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INTRODUCT IOR

During 1976, ORML was a major contributor to the jmpressive pregress of the imtermational effort
of many laboratories and many mations to harmess fusion emergy. The wmiquemess of the O program
resides in the variety of its contributions, which lie in almost every ares of fasion research and
development. The breadth of our program provides 2 necessary comtergpoint to our del iberate efforts
to focus on the essential steps that must be taken to build 2 viisle fusion reactor., In order to
provide this focus, we have used the Demonstration Reactor study (Demo) to define our goal and the
design of The Rext Step (TNS) in the fusion program fo guide our program plamwing. In order to work
toward our goal, we have attempted to combine the techmological disciplines of cur pregram with in-
dustrial engineering expertise. Finally, we have attempted to leaven tiis activity by mintaining
an environment of state-of-the-art experimental and theoretical plasma physics. 1 believe that these
steps have multiplied the effectiveness of our resowrces in working toward practical fusion eneryy.

Our program continues to concentrate the bulk of its resources on the advanced design, plasm
physics, and technological developments specific to tokamaks. However, these activities provide a
fertile environment for tr& rapid development of alternate concepts. Incressed electrom Cxlotron
resonance heating power and diagnostic capability, especially the development of spatial potential
measurements, on ELMD Bumpy Toru. (lo:, ..ave provided data which are in reasonable agresment with
rapidly developed treoretical modeis partially derived from our tokamak program. In addition, a
development program has been initiated to produce high power micromve tubes for future EBT experi-
ment< 2s well as for application to tokameks. Thus, the EBT program is progressing rapidly in both
plasma physics understanding and critical technological development, and EBT comtinues to be a very
sttractive fusion reactor alternative.

The most significant theoretical developments this past year have been the conception and initial
investigations of the properties of high volume average beta (%) "flux conserving tokamak” (FCT) equi-
1ibris. Equilidria with T of more than 203 have been found (both theoretically and from transport
#odeTing) to be a natural consequence of auxiliary heating when the heating time is such that the
polofidal and toroidal magnetic fluxes are frozen in during the heating. The marginal stability of
FCT equilibria has heen investigated in the ideal MHD timit. A nonoptimized case has been found to
be stable for & up to 5% as long as the safety factor (q) at the plasaa center s kept above about
1.2, Neutral injection, which has been pioneered at ORNL, is used for the auxilfary heating source;
the beam deposition and transport effects for these high 8 FCT equilibria have also been considered,
The net prospect is that the maximm § in tokamaks mdy readily reach — and perhaps even exceed — the
5-10% economic viability range, instead of being 1imited to Tess than 33, as previously thought.
This 1s a significant development for the entire tokamak-based fusion program.

One indication of the significance of the high B developments s the impact on the ORML tokamek
advanced design programs. Combining the high % concept and other plasme physics developments with
advances in the materfals, injector, and coil technology has made it possible to begin the design
of an economically viable fusion reactor core for TNS, The minor radius of the TNS "core plasma”
has been reduced to 1,25 m and the thermal power output increased to 2 Mi. The Demo program has
simul taneously produced a plan for utilizing the TNS plasme core in a series of logical steps to
commercial ize tokamek fusion power,

Based on the increased understanding of the behavior of modified stainless steels developed in
the ORNL Fusion Reactor Technology Program, it is possible to expect first wall 1ifetimes in excess
of 10 Mi-yr/m2 for TNS-type tokamek reactors. Simultaneously, incressed theoretical understanding
of the required heating profiles and advanced concepts in beam handling technology makes it possible
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to achieve ignition in such a systems with conventional positive ion techmology, thus lessening the
need for more efficient but wore difficult negative ion techmology. Reievant ignition experiments
also require a pulse time on the order of tens of seconds, whick igplies that superconducting coils
are an essential ingredient om both econowmic and technological bases. During this year, ORML has
taken 2 mjor step in the development program for these large, superconducting coils by the initia-
tion +f three design and fabrication contracts with industry.

This techmological progress has been reinforced by a series of advances in tokamak plasma physics,
both at ORML and throughout the world. The ORNL experimental plasma physics program in 1976 was
highl ighted by the production of large increases in the plasms parameters in ORMAK through the
use of neutral injection heating. This included increasing the ion temperature fraa 0.6 to 2.0 keV
and demonstrating significant electron heating with newtral injection for the first tise. Ve were
also able to produce a peak B of 31 and an average 8 of 11 with neutral heating. Unfortumately, ORMAK
operation terwinzied two months ahead of schedule, in Decesber 1976, after a power supply accident
which damsged some of the toroidal field coils. This fiml shutdown ended one of the most productive
experimental programs in the history of fusion research. The ORMAK staff and many of the related
facilities will now be concentrated on the Impurity Study Experiment (ISX), which begins operation
in the spring of 1977. The scope of the ISX program has been expanded to utilize Princeton Large
Torus (PLT) class ORMAK Upgrade neutral injectors to address high 8 plasmas after a year of important
noninjected plasma impurity studies. Simultaneously, the ORMAK Upgrade experiment will be redesigned
in order to include recent plasma physics developments and to carry on optimized high 8 experiments
when ISX returns to its primary impurity study role.

The ORML Plasme Heating and Fueling activities also completed a very productive year in 1976.

The 150-keV test stand required for addressing high energy beam technology for the Tokamak Fusion Test
Reactor (TFIR) and TS was completed and successfully operated with a two-stage source. Initial oper-
ation was started with the first PLT besm line components. As expected, the quasi-steady-state ORML
fon sources were successfully scaled to the 60-A, 40-ke¥ level required for PLT. Utilizing a hydrogen
pellet fueling device developed at the University of [11inois, the first significant fueling experi-
ments were conducted on ORMAK, and 3 good start was made on a more reiactor-relevant mechanical pellet
injector. These new beam and fueling facilities can be expected to produce many more developments

in 1977.

These mjor achievements give us confidence that we are making progress toward our godl. However,
we wat recall that eich successfully concluded project is made wp of individual components, each
basad on painstaking research and craftsmnship. While we were completing the major projects mentioned
above, the all-isportant components for future successes were being crafted in our laboratories,
Consswently, the bulk of this annual report is devoted to those activities which lay the foundation
for future progress.

Ne end the year with many achievements. Jore importantly, we have facilities and ideas to sur-
pass these achievements in the new year. [ can add only my gratitude to the men and women of the ORAL
fusion Energy Program who have made this possibie.

/" Tl ool
F. Clarke, Director
Fusion Energy Division
Mey 1977
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PLASMA FUSION

ABSTRACTS
(Chapters 1-3)

1. HIGH BETA PLASMA SECTION

An increased understanding of the plasma
properties in the ELM) Bumpy Torus s resulted
from the experimental efforts in 1976. Ion and
electron temperatures in the range of 100-300
eV have been measured using charge exchange and
soft x-ray measurements respectively. Owr con-
fidence in the charge-exchinge measurements has
been increased by a separate experiment which
has shown that the ispurity component in the
neutral flux is negligible.

Measurements in the ultraviolet spectral
range have shown the adbsence of highly charged
impurities. This observation, coupled with the
electron temperature measurements, has led to
the conclusion that the impurity density is very
Jow in the plasma core — that the “nmatural diver-
tor”™ action prevents impurity penetration. Fur-
ther measurement and analysis of the Doppler
width of neutral hydrogen light reaffirms the
evidence that the hydrogen atoss in the plasma
have a tesperature of much less than 1 eV. A
heavy ion beam probe has been installed with the
excellent prospect of determining the spatial
profile of the plasma potential. This information
is of a great importance because of the large
ini 1uence the radial electric field has on con-
finement properties in a bumpy torus. Measure-
ments of the plasma diamagnetic field are under
way; they will improve the knowledge of the hot
electron volume.

