed as part of the test
program. The procedures used to manufacture ¢nd

test these .pecimens and the results of the tests

are reportea in this paper.

7.8.2 Structural Analys.s

Much work has been previously reported on

the "best" shape for TF coils for tokamaks.
W. H. Gray has derived a new coil shape based on
a shell approcch. The resulting coil shape
approaches a circle quite closely for aspect
ratios currently under consideration. This
concep: would re ult in a very efficient struc-
ture for the resi-’ance of out-of-plane loading
f TF coils. Additional investigations of this
concept are being plannea. .

As part of the joint U.S.A./U.S.S.R. scien-
tific exchange in fusion, 2 <eries of calcula-
tions was made on the TF coilc for the U.5.S.R.
T-10* over a period of three weekS. The ORNL
staff interacted with Ors. Churakov and ¥limenko
to produce cesults for circular and oval TF coils
under norma: and perturbed field conditions.
During a similar exchange, T. E. Shannon of ORNL
Engineering was told while in the U.S.S.R. that
the work done by ORNL was highly appreciated and
quite useful.

A new approach was deveioped for the anal-
ysis of magnetoelastic stability., [he meth-
odology developed re<ults in a force/deflection
relationship much like an ordinary stiffne. s
matrix in the finite element method. Work w:s
started to implement this approach into an
analysis code.

Bending Free Toroidal Shells for Tokamak
Fusion Reactors'”

Several guthors have suggested  novel shape
for the TF coils of a tokamak fusion reactor.
Coliectively, these magnet snapes have become
referred to a- the "Princeton D-coil.” This coil
shape can be derived by assuming that for 3 thin

conductor to be in a state of “pure tension, its
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radius of curvature must be proportional to the
toroidal radius. A principal disalvantage of
this derivation is that out-of-plane support, a
necessary feature in the design of a tokamak
fusion raactur, ¥s neglected.

In this paper, a derivation of a bending
free toru.4al shell for a tokamak fusion reactor
is presented. The out-of-plane structure is
considered to be an integral part of the fusion
reactor, and therefore its chape is optimized to
produce a bending free stress distribution. This
shape, which is nearly <ircular for asoect ratios
greater than 2.5, is derived by solving the
eqiilibrium, constitutive, and kinematic re-
latiorships for a uniform toroidal membrane.

This m.mbrane is subjected to a magnetic pressure
which is inverseiy proportional to the square of
the toroidal radius. A ccmparison betwezn this
1 bending free shape and the D-shape is presented.

| ] A Preliminary Structural Analysis of the
 Toroidal Field Coils for T-10M!*

A structural analysi: of the T-10M tokamak
Two TF coil
shapes were propnsed, one oval and the other

circular.
24 coils.

TF coil system ha, been performed

fach TF coil system is compesed of
The oval TF coil system has a Z.4-m
major radius with a minor bore diameter of
2.15 m and a major bore diameter of 3.23 m. The
circular TF coil system has a <.5-m major radius
with a 2.2-m bore diameter. The cross sections
of both TF coil shapes have rectanqular dimen-
sions of 0.4 x 0.26 m with » 0.36- x 0.22-m
winding cavity symmetrically placed within the
cross section.
1.75 MA.
tielg of 3.5 T an axis, 2.4 m from the machine
center line,

This study (a part of the joint U.S.A./
U.5.5.R. scientific exchange) reports the

The current o7 each coil is

Either geometry prodiuces 3 magnetic

results of 2 cooperative investigation to de-
termine whicn TF coil shape opera‘es in a

The scope of the
analysis covers only the in-plane force distri-

minimum stress confiquration,

bution produced by the magnetic Tield.
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the

to the

Based upon the preceding conditions,
oval TF coil shape appears to be superior
circular. Further, the oval TF coil shape in
its present design has a significant safety
margin between working and yield stress under
normal operating conditions. The circular
design, however, is less sensitive G magnetic
field perturbations which may be encountered “n

proof testing.

Magnetoelastic Energy Calculations
for Fi..ite Element Analysis

of Superconductors??®

It nas been shewn that the high current
density and magnetic flux density associated
with superconductors can make the magnetoelastic
energy a significant portion of the total energy
in 3 structural system. The present work offers
2 procedure for evaluating this magnetoelastic
energy for use in the finite element analysis of
the structural dynamics and stahility of the
superconductor. A simple, special case nf the

element matrices is illustrated.

Finite Element Stress Analysis

of Orthotropic Solenoids’®

The mechani~al behavior of superconducting
magnets deviates from isotropy due to their
construction techniques, which involve the
layering of superconductor, insulation, and
soqetimes structural reinforcement within the
windings. This paper describes a finite element
stress analysis which has been extended to
consider the effects of arthotropic material
properties, as well as differential thermal
contraction and spatfally varying magnetic body
forces. The procedure is applicable to all
arbitrarily shaped axisymmetric magnets. A
comparisun between the finite element stress
analysis and in analytical solution for 3 ro-
tationally t.ansversely isotropic solenoid is
presented., Good agreement i5 obtained within

the 1imits of the analytical »olution.




7.8.3 Support Calculations

Personnel and equipment were made available
during the check-out prase of ISX-A to ascertain
the agreement between preaicted and actual
mechanical behavior due to electromagnetic
loads. The clo<e intzraction between the ex-
periment operaiors and Magnetics and Supercon-
ductivity Section personnel with support from
ORNL Eniineerir.- was instrumental in the rapid
startup of this tokamak.

Tre existence of the ison yoke in the ohmic
hecting circuit of ISX results in appreciable
contributions to the magnetic fields, and cal-
cuTations using the ORNL version of RHEL's
GFUN-30 were made to evaluate this effect.
static and transient experimental data were

Both

gathered for comparison purposes. In the course
of these canpérisons the effect of grain orien-
tation in the iron laminations was identified.
In recognition of ihe limitations of the va-
lidity of the GFUN-3D results for this type of
problem, work was begun to establish a tran-
sient/anisotropic saturable material analysis
capability.

Detajled structural analysis was performed
on the LCS background coil support structure and
LCS coil case.

A number of contractor reviews were attended
and documents reviewed in thi< progect. Section
staff assisted in the decision making activity
of the Large Coil Program and performed analyses
of the effects of fringe fields cn ferromagnetic
materials in the vacinity of the LCP facility.

Magnetic Field Computations for [SX
Using GFUN-3D-?

This paper presents a comparison betweer
measured magnetic fields and the magnetic fields
calculated by the three-dimensional computer
program GFUN-3D for ISX, Several iron models
are considered, ranging in sophistication from
50 to 222 tetrahedra iron elements. The effects
of air gaps and the efforts made to simulate
effects of grain orientation and packing factor
are detafled. The results obtained are compared
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with the measured magnetic fields, and expla-
nations are presented to account for the vari-
ations which occur.

Structural Analysis of the Larg: Coil
Segment Test?3

The purpose of the LCS test is to verify
that the present knowledge of superconducting
composite conductors is adequate for decigning
the large coils which are proposed for future
tokamak fusion reactors. Background coils will
be used to impose Figh magnetic fields locally
on 2 test coil to simulate the extermal fields
expected in a8 TF coil configuration. Oue to
offset centerlines between the LCS and the
background coil, large magnetic forces will be
produced and tend to pull the background coils
toward the test coil centerline.

The purpose of this study was to predict
these loads, resulting displacements, .nd
stresses in the LS 2nd background coil support
structure, anc thus (o ensure that an adequate
margin of saf:ty is provided in each structure.
Prediction - f these displacements and stress
patterns is particularly important since these
parameters will be monitored during the test and
used as criteria for higher levels of testing
(i.e., before applying full curreat, measured
stress at lower levels must correlate with
predictions).

7.9 EDDY CURRENT CALCULATIONS

A package of 3-D eddy current code was
developed with the capability to handle calcu-
lations of pulse coils with arbitrary coil shape
and waveform.

The extistence of a surface barrier in a
conductor significantly modifies the flow
pattern of eddy currents. This surfaze effect
is determined by solving a singular 3-D Laplace
equation with Neumann boundary condition.

A local field code has been modified to
include calculation of vector potential due to
circular arc and straight conductors of ract-
angular cross section. One arplication was to




estimate the eddy current-induced Inss and
mechanical loadings in the TNS vacuum tank due
to the simultaneous discharge of three TNS
coils.

The eddy current code development 1ast year
far thin plates was limited to the pulse field
of a ramped dipole. This code has also been
update¢ to handle a fielc¢ due to coils of
arbitrary shape and pulse waveform. -

7.9.1 A Perturdation-Polynomial Expansion
Formulation of 3-D Eddy Current
Problems‘"

A pulsed magnetic field is required in
tokamek fusion machines, but eddy currents
produced by the pulsed field may produce un-
desirable effects (e.g., in the mechanical
loading of the vacuum vessel, heating in the
magnet and structure, and field ripple in the
plasma region). A method was develcped earlier
to calculate the eddy curre:it produced in a thin
object by the linear ramping of a magnetic
dipole. We report here extension of the method
to calculate the eddy current induced in three-
dimensional objec's and by pulse coils of gen-
eral shape. Examples are given.

7.10 DESIGN PROJECTS
7.10.1 EBIR

EBTR magnets are designed to be cryostable
and consistent with present ami near-term tech-
nology. The emphasis in this year's EETR magnet
design was in optimization, improvements, and
more detailed design. Some highiights of the
design are listed below.

Without violating the plasma constraints,
the _oil dimension has been optimized to give
the maximum access space between coils, This
eases the problem of remote handling, divertor
design, and diagnostics. The axial length of
each coil 12 now reduced to 2.1 .,

Conductors are made of monolithic multi-
filamentary NbTi composite with built-up copper
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strips. More copper and shorter slot size are
used in the strip to improve cryostability and
mechanical stability. The peak compressive
stress in the winding is now recduced to 7.6 ksi.

Magnets are circular coils made of tightly
wound pancakes with pool boiling cooling. A
fabrication procedure for coil winding and the
attachment of electrical leads and cryogenic
piping has been worked out. A detailed stress
profile was also computled. Peak stress and
strain in the winding are respectively 19.7 ksi
and 0.11%, both of which are within the design
limit of matevials used.

The cryogenic load is increased to 63.4 ki
at 4.2 K (31.7 MW at 300 X), mainly due to the
new eccentric shield design and the large con-
duction surface area structure support. The
vapor-cooled lead loss is, however, <igaifi-
canily reduced by avoiding coil segmenw. tion.

A flexible electrical connection scheme was
adopted. Coils are discharged in different ways
according to whether the discharge is normal, a
quench, or a lead/conductor failure. The out-
of-plane load during quench is minimized by
reconnecting coils via switching into groups
which interleave wit'. each other.

Toroidal Magnet System Conceptual De. ign
for the ELMO Bumpy Yorus Reactor2®

The EBTR is a fusion reactor device based
on the concept of toroid3lly linked mirrors, To
minimize engineering uncertainties, the EBTR
superconducting magnet system is designed so
that it could be built with existing or near-
term technology. The design uses identical
cofls in standard modsles, thus facilitating
commercialization. The reference design uses 48
modules and produces 4000 MW(th).

Each of the 48 TF coils has an inner radius
of 2.95 m, axial length of 2.6 m, and current
density in the winding of 1.6 kA/cm?. The coils
produce a8 peak field of 4.5 T along the plasma
center line, a mirror ratio of 1.8, and a peak
field in the winding of 7.3 T. All coils are



circular in shape, with pancake-wound construc-
tion and natural convection pool bailing cooling.
ERTP is expested to operate in steady state, and
the TF coils are not c=xposed to pui.ed fields.
Cryostability of the magnet is achieved by
tuilding up monolithic multifilamentary NbTi
composite with formad copper strips. The copper
strips are punched with slots to increase “he
wetted surface area and to improve coolant
circulation. A high nerating current (25 k&)
was chosen to Fold the rerminal voltage during
Aischarge to ¢ k¥, and four conductors are wound
in parailel to maintain a reasonably small
conductor and large heat transfer surface. The
four conductors are interleaved in a2 spiral
fashion such that inductances are equalized and
the total current is evenly disided between
conductors. The design provices 35% helium
space, interconnected helivs passares with a
minimum cross-sectional dimen:ian of 0.25 cm,
and a surface heat flux of 0.14 W/c® when the
entire current is in the stabilizer. Quench
detection is based on voltage taps, with pickup
coils on the current leads of all power supplies
to compensate the inductive voltages and leave
only the resistive component. Eight consecutive
magnets are charged with a single power supply.
Each coil is individually protected by an ex-
ternal dump resistor, which is switched into the
circuit on the detection of a quench in any

coil.

7.10.2 NS

In the ORNL/Westinghouse TNS effort, our
role was to provide program guidance and con-
sultation and to review the technical work done
at Westinghouse. In addition to this, the work
on fron cores for large tokamak devices was
begun as an alternative to the afr core systems
used in most large-scale tokamdk studies. It
appedrs at this time that the iron core system
will allow design simplification and reduce the
power requirements for the poloidal systems,

f Comparisen Between an Air Core

angd 2n Iron Core Onmic Heating
Syster for The Next Step ®

Canceptual studies of £P2 and TNS tokamak
devices have shown tnat air core paloidal coil
systems are exgensive and ray require the
development of large superconducting pulz:
ragnets; development of reliaule, lo~. crst, high
power switches; and power supply options in
addition to large SCR systems. These studies
indicate that a considerable fraction of tae
total capital cost of the device will be in the
power supplies and magnets of the poloidal coil
system. The migh cost of these systems is due
*0 the very large power required to initiate the
plasma and the smaller, but still large, power
required in the OH system to establish plasma
current. There is considerable werk being done
on . ternative ways to initiate the plasma with
lower power requirements, such as sma , radius
startup, closely coupled equilibrium coil.
micrawave heating.

and
This paper considers ini-
tiating the plasma with a high voltage induced
by the OH sy<tem.

Another way to reduce the required power
that ray be used with all of the options just
mentioned is %0 use an irom core that forms
a complete magnetic circuit around the plasma.
Smaller tokamak devices such as ORMAK, ISX, and
TEXT use an iron rore to improve the coupling
between the plasma and the PF magnets, and a
The
FCT concepts put forward by ORNL allow devices

saturated iron core is proposed for JET.

to be built with aspect ratios on the order of
fuur to five, which leaves considerable space in
the bore of the device for an iron core to be
operated in a less saturated state than in the
JET proposal.

The purpose of this paper is tn compar: tne
costs of the major ccmponents of ¢n air core and
iron core OH system, The comparison will be
done for the OH system by replacing the air core
Ox magnets with & set of magnets to operate an




iron core. Bota air and iron core systems will
be operated in the same mode, i.e., they will be
required to suppiy the same volt-seconds or the
same schedule 3nd will use the same equilibrium
field coi? system. (The comparison is not
between two optimized systems but between two
syste 5 which differ only in the type of Ok
system they use.) The comparison will be made

. on the basis of the peak powe. reguired in the
OH power supply circu’ts necessary for initi-
ation of the plasma and on the basis of the peak
store zagnetic erergy.

7.10.3 EBTI-S

It is desired to test the effect on the
plasma of changing the torus aspect ratio of the
existing EBT-S machine without changing the
major radius. This can be simulated by adding 1
set of ARE coils. By adjusting the current in
the ARE coils, one can change the field config-
Jgration and thus the apparent aspect ratio of
the torus, although the design options are
restricted because EBT was constructed before
the ARE coil concept was conceived. Several
arrangements and shapes ." magnets have been-
investigatc ! and the most promising one chosen,
The magnetic Jesign of a pair of copper canted
ARE coils w.iide each of the 24 microwave
cavities is nearing completion, but problems of
spatial interference still exist.

7.10.4 EBT-II, EBT-1IA

The mirror coil magnetic design was done
for several EBT-I[ models as tha requirements
were refined. Several months ago the magnetic
design had been modified so that the mirror
cofls appeared to be just within the state of
the art for supercconducting solencids. Now
£8T-11 s to have ARE coils and have its name
changed to £8T-11A. This magnet syskem composed
of both nirror and ARE coils appears to be much
more gifficult, and the entire magnet system fs
being reconsidered. The new problems include
asymmetric loading on the mirror coills, jreater
difficulty in reducing field errors io 2 minimym,

| |
| I
| |
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restricted access to the machine becauce of the
presence of the ARE coils, and more complicated
rachine asscmbiy; furthermore, if the ARE coils
are resistive, their design will be limited by
their power consumption and there will be a
requirement to restrain mawmetic forces between
coils at cryogenic and r

The coil parameters for one version are
Tisted in Table 7.1 and the refrigeration loads
in Table 7.2. A more complete description of
ERLT-II is presented el ewhere in this annual
report.

teaperatures.

Table 7.1. EBT-II magnet dimensions
Number of coils (N) 48
Major radius of torus (Ro) 4.88 m
Kirror ratio (M) 2,249
Magnet coil inner radius (A;) 0.176 m
Magret coil outer radius (A;) 0.275 m
Total coil width (B) 0.213 m
Curvent (I) 1500 A
Current density (J) 9500 A/cm?

Table 7.2. Sumary of EBT-II refrigeration

requirements

Liquefaction requirement

Tead cooling (4.2-300 K) 202 Viters/hr

Refrigeration required at 3.5-K helijum (W)

Joint resistance (3 per coil) 4
Tnerma| radiation (pipes and
valves) 400
Gamma radiatio.. losses 50
St~ ~tural supports 35
Instrument leads 30
2520 W

Incl.aing 50% contirgency, 300 liters/hr
vefrigeration 1sad is 750 W

Nitrogen requirements (steady state)

Cold wall temperature cooling 760 W (18
1iters/nr)
Conduction losses 200 W
(6 liters/hr)

«~efrigerator orecooling

Total LN, usage with con-

tingency (487 Viters/nr)




7.10.5 Large Coil Program

The Large Coil Program was established by
DMFE early in 1976 as the central element of the
U.S. program for the development of supercon-
The
objectives and rationale of the LCP are de-

ducting toroidal magnets for tokamaks.

scribed briefly in last year's annual report?”
and more fully in the Plan {on the lange Coil
Pregram.?®  [n 1977 the program contracted with
three industrial teams to design and constiuct
three different tokamak-relevant test coils.
These will be assembled (with three coils to be
procured later) in the Large Coil Test Facility
at ORNL and fully tested to determine and demon-
strate their operational characteristics. With
the exception of plasma effects, every aspect of
the tokamak TF coils and their environment will
be either reproduced, approximated, or simu-
lated.

Requirements for the test coils, based
originally on EPR studies and later on TNS
studiec at ORNL and elsewhere, were incorporated
in technical specifications that were issued in
January 1978. The first column of Table 7.3
liste major items of interest for THS coils.

The second shows the consensus values of these
parameters where the various THS studies were in
agreement, and a range otherwise. The third
column shows the requirements of the LCP coil
specifications. The difference in bore between
the listed TNS and the LCP requirements js a
factor of two, which was considered by the LCP,
DMFE, and their advisory panels as being a
reasonably sized scaling step to be made after
LCP results were known. The conductor and
winding cross section are full-size, and current
density is the same as in TNS concepts. The
peak field of 8 T at the conductor in the LCP
specification was chosen as being the largest
step that could be prudently taken from the
existing state of the art (near the upper limit
with NbTi at 4.2 K). Use of either NbTi or
Nb;Sn conductor was allowed in order to en-
courage development of the latter, which is
capable of higher fields but is less widely
used. {In anticipation of later procurement and
testing of higher field cofls, the LCTF design
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was required to be adaptable for tests up to
12-T peak field.] The chaice of pulsed field
for the LCP tests was necessarily a compromise,
since predictions of pulsed field to which TNS
coils will be exposed vary by an order of mag-
The LCP
value of 0.14 T/sec is roughly at the loga-

nitude depending on the tokamak design.

rithmic midpoint of the range.