The power capability at 18 GHz has been
doubled, from 30 to 60 ki (cw). Higher powers at
higher frequencies require that sources be
developed; this development has begun.

2. TOKAMAK EXPERIMENTAL SECTION

The tokamak scheme of formstion and con-
tatrment of a toroidal plasss has shown consid-
erable promise, becayse scaling laws, based on
theory, are favorable to the achievement of

controlled fusion by this means. In the program
to formulate an extrapolation directly to a
reactor, the Osk Ridge Tokassk (ORMAK) meutra)
beam heating experiments of this past year are
key elements. There has been significant meutral
beam heating of plasm electrons, and high
toroidal beta values have been attaimed. The
usefyl operating range for plasma studies has
been extended: (1) by injectiom to approximstely
500 ki neutral beam power, (2) with toroidal
fields to 30 kG, and {3) with plasms currents to
230 kA. Values of Z.ff were reduced to 2.5 and
the limiter safety factor to 2.5.

Neutral beam heating of the plasm attained
a 1.8-ke¥ central ion temperature at a density
of 3 x 1013 cm~3 with 360 ki of injection power.
The scaling of ion teaperature with plasas
density and injection power implied neoclassical
ion-therma) conductivity and classical beam-
plasma energy transfer.

ORMAK experiments with 150 k¥ of ohmic heat-
ing power and 360 ki of injection power have
resulted in increases in the central electron
temperature from 0.3-0.8 keV and in the average
electron temperature from 0.2-0.45 eV at 70 kA
plasm current. Similar electron temperature
increases were also seen at higher plasms currents
(175 kA). The scaling of electron tespersture
with power appeared to be the same for ohwic
heating and neutral beam injectiom.

ORAK measurements indicated that toroidal
rotation velocities wre limited to Tow values
and were not substantially increased by wnidirec-
tional injection, so that cofnjection my be
sufficient for plasms hesting. Impwrities and
radiation losses increased with injection, but
the addition of 360 ki of injection power to 150
ki of ohmic heating power did not change z."
(=3) by move than one. This is in comtrast to
the observed )inesr scaling of chf with ohwic
heating power on ORMAK.
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Some additional bemeficial effects of injec-
tion were:

1) Attaimment of higher saximum densites with
s puffing [ie =6 x 10'3 an3 and n¢(0)
29x 103 a3 ys ie < 4.5 x 1013 »?
without injection],

2) operation at lower limiter safety factors
fq(a) = 2.5 vs q(a) > 3.5 previously], and

3) attaimment of higher toroidal beta [8'(0)
-l.ﬂ-‘wal.so.u]q‘hi*r
total tovoidal beta [inciuding stored beam
energy ~ plasm energy, s'.(O)-:ﬂad
average B, = 0.8x].

Other contributions of interest are as
follows.

1) Solid hydrogena pellets, 210 i@ in diameter,
fajected with speed of 90 a/sec and path
Tengths in the plasms of 9 om, approxi-
mtely dowble the pemetration distamce
cbtained esrlier.

2) Pwblications oo the physics of swrface
mcharvisms by which iepurities are formed
and the forces which cause the impuwrities
to enter the plasma are abstracted.

3) A refioed sode] for runmay electroas and
some departures from the mode] are moted.

4) Istermal mde structures and sawtooth oscii-
lations are related to energy transport.

5) A new diagrostic tool, the fast soft x-ray
amdlyzer, is described.

6) There are several isprovements in the data
hondling system.

7) The status of ISX and ORAX Upgrade is
reviand.

In the ares of atomic physics, compilations
and bulleting contixue to be published and
distributed to the fusion commmity. Cooperation
with the Intermations! Atoaic Emergy Amwcy (JAEA)
in the publicatios of a comprehensivz billfaTesiy
is in progre.s. Utilization of the ORI Tandem
Van é» Grasff accelerstor and the development of
2 dedicated 10-100 keV accelerator have made mow
mesuraments of electrom capture, ionizatiom,
and charge-exchange cross sectioms possidble end
have already given direction to the design of
injectors for developing tokameks.

In the area of diagnostic development,
a 1-8d pulsed subwillimeter laser system to be
used for spatial iom temperature deterwinatioms
using Thomson scattering tectmiques is described.

3. PLASMA THEORY SECTION

The most significant development this past
year was the conception and initial investigation
of high wolume average 8 flux conterving tokamek
(FCT) equilidria. These high-B8 (wp to 20%) equi-
1ibria were found (both theoretically and fram
transport simulation modeling) to be a matural
consequance of auxiliary heating when the heating
time is such shorter thas the megnetic diffusion
time — so that the poloidal and toroidal magnetic
fluxes are frozen in during the heating. The
mrginal stability of FCT equilibria was investi-
gated in the ideal magmetohydrodynamic (MHD)
1imit; a nomoptimized case was found to be stable
for 8 wp to 55 as long as the safety factor (q)
at the plasms center is kept above about 1.2.
Neutral beam deposition and tramsport effects
for these high-E FCT equilibria were also
considered. The met prospect is that the maxi-
ma volume average § ia tokameks may readily
attafn and perhaps even exceed the 5-10 economic
viability range instead of being limited to les«
than X as was previowsly thought. This is a
significant development for the estire tokamak
fusfon program.

Other notable developments in tokamak theory
this past year are as follows. First, a model
for the sawtooth oscillatfons in which the slow
rise is frduced by olmic heating and the abrupt
drop is brought about by an m = 1 tearing mode
that has an accelerating gruwth rate seems to be
in very good agreement with sawtooth oscillation
data from the Oak Ridge Tokamak (ORMAX). Second,
significant improvements have beer made in the
Collisional Plasma Model, in which the drift-
kinetic equation for tokamaks is solved numeri-
cally. Third, an isproved understanding of the
besic ispurity tramsport processes in tokammks
hes teen resched. Fowrth, an ancmalous trams-
port mode) based on stromg turbulence theory and
mgnetic flutter effects of dissipative trapped
electron instabilities has been hypothesized.




Instead of completely replacics aeoclassical
transport, these effects simply adé to it.

The spin thrust of the ELMD Bampy Torus (EBT)
theory efforts this past year wes the evolution
from zero-dimensiomal, radially averaged para-
metric studies to fully one-dimensional radial
profile studies. This theory development
parallels a similar one in the EBT experiment
where the esphasis hes been shifting over the
past year from single poiat to radial profile
measurements. The theoretical profiles for the
plasas demsity and temperatsre agree reasoaably
well with those cbsevved experimentally. A very
fmportant part of this work was the formulation
of methods for determining the electrostatic
potential in the plasma.

In the plasms engineering srea, where
applied plasas ph/sics knowledge is developed
into mydels for immediate wse in the design of
future tokamaks, the major developaents this pest
year were in: (1) plasme start-wp stadies, where
a zero-dimemsional code has been developed to

X e T

treat the inftial breskdowm and iomizatiom of
hydrogen gas with (for example, cxygen isperity
atems; and (2) irvestigation of poloida) fleld
designs for the coil dispositions required to
contain, center, and actively shope the istrin-
sically D-shaped, Wigh-8 FCT equilibria. In
addition, the plasme physics characteristics of
The Next Step (TNS) device were developed.
Fimally a first cut EBY reactor stwdy, wich
confires the initial promise of this comcept,
was completed.