Proposals for the ~ ceptual design, de-
tailed design, verific-
struction necessary for the production of an LCP

. testing, and con-

test coil were received in February 1978 from
five industrial teams. The proposals were
judged by a panel of specialists on the basis of
a preexisting set of criteria and weighting
factors. The successful proposals were sub-
mitted by General Dynamics/Convair Division,
supported by Interwmagnetics General Corporation
and Magnetic Engineering Associates; General
Electric, supported by Intermagn~tics General
Corporation and Chicago Bridge and [ron Nuclear
Company; and Westinghouse Electric Company,
supported by Airco. Although all three teams
are working to the same set of performance
specifications, these specifications delib-
erately avoided foreclosing the contractor’s
design options in the expectation that the LCP
coils would addiess a variety of promising
design approaches. That this was successful is
shown by Table 7.4, which compares the major
design features of the three conceptual desiqgns.
Originally the Westinghouse reference design
used NbTi, with Nb;Sn as an alternate. Westing-
house was subsequently instructed to proceed
with the alternate. Fuller descriptions of the
conceptual designs of the three coils and the
LCTF are given in the twelve pa, 2rs comprising
Session 0 of the Seventh Symposium on Engireer-
fng Problems of Fusion Research, Knoxville,
Tennessee, October 25-28, 1977.27

A1l three industrial teams completec con-
ceptual designs in 1977 and began verification
testing of key features. Each also prepared a
detailed schedule, revised from the original
proposal to account for anticipated funding
constraints., ODelivery dates were thereby
shifted from 1979 to 1980 and 1981. (Part of
the stretch-out of the Westinghouse schedule was




Table 7.3.
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Test coil specifications 2im at TNS requirements

TNS requirement

LCP specification

Shape Minimum bending D or oval Minimum bending D or slight
modification

Size “S5x7Tn 2.5x 3.5m

field distritution Toroidal array with low aspect ratio Toroidal array #ith low
aspect ratio

Pe2k toroidal field 8-12 71T 87

Ampere-turns ~7 x 10¢ ~7 x 10¢ (implied)

Conductor current 10-15 kA 10-15 kA

Pulsed field 0.05-9.5 T/sec 0.14 T/sec

Stability Cryostable Cryostable (recovery from
half-turm normalcy is a
wminimm requirement)

Cooling Helium, either pool boiling or Helium, either pool boiling

forced flow
Up to B8 x 10°" W/cm® (actual)

or forced flow

Up to 8 x 107" W/cm?
(simulated)

Assume 5 x 10!€ neutrons/cm?

Radiation heating

Radiation damage 4 x 10!€ neutrons/am? (E < 0.1 MeV)

6 x 106 rad in stability analysis
(not in test), 1 x 107 rad
in insulation selection
Cooldown time 129 hr - 120 hr
Warmup tir. 60 hr 60 hr .
Design life 10 years, including 10° pulse field 10 years, including 50
cycles thermal cycles, 00
charging cycles, > x 10%
pulse field applicatiions,
and operation in alternate
modes for testing
Table 7.4. LCP test coil concepts
Design General Dynamics/Convair General Eiectric Westinghouse
Conductor material NbTi NbTi Nb2Sn
Helium conditions Pool boiling, 4.2 K Pool boiling, 4.2 K Suﬁrcr}téul forced
ow 4-6 K

Cable soldered in extended
surface stabflizer,

Conductor subelements
spiralled around

Winding concept Compacted cable in

conduit wound fn

Vayer wound stainless steel spiral grooves
strip, pancake in pancake plates
wound

Structure concept Coil case Coil case Plates bolted

together

Structural material Type 304L stainless steel Type 316LN stainless Aluminum 2219-T87

steel
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associated with the change from > Ti to Bb:Sn which will be located irside an 11-m [35-ft)
tonductor, which involved additional develop- cylindrical vacuum vessel to provide thermal
| meat.) isolation. A conceptual desigr of the cormplete
As described in last year's progress facility including 21l support systens (ta be
report, a six-coil compact torus was chosen located in Building 3204-1, Y-12 Plant; was
as the optimum arrangement for coil testing. completed, cost estimates were made, 2nd a major
{Fewer coils can be tested by the use of project proposal was submitted tn DMFE. Ap-
spacers.) Figure 7.1 shows the test stand, proval was given for ccnstruction of those
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portions of the facility required for testing
three coils, with the understanding that the
additional eguipment for testing 5ix colls in
pulsed fields would be approved later, $peci-
fications were prepared ani 2 contract was
competitively awarded for design and construc-
tion of the large vacuum vessel. Part of the
stainlass steel plate for the vessel was also
procured.
Through the International Energy Agency an
_ implementing agreement for a program of research
and development on superconducting magnets for
fusian was drawn up and was signed by the U.S
and EURATOM in October. v
agreement provides for annexes, each of which

The implementing

will define a separate task, including the
obligations of the participants to that annex
and information to be shared among the partic-
ipants. The agreement also sets up an executive
comittee composed of 3 representative from each
participant of any annex. The first annex
defines the Large Coil Task, in which the U.S.
will act as operating agent for the LCTF and
each other participant will furnish at least one
coil for testing in the LCTF. The participants
will share specified categories of information
from the manuiScture and testing o™all coils,
Thys the

agreement not only stimulates cross-fertil-

and each will bear its own cost.

ization of ideas and technology but also pro-

vides each participant with detailed informatinn
_on design, manufacture, and performance of

~everal different coils. [t is planned that the
U.S. w#ill supply three coils and other partic-
ipants one each, (In addition to EURATOM, Japan
and Switzerland expressed their intentions of

participating.)

The Magnetics and Superconductivity Section
assisted the LCP as called upon by providing
analytical tools, computational sid, techni:al
advice, results of pertinent small-scale experi-
ments, and interaction with the three industrial
subcontractors. The work involved both the test
cofls and the test facility. Particular items
were: presentations concerning the coil speci-
fications at the bidders' conference in January;
aid ‘1 bid evaluations; post-award discussions
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with the successful and unsuccessful bidders;
preparation and revision of the program plan for
the LCP and its presentations to OFE; Phase I
rmidterm and final reviews with each of the
contractors, including joint “splinter group”
meetings with the contractors and posing written
guestions for the contractors' consideration;
particisation in a workshop on structure with
the three contractors; and conducting a workshop
on forced flow conductor testing with Kesting-
house.

Jesign of Superconducting Toroidal Magnet
Coils and Testing Facility in the U.S.A_ %7

The U.S. plans to achieve controlled
ignition of a D-T plasma in a device of the
tokamak type in the next decade. It is required
that reliable and economic superconducting coil
designs be developed and proven in time for
incorporation in this machine. Several different
designs of supcriunducting coils are being
evaluited for use in the toroidal magnet of this
machine, which, according to the designs from
both ORNL and General Atomic Company, will have
approximately 18 TF coils of 5 x 7.5-m hore and
2 total stored energy of about 10 GJ. Part of
the OH and plasma shaping coils are inside the
TF coils, permitting designs with relatively low
pulse fields (cue almost entirely to the ver-
tical plasma positioning field) at the windings
of the TF cnils. [n the U.S. Large Coil Program,
three industrial teams are prasently designing
test coils to general specifications prepared by
OPNL with guidance from DOE. Each test coil is
approximately half the borc size of reactor
coils, s oval- or D-shaped, 2nd has a bore of
2.5 x 3.5 m. The dimensions and operating
requirements are identical for all test coils.
The cofls are designed to produce a peak field
of at least 8 T at the #inding of a selected
coil operated at its design current. This
condition is met when the selected coil is
operated at design current in a compact toroidal
array of six coils, with the other five coils
being nperated at 0.8 of their design current.
The six ¢nils are of three differe, ! designs;



both poal bailing and forced flow designs are
inciuded.
large vacuur chacter fgr econsmy and testing

The coils are housed in a sinqgle
convenience. hAuxiliary coils provide a p:lse

This
auxiliary system is designed to produce a pulse
field which rises to a peak of 0.14 T in 1 sec.

field over the test coil winding valume.

With the exception of material damage due to
neutron irradiation, all reactor requirements
and environments will be either duplicated,

approximated, or simulated. The test facility
is being designed ta accept coils producing up

te 12 T in laier pnases of the program.

7.10.6 Magnetic Field Codes

When a number of magretic systems must be
investigated guickly, it is desirable to have a’
set of magnetic field codes that operate from a
unified data base (UDB).
collection of data sets used by each code in the

The UD3 is a single
system. This is important because the sam ta
ysed to produce the 3-D plots of the magnet
configuration (to check input magnet system
geometry visually) are also used to calculate
the field and forces.
and noncircular coils to be mixed in the same
magnetic system,

The code 21lows solenoids

The syite of codes provides
the following features (at this time the system
cannot han ‘'e problems with iron):

+ 3-D plots of magnet configurations (hidden
lines removed),

- magnetic field and force calculations,

= 2-D and 3-D flux line plots, and

» nade and element generition of magnet
windings for finite element structural
analysis.

7.10.7 Superconducting Magnet Development

The tokamak is a toroidal plasma machine
which §s the main 1ine approach of DOE/OFE to
obtain controlled thermonuclear power. Experf-
mental power reactors based on tokamaks have
been designed by ORNL and others. All use
syperconducting toroida} dc magnetic field
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systens (plasma confinement), and many also use
superconducting paloidal puls=d field systems
(plasra ohmic heating and shaping). The Next
Step in the U.5. Fusion Program precedes the EPR
end is an ignition trst reactor which will also
employ superconducting magnet systems. The
present state of tne art and rate of technolog-
ical progress of superconducting magnet tech-
nology will be compared with the requirements of
the next generation of fusion machines in order
tc provide 2 basis for evaluating the scope of
the needed development program. A develops.-nt
pragram is under way to provide the physics
understanding and engineering data necessary to
design, fabricate, and test large supercon-
ducting magnct systems which will serve as model
systems. The required TNS confining field
system is a toroidal array of 14 to 20 id.ntical
coils having an average bore of 5 to 7 m and
operating at a maximum field ¢f 8 to 12 T. The
magnetic force on each coil tending to push it
to the torus axis is extremely large, and be-
cause of the superimposed pulsed fields of the
OH and vertical field systems, the gut-of-plane
forces tending to warp and tilt the coil are
also significant. The pulsed fields also pro-
duce ac losses in the conductor and structure,
appreciably influencing the coil design and the
The pulsed
field magnet systems are arrays of nonidentical

required refrigeration capacity.

coils having the torus major axis as their axis
of symmetry, with the bulk of the amp-turns in a
central solenoid about 3 to 5 m in diameter and
producing a maximum field of about 5 T changing
at a rate of 5 T/sec. Even though the pulse
systems are axisymmetric, the coils outside the
central solencid are subjected to bending loads
due to the presence of the TF coils., Because
the coi] bores, stored energy, and rate and
amplitude of the field change are all large, the
challenge of the pulsed coil system, particu-
larly with respect to power supplies, structure
(probably nonmetallic), and stability (pref-
erably cryostatic), may be even greater than for
the TF system. For all tokamak cofl systems,
the large stored energy, inductively coupled
magnets, and the need for long-term, relfable




performance and safe discharge provide a chal-
lenge to the designer of the protection system.
Decisions for the coil designer include:
superconductor material — KbTi or Nb:Sn; con-
ductor contmuration — monclithic or cable;
helium coolant condition — boiling, supercrit-
ical, or superflyid; helium circulation —
natural convection or forced flow; type of
winding ~ layer or pancake; structural mate-
rial — metallic or nonmetallic; structyral
reinforcement — distributed or lumped; and, for
the toroidal coils, shape of coil -~ modified D
or oval. The final choices can be verified and
the design optimized only after much testing at
a significant size, but the existence of viable
options provides optimism that the program will
be successful.

7.10.8 Development of Superconducting Magnet
Systems for Fusion Power Generators3”

Of the many concepts of magnetic confine-
ment being pursued at the present time, the
tokamak fusion machine is the most promising for
extrapoiation to a8 p.wer producing reactor. The
recent conceptual design studies on tokamak
experimental power reactors by ORNL and others
have led for the first time to a fairly clear
understanding of the requirements for both the
toroidal (or confining) and poloidal (or plasma
heating) magaat systems.

It has been generally acknowledged that the
TF system and most, if not all, of the PF system
will have to employ superconducting windings if
net power is to be obtained economically from a
thermonuclear reactor. Now it is recoqnized
that large superconducting magnet - stems must
be developed for TNS, a D-T ignition test
reactor. In order to provide a basis for
evaluating the scr e of the needed development
program, both the rate of technological advance-
ment and the present state of the art of super-
conducting magnet technology will be compared
with the requirements for TNS. |
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Abstract. The Advanced Systems Program includes

three major activities: (1} the TNS program,
(2) the Fusion Power Demonstration Study, arid
{3) the ELMO Bumpy Torus Reactor (EBTR) Study.
The Next Step (TNS) Program. ine TNS
program estabished by DOE's Office of Fusion
Energy at OPNL in early 1976 has two orincipal

objectives:

(1) to implement in the next decade a fa-
cility with a fusion reactor core that
can be extrapolated to an economically
viable fusion reactor, and

{2) to provide a near-term means of focusing
the efforts of the national fusion pro-
gram .0 achieve the first objectfve.

Quring the FY 1977 period the QOak Ridge TNS
program pursued these objectives through efforts
in three broad areas: plasma engineering,

systems modeling, and program planning.
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Bases vn the findings of the FY 1977
effor s, it has been judijed that continued
activities in the Oak Ridje THI prograr’ should
be directed toward precorreptual detign with
particular em hasis piaced on enqgineering
feasibility. #A- a point of deperture for the
FY 11758 activities we selected a baseline design
hased an the efforts of last year. The baseline
desiqg  represents botk the culmination of the
FY 1977 activity and the starting point for the
FY 1978 preconceptual design activily.

Fusinn Power Demonstration Study. The

major emphasis of the Oak Ridge tusion Power
Demonstration Study in FY 1977 was in the appli-
cation of current and near-term technology as
the most logical path to near-term demonstration
of tokamak ' ision power. In addition we pursued
a number ¢f concepts to simplify the tokamak
re>~tor and thus make it more acceptable to the
utility industry as a future source of energy.
These concepts focus on the areas having the
greatsst overall lwpact un reactor foasibility:
overall size and power output, remote maintenance
considerations, elrctrical power supplies,
vlanket design, and economics.

Two specific recommendations resulting from
the FY 1377 study were sel<sted for an in-depth
design study in FY 1978 to evaluate engineering
feasibility: /1) the design of a blanket system
for a fusion reactor base” un stainless steel ac
the structural materiai, :iquid lithium as the
breeding material, and helium gas as the coolant;
and (2} an eva,uation nf the committad-site.
multiple-ynit concept as a strategy for carrying
cut the various phases of fusion nower demon-
stration. “.e engineering is being subcontracted
to private industry under ORNL management to ge*
outside expertise in power plant technology.

ELMO_Bumpy Torus Reactor (EBTR) Study. The
experimental resuits From EBY have mo;ivated a
cor sideration of the EBT concept as the hasis
This study played a
substantial role over the past sevevai sears in
the development of the EBT concept into a mest
;. umising alternative for fusfon power. Since

the first round o ccnceptual EBT reactor design

for a notential reactor.

in FY 1376, there has been considerable progress
in design improvements whit incorporate in-
creased understanding i -om plasma research.

P power producing EBTR syster is especially
attractive from the viewpoint of reacter design
because of its steady-state oneraton at high
nlasma pressure, its moaular con.truction, its
reiatively large aspect rat.o, and its favorable
geometry for ease of maintenance. On tne basis
of trade-cff studies among the plasma pnysics
requirements and uncertainties, engineering
desiin, and technological capabilities, a self-
consistent set of pla.mc parameters and a range
of mackine characteristics have been obtained.
An economic cvaluation of the EEBTR indicates
that its capital costs are comparable to those

of a tnkamak reactor.

B.1 THE NZAT STEP PROGRAM

TNS, The Next Step after the Tokamak Fusion
Test Reactur, 15 intendea to be a8 reactor core
experir -nt forcing fusion {echnology. In order
to - e our TNS program in perspective, it is
vs2ful to consider the evolution .¢ our advanced
systems .'wdies. Previous advanced systems
studies started with point designs (CRMK F/BX |
and I1!,! explored the design issues ot the
tokamak'Experimental Power Reactar scoping
studies,” and culminated in an evaluated EPR
WiLn this basis, the TNS
activities were dirocted at characterizing the
design space between TFTR and EPR with a funda-

menta: emphasis on higher beta plasma systems

reference desigi.>

than previously projected, i.e., = ~ 5-10% as
compared with 1-3%2. The orientation tnward
smaller sized, higher beta systems rather than
Jarger sy<tems at the lower beta has come from
an engineering judyment that the larger systems
are both mechanically and economically imprac-
tical. This judgment was quantified in our
Fusion Power Demonstration Study." The charac-
terization of this TFTR-EPR design space hrs
proceeded by plasma engineering investigations
of the dynamics of the higher bcta plasmas and
the requirements or technology of ho»%,ng and




fueling,® by geveloping consistent, feasible
engineering rodels of systems of different size
and magnetic fielg strength,~ and by program
planning studies of the steps required to imple-
ment the designs.’

In the first area, plasma engineering,
early indications were that very stringent
requirements would be placed on physics achieve-
ments (j.e., £ - 10-15Z}, on beam technoloay
{i.e., ~500 keV), on fueling technology (i.e.,
~10,000-m/sec pellet velc_ities to reach the
plasma center), and on 3 large system size.
Rather than pursue these difficult requirements
with even more difficult technolog, development
programs, high risk physics, or high cost solu-
tions, we reexamined the basis for the require-
meats. We found that as more realistic models
of the higher beta plasma are used {specifically
going “~om 0-D to 1-D models with spatial pro-
files), the lower the requirements on achievable
beta, neutral beam energy, and fueling tech-
nology become. Under the constraint of a fixed,
no-divertor TF coil shape, an inncvative design
concepc for a compact poloidal divertor was
developed that may have significant impact on
the options available to plasma engineers. -

In the second area, system modeling, the
principal questions were, "What i5 the cost
variation with size?" and "How does cost depend
upon the TF coil technology used?" Based on
fairly comprehensive engineering molels as
upposed to optimized point designs, curves of
relative cost vs the principal geometric and
operating characteristics have been produced.
With the costing and sizing model,” the cost
sensitivity to any of the assumptions ca. be

Table 8.1.

investigated and modifications made. With
respect to the second question — impact of TF
coil type — the result was that the grincipal
differences between the use of superconducting
and copper coils were those of objectives and
risks, and not cost alone. These differences
and the relative costs for the Cu, Rb;Sn, NbTi,
and a concentric hybrid arrangement of NbTi/Cu
options were roughly as shown in Table 8.1.

With respect to the differences between
N£Ti and Nb:Sn systems, a closer examination of
similar physical devices indicated that the
balance of plant is the dominant factor and that
the choice of coil technologies is of great
concern but as yet has little quantified eco-
nomic impact.

In the third area, program planning,
varicus elements of 2 preliminary program plan
were initiated and identified the central pro-
grammatic guestions. In particular, an assess-
ment of both the genericl® and design specificl?
R3D needs for TNS was made, and recommendations
far more emphasis on existing programs and for
new initiatives were made and documented.
Planning schedules for integration of the TNS
project with the supporting R8D work and the
subsequent reactor devices were developet as
well.i« From this came the findings that plasma
pPhysics and decision making are probably the
true critical paths and that 2 route to achieve-
ment of improved 2ngineering reliability must be
laid out and impiemented for a successful
program.

Based on the findings in these three areas.
it is judged that continued activities in the
Oak Ridge TNS program should be directed toward

Approximate, relative, total plant costs of four systems

with differe~t TF coil options

Coil type Cu

Nb;Sn

NbT+ NbT§/Cu (hybrid)

Approximate relative
cost 1 1.3

Most suitable
objective

Ignitfon alone

Reactor prototype

1.5 ’

!

Reactor prototype
for & » 5%

1.5

Reactor prototype
not dependent
upon Nb;Sn
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has been used in a 0-D study'” to choose a
referynce reactor with the parameters shown in
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frn conclusion, the irpositinn of technology/
econoeice constraints resulted in creative:

isproyerents in plasma engineering riodels:

(rtailed energy deposition calculatione
support the use of existing 150-keV
injection technology, thss providing an
alternative to the pursuit of difficult,
rostly, risky, and time-consuming
500-keV technology.