In the computing swpport area, 2 major dewel-
opment this past year was the initiation of the
Nigh speed limk wita the National Megmetic Fesiom
Energy Computer Retwork (WFECR) at Lawrence
Liverwore Laboratory. This development plus
maerows sofhware jmprovements resulted in a
much Nigher level of reliability and function-
ality in owr use of the MFECH through our User
Service Center. Fimally, the data acquisition
capabilities and use in the Division were
fwproved substantially this past year.
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1. HIGH BETA PLASMR SECTION

R. A. Dandl, Section NHead

F. M. Baity
C. Becker®
M. Bieniosek?

K. H. Carpenter?
A. Cobble
L. Colestock?
A. Connor?

H. 0. tason

A Fyjiwera®

6. R. Haste

R. L. Hickok?

H. Thegami®

N. B. Lazar

1.1 INTRODUCT ION

The principal modification te the EUD
8umpy Tarus (E8T) during 1976 has been the
installation of additional microwave power at
18 GHz. Two new tuwes with 15 ki each have
been added; the total power at this frequency
is nar 60 kii. The power capadility at 10.6
@iz remains 30 k. Thus a total of 90 ki is
available for electron cyclotron heating (ECH).

The operating characteristics of EBT are
such that three distinct modes are evidest.

At high mewtral presswre or low pawer, there
is an unstable mode (C-mode) with low fon and
electron temperatures. At lower newtral pres-
sures, 3 tramsition to a quiet mode (T-mode)
is observed; the bulk of the messurements is
made in this mode. At still lower presseres,
there is another transition to an wmstable

. Instramentation and Controls Divisiowm.

2. Consultant, Rensselaer Polytecmic
Institute, Troy, New York.

3. Computer Sciences Division.

4. Consultant, Imstitute of Plasme Mysics,
Fagoys Unfversity, Begoys. Japam.

5. General Engineering Division.

6. Comsultant, Johns Nophins Uniwersity,
Saltimore, Marylond.
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¥. Moosé
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. €. Wintenberg!
. L. NrightS
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mode (M-mode) with large fluctuations in the
stored energy. The experimental program has com-
sisted of the addition of new diagnostic tech-
niques and of further development of older tech-
niques for deterwining the plasma characteristics
in the various modes.

Sections 1.2.1 and 1.2.2 describe measyre-
sents of the charge-exchange flux leaving the
plasma, with the result that the iom temperature
can be measured with confidence. Sectioms 1.2.3
and 1.2.4 concern the evolution of previcusly
described techniques in Thomson scattering and
in the deterwination of the neutral hydrogen tem-
perature by line broadening measurements. Sec-
tion 1.2.5 describes the extension of the radfal
scaming technique into the ultraviolet (wy)
spectral ramge, where both hydrogen 1ight and
1ight from the principal impurities can be
scammed. X-ray measeremmnts of the electrom
tesperature ave described fa Sect. 1.2.6. In the
sae section 3 thick target bremsstrshieng calcu-
lation is mpplied te evaluate the respense of s
ionization prebe. Sectiem 1.2.7 reperts te
instalistion of an fon been prebe Which will be
ued to drterwing the spatially reselived peten-
tial within the plasms, and Sectien 1.2.8
duscrides o progren of muserenant and calcele-
tien to Mitevwinge the geemwtry of the het
eloctren omfinemnt repien. Tie rocsnt facresse
» sicressve poer s Siscusend o Sect. 1.3, =



is the development of sowrces at hicher power
and frequency for futwre application.

1.2 10K CHARGE-EXCHANGE MEASUREMENTS

The measurements of escaping newtrals
from EBT have determimed their erergy spectrum
and have showm 2 negligible impurity conces-
tratios.

1.2.1 Charge-Exchange Spectral Measuremeats
F. W. Baity B. K. Juon

The EBT charge-exchange meutral spectra
wsually comtain several emergy growps. It has
been showm experimestally (see Sect. 1.2.2)
that the meutral flux escaping the EBT plasm
does mot contain any significast fraction of
japorities. The main problems which may affect

the shapes of the neutral spectra are due to the

suprathermal ion tail formation and the spatial
profile effects. Thus, a lecal isotropic
Maxellian bulk fon distribution with a
suprathermal tail and appropriate profiles has
been adopted in analyzing the charge-exchange
data. Owr results are summarized as follows.

1) Figure 1.1 shows a typical spectrum.

The shape of the charge-exchange neutral
spectrum is Baxwellian over three to
five orders of magnitude and has a well
defined slope over a wide energy ramge,
ZT‘ <E ¢ 101". The typical ion tesper-
ature measured from the sliope of the
spectrum corvesponds tol'i = 100 eV
withis +10% experimental error.

2) The valwe of LI using the measured
ifon temperature and theoretical grofiles,
is in the range of 1-3 x 102! @S, with
ervovs estimsted as ~503. This result is
comparsble with a recent calibrated
visible spectroscopy measurement. The
correspording icn confinement tise is
calculated to be

)

%'%1omization ¥

3) Large sepratherms] iom tails are mes-
sured neer the high pamr T-# sode

™ = 10-30 msec.
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Fig. 1.1. Typical charge-exchange neutral
spectrum escaping from EBT plasma. Plasma con-
ditions: 18 @4z power ~ 32 ki, 10.6 GHz power
~6kW, P58 x10"% torr, T-mode.

trancition. The relative population of
these hot fons (>200 e¥) is ocbserved >
exceed 201 in some cases.

The results appear to be encouraging, even
though detailed ion temperature and neutral
density profiles are needed in order to pinpoint
the relevant parameters so that precise scaling
Taws of EBT can be established. The four-beam
charge-exchange analyzer under comstruction hope-
fully will help furnish this information before
EBT-11 is brought into operation.

The large (15-20%) suprathermsl ion tafl
which was observed previously has been measured
near the high poser T-% mode transition. The
formation of this fast ion grow appears to be
related to enhanced emission observed! near the
Tower hybrid or the fon acoustic frequencies
under this operating condition.




1.2.2 Yelocity Analysis of Charge-fxchange
Reugtrals om EBT

F. W. Baity 6. K. Guon

Malysis of the mass of emergetic aeutrals
escaping from TBT has now been mapde possible by
the installation of 3 aew chavrge-exchange ney-
tral spectrometer employing an E = B welocity
filter in addition to the parallel plate elec-
trostatic energy amalyzer. The main reason for
the installation of this amalyzer is to elimi-
nate impurity particles whose presence say
strongiv influence the charge-exchange measure-
mats.

The analysis has been performed under
typical high powe- ‘-mode conditions: 56 ki of
18-GHz (bulk plasma heating) and 8 k¥ of 10.6-
Siz (profile heating! microwave power, plasma
density -2 = 10:2 o™}, and bulk ion temperature
115 e¥. The analyzer samples 2 thin cylindrical
volume 2long 2 wminor diaseter of the plasms.

The electrostatic energy amalyzer was set
at 420 eV [420 &V lies in the widdle of the
energy range used to deterwmine the central iom
temperature in €87 (250 e¥-1 keV)], the magnetic
field of the welocity filter was set at 300 6,
ang the mass spectrum was taken by sweeping the
electric field on the velocity filter.

Under these conditions, the mass resolu-
tion ia/m of the velocity filter is 0.22
{(Fum), sufficient to separate H and K,.