The inclusion of profiles has redured
beta requirements (Table 8.2),

A compact polnidal divertor concept hds.
been developed within nominal "D" TF

coil qeometry,”
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2.1.2 bLesign Engineering

h neries of parametric trade -tudies was
performed- - to eveluste consistently the rela-
tive costs and performance parameters of (-1
hurning tokamavs ov~r a range of plasma 5t2e5
and TF coil technologies. Four different types
of [F coil technoloqies heve been investifgated:
water-conled copper coils (cailed TNS-1), super-
corducting NbTi (TNS-3) and Nb.Sn (TNS-4) cails,
and a "hybrid" coil arrdangement (TNS-5) con-

sicting of a normal conducting Cu coil nested
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the prignicy parameters, for an iqnitinn device:

empirical caling and trapped particle mode
Lraling.
The major toal used 1n performing these

trade Studies was a corputer code designated
COALT, " written to permit COsting And Sizing of
0-T burning Tokamak 4yitems through detailed
tredtment of all major components of the total

plant.
In these studies, we determined that for

each coil technologqy and plasme beta at ignition
there i5 some minimum cost device at 8 specific
a, Ro' and Bmax (Fig. 8.2). The reasons for the
slight cost difference between NbTi and Nb;Sn
desices are shown in Table 8.3 for & typical
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Table Z.3. Comparison of costs for similar
NbTi + Nb-.Sn devices indicates overwhelming
role of balance of plant

Item NETH NbSn NbTi-Nb;Sn
TF coil cost 85 92 -7
Conductor” 24 37 -13
structure and
dewar 61 55 6
Refrigeratfon
- cost 50 23 21
" "Balance of
T plant” 235 233 2
Total cost (Ms) 370 348 22

9Based on $100/kq for Nb,Sn and $50/kg for NLTY.

macrine with o2 < ! 0 or ;(‘. = f.hm, ang Emal 2
w5 Y. Mote trmat tme TF ot conguctor cost is
Targer tnan n AL Sn, 3t expecled; however, the
TF coti structure ¢ost 1s larger for tne Nbii
tecause ils recial build is larger due to 1is
lewer current gensity imitation. Tne main cost
iter ¢ifference 14 in the ligquid helium refrig-
eration co5ls, which are about twice as high for .
the N7t due o 'ts lower thermal operating
rargin.  The most important finding of this
particular cost comparison, however, is that the
talance of plant overwhelmingly dominates the
tztal cost and mekes the technological differ-
ences belween NoTi and Nb.Sa gnsignifican; from
& cost point of view. :

Representative parameters and costs for
four TNS poinl désiqns- © that achieve ignition
ar an averade hela of 5. are qiven in Table 8.4.
Tre ravimum field at the TF coil for each design
14 about 10-11 T; this would require the KbTi
superconductor to be designed to operate below
4 ¥ and would permit an Nb.Sn design at a modest
rasirun ficld value. 3n NBTT superconducting
desiqn which would operate Qith a maximum field
of 27 at tne Tf coil would require a larger and
more costly size at a @ of 5% or would require
operation at an average beta of ~7.5% in devices
of the size shown in Tahle 3.4.

For a chosen plasma beta operating value,
there seem to be two main conclusions possible
for the best choice for a tokamak TNS, depending
upon the perceived objective of TNS. [If the
main goa) of TNS is to demonstrate ignition with
a minimum of technology development in the
shortest time, then water-cooled Cu coils at
moderate field strengths (10-1" T) and with
moderate physics demand (i.e., ossuming E A 5%)
seem the best choice. [f, on the other hand,
the goal of TNS is, in addition to ignition,
demonstration of the science and technoicgy
required for reactors (i.e., sustained burn --
gynamics, beam power nardiing, and systems
integrated supercanducting coils which woutd = -



Table 28.4. Comparison of representative parameters for four NS point desicns

™HS-1

TF cail conductor Cu
Plasma minor radius, a (m) 1
Plasma major radius, P (m) 4
Plasma elongation, = (-} 1.6
Aspect ratio, A (-) g
Field at TF coil, B (T} 10.4
Field on axis, Bt (1) 5.8
Toroidal beta, £ (x) 5
Plasra current, lp (MA) 4.1
Mean electron density, de (m~:) 1.6 x 104
Mean ion temperature, fi (keV) i3
Energy confinement time, 13 (sec) 1.5
ﬁé'i (m™? sec) 2.4 x 1076
Total volt-sec 41

" Plasma volume, Vp {m*) 126.3
Neutron wall loading (MW/m?) 1.50
Total fusion power (M) 558
Fusion power density (MW/m3) 3.7
Neutral beam power (M) 40
Steady-state burn time {sec) 16
Time’between pulses (sec) 3¢0
JF coil vertical bore {ar) 6.1
TF coil horizontal bore (m) 3.8
Plasma enerqgy/energy con .umed o 0.32
Number of TF coils 20
Cost, building and equiprent (MS) 282.7
kelative cost 1
Annual utility cost (M$S) 4.1

™53 HS-4 ThS-5
bt Nb5n Cu/NbTi
1.2 1.2 |
5.7 5 © 4.5

1.6 1.6 1.€
2.7 1.2 £.5
9.9 10.9 9.7
5.3 5.3 5.3
5 5 5
3.2 .9 1.6
1.3 x 10975 1.3 x 16°¢ 1.6 x 1677
13 13 13
1.8 1.2 1.5
2.4 y 16°° 2.4 x 1G°- 2.4 x 16"
55.2 51.¢ 3.5
259.2 221.6 142.1
1.28 1.28 1.5
795 €98 622
2.6 2.6 3.7
57 54 .
16 1€ 16
300 360 396
7.4 7.6 6.5
5.1 4.9 5.7
0.85 1.5/ 0.51
20 0 20
434.4 383.3 436
1.5 1.34 1.51
!

5.4

extrapolate to a power reactor), then the Mb;Sn
TF coi! devices seem the best choice, at a cost
about 30% higher than for the Cu device. The
Tower field NbTi devices generally result in
larger and more expensive devices, as do the
more comples hybrid KbTi/Cu options, and hence
are not as attractive as the Cu or NbySn. The
choice of Nb3Sn would imply an associated tech-

" nological risk, although the benefits of its

htgher_fie!dfééﬁabi1ity'§nd larger thermal
margin make ‘&{very desirapie for fusion power
reactor applications, Table 8.4 indicates that
the purely superconducting 7F coil cases have

the mdrc favorable energy balances; with the
particular performance parameters chosen to give
minimum cost size, the Nb;Sn case does show more
than breakeven.

Although the quantitative basis for the
selection of Nb;Sn does come from the costing
analysis, the selection process is not a straight-
forward one of miniaizing calculable costs,
Running as a thrcad through these discussions is
the matter of risk.  rnysics performance risk is
minimized by praviding fiecibility and extended
ranges of technological parameters such as
megnetic field, The use of Kb,Sn coils in the




range of 8-11 T with 2 corresgonding range of Tabie =.5. The important cost factors are
demand on - - 10-5: provides 2 margin of reserve many more ‘hn capital cost alone

fieid to be tapped later if required. Techno- . ] b
‘logical or engineering performance risk is Quantifiable tuiiquantifiable
minimized by using experience proven techniques Capitalb cost © Mechanical complexity
with adequate backyp positions. Economic risk Operation cost Technical risk

§5 minizized by operating at the lowest possible Size _ Assembly/maintenance
level of technology that is requived. Program- o fompace™ - © Operational flexibility *
matic risk is minimized by pursuing paths that Schedule Cost/schedule risk

are as widely applicable as possible. The Reactor technology
latter three risks do not appear wminimizable Extrapolatability

sirulteneously. We judge that with tne incen- a T -

tives for NbTi and Rb:Sa equally strong in an_:anu,:ed in present sfu‘_’" i -
reactor applications, for different reasons, and ;:Z:;n:t:::g;s at quantification made in
with BbTi 2nd Mb.Sn technology and coils being CPrincipal targec in present study.
demonstratey in LCP, the choice of Bb.%n is
gﬁppmpria:e for two primary reasons:

3.1.3 Project Flanning -
(1} it provides a larger plasma performance, ’

and Development of a practical means of synthe-
(2} it -avides greater emphasis on develop- sizing and building on the advances made in
ment ~f the Nb:.Sn option within the plasma engineering and desiyn engineering is the
centext of 2 coordinated NbTi and Nb:Sn focus of the TNS planning activity. In develop-
developrent and di.onstration program, ing a8 draft TNS program plan,? we came to three
Clearly t.ese capital cost comparisons rave comlu?ims:
forced us to confront the reel questions - the (1} The pnysics and technology base does exist
choice of objectives {i.e., "ignition” or frow wnich to start the TNS design as a
"reactor core") and resolstion of the judgmental central fusion program goal.
issues both quantifiable and semiquantifiable. (2) We have specific recommendations for new
hs shown in Table 8.5, capital cost is but one emphasis in certain physics and technology
of five quantifiable issues, and the risk and areas to minimize R&D program gaps. ' »
extrapolation issues are byt four of seven, no (3i THS conceptual design must be started now, T
one of which has yet been dealt with satisfac- and & <ose look at organizing the fusion <
torily. An attempt to quantify'! these jucn- procram around a8 TNS project is essential
mental issues nas resulted in support for the to support operation in the mid-1980's.

qualitative conclusions discussed in this work.
Quantitative systems engineering emphasizes
the impor.ance the overall program context.

On the fi~st point — support base — suffi-
cient strides have been made in both fusion
phys.s achievemen® (in plasma density, energy

(1) Comparative costing illuminates the impa~t confinement, plasma temperature, and effective
of different technologies and highlights impurity level) and operational understanding 1o
high -ost impacts. encourage us to begin a8 serious planning effort.

+2) Comparative costing indicates the dominant Even though we do not now have a working theo-
role of "balance of plant.” retical framework that allows us to extrapolate

(3} Costing exercises have filuminated the real present-day plasma parameters into the low
program questions - objectives plus co)tisfonality, high density fusion plasma

Judgments., \ regine with confidence, we can examine many of



the specific physics areas expected to be
important in the TNS design process and begin to
specify the kind of informatior required in that
area during each major design period. Sound
technoloqy prugram bases from which to start
exist in the three key areas for TNS (i.e., TF
macnets for LCP, 150-keV beams for TFIR, and
tritium handling for the Tritiun Systems Test
Assembly).

On the second point — principal gaps — we
find three principal areas in physics and be-
iween seven and fifteen areas in technologies
requiring attention. 1%

- A comprehensive impurity and particle
control plan must be formulated and
implemented on a timely basis to identify
the hnst way to proceed in this most un-
certsin arva.

- The need for experimental investigation

" of configuration maintenance {long pulse)
and optimization in high beta, high temper-
ature plasmas is not now being met in any
existing or near-term facility.

> The applied theoretical grogram in impurity
dynamics, plasma transport, and, most
critically, coupled equilibrium, stability,
transport, and heating simulation of

= igniticn <-enarioc must be intensified

in the existing plasma theory base program.
_7 Seven areas need initiation of programs or
new emphasis .in exploratory studies to
ensure an acceptable technology base for

NS final design under any scenarin.

_ Programs
Compound gas pump develop- _ Limiter material-
ment " {mprovement

Neutral beam switch tube Plasma configuration
pulse lengthening sensing and

Studies

control _
Increased neutral beam Abnormal control
power and pulse length cperations

source

PF eTectrical systems (for
cost reductfions)
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* Six other grograms related to 83:5n TF
coils, NbTi PF coils, active impurity
contrcls, 3006-keV beams, arnd >2 km/sec
pellet fuel injectors might need in-
creased emphizis depending ypon TNS
design decisions.

= The KbTi TF coil and pellet injector
programs have critical timing questions
in the generally compressed project
schedule and must be closely examined
further.

On the third point — implementation —
development of a comprehensive work breakdown
structure, 3 master schedule based on the work
breakdown structure, and a first draft of the
ingredients of the prcgram plan have yielded six
fundamental features:

= A ten-year schedule to oberation from today
requires an aggressive program.

» The principasl, quantifiable critica! ;ath
is construction of and wachine assembly
(basically the TF coils) within the main
test cell (tokamak byilding).

> A phased approach, specifying main test
cell first and *-kamak device two years
Tater, is essentiai to the achievement
of the most rapid, logical schedule
beginning in FY 1980,

- A reference design (i.e., an initial
selection of principal design features
such as plasma-size TF coil technclogy,
etc.}) with backup should be chosen now,
and preparations for conceptual design of
the facilities (main test cell, etc.)
myst be made in FY 1978 to match an FY

1950 schedule.

+ A central project management is necessary
to integrate all the program elements
into a cocrdinated effort.

» 'he planning efforts have provided the
sreliminary schedules linking the project
with R&D support with which to develop
“he necessary information supporting the
reference design choice,




Underlying the discussion of adequacy and
One is the
requir ment to tie the project schedule projec-
tions and project decisions to the institutional
commitments, achievements, and level of effort
in the support RSD program. The other is the
fundamental importance to the design philosophy
of basing all design on a firm criterion of

timeliness are two crucial factors.

reliable assembly and maintenance in a D-T

The assembly and maintenance
program is based on four parts: TFIR experi-
ence, models 3nd mockups, an intermediate super-
conducting tokamak experiment, and good design
practice coupled with utility experience.

environment.

Program planning is identifying critical
prograsmatic questions:

- Project planmning is based on detailed
work breakdown structure.

« Systematic analysis highlights problem
areas.

» Pla;ma physics and decision making are

- probably true critical paths.

" A route to engineering reliacility must
be 13id out.

8.1.4 Future Directions

On the basis of our studies tnus far, the
direction of future work is clear even though
the pace is not. The first order of business is
to reexamine the key requirements that have led
to high cost, high technology design solutions.
The second step is then to initiate 2 conceptual
design leading to the construction project.
Proceecing with the first step involves recon-
sideration of the startup voltage and PF system
power requirements as well as further examination
of the various divertor options, startup options,
and design trade-offs for reliable assem:'y and
maintenance. As an example jn the former cate-
gory, the PF system, based on an iron core
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magnetic circuit rather than an air core circuit,
may well have considerably reduced power supply
requirements. In the latter category, placement
of the coils of the PF system outside the TF
coils can >ignificantly reduce the maintenance
difficylties. In both cases, however, a systeas
analysis is required to balance the conflicting
demands of mechanical, electrical, and plasma
engineering.

In addition to pursuing these potential
reductions in the design requirements, we will
also be continuing the development of the base-
Vine design and the program planning charts in
selected systems as a systems focus for the
study. Figure 8.3 illustrates the baseline
design configuration selected for the FY 1978
study. The baseline parameters are displayed in
Table 8.6.

The TNS program continues to be an ORNL/
industry effort focused on initiating precon-
ceptual design fcr the the next step in the
tokamak program after TFIR.

8.1.5 Concluding Summary

Integration of engineering reality is
bringing us closer to a reziizable reactor:

- Imposition of technology/economics con-
straints has resulted in creative improve-
ments in plasma engineering models.

+ Quantitative systems engineering is
emphasizing the importance of maintain-
ing an awareness of the overall program
context.

+ Prugram planning is identifying critical
progrimmatic questions.

» Based on this year's work, our current work
tasks are confronting major "Go/Difficult
Go” decisizn issues.

« Industrial participation is being used to
strengthen the early design process.
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Baseline
parametor:,

lp. ohnic (MA)

lp. burm (MA)

n, ohic (m~ %)

n, burp (m"})

T, omic {keV)

T, burn (kev)

e, burn (2)
Collisionality (ommic)
Colltsionality (burn)
nt, burn (M~ sec)
Po1/V (M/m})

W (i/m?)

Po.1 (i)

R, (m)

A (m)

b/a ()

By (1)
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6, ()
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£.2 ORNL FySIQN POWER DEMONSTRATION STUDY

The raar emphasis of the ORAL Fusion Power
Cemonstration Study hes beer in the applicetion
of current ang near-term technology ., trne Tost
logical path to near-terw deronstration of
tokamak fusion power. [n addilion we have
pursued & number of concepts to simp]ifg:ahe
tokar sk reactor to make it more aczziiable to
tn- utility industry as a future source of
energy. :hese concepts focus on the areas
haviny the greatest impact on reactor feasi-
bility:
remote maintenance consideraticns, (3) electrical
power supplies, {4) blanket design, and (5;

(1) overall size &nd power output, (2)

economics.

Tre tokamak device, by nature of its con-
fiquration and pulced cperatiun, 15 an éxcep-
tionally comnier engineering design probleﬁ: We
have woncluded that innovetive design concepts
ara encential 45 cone wite Tnic bacic (ompleaity,
and we feel that the feasibility of toramak
fusion power has been <ignificantly improved by
these design approaches.

In FY 1972, the progfam nas moved away from
overall reactor system studies and is focusing
on two specific design studies suggested by this
approach. The major thrust is to produce a
preliminary design of a blanket system of &
tokamak reactcor which will operate under a
reasonable selection of resction conditions and
to assess performance and reliability aspects of
the resultant design in utility service. In
keeping wilth the logic of near-term demonstra-
tion, the study it constrained by the following
guidelines austenitic stainless steel for
structure, static lithium as the fertile mate-
rial, and circulating helium as the coolant,

The second study will consider the impact
of & committer site on the conmercialfzation of
fusfon power. The concept of 3 single site
dedicated to the development of fusion reactors
from an elementary reactor device {TNS) through
3 prototype of a commercial power producing
reactor has-mery benefits, In the absence of a
clcar, common understanding of the character-
fstics of the eventual fusion reactor, the site

|

would serve as & focus fcr the verious efforts
taking place at existing laboratories and should
lead to increased cooperaticn among them.
Significant cost savings could be achieved by
using many of the same facilities for a series
of devices, particularly buildings and costly
poewer handling and conversion systems. Signif-
icant -hedule compression compared with serial
development of several sites could also result
from 2 single, committed site for multiple,
sequential steps. Both of these studies are
being conducted primarily with industrial sub-

COf‘,tTéCtS .

8.2.1 Introduction

=The ORNL Fusion Power Demonstration Study
was initiated in FY 1976 with the objective of
providing a bacis for planning a path to tokamak
power demonstration. [t is recognized that
there is no unique set of technological direc-
tions, engineering de.igns, or plasma parameters
which offers promise tor the demonstration
reactor. Several such sets no doubt do exist.
In this study, we seek to define one promising
set of technologies, design approaches, and
plasma characteristics. We have stressed the
need to simplify the overall design approach.

[t is our judgment that the number of new
technologies and facilit-es required for demon-
stration must be minimized. In carrying out the
study we have emphasized the application of
current and near-term technologies.

Since the projected cost of fusion power
must be evaluated in competition with other
advanced energy systems, we have performed
systems analysis and co-ting evaluation as the
justification for component sizing and selec-
tion. A computer model was developed to scale
plasma parameters, design configuration, and
component cost.

£.2.2 Plasma Physics Considerations

The feasibility of tokamak fusion power f{s
more uncertain in the plasma physics performance
than with limitations in technology and engi-
neering. We have taken an optimistic outlook



for the plasma physics in ss ectling operating
characteris®tics which leac L an zttractive
physiral size and power output. Tlhese character-
istics are consistent with present thegretical
understanding of tokamak plasma behavior, but
the definitive answers must be verified ir
tokamak experiments.

F representative set of parame-ers is

presented in Table 2.7.

Table 2.7. Tokamak power reactor peremeters
Average beta, = 0.1
Neutron wall luading, L 2.75 Mi/m”
Safety factor, g 3
Aspect ratio, A 4
Pelta, & 2m
Space between plasma and

first wail - 0.2
Plasma radius, @ 1.5 m
Plasma elongation, % 1.6
Field on axis, 7 2.4 7
Maximum field at.TF coil,

Bmax et
TF coil horizontal bore 7.1 m
TF coil vertical bore 9.6 m
TF coil elongation, =y 1.35
Ripple (at plasma edqge) 2%
Burn time 23 min
rower (burn), P8 865 Mi(e)
Power {avera, . PA 825 Mile)
Duty factor 0.95
Thermal eff‘-iency, g ~0.35

8.2.3 Simplified Design Approach

The following design concepts are represen-
tative of the approach taken to simplify the
overall reactor design and improve its reli-
ability for commercial application.

Size reduction

Our plasma engineering studies indicate
that the reactor size for ignition s essen-
tially in the range of a moderate sized commer-:

cial power plant [50G-10G0 ™Nlej].

trat teta velues of 5-10° can be gbtained, the

Fuouring

gueer2ll ~ize of the reactor can he guite small
in ~omparison =it~ other recent re ctor cor-
cepts. Finyre 2.& illustrates the size com-
parison between the UWMEY [T design of 1975 and
the reference design of this study. Also note
that a Combustior Engineering pressurized water
fission reactor is shown tc illustrate current
power and utility industry experience in reactor
<ize. This gverall size redyction has -ajor

implications in enhancing the practicaliiy of

" tokamak power reactors.

Vacuum topclogy

We are proposing that the tokamak reactor
system be enclosed in 2 vacuum building. Ey
eliminating the atmcspheric pressure on the
toraidal plasma vessel, the requirecment for leak
tightness becomes insiqnificant since the
prescure Gf Snth Sides i- peari, equzl. This
approach will virtually eliminate the complex
remote maintenance ind assembl, problem asso-
ciated with welding and inspection of the plasma
vacyum vessel.

To establish the engineering feasiLility of
this concept, we have located an existing vacuum
building constructed by NASA near Cleveland,
Ohio.
imposed in this facility to illustrate that the
basic size and containment are within reasonable
extrapolation. In addition to the assembly,
disassembly, and repair advantages, the vacuum
building also improves the ability to contain
and control tritium,

Iron core option

In Fig. 8.5, the Demo reactor s super-

Our initial evaluation of an iron core
option indicates » reduction in power supply
requirements as well as improvements in design.
The additional cost of fabrication and con-
struction of the iron core must be carefylly
evaluated with the reduced cost of power sup-
plies. However, the iron core eliminates the
air core windings under the tokamak device, for
which maintenance and repair are major concerns
{see Fig. 8.6).
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Fig. 8.6. Iron core eliminate Ok windings under the tokamak.

Blanket modnlar approach k Vimiting the first wall temperature to 400°C to
minimize radiation effects. Moreover, the

. unigue helium production reactions associated
itate maintenarce, the blanket design philosophy

with nickel bearing alloys in thermal neutron
- has been to seek a modular approach which eases fluxes allow an excellent simulation of fusion
the problems of remote maintenance. Thus, )
remote maintenance has been identified as a
major cbjective and design consideration in the
B ‘ development of the engineering design for the
blanket configuration. In this context, we ar.
stressing small, casily replaced individual
blanket modules. Figure 8.7 is an illustrition Power conversion system

of one concept under study.

In order to minimize down *ime ard facil-

reactor neutron radiation effects in existing
fission reactors. Gaseous helium now appears to
be the most attractive blanket coolant for a
stainless steel system with lithium as the
breeding material.

The recommended power conversion system
would consist of a primary and intermediate heat

8.2.4 Application of Current or Near-Term )
- transfer Joop coupled to a conventional steam

Technology
; cycle. Assuning a p-imary loop exit temperature
The primary technology for the demonstra- of about 450°C, a steam cycle thermodynamic
tion reactor is listed in Table 8.8. The fol- efficiency of ~35% can be achfeved.

lowing concepts w:re identified in this study.
Pulsed ele:.trical system

Blanket structural material and coolants

Our studies indicate that the primary

It ¥s our judgnent that an alloy similar to energy storage requirements can be satfsfied
type 317, s.ainless steel will be capable of with conventional motor-generator flywheel sets.
achieving »n integral wall loading of 10-20 Advanced energy storage concepts su:h as homo-

MW-yr/m’. - This is accomplished primarily by polar generators and superconducting energy
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Fig. £.7. Small blanket modules ease remote maintenance require-
ments.

Table 8.8. Technology base for near-term applications

System Technology Base

Magnet NbTi and Nb,Sn Large Cofl Program
Plasma heating Neutral beam injection TFIR
Blanket structure Austenitic stainless steel - Alloy Deve]apmehc Program
Tritium handling Cryopumping and extractfon - - Tritium Systems Test
o Auembly,‘:

Pulsed power supplies ~ - Motor generator flywheel sets TFIR . - :

(~500 MVA and ~2 GJ) ’ \
Energy conversion Steam cycle (Ts ~ 750°F and Industry

n ~ 35%) ‘




storace devices may ¢ffer some cost savings but
do not appear to be necessary for commercial
feasibility.

8.2.5 Economics

The res;nlts of the tokamak plant cost
studies indicate the following:

(1) Oirect capi’tal cos.s are comparable to
other advanced energy systems [1000-
2000 $/xi{e)] (see Fig. 8.8).
(2) Plasm size of 1-2 = and maximm fields
. of 6-11 T are required.
. (3) The power output of tokamak reactors
’ ~ can be in the rarge of 500-1000 Mi(e).
’ I!i_éontraSt to fission reacturs, wnit
‘capital costs for tokamak reactors do’
Eoe not neces...ily favor larger power

= levels.

(5) Multiple reactor units sharing common
equipment can significantly veduce unit
capitzt cost compared with the single

= reactor unit case.

(6) Neutron wall loadings in the range of
2-8 Wi/m’ with material lifetimes of
. ) 10-26 Mi-yr/m? will result in near-

) optivam plant cosis. :
TN tﬁrre-phase program. built around 2
o f_,'f-f swgle—sxte. mltiple—unit concept,

— - "--offers a viable strategy for demon-

stratirg the commercial feasibility
of tokamak fucion power.

8.2.6 Conclusions

The concepts evolving from ‘the QRAL Fusion

Power Demonstration >tudy are providing 8 basis
for planning a pnh to tokanak power dmstra-
tion. In part’cular, this study has provided .

the following conclusions (Ref’:.,-' 4, 2¢-28): 3

M) Opﬂmf,ti..du'w‘uﬁzviohs bh plasma phy.ics
per .'omevca (u of 5- la“-', a of 1-2 m)
result in reactor size and PMf 1¢v¢li’
fn the range of present power and -
utility industry experience.

(2) The use of a vacuum building improves

the reliability and safety of the
reactor and significantly improves the
problem of remote maintenance and
assembly of the blanket vacuum vessel.

{3) An iron core olmic heati’ng system

eliminates the troublesome coils under
the tokamak device and offers the
potential of recuced cost by reduction
in power supplies. '

(4) A modular approach to the blanket design

" UNIT CAPITAL COST ($/kWg)

A

eases the problems of Temote maintenance.
(5) The technology base for the demornstration
reactor can be founded upon current and
near-term technologies.
{6) The economics of fusion plant design
favors multiple tokamak units which
share a comwon electrical plant.
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8.2.7 BRew Jirections for Future Work

Two specific recowrendations resylting from
the FY 1977 study have been selected for an in-
depth design study to evaluate engineering
feasibility. The enjineering is being sub-
contracted to private industry under ORWL
wanagement to get outside expertise in power

“plant technoloyy.

* Blanket desion study

Nestinghouse Electric Corporation has been
selected to produce, within programmatic com-
straiiits, a reference design for the blanket
systew of .a tokamak concept reactor which will
operate under a reasonable selection of reactor
conditions and to 3ssess performance and reli-
ability aspects of the resyltant design in
utility service. The study 15 limited to con-
sideration of blanket conce)ts incorporating the
most characteristic combination of elements,
i.e., stainless steel structure, liquid lith.um
moderator, and helium yas coolant. It is
fntended to carry the process of conceptual
engineering design of fusion reactor blanket
systems one step further in comprehensiveness
toward 3 feasible preliminary design. It is
also intended to provide guidance to the devel-
opment of fusion reactor test systems and to
provide 2 benchmark against which the develop~
ment of competing design concepts may be mea-
sured. It §s not intended to be another para-
metric design study but will, in the inftisl
phase, exercise some design point selections
within the ranges identified by existing para-

- metric studies, The vesults of this design are

expected to lay the groundwork for component
design and testing in FY 1979 and 1980.

Committed fusfon site study

A three-phase program, built around a
single comnitted-site, mulitiple-unit concept,
offers & visble strategy for demonsivating
commercial fessidbility of tokamek fusion power.
Commercial fessibility in this context means
demonstrating the ~Yiability and economic

competitiveness of power gemeration under
practical utility conditions. The three-phase
progras comsists of (1) ignition demonstration
{central pulsed electrical plant plus a single
ignition device). (2] power technology demm-
stration (powe- conversion system added), and
(3) comm _ial prototype demonstration (addi-
tional tokamak units a‘ded and tied to central
pulsed electrical plant). WUe feel that such a
strategy is raticnal because the plasma require-
ment< for ignition are essentially the same as
those associated with comsercial plant operstion.
That is, plasxa physics does not indicate that
successively larger devices must be-constructed
proceeding from ignition to power demonstration
and then to prototype commercial demonstration.
Based on our cost estimates, it appears that
such a program could be implemented in this
century with a total facility cost of approxi-
mately $2-3 bilvion (in 1976 dollars). This
does not include engineering and contingency
cost: -or does it include development costs.
When €. yineering, contingency, and development
costs are included, the total facility cost is
estimted to be $5-8 billion (in 1976 dollars).
Escalatior through the three-phase program
results in an estimated facility cost in the
range of $10-20 billion.

Mn architect-engineer subcontractor will be
selected in the spring of 1978 to make a tech-
nical evaluation of this concept. To do this,
we wish to engage an orgsnization femiliar with
site development for large facilities with
strong interactions with electric power grids,
Targe heat rejection requirements, significant
environmenta). impacts. and potential radiologice)
hazards. In other words, we heed an engineering
firm with nuclear power plant experience to
perform this task of establishing site require-
ments and characteristics under UCC-ND super~
vision.

8.3 ELMO BUMPY TORUS REACTOR STUDY

The experimenta) resuits from EBT29 have
motivateg & consideration of the €BT concept as
the basis for a potential reactor.30+31 This



study played a substantial role over the past
couple of years in cevelopment of the E°T con-
cept into 2 promising alternative concept for
fusion power. Since the (irst round of con-
ceptual EBT vreactor design im 1976,39 there has
been considerable progress in design improvement
which incorporates the increased understanding
from the plazma research.

A power producing EBIR system is especially
attractive from the viewpoint of a reactor
designer because of its steady-state operation
at high plasma pressure, its modular construc-
tion, its relatively large aspect ratio, and its

- favorable geometry for ease of maintenance.

The following set of design parameters is
specified in order to select tie reference
design: from the utilities point of view. power
output is limited to 2000-6000 MM(th); neutron
we.. loading is in the range of 1-2 Mi/a? from

T~ ifetime considerations; the mirror ratio

for amulus formation is typically

the Timiting plasma pressure is in the

>f 25-50%;32 and the device should be
capable of ignition and should use, ¥f possible,
150-ke¥ TFYR neutral beams or 120-GHz EBT-11
microwave sources for the toroidal plasma and
70-6Hz EBT-11 microwave sources for the sus-
taining of anmwli. On the basis of trade-off
studies among the plasm3 pnysics requirements
and uncertainties, engineering design, and
technological capabjiities, a self-consistent
set of plasma parameters and a range of machine
characteristics, given in Table 8.9, are ob-
tained. A plan view of the entire EBIR plant is
shown in Fig. B.9. In view of the uncertainties
involved in each area, plausible estimates have
been made to retain flexibility so that the
system can accommodate changes as the physics
and technology evolve with time. The essentia)
features of the EBTR are described below.

8.3.1 Plasgma Performance

The basic EBT operation requires a toroidal
bumpy magnetic field structure with an electron-
cyclotron heated, hot electron ring (annulus)
contained in each bump of the field. These

186

Table 8.9. EBIR pyrameters

Plasma radivs (m) 1
Rirvor ratio 1.8
Magnetic field (widplane/mirvor) (7) 2.5/4.5
Aspect ratio n-60
. amber of sectors 28-48
Particle density (w7?) 1.4 « 102
Ton/electron temperature {keV) 15
Toroidal plasma 8 (1) 2
Neutron wall loading (average) (mi/m?) .47
To2al fusion power (Mi(e)] . 1000-200
Cold 20me (w) 0.2
Blasket thiciness (m) 0.6
Shield thickoess (=) ‘ 0.55
Coil imer radiss (m) 3
Coil outer radiss (w) - 3.7
Cois WIF axial lengt.. (w) 1
Current density (A/ow?) 1525
Weutral beam ewergy (ke¥) 150*
Neutral beam power (M) 50-200"
Ricrowave frrﬁuucy {enz)

Toroid.: plasm ~120*

Hot electron awwli ~70
Ricrowave power (W)

Toroidal plassa 50-200"

Hot electron anewli 5-10

% torvidal plasra will be heated to igniticn conditions
using either microwdves or newtral beam injection.
Power required for ignition is in the range of 50-200 W
(totz21) depending on the startup procedures.

annul§ produce 2 local magnetic well which
provides stability for the toroidal plasma.32
Hence an EBT contains two different groups of
particles: a comparatively small nuwber of
mirror-trapped energetic electrons (several
hundred kilovolts) and a higher density (both
ions and electrons) toroidal plasma. The
fusions occur between the toroidal plasma fons.

The power density which will dictate the
desirable characteristics for the plasm in a
D-T burning system is given by

<oy> <gV>
—;ﬁ W G —, (8.3.1)

where -OF = 17.6 MeV. The trade-offs botween g
and B have been considered,?! and high-s and
Tow-8 (the minimum field strength assumed fea-
sible §s ~25 kG) operstion is found to be
desirable.
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AN
Fig. 8.9. EBTR plan view,

Startup scenarios consistent with microwave
cutoff (120 6Hz) or neutral beam penetratiun
{150 keV) requirements have been derived to take
advantage of high-g8 operation in EBT. At T =15
keV, 3 8 of <0.35 is required for 12C-GMz micro-
wave penetration. Similarly, nevtral beam
sttenvation, which is proportional to exp (-noy),
8150 places & restriction on maximm density f
hollow density profiles are to be avoided. The
éynamics of the EBTR system have been amalyzed
to establish procedures for schieving ¢ high-8
oper?’ ‘ng point at acceptable densfty, consistent
with constraints imposed by other reactor
support systems.,

Steady-state plasma rerformance parmmeters
are obtained from a consistent solution of the
equilibrium and the plasma particle and power
balance equations.?? The scaling laws which
will ultimately apply to the EBTR plasma are
presently uncertain. A simylation model which
retains the essential piysics of the phenomena
has been developed3? to assess the plasms be-
havior. The reactor plasms simylated in this
wode) s consistent with the results obtained
from EBT-1 experiments:29°35> 3 -orofdal core
with nearly uniform density and .emperature
within the plasms radius, which is determined by
the stabilizing hot electron annuli. Although
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in the présent EBT device plasma transport seems
to be governed largely by aeoclassical processes,
hypothesized anomalous transport losses are
included in the plasma simulation model in order
to test the sencitivity of EBIR parameters.’

From appropriate transport coefficients,
confinement times are given by

e

T =t = yx t + 'A'i! : (8.3.2)

The v factnrs permit msideratlw of different
Contaimment limes, where the subscripts NC and A
conup. .4 to neoclassical and anomalous pro-
_cesses, respectively. The scaling of confine-
ment time with density (n) and tesperature (T)
i for neoclassical and anomalous processes is
s given b,a,.u -

SPHCTN (L Y

- (8.3.3)
S
n
1‘ = T—p- » - (8-3-‘)
- where
Zin
\,j = 38x 10-17 _.Lj__

‘/' 3/:

T
a; = 109 235}5 (14 250)

3 with
] €
’ '\'lO"*rT:'c'-

A1l units are wks (temperatures and in keV).
R.'. and Rc are the toroidal and minor radifi of
curvature, snd s and p are constants. From
Eq. (8.3.2) one can arrangs to have

B e

where the subscript o correspoids to the oper-
ating point values (steady state) and F (anomaly
factor) is an adjustable constant which is
chosen to yield physically plausible snlutions.
The results of the calculations for various
values of the anomaly factor F and elesiric
field parameter n are given in Fig. 8.10. It is
shown that the selected parameters for EBTR are

" Flexible enowgh to accommodate anomalows losses

one to two orders of magnitude greater thar the
present neoclassical Tosses at the operating
point.

Pover requirements to-sustain the stabi-
lizing annuli need to be exxained in detail,
although preliminary calculations show that this
is not a problem because the ring plasma occupiex
a relatively smail volume.3¢231 [In steady
state, the amulus power balance is P..A = P:A +
Pu + PCA' where I"A is thermal conduction and
convection, PEA is bremsstrahlung losses, PCA is
synchrotron (cyclotron) radjation, and P WA is
the microwave power required to sustain the
annulus. The calcvlations show that the syn-
chrotron emission from the hot electron anmulus’
awounts to a few tens of kilowatts per sector at
worst, compared with a few tens to a few hun-
dreds of kilowatts of transport losses for the
data chosen.?2+30 It {s important, however,
that this subject be reviewed fregquently as more
information becomes available about the annulij
(and their scaling laws) from the future experi-
ments.2?

From cquilibrium requirements and efficiency
of use of the magnetic field, a displaced-
aperture inner wall design was adopted this
year. Figure 8.11 shows the mod-B contours and
field lines for one scrtor of EBTR for the
straight cylindrical wall design (origins! wall
design from last year's study) ard for the
displaced aperture flux following wall design
(without finite beta). In the 'atter case, the

N
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Fig. 8.10. Nr vs jon temperature T; for different values of anomaly
factor F and the electric field parzmeter.

plasma §s shifted sbout 25 om from the coil
toward the major axis. This change leads to a
usable volume of ~100%,3! compared with 50%29
for the straight cylindrical case.

8.3.2 Magnetics

The magnetic field in the EBIR is produced
by 24 (48) 6-m-bore NOT superconducting cofls
with 3 maximum figld of ~7.8 T ' the cofl. The
megnetic fields at the magnet throat and st the
midplane (confining magnetic figld) are 4.5 7
and 2.5 T, respectively, which gives a mirror
ratio of 1.8. As Tong as the ratio of the
reactor major radfus to the number of coils is
constant, the axial field strength produced is
not sensitive to the size of the - .actor, Thus,

an impartant advantage of an EBTR is that the
sam2 module magnet design can be used in reactors
of different size and output. Also, EBT has a
large aspect ratfo, so that the magnetic field
is reasonably uniform at the cofls and the
magnetic forces are nearly symmetrical. All
coils are circular in shape and are made of
tightly wound pancakes with pool boiling ..0ling.

Cryostability of the magnet is achieved by
building up monolithic multifilamentary NbTY
composite with formed copper strips. The copper
strips are punched with slots to increase the
wetted surface ares and to improve coolant
circulation. A high operating current (25 kA)
was chosen to hold the terminal voltage during
discharge to 2 kV, and four conductors are wound
in parall-1 to meintain a reasonably small
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ORNL-DWG 77-7375 sectional dimension of 0.25 ca, and a surface
heat flux cf 0.15 W/ ca® when the crtire -urrent
is in the stabilizer. Quench detection is based

:’Lml'! m‘:ﬂl on voltage taps, with pickup coils on the
DISPLACED APERTURE - ISNER WALL DESICH - current leads of all power supplies to compen-

“sate the inductive voltages and leave only the
resistive component. Eight consecutive magnets

. I — \ : charged with a sing’e power supply. Each
‘ L) W, \\ W arc
,A/ H N 77 JITH \\ coil is individually protected by an external
7T duwp resistor, which is switcned into the
: . ~ cirvuit on the detection of a quench in any
A Y e i - . .

HHIEZ] - coil. Details of the EBR magnets are discussed

mutiis L3y R g 1 5 1 & .
O07r7—XX il 7
\\\“ ) W/ in Refs.. 30, 31, and 35.
==Ly 8.3.3 Mechanical Design
=1 = = ) ’ ’
' L (a3 % i ’ Conceptual desigis of EBT. reactors based on
el 1 W P ANy o NS s : . .
it ' : AN “une’modular concept are studied for a wide range
f —- ' : of sizes.30»3! Each module consists of one
- y _ N — ~ supechducting magnet coil, a shield of artic-
5&&51 vt EEﬁq ulated cylindrical units, and multiple blanket

modules (roughly conforming to the plasma shape),
as well as vacuum pumping and microwave injection

Fig. 8.11. Mod-B contours (solid lines) ports.
and field lines (dashed lines) in the equatorial
plane for one sector of EBIR for straight cylin- )
drical (upper curve) and displaced apertyre : -
(lower curve) inner wall design. In the upper ’ ORNL-DWE 7E—-14072
curve, the boundary is the irner wall (and the : . - s
coil planes). In the lower curve, the aperture '
has been moved toward the major axis about 25 ~m
so that its projection along field 1ines into
the midplane lies on mod-B contours.

conductor and large heat transfer surface. The
four conductors are intcrleaved in a spiral.
fashion in such a way that inductances are
equalized and the total current is evenly
divided between conductors. In EBT, it is
important that the field errors be -mall. The
winding scheme adopted (see Fig. 8.12) gives
Tower field ervors than 1f only one conductor
were used. Furthermore, compensation of field
errors due to the crossover currents is possihle.
Stray fields ace further reduced by careful use h

of the leads as compensation for each other and |

for axial current component with the winding. Fig. 8.12. Schematic diagram for spiral
The design provides 35% helium space, inter- winding of four conductors in parailel in s
connected hel iw™Passages with 8 minimum cross- Pancake.

o
b
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For the bhuhét, the following material
- thoices and design. constraints have been
adopted: 36
~ {1) stainless steel (modified 3i6) for all
~ structures,
(Z) .metallic mml Tithium as the fer ile
utenal .
high presauregaseous heifum as coolant, -
first wall tesperatures limited o wo'c,
high pressure heliwr coolant daubly
,contained for protection of bunket
-buckets, and - o
thin first wall td handie surface energy
denosuion. )

e

" The blaaket is divid into segments both
- poloidally and torotdally. There are nine
. toroidal segwents fn one module, and each seg-
"ment consists of twelve buckets arranged in a
_ .. ... circular frame. A cross section of blanket
- “bucket is shown in Fig. 8.13. The blanket is of
uniform thickness, 60 cm, for all segments. The
buckets are filled with lithium for neutron

LITHIUM FILL AND DRAIN

absorption and tritium production, and the back
sectien of each bucket has stainless steel :
spheres mixed with lithium for gasma absorption.
In order to wntam the high pressure helium and
prevent daqge to the blanket buckets, double

- wall (concentric) coolimg tubes ai'e coiled in

the buckets. Heliww gas at-70 aitm is clrr.ulatulA

throughtheblantettormntllebeat fc- Steam .

generation. The entire blanket structure-is 316
stainless ‘steel with a smll addition of ti-
tanium. The shield sections are wade of stain-
Tess steel containers (tanks) filled with _
stainless steel spheres around which wrated
water is circulated for heat remﬂl. T'leSe
tanks are divided uto appropnate shlpes and
sizes to perwit relatively eusy access to the
blanket. ’ '
The torus is assembled in a concrete moat,

“which is evacuated to provide a secondary vacuum

enclosure for the machine. This vacuwm environ-
ment greatly sinplifies the assewbly procedure
and, more importantly, eases the remote main-
tenance problem, since % is not necessary te

ORNL/DWG/FED- 78412

LITHIUM VENT AND EXPANSION

LITHIUM AND STAINLESS
STEEL SPHERES

.19

008 ~ - 008

f !

| Fig. 8.13.