Figure 1.2 shows a spectrum taken under he
conditions listed above. The signal-to-noise
ratio of the peak is ~200. The single peak
gbserved is identified as Frdrogen atoms.
The coumting rate at the center of the peak
1s 947 of the total neutrei lcimting rate
with the velocity filter turmed off (the
width of the velocity filter "window” is coe-
parable to the width of the energy analyzer
“window” for hydrogen atoms). There is no
evidence of any mass species other than
hydrogen atoms in the spectrum at 420 eV,

A mass spectrum taken at 830 eV also showed
only a hydrogen atom pesk (with a poarer
signal-to-nofse ratio). This extremely

fortuitous result shars that the charege-
exchange neutral particle flux leaving the
EBT plasma does mot comtain a sigaificaat
asount of impurity mewtrals and that mass
selection is not mecessary in the analysis of
charge-exchange seutrals.

1.2.3 Ruby laser Scattering
J. A, Cobble

Following the advent of additiomal 18-Qfiz
microwawe tubes , a Timitation om the existing
Thamson scattering experiment was wncpwered.
An 2lready poor signal-to-noise ratio wors-
ened by increased plasms light wnder high
power {30-60 k) operating conditions. The
difficulty appareatly is attributable to
increased radiation from mplecular kydrogen
and to a smaller extent from s Jlwinum iOn
sultiplet, Alll 7049.2

Steps were taken for gbtaining a ruby
laser amplifier to boost pulse ewergy frow 3
to over 14 J and faster integrators to cut
sasple times to below 30 msec. With the new
equipment we anticipate a factor of fifteen
enhancement in the signal-to-moise ratio.

1.2.4 Reutral Hydrogen Tesperature

Fabry-Perot iaterferometer scams of inten-
sity versus wavelength for Hc at 6563 A have been
taken at 3 wide wariety of prvessure and wicro-
wave power operating points. It was found that
L full width at half saximm fatemsity was C.40
t .02 A () stasdard deviation).

Possidle Jise broadening mechmisms are
Doppler effect, fime structure, and Zeemmn
effect. Instrumemt width at 0.08 A is negligi-
ble. The suwwed Doppler profiles of the seven
H, components in a field-free region may be used
to find 2 meximmm newtrs; temperstwe. Without
detailed knowledge of radial megeetic field
strength and perticle demsities, the inflyence
of the 7eemmn effect is umcertain; however, in @
5-k6 field, some H, cospoments are split by over
0.10 A, and no components are undisplace?. The
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maximum temperatwre, accomting v fine strwc-
twre but ignoring magmetic field splitting, is
~1/2 oV

1.2.5 Radial Scams of Impurity ad Hydroges
Ugt

A. K. Lazar
H. ¥. Moos
E. S. Narden
The tedwmique of scaming across the piasm
wsing a rotating mirvoer to deterwine the spatial
distribution of emitted 1ight has bees exploited
into the far we (1150 A-1850 A). For this
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develaopment, cocperation with a growp from Johns
Hopkims University has beem established. A
spectrometer (origimally designed by the Johns
Hopkins growp for satellite based astromomical
studies) wis wsed wilk 2 newly designed, anti-
reflecting, cavity sodule in the E3T torws (see
Fig. 1.3). Spectral line intensities from Alll
ad AIIY, CII, CIII, amd CIV, and tve Lyma- H_
Tine in hydroges were measwred with the calidrat-
ed spectrameter.

The asymmetry of the plasma prevents unam-
biguows wmfolding of the plasma light prefiles
ad therefore preveats the determination of the
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Fig. 1.3.

spatial distridbution of the product of electron
and aeutral hydroges or impurity demsities. If,
however, a simple model s adopted in which a
symmetric surface plasss survownds bwt s
displaced from the central tovoidal core, them
the 1ight emission due to the central core cam
be deterwined by subtracting the light due to
the surface plassa from the total sigmal.

This is shown in Fig. 1.4. The light due to
the central torvidal plasma may be compared
with theoretical estitates as described in

“\L&&&f .
[+)]
. 0
3
3
r~

., :\ N
FON

Gegmetry for optical scass of EBT plasms.

Sect. 3.1.1. The results appear to giwe good
quantitative agreement even ia this rowgh
approximation.

The unknown asymmetries in the impurity
distributions have prevented detailed, spa-
tially resoived interpretations of the fonic
densities, although an improved evalustion
of the impurity lifetimes resulting from the
ratic of carbon charge states covld be cbtained.
These results are indicated in Table 1.1. In
addition, 8 careful search was mede for (¥ with

Table 1.1. Values of the product- of election density and impurity
ion Yifetimes at various viewing amgles
sec-com-}
Viewing n‘r(cu:l) u,z(cxv) lez(lllll)
angle
o° 1.4 » 100 0.64 x 100 2.2 = 108
10° 1.3 0.83 2.5
20° 1.1 0.5 0.78
K | g 1.2 0.46 1.1
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Fig. 1.4. MAeguiar distridbetion of hkydrogen
Lymm_light. The upper curwe is the experimen-
taliyseasured quantity. The lower curve is the
inferred contribution due to the central toroidal
cowporent .

R0 swcoess, with the result that upper liwmits
on the density of CV in the toroidal core say
be made. Further, the absence of (¥ light is
consistent with the carbon ion 1ifetines Guoted
in Table 1.1. These latter cbservatioms beth
point to the effectivemess of the plasas surface
layer as a “built-ia divertor” iz the EBY
geometry.

1.2.6 X-Ray Diagmostics
6. R. Hxste

A new detector which has extended con-
tinvem seasurements to the esergy regior
belas 1 ke¥ has been installed. At the other
end c’ the eneryy scale saome calculations
have boen made which help in the analysis of
thick target bremsstrahlung.

Soft x-ray diagnostics

A windowless Si(Li) detector has been
installed on EBT. A thin aluminum foil {1000
A) is used in front of the detector to atten-
udte the light from the plasms while trans-
mitting the low energy x-rays. A vacuum path
conngcts the detector to EBT.
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The low energy spectium, due to the low
energy electron component, is superisposed on
2 high energy continus:. Separating the twe
spectra and calibrating the detector respomse at
low energy are two essential tasks which allow
the thermal ssectrum to be dete™ined. These
tasks are accomplished by pariseiric variatior
which saxisize or minimize the relat‘ve inten-
sity ¢ the lon and nigh 2nmergy spesi-s.

£8T is operated with % high ene~3y spec-
trus 2=cshasized to calibrate the getecisr at los
emergy. (oeration with the high energy speci-m
winimized allows tne cambined spectrum to be
mesumed. A graphical subtraction of the two
give> the low emerg: spectrum. Figure 1.5 skows
the resclts of this asalysis. The peak in the
spectrum 2t 1.5 ke¥ is due 0 an 2lumnum i~-
purity. The electror tesperature show in the
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Fig. 1.5. Soft x-ray spectrum from EBT.
This spectrum is the di fference between the ex-
perisentally measured distribution {corrected
for efficiency) and the calculated spectrum due
to the high energy component. The points above
2.4 keV are due to the scatter in the data, with
no net contridution. The pofnts below 2.4 keY
give the spectrum dur to the %orofda! elacirons.



figure 15 244 e¥; 4epending on the experimentai
conditions tris velue can range froe 20G-300 eX.

rgetic : -ray diagnostics

‘l'\

As an a:: ir interpreting higher energy x-
rey inforsalion, & Zamputer cose has been in-
vesticitee t4 cal-viate the breassirghlung radi-
ation ot Lo aonoe-2rgetic electroms which
strike 3 material surface. The caliuiated
specira have peen comgared with cier specira,
poth calculated and measured, with <od agree-
men

This code has been used t> calc:lale the
semsitivity of a probe used on E8T. This probe
consists of an enclosed cagper tube with aa air
space at the tip. Electroms striking the probe
produce x-rays, and the x-ra <, in turm, <ase
ionization in the 2ir at the probe tip.
collects the ionization curreat.