Cross section of EBTR bianket bucket.

(5,' He COOLANT
*_aos UTHIUM

TUSE DETAIL .
SCALE: TWICE )78

ERTR-48 D
SLANKET MODULE

SCALE: MALF 128

First wall is at bottom of 1:sgun.




provide a vacum-tight primery enclosure for the
plasma. Thus, it is not required that the
individual blanket segments be welded together.
Also, the numerous penet~ations through the
" blanke: need no welding to the blanket wsll.
A1l assembly and remote maintenance operations
are performed from above the moat. Two gantry
cranes capable of rotating completely arwund the
Tpoat are mounted on a continuous circular track.
“A general plan +iew of the entire EBIR plant is
shown in Fig. 8.9. .
The coils are installed in a concrete
‘"picture frame.” The gravity load and the

~ magmetic centering forces are trinsmi‘ted to the

picture frame through lawinated load-bearing
nads of insulating material and a liquid ni-
trogen-cooled buffer zone. hk plan view of the
- components of the torus is skowm in Fig. 8.14.
After the coils are installed, the articulatcd
shield pieces are installed, except for the
center clamshell sections between coils. These
are put in after the blanket sections have peen
put in place. R
The plasma region is waintained at a Jower
pressure than the moat by two vacium pumping
ports between each TF coil. Microwave injection
s made through these same vacuum ports. The
vacuum system for the plasma region is located
in tunnels running radially under the moat. The
large area encircled by the moat is used for
microwave generators and power supplies, cryo-
_gent¢ refrigerators, primary heat exchangers,
and other equipmert. This central location
minimizes the lengths of lines running to these
auxiliaries,

8.3.4 Neutronic Performance

Neutronics calculations were carried out to
sssess the ability of the 1ithijum-laden bianket
assembly to recover the kinetic energy of D-T
fusion neutrons and secondary gamms rays in the
form of heat and for breeding tritium. Also,
the blanket and the shield assembly were eval-
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uvated in terms of their combined shielding
ability to protect the magnet assembly from the
intense plasme radiation.37 .

The calculations were performed in a 1-D

k cylindrical geometry using the discrete ordi-

nates code ANISN® with a P,-S,, approximation.
The neutron and gamma ray transport cross
sections were taken from the DLC-377% Yibrary

“and collapsed to 2 35-nevtron and 2)-gasma ray

cnergy group subset. All of the muclear re-
sponses were obtained using the latest available

- EMDF/B-IV data. Tne reactor has a 60-cw-thick

blanket assembly consisting of Tithium in a 316
stainless steel structure and cooled with high
pressure helium. The blanket surrounds a 100-
cn-radius plasma region with a 20-cm cold zone.
The shield is 55 cm thick and is separated from
the blanket by a 30-cm-:hick maintenance void.

_ The shield is composed of 316 stainless steel

(652) and water (35%) and is supported by a
stainless :teel structure. Surrourding the
blanket and shield is a magnet assea®ly con-
sisting o7 NbTi/Cu coils and supported by
stain'ess steel. Al of the data were normal-
ized to a first wll neutron loading of 1.47
/2. .

The blanket assembly -recovers 96% of the
neutron and secondary gawma ray energy in the
form of heat. Approximately 4% of the energy is
deposited in tke shield, and the remainder
(7 x 107*3) s deposited in the magnet assembly.
The total heating rate in the reactor is 1.47 x
10 W. The peak heating rate in the blanket is
13.5 W/cm® and drops off to 0.34 W/cm? at the
front of the shield. The shield reduces the
nuclear heating by nearly four orders of mag-
nitude, and at the front of the magnet assembly
the peak heating 15 down to 5.8 x 10°5 W/em?,

Natural lithium is used as the fertile
material in the blanket. The tritium preeding
ratfo §s 1.29 tritium nuclei per incident
neutron, with 56% of the breeding resulting from
neutron eactions with SLi,

iy
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Fig. 8.14. A plan and section elevation view.

The radiation damage in the stainless steel In addit’on, calculations were made to
structural rymponents at various locations in detevmine the operating temperatures of the
the reacter §s sumarized in Table 8.10, De~ blanket structure. In this respect, the design
tails of the nuclear performance of the EBTR are ‘ goals were as follows:

discussed in Refs. 31 and 37.

(1) Limit maximum temperatures anywhere in

8.3.5 Therm) Hydraulics and Stress Analysis the stainless steel structure to ~600°C.
’ (2} Limit the temperatures in areas experi-
encing the most severe radiation damage

Thermal hydraulic design space for the

blanket module 4iscussed has been examined in ‘ (first wall) to ~400°C.

detail.3¢ Specifically, a parametric study was (3) Minimize thermal stresses by arranging
performed to determine all the relevant hy- the coolant tubes to provide favorable
draulic parameters, such as heat transfer : temperature gradients in the blanket

coefficients, pumping power, etc. structure.

[ Nl Il e | [
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Tabl~ 2.1, Juwmary 5f rociation a2 e in v/ fnlsgy vteel rriotgral coronnors

. .__Neutron wall loaciny = 1.47 Va/-

Hygrogen nas el iuT et
Rronic displacement production. rate precuctior rate

Laraticn rated lépa/yr, fappr/yr;t fepur/yr,
First ot-uctural wall 3.9 913 7€
enter of bLlankel r 2 127 4.7
Pear of blanket 1.70 2 1070 7.83 1.2

Front of shield z.1€ » 307! 1.4¢ €2 2 157

fear of shield §.92 » 107" 1R R U (7 2.7 5 107

front of magnet coil 2.5V ¢ 16 ° 5.12 x 167 1.26 » 1677

Pear of magnet coil €.26 x 1077 7.76€ < 107:" 1.67 » 157

%Based on an effective displacement enerqgy of 30 eV.

bMom parts per million per year.

Figure 8.15 shows so=2 of the results cf LA BT T S I 1
nydraulic calculations. In this figurc, the [
effects nf wal)l inadina. tuhing <ize and inler aam e
pressure are parametrized with respect to the \\ 2
. . A L MM/
. ratio of pumping power used to thermal power T 22 \ B 2 Mwsm?
indi in Fi is - \ C tamw m?
produced. Also indicated in fiqg. 8.15 a « 247 NEUTRO% WELL o uw/:?
series of horizcatal lines intersecting each of v \ LCAUING iy .
] i w E 45 MW/m
i the curves of cons®ant neutron wall loading. ?ﬂ, 206 F 20 Mw/me
‘ These lines indicate the texizum diameter tube e
. e . 3
. that can be used and still maintain the first 3 195
’, wall maximum temperature at lesc thuan 4.0°C. 3
: One should note that the first wall temperature = 184
of 400°C cannot be achinved for either 1.8- or % 73
2-Md/m° cases. To operate at wall loading 3
higher than 1.6 Md/m’, the maximum *emperature “ te2 |-
should be relaxed somewhat.
Steady-stat rature di;.ribution i M
eady-sta eﬁ temperature di..ribution in A 8 c o € .
the blanket bucket structure is shown in Fig. 140 { | ! ! ]
8.16 for a neutron well loading of 1.4 Mi/n’. ) 3 12 8 24 30

For this wall loading the stresses and siress RATIO OF PUMPING POWER TO THERMAL POWER (%)

: intensities derived for three critical points in
1 i Fig., .15. Hydraulic parameters for:
| blank d RiP g y ulic p meters fo

B the blarket module are suma'rize.c'i in Table 8.11 Pinler = 1000 psig, Ty, = 66°C, 4T = 415°C.
These values are in all cases below the allow-
able limits with a large margin of safety.

8.3.6 Economic Analysis model relies on an explicit model of EBTR,
: discussed here, to compute the cost of the
| In orcer to cstablish tne economic potential reacior itself and on the United Engineers and
i of the E:BT reactor, two independent system Constructors 1972 plant cost estimate developed

' costing madels have been developéd."? Tha first for the LMFBR (suitably inflated for 1977
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rim wall Yoading of 1.4 Mafms,

Tavtle .11, Ztrecses ans otress, intensities for three
criticel points in blarnket medule

CFirst wall _Side wall
Location Center Corner Outlet side
Termperature, “C 326 400 433
a ¢
Pm, psi 150G 150 150
P poib 1,650 -1,650 +800
Gy s’ 4,500 0 16,800
0, peid 17,900 :20,300  +17,690
pm + pb 1,800 ',800 950
Pt Py 0 26,200 22,100 35,400

PI = membrane stress.
Pb = bending stress.

7, = thermal membrane stress.
. = thermal bending stress,
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dollare) o compute the costs of the baiance of
the piant. The sensiti.ivy of the reactor cost
{nuclear island cast) t6 the dezign is then

To relate

the result< for comparison «ith the tokamak

examined by parametric variztions.
system, a second cost estirate
the model developw‘ for the Lcamalz system_"
The resulls of the two medelZ, which are dis-
cussed in detail in Pef. 6] rre in geber.ﬂ

%-mas made ysing

agreemer.t an? predicl capitai casts of approri-

mately $300-4G3/¥ulth).. £.17 zhows

capital costs as a foncticn 6f aspect ratin, )
~ wall lo..dmg. twta and. cmar»r oulput for fived s
plasuu ndw* and ragrerk: fiele - ,

Figure

Smce the R

itars per kilomtt
thermal instea2d of ¢allars ger kilowstl electric.

are given on the batis cf 36

In comparing tne EETP cost tg the tokamak
reactor cost,” cost savings of the EET? over the
tokamak system are realized by the lack of
poloidal coil and driving systems and of the
economic penalty of a duty f;ctcr a2sscciated
with pulsed operation. These costs include
neither the expected increased maintenance cost
associated with the much more complex tokamak

_sy>ter and operating cycle nor the advantages of

favorable EETF geometry for easc of maintenance.
In comanson. therefore, the EBT corcept appears
comen tive both-among fusion res.tor concegts
24 smone’ different power nlan‘s

ORNL /owq/rza- 7nrrs
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T. J. moffran’ 6. 2. Nee- F. 4. Wiffen?
J. K. Woudetr! A F. Zulliger:~
Abstiact. The radiation effects program during reciynition by 000 ¢t the value of ORR to the
the past year was heavily involved with IUE and Fusien H&:erieis Progra~ and resulted in the
other contractor persornel in defining the fir<t esturirents for Q8R irradiation of fusion
pro;ram for Rlloy Developrent for Irradiatior reactor Program materials being built. The HFIR
: Ferfarmance  The ~nal of this program is to irragiat o pragram continued, exploiting the
select -+ develep one or more alloys {from the urique abiiity of this reactor to produce high
multitude of candidete materials) thet will levels ¢f helium during the irradiation of
serve successfully in fusion reastors prodicing ealioys conteining nickel. 1rradiation experi-
econgmical electirical power. The bacis fo- this ments in EBR-1I continue with many different
experimental program i5 a ccatinuing reappra.-al alleys reéchinq high levels of displacement
of the materials requiremerts for fusion re- damage at temperatures of interest.
actors — the madintenance of a program to cal- The measured effects of irradiation on the
culate radiatior damage parauieters in conce,tual enqgineering properties of canuidate alloys are
fusion reartor designs and in fissi- ~zactors evaluated to serve three goals: (1) to set the
and other available experimental fu~ilities. direction of further experimental investiqation,
Irragiation experimente for this prcgram are [2) to identify promising directions for alloy
conducted in three fission reactors, EBP-II, imprcvement by control of cremistry or micro-
HFIR, and the ORR, The past year saw the structure, and (3) to identify limitarions that
raterial properties impnse on fusion power sys-
tems, Available nata indicate that limitation:
*Part-time, on ductility evter extented periods of frradfa-
1. Chemistry Givision. tion will restrict bath the ooerating tempera-
2. Neutron Physics Divisior. tures and the allowable strains during reactor
3. detals and Ceramics Division. operation. Cyclic loading imposed by temperature
4, Solid State Division, chanqes ducing a reactor operating cycle cen be
§. University of Tennessee, Knoxville, expected to further 1imit the reactor structure
Tennessee. Tifetime, The most important sinqle result of
6, Computer Sciences Divifon. this analysis is to highlight the shortane of
7. Colorado School of Mines, Golden, Colorado. data relevant to fusion reactor desfgn or perfor-
8. Department of Enerqy, Washington, D.C. mance prediction. Finally, examination of the
9. ORNL Operations, effect of modifying Lype 316 stainless steel by

10, UCC-HO Enqgineering. the addition of small amounts of titanium shows



that this i9 a'ororizinq ApLroack tn te nyroed
in the searck ¢3¢ 21lGys that feet the ge~ard: of
uLinG Gower Sysitens

The reststiyity of several covercial
orqaric insulatres cdecreased promgtly by a factos
of ~10% under interse gqamma ray irraatation, but
the rniylators <howed litrle fyrcher change dur-
frs irradiation at .27 %o & dose of 2 5 10 P,
Pastirradiation testing of electrical and
mecharical properties at 300 ¥ showed little
changr aver preirradiation values.

9.1 THE PPOGRAM FOR ALLOY DEVELGPMENT
FOP IRRADIATION PERFOPMENCE
IN FUSION REACTORS'

J. 2. Stiegler T. C. Reuther

Because the fusfon reactor envirnnment is
outside the ranne of our uxperierce and because
ure yropertie; required by reactsr desian are not
vet idc tified, the Alloy Development for [rradi-
ation “:rformance Task Group 15 taking a broad
approach in which four distinct classes of
materials are investiqated in parallel:

Path A - austenitic alloys

Path B — higher strenjth Fe-Ni-Cr alloys
Path C - reactive/refrartory metal alioys
Path D - innovative concepts.

The Division of Maqnetic Fusion Enerqy has
estsbliched the planning and oraanizational basis
for the developrent and te.'inqg of these alloys
for the intense high enerqgy neutron vlux that
will he encountered in the first wall of a fusion
reactor. Because of the lack of fusion testing
environment, most frradiations for obtaining
engineering data will have to be rarried out in
fission reactors. A key element of tne proqram
is the Li (d,n) neutron scurce, which will allow
relationships to be established between the fis-
sfon and fusion environments. Because sush 2
source cupplies a broad spectrum cf neutrons
extending up to about 40 MeV, extensive cross-
cectinn measurements are required in order for it
to be used effectively to develop alloys for
fusion reactors.

~N
o

§.2 METERIELT PETLIPEMENTS F7P Fus!fn PERCITOES?
r. J. wcEarque J. L. Sentt

ince tre chysics of fusicr devices 15 under-
stond, which is erpected to be arhieved in the
2arly 1925°s, one or more experirenta]l power
reactogrs (EPP) are slanned whick will produce net
electrical power. The structural material for
the 1-vice will orobably be a2 mydification of ar
austenitic stairiece steel. Unlive tissfon
reactors, whose pressure boundaries arc subjected
to no or only light irradiation, the pressure
boundary of 3 fusion reactor i: subjected to high
atomic displacement damage and high production .
rates of transmutation products, e.q., helium and
hydrogen. Hence, the design data base must
include irradiatfor materials. Because {m-84ifu
testing to obtain tensile, fatique, creep, crack
nrowth, stress rupture, and swelling data is cur-
rently irnossible for fusion reactor conditions,
3 proarar of servic: terperature irradiations in
fission reactors followed by postirradiation
testing, simulatirn r€ fusion conditions, and low
fluence 14-MeV neutron irradiation tests is
planned. For the demonstration reactor {Dero)
expected toc be burlt within ten years af:r the
EPR, aigher heat fluxes may requ..- tne use of
retractory retals, at least for the first 20 om,
A p.rtial data base may be provided by high flux
14-Me¥ neutron sources bring planned. Many mate-
rials other than those for structural components

-will he required in the EPR and Demo. These

include superconducting maqnets, insulators, neu-
tron reflectors and shields, and breeding mate-
rials. The rest of the device should utilize
conventional materials except that portion
involved in tritium confinement and recovery.

9.3 SUMMARY OF RADIATION DAMAGE CALCULATTONS

7. A, Gabriel B. L. Bishop

In order to plan radfstion damage experi-
ments in fission reactors (such as ORR, HFIR, and
EBR-11) keyed toward fusion resctor applications,
it is necessary to have availsble fur these




facilities gisplacement per clom (¢pa) and gas
production rates for rany potential materials.
In a previous paver,® the calculated irradiation
~esponse (dpa and gas production} fir a fusion
reactor first wall “eutron spectrum was obtained.
Similar calculated data are now beirg cbtained
for variogus 10c¢tioﬁs within the fission reactors
mentfoned zbove. These data, when cirsidered
with thos. in Pef. 1, will rake avai able better
informatiaon for planning and evaluating fic an
reactor experiments in the light of tusion reac-
tor needs. Some of the calculated dqta for the
ORR reactor are given in Table 9.1.

in order to maintawn good basic Hata on
which “he above type calculations are.based, the
sen-sitivity of prirary knock-on atom {PKA) spec-
tra and dpa cross sections to different secondary
nNeutron energy and 3ngular distributiong and "in-
groun” weiqhting schemes was investigated.” It
was silmn (see Table §.Z) that Tor some varigbics
such as secondary neutrcn angular distributions,
the sensitivity is reasanably large and there
exists a need for further theoretical and experi-
mental data _snd developrent.

&
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9.4 USE OF FISSION REACTORS FOR FUSION REACTOR
FIRST WALL STUDIESS

J. A, Horak J. H. Swank

The purpose of the work presented is to
demonstrate one of the more important uses of
existina fission reactors for the magnetic fusion
reactor (MFR)} first wall alloy development pro-
gram. The most important properties of the first
wall are resistance to fracture and to swelling
while operating in the MFR environment. One of
the more im.ortant effects of the fusion reactor
environment is the high He/dpa produced in the
first wall., The first wall must operate in the
temperature range from ~0.3 to ~0.5 T-. where it
has been demonstrated that ductility and swelling
are sensitive to helium concentration, dpa, and
the He/dpa.5-¢8

n mized cozctrum ficcinn voartnrc where
both the fast (E > 0.1 MeV) and thermal neutron
“lyxes are 23 x 10'* neutrons/on?/s, both helium
ond dpa levels equal to and greater than those
anticioated for an MFR at an operating level nf

Table 9.1. 4pa and gas production rates in the elemental constituents
of fusion candidate alloys for the reactor spectrum: ORR/C-3 (midplane)

Effective
displacement Displacement
. threshold damage Heljun Hydrogen
Element enerqy fey) (dpa/sec) { appm/sec) {zppm/sec)
Fe %0 2.13 x 1077 6.23 x 1078 1.07 x 10°¢
N§ 40 2.25 x 1077 8.88 x 1077 1.36 x 10-3
cr 40 2.41 x 107 2.27 x 1n°8 3.14 x 10-7
" 40 2.65 x 10-7 2.46 x 10°¢ 2.47 x 107
y 40 2.65 x 10-7 4.68 x 109 1.90 x 10-7
Nb 60 1.43 x 10°7 1.55 x 1078 1.0 x 1077
Mo 60 1.63 x 10°7 1.54 x 1078 2,99 x 10-8
Ti 30 3.45 x 1077 311 x 1078 5.06 x 10°¢
Ir 50 1.63 x 10”7 4,32 x 10°3° 6.13 x 1078
Al 25 4.28 x 1077 1.42 x 10°7 73 x107?
Mg 40 2.72 x 1077 5.80 x 107 2.37 x 10”7
Cu 30 2.92 x 1077 6.11 x 10-8 3.25 x 10-¢
Co an 2.50 x 1r°7 3.18 x )08 5.35 x 10~7




Table 9.2. Sensitivity of the Fe(n,n’ unresolved) dpa cross sections
to difierent neutron angular distributions and energy spectra

dpa_cross sections (barns)

-1 -2 % =37 % =1
Neutron
- S R S o
1 460 376 ug ¢
2 a2 385 356 410
3 504 0z 381 us
g 565 453 28 506
5 689 566 524 631
6 955 791 736 906
7 1309 1099 1028 1289
8 1485 1259 183 - 1492
9 1395 e 1109 1410
10 1261 1066 1000 1217
n mz 939 2s1 1129
12 a3s 792 744 95¢
13 730 622 585 751
18 512 482 a19 533
15 308 m 259 323
16 144 130 126 152
17 27.5 25.4 24.8 28.3

%y = constant; 2 = 75% forward, 25% backward; 3 = 1 & cos 0.
A = ENDFB/IV; B = Ee /T, where T(eV) = 3.22 x 10® /E7/A, A is the atomic number

of the target, £’ is the incident neutron energy in eV, and € is *

energy of

the emitted nevtron. (A1l energy and angular distributions are for the center

of mass system.)

at least 1 Mi/m? can be produc:d in alloys that
contain nickel, as shown ir rig. 9.1 for type 316
stainless steel. The fas. neutrons produce the
dpa; the helium is produced by the process S®Ni +
ny wb Sany 4 " %12b S6Fe 4 39,10 However, as
shown in Fig. 9.1(a) . frradiation in 2 mixed
spectrum reactor where the thermal-to-fast-
neutron ratio is approximetely constant dvring
the entire irradiation, the same He/dpa as that
in an WFR first wal) of type 316 statnles< -ieel
is achieved at only one time duriy, irradiation.
The helium concentration increases ipproximately
38 (ot-t)"'5 and the dpa increases linearly with
of-t. Hence, the time when the He/dpa in a fis-

sfon reactor exceeds that in an MFR is a function
of the thermal-to-fast-neutron ratio. To utilize
fission reactors for MFR first wall development
of materials that contain niobfum, it is neces-
sary that the He/dpa during the entire irradia-
tion closely match that anticipated fn an MFR.

for several valid reasonc it is becoming

increasingly obvious that & member of the type
316 stainless steel family will be utilized for
the first wall of the early generations of

"FRQ,!l'lS

In Fig. 9.1(b) is shown the calcu-

Tated He/dpa in type 316 stainless steel for an
MFR at 1 Mi/m? and for frradiation in two of the
high flux positions (E-5 and C-3) of the Oak
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Fig. 1(a). Helium concentration as a function of displacements
per atom in type 316 stainless steel for an MFR first wall and for
irradiation in two HFIR and two ORR positions.
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Fig. 1(b). Helium concentration'as a function of displacements
per atom in type 316 stainiess steel for an MFR and for irradiation
in two positions of ORR with spectrum tailoring. Percentage values
are for the increases in the thermal neutron flux produc2d by varying
the moderation between the reactor fuel and the test samples,
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Ridge Research Reactor (NRR). The He/dpa for
type 316 stainless steel irradiated in the cen-
tral irradiation positions of ORR can be main-
tained as close to that of an MFR as thought
necessary. This is accomplished by varying the
thermal-to-fast-neutron ratio as often as desired
during the irvadiation.

The ORR core loading arrangement is designed
to be extrerely flexible. The spectrum tailoring
requived to produce the correct helium and dpa
production rates and the He/dpa can be contrulled
through the number of fuel elements in the core,
the mass of 235y per Fuel element, the thickness
and species of moderator between the fuel and the
test samples, and through the insertion of thin
pieces of aluminum containing =10 at. % 235U be-
tween the fuel and test samples. In the example
shown in Fig. 9.1(b), extremely simple spectrum
tailoring of the present ORR was used. WNo
acttemp”. was made to optimize the sp:ctrum tailor-
ing to produce 2 He/dpa closer to the MFR value.
It is not known at this time how closely the He/
dpa must be controlled to simulate the effects of
the MFR environment. It would be relatively easy
to have the He/dpa value for ORR irradiation of
type 316 stainless steel as close to that of an
MFR as desfred.

In summary, high flux mixed cpectrum fission
reactors such as the ORR can provide relevant
simulation of the helfum concentration, dpa, and
He/dpa exdected in an MFR. These reactors will
be an important part of the OFE alloy development
program for first wall materials that contain
nickel, for at least the next five to ten years.

9.5 THE UNIQUE ROLE OF HFIR In FUSTON REACTOR
MATERIALS EVALUATION!®

P. J. Mazfasz F. W. Wiffen

The lack of irradfation facilities with
neutror flux and spectrum that match a D-T fueled
fusion reactor requires the use of simulatfon
techniques fn examining irradiation effects in
fusion reactor first wall and structural mate-
rials., The purpose of this paper is to examine
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the place of irradiations in the HFIR in evaluat-
irqg the effects of the fusiun reactor environment
and to examine the results of experiments ex-
ploiting the HFIR advantages.

The High Flux Isotopes Reactor is a 100-
Mi(th} flux trap reactor. The highest fast
neutron flux is 1.4 x 105 neutrons/on2/sec (>0.1
MeV); the thermal flux at the same position is
2.3 x 1015 neutrons/om/sec. Temperatures above
the water coolant teweratures are achieved by
gradients across gas gaps between the nuclear
heated specimen and the specimen holder in ther-
mal contact with the water. [rradiation temper-
atures from 280-950°C have been achieved by this
method.

Neutron irradiation of a metal results in
the displacement of atoms, mainly through elastic
collisions, and transmutation of target atoms
initfated by neutron captures. In a fusion
reactor, the accumulated displacement damage and
the helium produced in (n,2) reactions will be
the most important components of the irradiation
respm.se. In HFIR irradiation fast neutrons
result fn a high level of disp.acement damage,
and the high thermal neutron flux results in
significant yields for any reactions having a
high thermal neutron cross section. A unique
reaction sequence of fnterest here is helium
production from the major isotope of nickel. The
two-stage thermal neutron reaction sequence fs
SBN§(n,y)5Ni, "Wi(n,x) %F~. The calculated
irradfation response during HFI[R irradiation of
two alloys of interest is gfven in Table 9.3 and
fs compared with calculated damage production
rates in 3 tokamak fusfon reactor first wall,

Ir-adiations in the HFIR offer the only
method of achfeving helfum levels equivalent to
Tonq service fn a fusion reactor. Although these
heiium levels are accompanfed by a lower dpa
Tevel than would be achfeved in the lonqg fusfon
reactor service, the dpa level is as hiah as
achievat .e in any other fission reactor. These
unique advantanes of HFIR can be exploited in
evaluating the importance of high helium levelis
in determining the irradiation response of some
metals; in addition, in cases where heljum level
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TJable 9.3. The simulation of fusion reactor irradiation response

by HFIR irradiation of nickel-containing alloys

Calculated response

I-radiation time and respcnse parameter Type 316 SS PE-16
One HFIR cycle (23 days)
Displacesent damage z.25 dpa 2.25 dpa
Fusion equivalent 0.2 M-yr/u? 0.2 M-yr/m?
Helium generation 30 appm 101 appm
Fusion equivalent exposure 0.2 Wi-yr/m?2 0.7 Ml-yr/m?
One year in HFIR (at 92%)
Displacement damage 33.7 dpa 33.7 dpa
Fusion equivalent exposure 2.9 M-yr/m? 2.9 Wi-yr/m2
Helium generation 1920 apom 6370 appm
Fusion equivalent exposure 4 W-yr/m?

13 W-yr/m?

Tan DEe SNUWT LU LUBLILUT Uik 1frauiative respunac,
the results can be used to predict fusion reactor
service behavior.

Samples of type 316 stainless steel, Inconel
600, and PE-16 have been irradiated at tempera-
tures in the range 300-730°C. Postirradiation
examination has resulted in the following con-
clusions: :

(1) At levels of helium anticipated in fusion
reactor service, the frradfation response
is no* adequat=ly predicted by irradia-
tions that produce only displacement
damage.!

{2) Swelliry is controlled by helium content,
with cavities in equilibrium with the
helium pressure,°8 Ag a result, swelling
is relatively temperature incependent
throughout the norma] range of swelling
temperatures, but larger sweiling is
observed at higher temperatures.

(3) Ouctility reductions are greater than
observed after fast reactor irradiation.
At elevated temperatures, embrittiement is
clearly dominated by helium content, with
near zero elongation resuiting from inter-
granular fractures.’

Teturs NTIN frvadintione wilY he directad at
more completely defining the helium effects on
irradiation response and comparing the response
of candidate alloys to the unique regime of irra-
diation parameters achievable in this rcactor.
The results will be translated to performance
limits on pianned fusion reactors and will be
used in the development of alloys more resistant
to degradation in fusion reactor services.

9.6 MECHANICAL PROPERTY DEGRADATION OF
STRUCTURAL MATERIALS DURINS FUSION REACTOR
OPERATION!?

F. W. Wiffen

The reliability and economics of electricity
supplied by fusion power reactors will in large
measure be determined by the Jifetime of the
reactor structural materials. This lifetime will
be set by projected changes in the mechanical
properties of the structure during service ir the
reactor neutron flux, In genersl, irradistion
hardens the material and leads to a reduction in
ductility., Ar exception to this is f:n some Com-
plex engineering alloys, where either hardening
Jr softening can be observed depending on the |



alloy and the irradiation conditions. Regardiess
of this restriztion, irradiation usually leads to
a reduction in ductility. Available tensile data
show that significant ductility reduction car be
expected for irradiation conditions typical of
fusion reactor operation. Consideration of these
effects shows that extensive work will be needed
to fully establish the in-service properties of
reactor structures. This information will be
used by designers to develop conditions and
design philosophies adapted to avoid the most
deleterious operating conditions and to minimize
design stresses. The information will also be
used as input to alloy development programs with
goals of producing materials more resistant to
property degradation during irradiation.

9.7 COMPARISON OF 316 + Ti WITH 316 STAINLESS
STEEL IRRADIATED IN A SIMULATFD FirInN
ENVIRNNMENT 18

P. J. Maziasz E. E. Bloom

Fracture of the first w21l in a fusion
reactor is a shutdown condition, and ductility
and swelling are important parameters in evaluat-
ing the fracture resistance. In a fusion

" reactor, 13-MeV neutrons from the D-T plasma will

produce displacement damage and helium in the
first wall and structural materials. The High
Flux Isotope Reactor simulitaneously produces high
levels of helium and dpa in alloys containing
nickel and can help evaluate the fusion reactor
response.!® Previous studies6-8s19 have shown
that titanium additions can improve the irradia-
tion response under fast reactor irradiation and
that 20% cold working can improve the response
relative to solution-annealed material after HFIR
irradiations.

Samples of annealed and 20% cold-worked 316
and 316 modified by the addition of 0.23 wt % Ti
(TiM 316) were frradiated in HFIR at 550-8n0°C to
fluences producing 30-60 dpa and 2000- to 4000-
appm He. Lower fluence irradiations at 600°C
produced 1.5-3.0 dps and 30- to 80-appm He.
Swelling was determined by immersion density; the
specimens were then tensile tested at a strain
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rate of 0.0028 min~! at temperatures near the
irradiation temperature, and the microstructures
and swelling were evaluated by electron micros-
copy.

Limited data show increased ductility in
annealed TiM 316 compared to 316 for tests above
550°C, while at 575°(, 207 cold-worked TiR 316
irradiated to Tow fluences 21so shows increased
ductility relative to 20% cold-worked 316 (see
Table 9.4). Ductility is lower in 316 irradiated
in HFIR thar in EBR-II, which produces much lower
helium levels at similar temperatures and
flvences.”

Swelling is reduced in annealed TiM 316
relative to 316 irradiated in HFIR (Table 9.4).

- Swelling is also reduced in 20% cold-worked TiM

316 relative to 316 for irradiation at 600°C to
1.5-3.0 dpa and 30- to 80-apom He. In both

microstructural conditio. the concentration nf

-intragranular cavities is reduced in TiM 316 rel-

ative to 316, while the cavity size remains about
the same. In irradiations of tiae annealed mate-
rial, the grain boundary cavities are much
smaller in TiM 316 than in 316. Swellina is
greater in 316 irradiated in HFIR than it is in
EBR-11 at similar temperatures and fluences.5:8

The precipitation rec.omses of annealed TiM
216 and 316 are quite different. Intragranular
precipitates in TiM 316 include TiC and some
M,4Cq after irradiation at 550-680°C. In con-
trast, precipitates identified in 316 include chi
phase and sc.e M,4C; for jrradiation from 480-
600°C. Both alloys exhibit M. .., at the grain
boundaries for irradiations below 600°C and sigma
phase above 600°C. The TiC precipitate particles
in the modififed alloy are rod shaped and appear
to he preferential nucleation sites for cavities.
Their role as collection sites for helium affects
both ductility and swelling,

In summary, the addition of titanfum to 316
stainless steel improves both the total tensile
elonqation and the swelling response for frradia-
tion to helium and dpa Tevels similar to thnse
predicted for a fusion reactor first wall envi-
ronment, The improvement results from differ-
ances fn the microstructural accommodation of the
helium,




Table 9.5.

207

Swellina and posti-r.

“atjon ductility of 316

aud titaniun-nodifiea 31€ 7. q.diated in HFIR

el PSS g Tolltemsile Cavity volwe
(apem) (dpa) (°)® (%) (%)
Annealed 316
2100 50 575 0.82 0N
3200 s 650 0.2
4240 61 650 0 723
3400 ag 750 0.14 ta1?
B Annealed 316 + Ti
1850 28 575 45 1:0.3
2450 39 650 0.7
3300 a7 650 3 1:3.8
3300 as 700 1.1 (3.41°
3420 a8 750 0 92 3
20% cold-worked 316 )
38.0 1.5 575 2.5 [0.4)°
51.0 2.5 575 2.85
86.0 3.3 575 0.5 0.06 + 0.03
20% cold-wrrked 316 + Ti
30 1.5 575 5.6 [0.2°
70 3 575 5.1 0.02 + 0.006

alrradiation temperatures were near
b[ ] indicated swelliny measured by

9.2 MECHAUICH PROPERTIES OF STRUCTUPAL
MATERIALS

K. C. Liu

Fusion power reactors must be quarded from
thermal cyclic fatique ard designed anainst fail-
sre by the interaction of fatique and creep at
high temperatures where the eftects of thermal
and radiation creep on the mechanical oroperties
of structural materials are sfanificant.
concents with short burn times, hiah cvclic 1ife-
time is required. For others with lonaer burn
times, the fnteraction c¢f creen and fatique is

Tor

fmportant. In any case, creep-fatinue damaae fis
3 strong function of thermal stresses.
ing thermal stresses /111 decrease creep-fatique
and consequently increase structural lifetime,

f

cecreas-

the test temperatures shown.
immersion deasity chance.

A recent panel”® discussed the nature of
thermal stress problems in 3 thin walled fusion
blanket and demonstrated that the severitv of the
thermal stress is stronclv dependent on the
zrrangemens of cooling circuits. Requirements
for acceotance of 3 desion on the basis of exist-
jing 42sign codes were also discussed. Unfortu-
nately, these codes do not include the effects of
fast neutron irradiation, which are essential to
fusion component desiqgrs.

Structura:. inteqrit, of the first wall/
blanket system §s a crucifal factor that could
influence the eccnomy of fusion power Damages
by cyclic fatiaue and creep-fitique are likely
the desiqn limitations that govern the structural
Tife of fusion blanket systems. In desianing
corponents for fusion reactors, desinn aralysts

!



are faced with a difficyl® cask nf predicting
struiture 1ifetime because the compley prohlems
have not Lern wetl undaritond
methods of lifetime estirates

of c-eep-fatinge
and the existing
are not adequate for their desian anplicationrs.
Problems of assessing cyclic creep-fatingue
damaqge in fusion blankets and current methods of
lifetime prediction have also beén addressed.?i
There are difficult proplems associated with
u4sing these methnds in cur rent dasinn apnlica-
tions. Several rethods which are still under
development commonly yie'd a dispersion of
results when aspplied to the same desion situa-
tion. There is also 3 wowion deficiency in the
treatment of stress multiaxiality, which will
general iy exist in the struéiure duyina opera-
tion, whereas runporting design data are mostly
- derived from ideal uniaxial test conditicas per-
formed :n relotively short periods. The moct
serious deticiency in the current treatmant of
creep-fatique interaction is ch> l;ck of knowl-
edqe of the etfects of neutron radtation. A
development effort to fill gaps in existina
knowl:dge of the effects ot neutror radia*.-n on

creer-fatique damaqge i eed> immediate attention.

9.9 [RRADIATIC: TARERIMENTS IM PROGRFSS
£. £, Bloom M. J. Kanfa
F. W, Wiffen M. L. Grossbeck
A. F. Zulliger J. W. Woods

The
to use irradiation experiments in available fis-
sion reactors to evaluare the effects on material
properties that will be encountered in fusion
reactor first wall and structural components.
Experiments are currently under irradiation in
two thermal spectrum reactors, ORR and HFIR, and
in the fast spectrum reactor, EBR-II,

The first sxoeriment for the frrad.2tion of
fusion reactor prooram materfials in the ORR, ex-
periment ORR-MFE-1, was built Tate in 1977 for
irradiotion beqinning in 1978, The experiment
contains austenitic stainless steels, austenitic
stainless stee} weids, nickel base, and titanium
base alluys. These samples are intended for

Radiation Effects Program is rontinuirg
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postirradiution test.ra to determine swelling,
microstructures, tensile pronerties, fatigue
The samples
selecter provide coverage of alloy types, comdo-

provertizs, and froctyre modes.

sitignal variations, and microstructural varia-
tion.. The irradiation parameters include the
te~nerature ranne 350-653°C.

Experiments in the FTP of HFIP continued
through 1977,
were loaded intn the reactor, and 12 experiments

During the year 11 experiments

were remved with their scheduled trradiation
completad.
2f type 316 stzinless stesl, welds in type 116
stainless steel, Inconel 600, and PE-16. The
rarge of irradiation temperatyres was 55-709°C,
and specimcns included will be used for the de-

These experirents contained specimens

termination of swell’nqg, microstructures, tensile
properties, and postirradiation fatique in uni-
axial, fully reversed loading.

The EBR-II row B experiment, for which LASL
was the major experimenter, was discharged from
tha reactor early in 1977, OPNL specimens 6°
type 316 stainless steel, PE-16, and several
refractary al'oy: have been -eturned for tensiie
and microstructural exaringticn. This sample set
will provide information on the effects of helium
injected prior to irradiation in the postirradia-
The row 7 ex-
perime * for EBR-1I was put into the reactor in

tion propertses of several alloys.

January 1977, and will continue under irradia-
tion until early 1979, This experiment includes
316 stainles- <tee!, PE-1€, and a nurber of vana-
dium and niotfum base alloys. Many of the
samples have helium introduced by a-infection ur
3T g d2cay. The range of irradiation tempers-
tures is 400-710°C, and the goal maximum fluence

is & x 102% neutrons/m? (0.1 MeV).
9.10 SPUTTERING CALCULATIONS WITH THF DISCRETE
ORDINATZS METHOD?2

T. . Hoffman
H. L. Dodds, Jr.

M. T. Robinson
D. K. Holmes

The purpose of this work s to investigate
the applicability of the jiscrete ordinates (SN)

method to liaht fon sputtering problems, In




particylar, tne neuyrral particle Jiscrete ordi-
nates r)puter code ANISN was used to calculate
sputterin, yields. lio modification to this code
were necessary to treat charged particle trans-

port.

wds written for the generation of multigroup

However, a Cross-section processing code

Ccroy, sections: tnese cross sections include a
madification to the total macroscopic Cross sec-
and
The
discrete grdinates anproach erables cal ulation

tion to account for electronic interaction
srall scattering angle elastic interactions.

of the sputtering yield as functions of incident
energy and anqgle and ot nany related Guantities
such as ion reflecticn coefficients, ancylar and
enerqgy di_tributions or sguttering particles, the
behavior of beans penetrating thin foils, etc.
Tre resylts of several sputtering problems as
calculated wit1 ANISN are presented.