A wire
The caiculated
sensitisity of the probe is s"am in Fig. 1.5

1.2.7 ¥eavy ion Beam Probe

P. L. Colestock

[n order to deermine the wbipol,~ electric
field in 8T, 2 heavy ion Deam prodbing experi-
ment has been installed. The systex is desigred
to inject a heavy ion (singly Crarged) primary
beam perpendrcular to the magnetic field in the
midplane. Whie traversing the plasma, 3
fraction ¢. the prisary ions undergoes elec-
tron impact ionization collisions given by
ls
L
where ls is the secondary ion (doudly charged)
current, !p is the prisary current, Py is the
electron density, { is the cbserwed beam length,
ad Ceff is the effective cross section for the
interaction. Because such ¢nllisions involve
Tittle change in momentym, the secondary ions
Teave the plasas with the primary energy plus
the space potential at whicn the interaction
occurred. The space potential profile and hence
the redial electric field are deterwined by
detecting the enerqgy difference between primaries
and secondaries at a series of radial positions.

e 4 n, ¢ Seff, (1.m
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Fig. 1.6. Calculated response of ionize-
> fon chamber srube. The incident electrons re-
sult in Sremsstrahlung which in turn ionizes
the sir in the probe interior.

70 date. the beam line (including rubidium
ion gun, beam optics, and primary and secondary
detection] nas Deen installed and is operating
(see Fig. 1.7). Secondary ion currents hawe
been detected approximately consistent with
values expected by £q. (1.1). Messurements of
space potential, however, have been hampered dy
the presence of uv and x-ray noise in the parti-
cle detectors and on the beam steering elements.
Substantial reduction in the noise on the
steering elements has oeen achieved through the
use of uv shielding plates between the plassa
and the beam optics. Further refinements in
noise filtering hawe been accomplished through
the use of a chopped beam with synchronous
detection.

Initial measurements of the space potential
within the torcidal plasma indicate a positiwe
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Fig. 1.7. BT ion beam probe system.

body potential on the order of a few hundred
wlits, Calidbration of the detection analysis
is being carried out at the present time to
allow radial potential profiles to be made.

1.2.8 %“P the Electron Amulus in EBT
r_g_ﬁ\et ¢ Field and Fiux

My urements
K. H. Carpenter

A sisple mode! ‘or the electron annulus in
EBT has been developed %0 allow correlation
between the values of diamagnetic fields and
flux masured external to the plasme and the
diamsgmetic ficld within the annulus. Compdter
codes have baen written to calculate the fields
and flux values derive) from the annulus model
and to it sode) parameters to experimental data.
Preliminsry experimental data have been taken,
and expmination of these deta with the computer
codes shows thw to be compatible with the model —

although additional data and analysis are
needed to put definite values on the model
parameters.

The annulus model needs to have as few pa-
rameters as possible while still retaining the
essential magnetic effects due to the annulus.
This restriction is necessary because the
external fields do not depend strongly on the
detailed structure of the model. The model
chosen is that of two concentric, circular,
cvlindrical asrrent sheets of radii R, and
R,, length L, and constant surface current
densities J, and J,. The surface current
densities are in opposite directions, but the
ratio of J; and J, is not specified, These
cylinders are assumed to be centered in each
EBT cavity (adjacent cavity effects are in-
cluded in the calculations from the model),
and limits on reasonable values of Ry, R,,
and L are detemmined by cavity geometry and
skiumer probe sweep data. This model repre-
sents a constant density cylindrical shell of
electrons with a drift velocity about the
cylinder axis.

Calculation of the fields and flux at
locations inside and outside the cylinders
requires numerical integration over elliptic
integrals. Analytic simplifications are not
possible because the assumed geametry is not
sufficiently short, long, thin, etc. Limiting
geometrical cases have been used to check the
computer codes written to do the numerical
calculations on the PDP-10. The diamagnetic
fields calculated for the current sheet model
with a hypothetical set of parameters are
shown in Fig. 1.8.

Measurements have been made of the axial
components of the diamagnetic field at four
points along the cavity length and ac. radii
near the inside of the cavity outer wall.
These measurements are compatible with the
fields produced by the model, but taken alone,
they do not provide enough information to fix
the model parameters, The diamagnetic flux
Joops wound about the cavity provide an inde-
pendent measurement, and prel iminary analysis
of flux data along with the axjal field data
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indicates that the mode] parameters can be
fixed ysing diamagnetic flux loops combined
with field measurements external to the plasma.

1.3 MICROMAVE TECHNOLOGY

N. C. Secker N. ¥. McGuffin

R. A. Dandl T. L. white

H. 0. Eason R. E. Wintenberg
1.3.1 £BT Microwave Systess

Microwave power output capability of the EBT
18-GHz primary ECH system has been increased
from 30 kW (ow} to 60 kM {cw) by incorporating
additional klystron amplifier tubes in conjunc-
tion with appropriate modifications to the wave-
guide power distribution network. TRis in-
creased heating capability, in addition to the
existing 30-kW (cw), 10.5-6Hz profile ECH system,
has provided a much .eegel incredse in the avail-
able range cf EBT plasma parameter variation for
diagnostic and scaling swudies. SKsutine and
reliable operation ¢f the expanded system has
been attained since cospietion of system modi-
fications.

The manner in which the increased 18-Giz
power capabiiity was provided is indicated in
the bjock dlagr:~ of Fig. 1.€. Two type VA-934
five cavity, 1iquid cooled klystron asplifiers,
each having a power output capability of 15 ki
(ow) at 18 GHz, were installed in addition to
the two sisilar devices incorporated in the
previously existing 30-kW (ow), 18-GHz source.
The 60-ké source thus comprises a total of four
output devices. The output of each device is fed
through a ferrfte circulator, connected as a load
isolator, to a six-way power divider network from
which six equal cutputs are obtained. In this
way the four klystron ampl)ifiers provide the
required 24 equal-level power inputs to the in-
dividual mirror regions of EB8T. The four kly-
stron amplifiers are driven by the output of a
single reflex klystron oscillator augmented by a
traveling wave tube (TWT) ampl{fier and divided
by a passive network to provide four equal-level

drive signals. A single master Tevel control
attenuator serves to control the output power of
all klystron amplifiers simultaneously by
adjustment of their drive power levels. A
balance control attenuator at the input cf
each klystron amplifier compensates both for
differences in power gair between tubes and
for differences in attenuation due to unequal
Tengths of the input waveguides. The possi-
bilities are readily apparent for further
systems expansion, if required, and for the
similar ettaimment of much larger ECH systems
at other frequencies.

1.3.2 Advanced Microwave Oevelopment

Multimegawatt continuous wave ECH sys-
tews operating at 120 GHz are vequired by the
EBT Prograa.3.* Because this power genera-
tion capability is clearly beyond the present
state of the art for wicrowave active devices
itubes), a progrom has been undertak.n
through subconiract with Yarian Assoc tes
for development of the required devices.
simultaneous compliementary program is under
way at ORML for development of complete ECh
systems utilizing these devices. Such sys-
tesms include microwave transmission and
plasma coupling networks, power supplies,
controls, wonitors, and supporting equipwment.

The Cyclotron Resonance Maser (CRM) has
been identified as the approach holding the
greatest prowise for generation of 200 kW
(o) at 120 GHz from a single device. Mul-
tiple devices will be used to achieve mega-
watt tystems. Encouragement for this device
approach is provided by reported Soviet suc-
cess in using the gyrotron, an oscillator
form of CRR, for millimeter wave power genera-
tion. The Varian sutcontract addresses de-
velopment of the gyroklystron, an asplifier
form of CRM, preferred because of simplified
power output control in large systems. Ini-
tial gyroklystron development is being under-
taken on a 200-kW (cw), 28-GHz device which
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is a low frequency scale prototype for later
200-k¥ (cw), 120-GHz devices. Delivery of
the first 28-GHz gyroklystron is scheduled
for the summer of 1977.

Systess development has been initiated for
employment of the 28-GHz gyroklystron in a
plasma ECH system when it is received. This
system will serve primary £ECH requirements of
the EBT-S facility (a modification of the
present facility). Existing 50-kM, 18-GHz and
30-kW, 10.6-GHz systems will be retained in
present form to provide profile £ECH for EBT-S.
The 28-GHz system includes a power supply <uo-
system consisting of a 100-kV, 10 A, dc "eam
swply with crowbar, electron gun supply with
crowbar, and heater supply. Procurement of this
subsystem has been initiated. The 28-GH2, over-
sized waveguide circuitry employing 1ow loss,
circular electric transmission modes is under
development in the Fusion Energy Division, to-
gether with microwave structures for power

division and plasma coupling. Equipment for
sontrol, monitoring, and other functions is also
being developed with the overall objective of
timely operation of the EBT-S 200-kM (cw), 28-
GHz primary ECH system.

1. WMork in progress; M. Fujiwara (Nagoya
University, Nagoya, Japan), private
communication, 1976.

2. D. H. McNeill, 8Bull. An. Phys. Soc. 21,
117 (1976).

3. R. A. Dand) et al., The ELM0 Bumpy Torus
Prognram, ORNL/TM-5451, Qak Ridge National
Laboratory, Oak Ridge, Tennessee (April
1976} .

4. R. A. Dand] et al., Research Program for
Plasma Confinement and Heating in ELM0 Bumpy
Torus Devices, ORNL/TH-4941, Oak Ridge
National Laboratory, Cak Ridge, Tennessee
(June 1975).
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2.1 STUDIES OF ORMAK-PRODUCED PLASMAS

0. D. Bates R. C. Isler ¥. K. Paré

L. A. Berry 6. L. Jahns T. F. Rayburn
R. D. Burris H. E. Ketterer W. J. Redmond
€. E. Bush P. M. King H. C. Sanderson
J. D. Callen J. F. Lyon D. E. Schechter
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P.H. Edwonds J. T. Mihalczo B. V. Naddell
A. C. England M. Wurakami J. 8. Wilgen

J. H. Harris R. V. Neidigh M. R. Wing

H. C. Howe G. H. Neilson

2.1.1 Introduction

During the past year, significant advances
have been made in our study of plasmas produced
by the Oak Ridge Tokamak (ORMAK) in three general
areas: (1) extension of the basic plasma param-
eters (ﬁe. LS BT) through increased injection
power and gas puffirg, (2) fncreased under-
standing of the interaction of neutral beams with
tokamak plassas and the role of impurities, and
(3) refinement of the basic diagnostic measure-
ment and data analysis techniques.

The most sfgnificant progress this year has
been in the application of neutral beam heating
to tokamak plasmas, including fon heating to
1.8 ke¥, doubling of the electron temperature by
neutral beam heating, achievement of total
{plasms + beam) peak B; ~ 33, grossly stable
operation with PMJ ~ 3 x PM’ increase of
meximmm plasma density with gas puffing to
i', =6 x 1013 om3 [n'(O) = 9 x 10}? @3], and

the observatior that unidirectional injection
does not lead to large toroidal rotation
velocities. Same of these points are discussed
in the following sectioms.

Extension of operating range

The useful operzting range for plasma
studies in ORMAK has been extended during this
report period by injection of up to ~500 kd of
neutral beam power, toroidal field operation up
to 30 kG, plasma currents uwp to 230 kA, reduction
of Zeff to as low as 2, and reduction of the
Timiter safety factor to as low as 2.5. These
parameter improvements underlie the physics
studies discussed in the following sections. The
experimental emphasis has been on hydrogen
plasmas with high power H? injection and gas
puffing conditioned by overnight discharge clean-
ing in oxygea (followed by an hour of hydrogen
discharge cleaning). However, some of the most
interesting results to be discussed (electron
heating, high B, and low limiter q) were ob-
tained using only hydrogen discharge cleaning.

General studies related to injection,
gas puffing, and impurity behavior

Two general areas are discussed: extension
of the plasma parameters with injection and gas
puffing, and the role of impurities in these
plasmas. Section 2.1.2 discusses the scaling of
jon temperature with injection power and with
plasma density and the effect of injection on the
plasma power flows. A complementary discussion
is given in Sect. 2.1.3 of experiments in which
tne injection power exceeds the omic heating (OM)
power, resulting in significant electron heating.
Section 2.1.4 describes attairment of high tota)
(plasma + beam) toroidal beta [Br(!)) ~ 3%] at low
limiter safety factor (q = 2.6) obtained with
injection for grossly stable plasma conditions.
The dynamics of the plasma behavior when the
density is increased with gas puffing is given in
Sect. 2.1.5,

The advances made in determining the concen-
tration of impurities in ORMAK and their role in
the radiative power loss are discussed in Sect.



2.1.8. Section 2.1.16 Siscussas Uw total {vadie-
tien ¢+ chorge enchonge) wll powtr Tl for s
puffing and electvan hoating auperimsts as wWe
scaling of this puer with tata! ‘et sowr w» @
1. The effects of ool mpents of coinjecties
and counterinjection pur en the plasms Setmwier
including fapurityes are discussad m Sect.
2.1.7. Sepsctruscepic evidmce far charge @-
change of injected smtvels o eupyes ‘oss o
the effect of this isperity cherge exchange =
the injected power dispusition ¥s given iw

Sect. 2.1.6. Sectiem 2_1.14 giscumants other
injection effects on the plasms agnilibrie

and the lack of & large bomn-iaduced taveide)
rotatien.

Inprovements is diagrostic seasyremssts
and data amalysis

Other advances are gemerally relates o
plassn mode) ing and interpretation of spacific
diagnostic measurements. Sectios 2.1.1F de~
scribes improvements sade in a time-indepengont
data amalysis code with impurity mode’ing and
in a time-dependent one-dimensional tramsport
code. Transport modeling of the gas puff
experiments and the role of an inmard tramsport
wechanise are discussed in Sect. 2.1.15.

Section 2.1.10 discusses the internal magmeto-
hydrodynamic (MHD) mode structure obtained

from corr2lation studies with magnetic probes
and collimated soft x-ray detectors and the
improvements made in both the data acquisition
and analysis systems. The mechanise of the

soft x-ray sawtooth oscillation {s discussed in
Sect. 2.1.11 with reference to a tearing mode
instability model, along with the diffusive
nature of the associated propagating heat pulse.
Section 2.1.9 describes how the spectral line
profile of the Balmer a 1ine can be used to
infer a toroidal jon rotatfon velocity. Section
2.1.13 describes a procedure which closely models
the measured charge-exchange flux in ORMAK, along
with a comparison of the jon temperature profiles
obtained with neutron measurements and the "a
spectral line profiles. Finally, Sect, 2.1.17
discusses the neutron time behaviar due to 0°

s tnjection iste 3 hydroyen plasa aad camperes
it with Fedier-Planck calculations of the fast
‘- ¢hstritation.
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P.n teapmix J. T. Rimiczo 0. £. Schechitay
® C. tome N. Arskani . L. Stirting
J. F. Ly S B Nyilsm J. b. Bilgem

The previews ssnua] rupert discussed same
el ivinery mpurimgsts with Nigh gmmr, ssstvel
e injection (wp te 36 M) & tvh ploam
cervants (175 WA). Tusse exmmrimgsts hpwe
toen ovtoning and thy tats amplysis refinsd w»
gt & clagrer pictave of ion hesting and ien
confiumet o SUNR. The thoms of taese
stuties ove (1) e scaliug of ies tEperetwre
with injection pegr and plasse demaity, (2) am-
serisen witk apaclessical alcuistions, and
(3) the effect of injoction on the ploms peesy
figus .