9.11 COMPUER SIMULATIGN OF RADIATION EFFECTS
IN MITALS

M. T, Pobinson

The computer grogram MARLOWE qenerates
collision cascaedes in crystalline and amorphous
media using the binary collision approximation to
generate individual particle trajectories. The
numerical model was imnroved in a number cf
respects, and both the running time and the
memory requirements were sianificantly reduced.
The proqram (orininally written for IBM System/
260 eruipment) was adapted to (DC 7690 hardware
and w: s tested on a machine a% LLL usfng the
national MFE computing notwork. The code runs
about one-third faster on & CDC 7600 than it does
on a 360/195 dbut is much larger. At present,
displacement casivades in copper could be run on a
COC 7600 up to about 50 keV, whereas on the 360/
195, energies as high as 300 keV can be achieved
without reprogramming, If adequate access to the
NMFECC can be assured, it can be used very
effectively in damage analysis appliications.
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$.12 COMPUTEP SIMULATION OF THE REFLECTION OF
YYDPOGEX, DEUTERIIM, AND TRITIUM FROM
AMCRPENYUS AND POLVCRYSTALLINE SOLIDS??®

0. S. Qen . 7. Robinson

The reflection (backscattaering) of 0.01 to
€-keV hvdroqen, deuterium, and tritium ions
(atoms} from amorphous and polvcrystalline solids
has been studied using the binary collision cas-
cade progra~ MARLOWE. Incident ions Striking the
target are followed colli<ion by collision unts:
they either emerge throuch the target surfacc o
their energy falls oelow | eV. Each collision
with a tarqet atom consists of an elastic part
described by a Thomas-Fermi potential and an in-
elastic pert which is proportional to the veloc-
ity of the projectile. The target. chosen were
fe, Fe, Mo, W, and composite materials such as
FeH. For the latter, the sputtering yield of the
light atom constituent was also calculated by
‘ollowina the complete collision cascade as it
developed in the solid.

The reflection coefficients isncrease with
increasing tarqget atomic number. For 100-eV
tritium ions, for instance, the reflection from
amorphcus tungsten is an ordgr'éf maqgni*ude
larger than from beryllium. Hydrogen ref,~ctéon
decreases as the hyJdrogen Zontent of tﬁe target

ncreases (replacing metal atoms by hydrogen) and
:he reflection of hydrogen from a pure hydrogen
~arget becomes vanishingly small. With increas-
119 hydroyen content of the target, the sputter-
irq yield of hydrogen increases, passes through
ma ‘imum, and then decreases almost to zero. This
retult may be explained by noting that most of
the sputtering is produced by the reflected pro-
Jectiles as they emerge through the surface.

The reflection increases with increasing
incident angle such that total reflection occurs
far angles greaﬁcr than a critical angle. With
increasing incident angle, the sputtering yield
of the 1ight atom constituent increases, goes

!
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through a maxirur, and subsequentiy decreases.
The calculated enerqy spectra of reflected ions
and light sputtered ators will be discussed.

9.13 PADIATION EFFECTS N0 [NSULATRES FNP
SUPERCONDUCTING MARNETS

P. ¥. Ferrnochan F. R. Cnltman, Jr.

C. J Long

In order to determine the radiation
stability of electrical insulation that could be
used in 2 superconducting magnet for containment
of the pla:ma in a fusion energy device, 55 3pec-
irens of eight types of organic insulation were
irradiarted to a dase of about 2 x 152 R (2 x 108
J/kg} at a temperature of £.8 ¥ in the Low-
Temperature Irradiation Facility in the Bulk
Shielding Reactor at ORPNL. Four of the specimens
were monitored for chanqes iv?e}ectri-..:l resis-
tivity during the irradiation. The initial
resistivities, which were of the order of 10%*
2-am, decreased to about 1012 7.cm under the
influence of a weak radiation fielZ. At full
power reactor ope;ah'on (2 i}, the resistivities
dropped to about 101! -cm but chanqged little
during the irradiation. Because of residual
radioactivity near or in the experiment assembly,
the resistivities increased after irradiation,
but nnt to the initizl values. Restoration to
ne3r .- 2 tnitial resistivity values was later
observed upon warming the specimens to room tem-
perature and purging the irradiation chamber.
The Jatter result may be related to outqassing

" induced by the irraaiation.

9.14 TRITIUM PERMEATION AND STEAM GENERATORS

J. 7. Bell J. D. Redman

The tritium permeation and steam generator
program {s new beqginning in FY 1978, The objec-
tives are to measure tritium permeation rates

1/

thenunk Stes- nnrerator caterizle yrder condio
vinng that are articizated in Susinn cower clants
and to determire effective gser—eation barrier
characteristics of aride coatings that are formed
by the steam ogridation of the heat eychar-er
raterial. An erperirental syster is betrg
desicned and 4ill be constructed by rid-fFv 1976,
The initial desion of the system for reasur-

ing tritiun permeabilities of steam generatcr
materials at high temgeratures (8710-600°C) and

utder dynamic hich stear pressures was accom-
plished. This system will consist of He-T, feed
gas flowing around or through tube type sarples
with steam flowing respectively through or around
the tubes. Tritium that sermeates fror the feed
gas into the sieam will be determined by analysis
of condensed water camples.

9.15 LITHIUM COMPATISILITY PESEAPCH ~ STATUS AND
RENUIPEMENTS FNR FEPRNUS MATEPIALS

J. £. Selle D. L. Nlson

Studies to date on lithium cerrosion in fer-
rous materials show that lithium is more cqorrg-
sive toward stainless steels than is sadium,

Pure iron %as excellent resistance to lithium,
but the corrosion rate increases with increasinn
nickel content. Solution, interqgranuler, and
dissimilar metal mass transport mechanisms limit
the maximun operatina temrerature of different
alloy systems. Nitragen is an e.pecially detri-
mental impurity in Tithium and causes accelerated
mass transport in type 31F stainless steel lacps.
Getters such as calcium, which tie up the nitro-
gen, can reduce the adverse effects considerably.
Aluminum additions to 1ithium result in the for-
mation of intermetallic compounds on the surface
of type 316 stainiess steel and reduce the weiqght
Toss at 600°C by a factor of four. Extensive
work is needed to define the corrosion limits for
ferrous materials of interest for fusion reactor
applications.
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COMPATIBILITY SLUDIEs OF POTENTIAL MOLTEN
SALY BRILGER RIALTOR MATIRILLS (N MOLTIN
FL D208 SALTS

J. R. ¥eiser

This repgrt syrrarizes the molten flycride

corgatitility studies carried o:t during the

perice 187&-7¢ in suocort of the Moiten %alt

Peactor Procra~. Ther—al convection and Torced
o 1

circulation 1005s were used to reasure the Carr3-

sicn

rate of selected alioys. Fesults contirmed

the relationsrio ¢f tire, initial chroiu con-

centration, and mass loss cdeveloped By nrevicus

workers .

The corrgsion rates of Bastelloy N and

Hastelloy N nodified by the e<dition of 1-3 we =

b were well within the acceniable rarce for yse
in an MSBP.

BEFERENCES

2. N, Stiecler and T. (. Peythar, "The
Proares for Rllay Develnsrent for
frradiatinn “erfor-ance in Fucine Reactnrs,”
ps. S51-57 in Sewcossoe on Voulson (moty-
Secticry fxom 12 &~ 30 MV, held at
Zrookhaver Mlatinnal Lanoratory {May 3-35,
1977}, ed. M. R

Nacional fuclear Jata (enter, Erockhawen

nhat ard 7, Pearistein,
Yationai Laboratory, finton, % Y., July 1977,
L. J. McHarcue and 1. L. Scott, "Materials
Pequiremerts for fusion Reactars,” Yelai?.
Trars. 9R:151-5% (Febryary 1978).

7. A, Gabriel, B. L. Bishcp, and F. W.
Wiffen, Caleaiofod Tvadiation Resncnte cf
Materials Using a Fusici-Reactos Finst-faid
Newtron Spectrum, ORNL/TM-5956, Oak Ridae,
Tennessee (June 1977); to be published in
Nuct. Tech 2L, ,

T. A, Gabriel and B. L, Bishop, Sensifivity
ek Primany Kncek-on Atom Speetra and
Displacement per ALom Cross Sections Lo
Difdenent Secomtany Neulnon Encngy and
Mgaulbar Distnibutions and "In-Gaour”
Wedighting Schemes, ORNL/TM-6108, Uak Ridge,
Tennessee (Janvary 1978).

AN )

-

on
v

on
v

-4

AL

10.

1.

12.

13.

14,

J. &, cgrak and J. H. Swanks, “Use of
Fission Peactors for Fusion Reactor First-
Wall Stucies.” (Surwacy} Frams. 4m. Nucf. -
Sec. 26{TENSAO 26}, 187-88 (Jume 1877).
F. K. Wiffen and E. E- Bloom, “Effect-af
High itelium Content on Stainless-Steel
Swelling,” Naci. Technof. 25, 133-23 (1575},
E.E. Bloomand F. M. Niffen, "The Effects
of Laree Concmtraiiqns of Helium on the
Mechanical Properties of .'Ieuzrb:n—lrr_adiated
Stainless Steel,” J. Nucf. MxiZex. 50, 171
(1975}. -
P. J. Maziasz, F. M. Wiffen, and E. E.
Bloom, "Swelling and Hicrostructurai Changes
in 316 Stainless Steel lrradiated Under
Simylated CIR Conditions,” Rad. £3§. and
Taitium Tech, 4n Fusden Reactoxs, CORF-
750979, Vol. I, pp. 259-88 (1876).
J. A. Horak, "Use of Ficsion Reactors for
CT2 Bulk Radiation €€fp~ i3 Studies,”
pp. 830-41 ip Proc. Inl. Ceni. Raddatics
Test Facixdieies ger the CTR Surndace and
esiads Fucgiam. at Argonne National
La_oratory, ANL/CTR-75-4.
J. A. Horak, J. O. Stiegler, and F. W.
Wi.fen, "Evaluation of Fission Reactors for
CTR Materials Development,” Tarans. Am. Nucl.
Scc, Z2(TANSAG 22), 172-74 {November 3975).

E. t. Bloom, F. W. Wiffen, P. J. Maziasz,
and J. 0. Stiegler, "Temperature and Fluence
Limitations for a Type 316 Stainless-Steel
Controlled Thermonuclear Reactor First
Wall,” Mucl. Techned. 31, 115-22 (1976).

M. Roberts et al., Oak Ridge Tobamak
Expenimenta’ Power Reactox Study Reference
Design, ORNL/TM-5042, Oak Ridge, Tennessee
(November 1975).

W. M. Stacey, Jr. et al., Tokamak r
Expernimental Power Reactor Studies, ANL/CTR-
75-2 (1975). ‘

Expenimental Power Reactor Conceytual Design
Study 12-Month Proga. Rep, June 1, 1974
Lhnough June 30, 1975, GA-A13534 (1975). '


http://rsr.ee
http://Ne.iW.on
http://Se.naitx.viXi/

16.

17.

18.

Suwmary of the Proceedings of the Woxzahep
on Cowcepfual Deainr Studics of Cxporimental
Powex Reacter-1, Oak 2idge, Tennessee, V
Sept. 9-10, 1925, B. Murphy and J. Nerf,
£d<., FRDA-§9 {Kowesber 1975).

P. J. Maziasz and F. M. Wiffen, "The Unique
Pole of HFIR in Fusion Reactor Materilals
fvaluation,” (Sumary} Taans. Am. Nurl. Soc.
26({TANSAD 26), 189-90 (June 1977).

F. W. Wiffen, abstract for an invited
presentation given in the Panel Session,
"Structural Mechanics Problems of Fusion
Power Reactors,” at the 4th Intermatiomal
Conference cn Stauctural Mechanicsd in
Reactox Technology, San Francisco,

August 15-19, 1977.

P. J. Maziasz and E. E. Bloom, "Comparison
of 316 + Ti with 316 Stainless Steel
Irradiated in a Simulated Fusion
Enviroment,” (Summary} Trans. Am. Nucl.
Soc. 27{TANSAQ 27), 268-69 (November-
December 1977).

a2

20.

2t.

23.

E. E. Bloom, J. M. Leitnaker, and J. C.
Stiegler, *- ffect of Neutron [rrediaticn on
the Microstructyre and Properties of
Titanium — Stabilized Type 315 Stainless
Steels." No 2. Techacl. 31, 232-43 (November
197€) .

E. S. Bettis et al., Mcc. Tth Symg. on
Ergineering Probleme cf Fusdion Reseaxca,
Vol. Il, pp. 1453-1458 (1977).

K. C. L:u, ibid., Vol. II, pp. 1495-1500
(1977).

Ab.tract of paper presented at the American
Mucledr Society Winter Meeting, San
Francisco, Californiz (November 29y, 1977).
Abstract of paper to be presented at the
ind Int. Cenf. or Plaima Sarface Intex-
actleons zn Contr. Fusom Devices, Culham
Lab., Abingdon, Oxfordshire, U.K. (April
3-7, 1978).




NEUTRON TRANSPORT
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The neutran tra2nsport program is

pricarily analytic, bat {2 also iacludes an

Abatracs.
experimental program. The experimental proqram
is desicned to provide the data necessary to
verify the analysis methods and cross section
data that are used at OPYL and throughcut the
iinited States for fusion ieactor neutrorics
desian calculations. Quring the past year a
variety of neutronics calculations have been
carried out in support of desiagn work at ORMNL
and at the Princeton Plasra Physics Laboratory.

10.1 BLAKKET AND SHIELD INTEGRAL EXPERIMENT
AND ANALYSIS

6. T. Chapmen G. L. Horgan
E. K. Cblow F. 6. Perey
R. T. Santoro Y. Seki

The design and construction of the 14-MeV
neutron integral experiwent facility was com-
pleted in 1977, The facility will produce up to
10!° neutrons/sec, and measurements of both
neutron and gamma ray transmissions through up
to 1 mcr shield material can be measured (i.e.,
up to 10 material plus geometric sttenuations).

1. HNeutron Physics Division.

2. Compuiar Sciences Divisfon.

3. Instrymentation and Controls Division.

4. Visiting scientist from the Division of
Thermonuclear Fusion Research, Japan Atomic
Energy Research Institute, Tokai Ressarch
Establishment, Japan.

Preliminary measurements were made without
shieid materials in place, and these agreed well
with two-dimensional transport calculztions
wmodeling the whole facility.

Anaiytic activity focused on the preanal-
ysis of the first two experiments planned for
1978. A preliminary design ‘or the first
attenuation experiment was completed, and word
was initiated to design the first streaming
experiment. The attenuation experiment was
designed to resemble a size-optimized inner
toroidal shield for a large tokamak reactor
(i.e., TNS). The experimental shield will
consist of 35 cm of stainless steel followed by
25 cm of alternating 5-o0n layers of stainiess
steel and borated polyethyleme. Neutron and
gamm2 ray spectr2l measurements will be made
with an NE-213 dere.ivr at various stages of
construction of the fuli 60-cm shield ({six
intermediate experiment; are currently planned).
Sensitivity <tudies for all o’ these planned
measurements were also cevried out to see what
radiation transport and produ-tion processes are
most mportant in such a shield ° Very high
sensitivity to 14-MeV neutron ranspor® was
observed,

10.2 TFTR NEUTRAL BEAM INMJECTCR SHIELD:.i

R. 7. Sentoro
R. G, Alsmilier, Jr.

R. A, Lillie
J. M. Barnes

Two~-dimensicial discrete ordinates and
three-dimensional Monte Carlo radiation trans-
port calculations were carried out to estimste
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the sp»iial dependencies of the nuclear hea.ing
rates and neutron and gasme ray scalar fluxes in
the components of the neutral beam injectors
being Jesigned for the TFTR.Z The nuclear
responses were cbtained for the radiation
streaning from the plasma through the injector
port and for the radiation leaking through the
concrete igloo shield that surrounds the reactor.
The analysis was performed using accurate repre-
sentations of the radiation scurces, and the
neutral beam injector was modelled in the detail
commensurate for each radiation transport calcu-
lation. The nuciear heating rates in the cryo-
panels that line the injector were found to

" range from ~5 x 1072 W/cm? at the front of the

injector to ~6 x 107¢ N/cm> 2t the resr of the
injector.

10.3 NEUTRON COLLIMATOR DESIGR CALCULATIONS

R. A. Lillie R. 6. Alsailler, Jr.
J. T. Hihalczo

The TFTR at Princeton University and the
ORMAK Upgrade at Oak Ridge Kational Laboratory
will require neutron collimators to obtain
spatially resolved neutron spectrum measurements
that can be used to infer such quaniities as ion
temperature and torofdal drift motion. To aid
in the design of these collimators, a number of
$S-316 right circular cylindrical shells of
varying lengths were analyzed using the two-
dimensiona] discrete ordinates DOT? code system
together with first and last flight particle
estimator techniques to determine direct and
background detector responses.

The results of this investigation identified
the 14-MeV neutrons that scatter in the $5-316
immediately adjacent to the collimator opening
{air column Tiner) as the dominant contributor
to detector background." Although collimator
Tengths greater than 60 cm were sufficient to
attenuvate uncollided background neutrons, lengths
over 100 cm were needed to recuce the 14-MeV
scattered background to acceptable level.., The
calculated Jower energy neutron background and
the photon background levels were not found to
be significant.

10.4 NEUTROMICS ANRLYSIS FOR FLSION REACTOR

DESIGN
R. T. Santoro J. S. Tang
T. A. Gabriel J. K. Barnes

Neutronics analyses have alsc been carricd
cut in support of a variety of fusion reactor
designs. These include TNS, EBTR, and CRMAK
Upgrade. Caiculations were carried out to
identify the effects of shield penetration on a
generic class of fusion reictirs.® Calculations
for EBTR were performed as pary of a design teas
effort to identify a plausible design concept.
The results of one-dimensional calculations
identified the nuclear heating, radiation dasage,
and tritium breeding parameters for a lithium
laden stainless steel-supported blanket design.©
A study of the sensitivity of the tirst wall
radiation damage to blanket composition to the
first wall thickness also resuited from the EBTR
studies.”

" Two-dimensional discrete ordinates calcula-
tions were performed 0 identify a suitable
biological shield design for an upgraded ORMAK
machine.

10.5 RADIATION SHIELDING INFORMATION CENTER

B. F. Maskewitz R. W. Roussin
D. X. Trubey

The Radiation Shielding Information Center
(RSIC), established in 1962, serves its user
community by collecting, organizing, processing,
evaluating, packaging, and disseminating infor- .
mation related mainly to reactor and weapons
radiation. The scope includes the physics of
interaction of ndiatipn with matter, radiation
production and transport, radiation detectors
and measurements, engineering design techniques,
shielding materials prqperties. computer codes
useful in research and design, and nuclear data
compilations., Originally established to support
research related to fission, RSIC now supports
fusion reactor tecmiolbgy. The major activities
include (1) opcnting a computer-based informs-
tion systen and ansnring inquiries; (2) col-
lecting, testing, packaging, and distributing




cosputer codes; and {3) those activities associ- 2. R. T. Santoro, R. A, Lillie, R. 6. Alswmiller,
ated with evaluated and pro essed nuclear data Jr., and J. M. Barnes, “Two- and Tnree-
libraries. Dimensional Neutronics an2lysis of the TFIR
All RSIC activities ~untribute to the Neutral Beam Injectors,” submitted for pre-
fusion technology progrza, but perhaps the most sentation at the Annual Meeting of the
significant are those associated with the DOE-OFF fmerican Wuzlear Society, Sam Diego,
Data Center. The Center includes a clearinghouse California, June 18-23, 1978.
for evaluated crnss sections and the gemeration, 3. W, A. Rhoac>s and F. R. Rymatt, The DOT 111
packaging, and distributioc of a general purpose Tax-Dimensicml Discrete Oxdinst:s Tramsport
coupled neutron and gamma ray Cross-section Code, ORNL/TR-4280, Oak Ridge, Tenmessee
library for use in radiation transport and (1973).
neutronics studies. In CY 1977, DLCAY/VIIAMIN C, - 4. R. A Lillie, R_ 6. Alsmiller, Jr., and
2 171-neutron, 36-gasma ray group, 36-mcterials J. T. Rimlco, Trans. Am. Nacl. Soc. 27,
data library was validated and made generally 797 (1977).
available. Several more problem-dependent data S. R. Y. Santoro et al., Rucl. Tech. 37, 65
Vibraries were derived from this fine group set. (o).
ihe RSIC data base increased in each subtask 6. R. 5. Santoro and J. M. Barwes, M -clear
during the year: ‘ Performance Calemtations §or the -LN0 Bowpy

Torus Reactox [EBTR] Reference Designm,
ORNL/TH-6085, Oak Rioge, Tenmessee (1977).