For these stufies the plassa cyrvest (1
= 170 M) awt torsidel fiele (B = 25 XG) were
held comstant, giviag a limiter safety facter
8= 5. The start of the injected Doam pulse w3
typically delayed for 15 msec wtil the &is-
chirge Curvent reached the constant Carrent
phase. /pout 30 mec after beam turmon, the
plasia parameters resched & quasi-steady state,
and s0 the Messereapwts reported weve taken
sbout 45 msec fato the discharge. In these
studies the injection daminates the ion power
flow (P“j.‘ > P..‘). althowgh the total imjec-
tion power was less than the clmic power imput
('hj ~ 0.6 ’m). In this regime the fon tem-
peratyre is higher than the electron tempera-
ture, and the power flow between electroms and
fons (’e.i) is reversed from that for ohmic
heating alone. 1n additiom, fajection has
made it possible to attain higher plasse
densities before disruption occurs, as discussed
in Sect. 2.1.5. These ocbservations underline the
usefulness of injection in attaining plasme
physics regimes not accessible by ohmic heating
alone.
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Figwe 2.1 shows the scaling of ion tempera-
tore with injection pmeer for approximately
constant deasity, cwrrvent, and taveidal field.
The asnswred centrsl fen temperstures iacresse
appreximetely lisearly with injection power
{(=3.5 a¥/\) and are ia ressomsble agreement with
thase calcnlated frem a one-dimeasional tramsport
cule wsing sasclassical fen thermal comductiv-
19'*2 aad classical bemm-ion emergy tramsfer.?
For the highest T, poist ia Fig. 2.1, v,* ~ 0.5.
Experimantal prefiles for ue(r) amd T‘(r) were
wsed a calculating the theoretical Ti(o) values
shom iz Fig. 2.1. Uscertaintiez in these pro-
files and ia the values for n,/a, and ’inj.i
calcalated fram them produce wncertainties that

are not indicated in the calculated Ti(o) values .
The effect of the injection power on the ion
and electron temperatures and on the plasms power
flows cam be illustrated by comparirg the two
extreme cases in Fig. 2.1. Figure 2.2 shows the
mo injection case and Fig. 2.3 the 360-ki HO
injection case. The injected power transferved
to the fons is 2.5 times the collisiomal heating
by electrons without injection. The central and
density-averaged ion temperatures esseatially
triple, indicating approximately comstant ion
energy confinement time. Because the electrow
temperature does not increase, Ti > 1’e over most
of the plasma radius. One-third of the injected
power iransferred to the ions is Jost to the
electrons by collisional cooling. Thus, the role

ORNL-0OWG 76-4423R
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Fig. 2.1. Scaling of_central fon temperature with fnjectfon power
for fixed plasas density (n, + 2.8 x 10'3 c»-3) and comparfson with neo-
classical calculatfons.
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Fig. 2.2.

Power flow diagram for ohmic heating and for the ion and

electron plasma components for 2 base case with no injection (I = 175 kA,
S.r = 25 kG, and Ne = 2.8 x 1013 m-3),

of electrons is reversed, and the electrons be-
come a major power loss for the ions and 1imit
the ion temperature obtained with injection
heating.

The density-averaged electron temperature
<Te> remains unchanged aithough the tatal

electron fnput power has increased by 75%. This

implfes a reduced overall electron energy confine-

ment time. In addition, for the central half of
the plasma the total electron input power has
also increased (by 40%), but the central electron
temperature has fallen by a factor of two and
Te(r) shows a tendency towards a hollow profile.
The hollow electron temperature profile is
apparently assocfated with impurity influx due

to the counterinjected beam component, as dis-
cussed in Sect. 2.1.7,

lon temperature scaling with density

Figure 2.4 shows the scaling of central fon
temperature with 1ine-averaged electron density
as injection power and other plasma parameters
are held approximately constant. The error bars
on the jon temperature are larger than those in
Fig. 2.1 because the charge-exchange datz Iover
2 smaller range of energies. The decrease in
fon temperature with increasing density 1s pri-
marily due to the rough constancy of the fon
energy confinement time and hence the same input
power being shared among an increasing number
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Fig. 2.3. Power flow diagram for ohmic heating, neutral beams, and
the ion and electron plasma components with 360 kM of injection added to

the base case.

of ions. Again, reascnable agreement is obtained power. Injection power is necessary in addition
between measured values for T,(o) and those to gas puffing to reach dersities of iie > 4.5
calculated from the one-dimensional transport x 1012 cm~3. The ion and electron temperatures
code assuming neoclassical ion thermal conmductiv- are approximately the same (1.3 kev), and e
ity. However, the evaluation of the theoretical = 15 msec, 8_ = 0.93, BT(O) = 1.2%, and ne(o) T
value for r,(o) may be less certain than that in = 1.3 x 1012 am~? sec. Compared with the no
Fig. 2.1 because of the greater uncertainty in injection base case at Fe = 2.8 x 1013 @3 shown
the n‘/ne values and in the beam deposition pro- in Fig. 2.2, the total plasma energy content and
files for the higher density, high Ze',f cases. Bp have increased by a factor of three. In addi-

Figure 2.5 shows the plasma power flows for tion, a larger fraction of the beam energy goes
the highest density case shown in Fig. 2.4, ie to the fons than in Fig. 2.3 because of the
= 5.9 x 1013 am~3, obtained with gas puffing and higher electron temperature.

equal amounts of coinjection and counterinjection
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2.1.3 Electron Heating [xperiments

L. A. Berry 5. L. Jawns N, Wurakami
C. E. Bush H. E. Ketterer A_ Ravarvro
J. L. Dunlap P. ¥. King R. V. Reidigh
6. R. Dyer J. F. Lyon 6. H. Reilson
P. M. Edwonds D. H. Wcleill V. K. Paré
H. C. Howe J. T. minalczo J. B. Wilgen
R. C. Isler

Large increases in the temperature of fons
have been observed during injection of high
energy neutral beams into tokamaks, but little,
if any, heating of electroms hss been detected.
A factor which contributes to the inability to
measure definite increases in electron tewpera-
ture is the conditions under which experiments
have been performed. In all czses, the ommic
heating power has been considerably larger than
the power which could be delivered to the
electrons by the nevtral beam sources that are
presently available; as 2 comsequence, the
expected changes of temperature have been within
the experimental uncertainties of the absolute
measurements.

in 3 recent experiment we attespted to
obtain definitive results concerrning the heatirg
af electroms through the use of neutral beams by
operating at low plasad currents, so that the
ohmic heating power is comparable to or less
than the power provided to the electroms by
injection (~180 Wi}. The outcome of this
successful experiment revedled a significant
rise in the temperature of the electrons, which
increases as the injected power increases. In
this section we discuss these results, including
evaluations of the major mechanisms for energy
losses, radiation by impurities, and anomalous
heat conduction.