7. J. N. Barnes, R. T. Santovo, and 7. A.
Gabriel, The Sexsitivity of the Finst-Sall
Radiation Damage to Fusion Reactox Blamket
Composition, ORML/TM-6105, Oak Ridge,
Tennessee (1977).

8. D. K. Trubey, R. W. Roussin, J. Gurney, and
A. B. Gustin, Bibliography, Sabject Index,
and Authox Index of the Radiation Shielding
Information Center (Reactox wud Weapons

(1} Viterature — 6000 citations® may be ac-
cessed on DOE-RECON, 40 RSIZ reports
issved with several volumes in series;

‘2] codes collection — 309 complex shielding
code packages? and 116 auriliary data
processing packages;!?

(3) data collection —~ 51 data library pack-
ages!! and additional working cross-
section 1ibraries maintained for DOE-OFE
and DNA sponsors.

The RSIC newsletter distribution s ~1400. Radiation Shietding), ORNL/RSIC-5, Vol. 1-V,
Volume ¥ of the shielding bibliography series® Oak Ridge, Temessee (1978).
was issued. 9. Betty KcGill, Betty F. Maskewitz, C. Marie

RSIC latest user statistics (FY 1977)
indicate that 3307 separate letters and telephone

Anthony, Hesma E. Comolander, and Menrietts
R. Hendrickson, Abstracts of Digital

calls (+13.2/workday) were processed during the : Computen Code Packages Assembled by the
year, 3 503 increase over the previous year, and Radiation Shietding Infjormetion Centex,
96 visitors were received. The fusion research ORML/RSIC-13, Vol. -1V, Oak Ridge, Ten-
community accounted for ~15% of the total number nesses (1976, updated 1978).
of requests. REFERERCES 10. Betty F. Maskewitz, Abstaacts of Peripheral
Shielding Code Packages Assombled by the
1. Y. Seki, R, T. Santoro, £. M. Oblow, and Radiation Shielding Information Center,
J. L. Lucius, "Macroscopic Cross Section ORWL/RSIC-31, Vol. I, Osk Ridge, Tennessee
Sensitivity Study for the TNS Integral (updated 1978).
Experiments,” submitted for presentation at 11, Robert W, Roussin, Abstracts of the Data
the Annual Mgeting of the American Nuclear Uibrary Packages Assembled by the Radiation
Society, San Diego, California, June 18-23, Shielding Information Center, ORNL/RSIC-30,

1978. Vol. I, Osk Ridge, Tennessee (1972).



MANAGEMENT SERVICES

R. H. Dilworth, Section Head

S. K. Adkins R. P. Jernigan . T. Rogers”s!

D. R. Alford B. L. Johnson® €. M. Ruckart

A. B. Barnette N. N. Johnson H. K. Russell

D. P. Brooks P. B. Johnston® C. M. Sexula

J. L. Burke <.~ Kelman® 0. 6. Sharp

£. L. Cagle! B. 6. Kincaid® A. V. Snodgrass

C. J. Chasberlain J. K. Lovin S. €. Stockbridge’

C. K. Cox J. 8. Martin®-! B. L. Straine

®. V. Dunn B. J. McClure! C. . Strickler?

R. S. Edwmards J. {. Reeley! C. X. Thomos

J. C. Ezell 8. L. Pope 0. Y. Vare!

H. 8. Jernigan P. N. Rager: E. L. Matkin!

J. R. Jernigan N C. Pned” €. E. Webster!
E. R. Wells C. Whitmire, Jr.

Abstract. The Management Services Sectiom com-
pleted its first full year as 2 section charged
with providiag coordinated professional admin-
istrative services to the Fusion Energy Division.
A permanent section head was esployed in June
1977. The addition of two financial assistants
in the Finance Office proved valuable in both
year-end closing and budget preparation. Sub-
contract activity with industry continued to
grow, with $5 cillion now in force. The capa-
bilities of the FED Commmications Center were
increased to keep pace with increased publication
activity. The FED Management Inforwation System
upgrades the Procurement Module, initiated the
Personne] Module, and extended its activities
outside the Division. The Engineering Services
Group handlied major GPP >dditions during the
year. Both tr~ Quality Assurance and the Safety
progrems initiated formal training for Division
staff.

'Parr.-tin. -
i. Informstion Division.
2. Finance and Materials Division,

1.1 INTROOUCTEON

The Managesent Services Section w.s formed
Just over a year ago to provide coordinated
professicaa) «dministrative services for the
Fusion Emergy Division, thus enhancirj the
technical efforts of the Division staff_ In-
cluded in the work of the section are the
finance, general administrative, persomnel,
engineering services, purchasing coordination,
mandgement information, technology commercial-
ization, and commumications center functions of
the Division.

The section was headed temporarily by the
Associate Division Director until June 1977,
when 3 permanent Section He. ¥ was employed.
Ouring the year, two minor orgefzation changes
were made within the section. The purchasing
coordination and expediting function was moved
in%o the Engineering Services growp to provide
better work load leveling, and the emergency
plaming fynction of the Division wvas combined
with the safety program. Both of these changes
_are reflected in the organization chart for FED
(Fig. 11.1). The year just concluded was one in
which the concept of a centralized section for
menagement services matured into 3 functional
entity. Highlights of these activities follow.
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11.2 FINANCE OFFICE

During this year twc Financial Assistants
were 2dded to the “inance Office to act as
Jiaison to the technical sections and pragrams
of the Divisicn. Their value was especially
noteworthy in the difficult task of closing the
budget year and in financial! planning for the
following year. '

The funding trends for the Division have
" slowed from the rapid growth of prior years, as
il]ustrated in Fig. 11.2 for tic entire Division,
and in Table 11.1 for the various activities of
the Division. Under these changing circum-
stances, the role of the Finance Office must
include scrutiny of accounts and careful cest
projections. In addition, important negotia-
tions were supported n which the costs charged
the Division by other organizations were deter-
mined.
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The Finance Office continues to provide
aonthly reports of the status of each funded
accivity in the Division, working with the
section and program heads to proverly plan
manpower and procurement needs within the budget
constraints. [t also operates the coordinated
work order control system for the Division.

This ofT3ce is also the focal point, through the
Financial Ass.stants, for preparation of Forms
189 jir future funding of all Division programs.

11.3 OFFICE OF THE ADMINISTRATOR

Most of the general administrative func-
tions of the Division are handled or coordinated
by this office. Some highlights follcs.

11.3.1 Personnel Functions

During the past year arrangements were made
for interviews with 54 prospective employees, 19
of whom accepted employment. Eleven ne.’ em-
ployees transferred from other ORNL orgas jiza-
Twenty-two guest assignments were
processed, by which nonemplioyees particijate in
Division programs. The Division pericunel files
were completely revised to conform with new
guidelines.

tions.

11.3.2 Visitors

During the past year arrangements were made
for 1977 visitors to the Division, including 225
noncitizens.

11.3.3 Subcontracts

The involvement of industry in the work of
the Division, first begun in 1976, expanded
considerably in 1977, with the cotal value of
contracts to industrs exceedirg $5 million. In
addition to continuing programs in TNS studies
and in microwave power tube development, three
major contracts were initiated for fabrication
of prototype fusion reactor magnet coils as a
part of the Large Cofl Program. These activities
constitute a major technology commercialization
effort through whizh industry becomes involved
with the technology of fusion power.



Table 11.1.

FED activity funding

Dullars in thousands

Confineneny systems — tokamak
systems — vesearch operations
Confinement systems — tokamak

Confincmer® systems — magnetic
rirror systems — research
operations

Confinement systems — magnetic
mirror systems — major device
fabrication

Confinement systems — design and
engineering

Total confinement systems

D=velopment and techhology —
magnetic systems
Davelopment and technology —
plasma engineering
Development and technolagy —
fusion reactor materizls
Developm:nt and technology —
fusion systems engineering
Development and technology —
environment and safety

Applied plasma physics — fusion
plasma theory

Applied plasma physics -
experimental plasme research

Applied piasma physics - national
NFE computer network

Reactor projects.-— TFTR
Total reactor projects

FY 76 FY 77 FY 78 FY 78 Total Fy 79 Fy 80
Actual Actual Funding as expected Presidential Projected budget
Activity cost cos* of March 78 funding budqet from OFE
3,846 6,871 5,550 5,740 9,000 10,900
systems — m2jor device fabrication 2,534 4,574 4,850 4,850 3,000 2,000
1,080 1,969 2,250 2,400 2,250 2,500
0 178 200 200 0 0
a1 71 900 ___3un 1,150 o
$ 7,901  $15,253 $13,750 $14,090 $15,400 $15,400
3,367 5,691 7.200 7,200 11,400 13,400
4,998 6,063 5,525 5,525 5,600 6.82% §
1,016 1,645 2,840 2,940 2,205 3.460
789 814 970 1,020 970 2,250"
0 0 60 J .50 J— ]
Total development and technology $10,170 $1a, 213 316,695 $16.745 $27.235 $26,035
1,804 2,063 2,200 2,200 2,300 2,400
580 843 920 920 920 925
0 271 156 150 290 .. 340
Total applied plasma physics $ 2,388 ¢ 3,177 $ 3,270 $ 3,270 $ 3,610 $ 3,665
—_—0 32 0 — N S
0§ 3 0 .0 0 .0
$20,455 $32,964 $33,715 $36,105 €39,145 $45,100

Total ORNL funding

“INS 1s classified under Development and Technology — Fusion Systems Engineering for FY 1980. The TNS projected budget

for FY 1980 1s $670K.
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11.3.4 FED Communications Center

This new name replaces the former “Reports
Office" to reflect more accurately the broad
range_:o{_;l‘-ervices provided by this group. The
center proyides-a cosplete documentation service
which includes editorial review, t ‘ping, draft-
ing, Dhotogra;hié"'&rt. and copying services.
During._wn. 59 nwbéti«#‘reports. 47 jourmal
articles, and 199 meeting 'ﬁapers were published;
265 abstracts weve processed. The graphics
group prepared approximately 2000 drawings, 1000
vlevgraphs and 2000 fv;mSparenaes by the POS 1 -
and COLOR POS process.- -The addition of a 9200
Xerox coj;ier with operator has cnabled one-day
service for large copying and collating regquest..

Growth of this grodp has continued in order
to keep pare with the im:rea.sj'ng puolication
outprt of the Division; fur nermore, while the
voiuze of work has increased, the average pro-
cessing time has decreased. - Qur records continue
to verify the produ:tivity and cost-effectiveness
of this group.

11.3.5 Administrative Guidelines

- The FED Administrative Guidelines, initiated
»in .976 were updated by the revision of six of
the fourteentnaptcrs reflecting unanges in or
additions to appl icable procedufn;.’“~'rnef-e
guidelines cover administrative situatiomns -
unique to the Division and serve as a supp!ement
to the Nu~lear Division Office Guide, the ORNL
Style Manual, and the Standard Practice Pro-
cedures.

11.4 MANAGEMENT INFORMATION SYSTEM

The Management Information System (MIS)
ectivity completed its first full year of oper-
ation. The purpose o7 the system is to provide
the Division Director, section heads, and program
madnagers with timely cnJ relevant in“ormation
needed to maintain control of cost. and adherence
to schedules,

Most of the effort this year was directed
toward fmprovements in the Procurement Module of
the MIS.! These improvements provide more

accurate data aa 2ccounts payable transactions
as well as more control by the user on the
selection of data. Weekly updates from the
financial acciunting System revise cost commit-
ment data to reflect recent payments as well as
tc provide 2 check on the gata. These checks
and the resulting corrections are accomplished
by a software routine without marual involvement
in most cases. Teports from users and computer
usage records indicate that the module s in
wide use.

The demonstrated usefulness of the FED
Procurement Module promgted a request from the
Engineering Technology Division to set up a
similar system for the procurements related to
that division, and this was accomplished. .

Work continued to provide a project sched-
uling capability for the Division and its
relatzd engineering organizations. Several PERY
(Program Evaluation and Review Techniques)
programs were evaluated; cne was selected,? and
it is now being checked out on the FED computer,
User classes have been scheduled, and use of the
system will begin shortly.

Two new MIS modules were initiated. The
Labor Module will provide werkly updat:d data on
nondivisional lahor charges to aid program
managers in cost control. The Personnel Module
provides means tor computer-generated personnel
reports and information. Both of these new

_-.}b;v'odalgs are in early stages of deveiopment.

1.5 ENGINEERING SERVICES, QORLETY e
ASSURANCE, SAFETY AND EMERGENCY
PLANNING, AND PROCUREMENT EXPEDITING

11.5.1 Engineering Services -

The Encineering Services group provides all
of the nonprograsmatic engineering work and
coordination for the Division. This includes
coordination of machine shop work, maintenance
craft work, irventory and storage of equipment |
and materials, and the coordination of Division
requests for General Plant Projects, Geners) ‘
Plant Equipment, and Line [tem facility {mprove-
ments, It is also responsible for the mainte-
nance of buildings, facilities, and ejsipment,



};
l

and faor planning of future facilities. Sore of
the nighlights of this activity in the past year

include:

{1; completion of 5 GPP and 17 espense tyue

projects;

——~
~No
.

iritiation of 1 GPP, 17 expense, and &
equipment projects; and
(3) conrdination of 37 man-years of machine

shop work in Y-12 shops, and 12 man-years
in 1-1G shaps.

A lump sum subcontract bid package was prepared

for 3 demineralized water system for Building

9204-1.

assigned to provide detailed design for the GPP

kn architect-engineer subcontractor wa-

office and laboratory space addition to Euilding
9201-2.
telephunc svstem to te instailed in 1979.

Coordination was provided for the new

11.5.2 Safety and Emergency Planning

The Division safety program includes safety
and fire in<pections plus six formal training
sessions per year for all Division personnel. A
formal training program was instituted for
indoctrination in both plant and Division
emergency procedures.

11.5.3 Quality Assurance

The gquality assurance program for FED
continues to be a3 model operation for ORNL. The
program extends to all shop work, field assembly,
and enginee. ing, and continues to be effective
in ensuring reliable and cost-effective xperi-
mental equipment. A comprehensive training
program in quality assurance was instituted for

all Division personnel.

11.5.4 Procurement Expediting

The procurement expediting function was
placed in the Engineering Services group to
obtain advantages of work load leveling among a
1arger group of people and to provide closer
coordiration with the material control and
jnventnry function. During 1977 this activity
processed 17.0 requisitions for materials,

™Y

Y

LN

©ULprent et Jergicer | rFeESresentir 2 ool e
6 ceer 10 miilior. Fucther di-sriyerert anre
rafe d4ring tne jeer Ir the interactlinn of

procuresent erLediting with Sne M0 Procurerent
Magule, including 2 routine computer generated
ersediting report to tne purcnzsing departrent

or late gr critical purchatend itess

P16 TECHNOLOGY UTILIZATION

The Fusion Eneryy Division is deenly in-
voived in the transfer of fusion technology to
i~dustry. Subcontracts with z nurber of indus-
trial compinies now tctal $5 million. The types

of contracts in force include:

(1; studies of fysion technnlogy problems by
induitry persannel at both QPNL 2nd at
the contractor's plant, _

(2) fabrication contracts for newly developed
equipment,

(3) contracts tn obtain industry personnel
having unique technical experience for
work at GRIL, and

(4) deveiopment contracts for advancing the
state of industrial art in technical areas

essential to Division programs,

Through the Division Techno.ogy Utilization
and Commercialization Officer, the Bivision
program is closely coordinated with the ORNL
program.

11.7 FED LIBRARY

The FED Library maintains a specialized
collection of books, technical reports, and
scientific journals pertinent to the fields of
plasma physics and fusion energy technology. In
addition, it functions as a branch of the ORNL
Central Research Library, with professional
lbrarian assistance to aid in document Tocation
Particular goals of the
1ibrary this year were current awareness of
publications in the pertinent fields and suitable
additions to the library collection, Activity
in the area of automated literature search
included the addition of Bibljographic Retrieval

and retrieval problems,
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Services ‘3273,, incluging Pr,_.(s Abstracts ang
Cissertation Anstrazls Cgale besss, which will te HR
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SOC'e Jrsiz, Lochneed’s Diziog, New York Times Z.

Infgrresion Bank, ans NASS Qecoan,
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J. K. Lovin and B. A. Clark, Prrcuzemant
Medude fot @ MIS: Gser’s Manawsd, ORNL/TM-
5854, Uak Fidie, Teanessee {March 1¢77).
The Kew PERT6, Dynamic Solutions Incorpo-
ratad, Hartsdale, New York (October 1977).
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LIST OF ABSPEVIATIONS

ADI alternating direction implicit
AEDC Amold Engineering Development Center
RES Auger electron spectroscopy
appm stomic parts per million
ARE aspect ratio enhancement
ATC Adiabatic Toroidal Compressor
ccw counterclochwise
CPFF cost plus fixed fee
cm Collisional Plasma Model
| o clockwise
| o continuous wave
Demo Dezunstration Reactor
DIIE Divertor Injector Tokamak Experiment
ONFE Division of Magnetic Fusion Energy (now Office of Fusion Erergy!
DNA Defense Nuclear Agency
DOE Department of Energy (formerly ERDA)
dpa displacement per atom
D-T deuteriym-tritium
| EBR-11 Experimental Breeder Reactor 11 (Idaho)
| EBT ELMO Bumpy Torus
| EBTR ELMO0 Bumpy Torus Reactor
EBT-S ELM0 Buspy Torus Scale Experiment
ECH electron cyclotron heating
ECRH electron cyclotron resonant heating
EF equilibrium field
EPR Experimental Power Reactor
tRDA Energy Research and Development Administration (now Department of Energy)
| FCT flux conserving tokamak
| FED fusion Energy Division
| FIR far infrarec
‘ M full width at half maximum
HF IR High Flux Isotoce Reactor
HPTF High Power Test Facility
HWHM half width at half maximum
TAEA International Atomic Energy Agency
IFR impurit- flow reversal
e Injection into Microwave Plasma
1sX Impurities Study Experiment
JET Joint European Torus Tokamak
ksi thousand pounds per square inch
LASL Los Alamos Scientific Laboratory
Lee Large Coil Program
LCPTF Large Coil Program Test Facility
Lcs Large Cofl Segment
LCSTF Large Cofl Segment Test Facility
LMFBR Liquid Metal Fast Breeder Reactor
LPTT Long Pulse Technology Tokamek
L/R ratio of inductance to resistance
MCDT mosing cofl displacement transducer
METF Medium Energy Test Facility
MFE magnetic fusion energy
MFR magnetic fusion reactor
MHD magnetohydrodynamic
MIS Management Information System
WIY Massachusetts Institute of Technology
MSBR molten salt breeder reactor
NASA National Aeronautics and Space Administration
NBS National Bureau of Standards
NMFECC National Magnetic Fusion Energy Computing Center
OFE Office of Fusfon Energy (formerly DMFE)
OH omic heating !

ORMAK Oak Ridge Tokamak !
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oPNL Dar Sidqe Naticral Laboratnry
GPp Nak Pidye Pesearch Seactor
PDX Polotdal Divertcr Excerirent
PEPP Prototype Experi-ertal Power Beactor
PEPT Prograr tvaluation and Feview Technigues
23 painidal fiel2
Pre prirary knock-on ator
PLT Princeton Large Torus
PPRL Princetnn Plasma Physics Laboratory
psi wounds per square inch
pTP pericheral target position
rf radio frequency
PHEL Putherfor? Bigh Energy Laboratory
poIr Padiation Shielding Infermation Center
SCP sflicon controlien rectifier
SIMS secondary ion rass spectroscody
508 successive gverrelazatian
S stafnless steel
. TER transversely ex.ired atrospheric pressure
TEXT Texas Tokamak
TF torcidal field
7LD thermniumine scent dosimeter
TFTR Tokasak Fusiun Test Peactor
THS The Next Step {Tokamak)
TSiA Tritfum Syster s Test Assembly
TTAP Technology Te. L Assenbly with Plasma
uoe unified data bas>
usC u.er Service Center
veo Yazuum Components hevelopment (Frogram)
VF . vertical field
vuv vacuum ultraviolet
- 5-D zero-dimensional -
1-0 one-dimensional
2-D twi-dimensional
3-D0 three-dimenc fonal
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