Figure 2.6(a) iilustrates the typical
operating conditions employed in the electron
heating studies. The discharge is sustained for
130 ssec at a current of 70 kA {q{a) = 7] during
the steady-state portion of the pulse. At 20
msec after breakdown, a puff of hydrogen is put
into the machine in order to keep the concentra-
tion of protons large enough to trap most of
the energetic hydrogen atoms which are subse-
uently injected into the plasma. Injection
begins at 40 msec. The beams begin to turn off
at 75 msec, and the neutral particle current is
effectively zero by 80 msec. Plots of the power
input as 2 function of time are shown in Fig.
2.6(b) for cases where two injectors are employed.
These sources supply a total power of 340 kW, and
the bems curvent is in the same direction as the
omic heating current. Calculations indicate
that this power should be divided between elec-
trons and ions in the amounts illustrated by the
curves labeled P"Li-e and Pinj,i respectively.
The rise of the electron temperature during
injection is reflected in the decrease of the
loop voltage.

Figure 2.7 1llustrates the evolution of
the electron temperature, Te(')' and density,
n.(r). as functions of the minor radius of the
sachine. These measurements are performed by
analyzing the Thomson scattering of ruby laser
light. The standard deviation of Te(') is
10-15%. Prior to initiation of the neutral
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Fig. 2.5. Power flow diagram for ohmic heating, neutral beams, and
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(n, = 5.9 x 1013 om-3).

beam pulse, a slightly hollow profile of Te\r}
is observed. Similar profiles would probably be
observed over most of the discharge in the
absence of injection. During injection the
electron temperature and density appear to rise
throughout the plasma. Also evident is a signif-
icant outward shift of the peaks of the pro-
files, despite the use of feedback control of
the center of the plasma column (i.e., the iast
magnetfic flux surface). After the beam is
turned off, the temperature off axis decreases
faster than the central ‘emperature.

Various functions of temperature and density
are plotted in Fig. 2.8. Figure 2.8(a) shows
the evolution of the pezk electron temperature,

lasma components for the highest density case

(Te'mx' the density-averascad electron tewmpera-
ture, <Te>. and the kinetic energy of the
electrcrs in the plasma, He. The open circles
indicate (Te)uax derived from Thomson scattering,
while the squares are from soft x-ray energy
spectra [using ar. Si(Li) detector] averaged over
each 10-msec interval. The discrepancies seen in
the early time nf the discharge are primarily
due to poor statiztics of the soft x-ray signals.
An important feature of (Te)max is the slow
decay observed after the beam is turned off. In
fact, the continuous soft x ray intensity mea-
surements from planar silicon PIN diodes exhibit
a pronounced increase of signal [Fig. 2.9(a)]
near the center of the plasma until about 10 msec
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Fig 2.6. Evolution of discharge parameters
of the electron seating experiment with 340 ki of
coinjeciion cower: (&} torcidal current !, joop
“oltage ¥, ac¢ duration of the qas puff and injec-
tion periods; (b} otmic heating power P.. . neu-
tral beam power transferred to electrons ¢. .
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after tne beam is switched off. The maxims of
this signal corresponds to a rise of 29C eV in
Te' Although I.Tes increazes ratrer slowly during
the neutral beam pulse, the growth of the
electiron energy content saturates afier about

10 msec, a period which is consistent with expec-
tations from the characteristic times involved
(i.e. beam-plasmz energy transfer time plus
erergy confinocment time). However, the energy
decay is much siower than expected from those
times.

Previous failures to observe significant
heating of electrons by neutral beam injection
have o‘ten been blamed on concurrent influxes of
impurities and enhanced radiative losses. [t is
known that emissions from QRMAK are dominated by
Tines of oxygen and by narrow band continua in
the reqion from about 20-100 A, and, 3s f1lu-*trat-
ed in Fig. 2.9, severa®l of thest features have
been examined during the present experiments.

The lower stages of cxygen such as O V and O VI

Rl

ifig. 2,977 attesn Dedk Loacertrations witmis
2 Ecaz 5f Breakdowr, and the inceasiiies of tme
lines gre Cecredsing up wnlil the gas puff is
iritiated a7 10 msec. Taerea®ter, the ircerst.
tends te foliow the same catter— 2 Goes e

irerage eiec.ron concentrition, Ee Fig. z.2¢. .
The effects Y the onsel ¢f injection ave ret
obvizus in lines from the low stage. of ionire-
TIor, 303 the intensily bejirns to deCredse wher
tre gas puff is terrinated. The rate of excite-
cion sf the § VI line at 15332 1 shouid de
reiitively independent c* lerpera‘ire and shouic
oniy reflect variations ir the sroduc? of the
concentrations of eiectrons a~d oxygen ions._ TmuS
the iniection does not appear to significartiy
increase the toftei rumber of guygen iong . the
outer 2-3 = af the plasrca.

Tr» dekavicr of the [ yIT ang l VIl lines,
which origirate inside a8 radius of 17 &, differs
rarkedly from tne behavisr of tne ilower siages.
Figures 2.9/c; and 2.3!d) shom the evolution of
the first resonance lines of C ¥Il and G ¥VIII;
Fig. 2.9(e} sepicts the neardby continuwe. These
Tines begin 10 appear atcve the background about
§ wsec after breakdowr, bdut the introduction
of the gas puff guenches the signal, presurably
by cooling the plasma. [t is believed that most
of the oxygen in the core of the plasma resides
in the O VII and 0 VIII stages just before irjec-
tien begins. When injection is iritiated. the
intensities of lines from these species increase
as the temperature rises. “owever, the charac-
teristic time for the icnizetion of Q VIQ in
particular is short engugh that lines of this
species should burn through :f the concentrations
remzined constant; the observed increase through-
out the period of injection appears indicative of
an increasing conceniration of oxygen in the
center of the plasma. This contention i
supported by the rapic decrease of intensity in
a period of 10-15 msec after injection while the
plasma settles to a new eguilidbrium; calculations
of the intensity of the 0 VIil lir2 from known
rate coefficients and measured profiles of T._(r)
and "e(') indicate that the emission should in-
crease slightly between 60 and 115 msec if the
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Fig. 2... Evolution of electron temperature and density profiles as measured from the Thomson
scattering in the electron heating experiment. Times during the injection pulse are t = 48, 61, and 75
msec.

concentration of oxygen remains constant., The
observed decrease of intensity in the 0 VIII
1ine implies a drop of a factor of three to four
in the concentration of this species. However,
we find that the O VII and O VIII lines do not
contribute more than 8 kW of radfated power, so
that electron heating in the core of the plasm:
should not be seriously affected by the varia-
tions of the concentrations of oxygen.
Integration over the low wavelength region
of the spectnm {ndicates that most of the
radiated power appears in the narrow band con-
tinva. The strong correlation of signals from
the region of 20-100 A with the temporal behaviur
of signals from the pyroelectric radiometer [Fig.
2.9(7)] confirms this result, and within the
experimental uncertainty of a factor of two,
the sbsolute intensity of radiated power from
Spectroscopic measurements agrees with the radio-
oeter messurement of 110 kW. The radiometer
signal, of course, includes a small contribution

from the neutral particles which strike its
surface.

‘here is a growing body of both experimer.-
tal* and theoretical® evidence indicating that
these features which appear as narrow band con-
tinua are actually groups of closely spaced
lines of tungsten which result from An = ¢ and
An = 1 excitations of the N-shell electrons. The
radiation from these features increases by a
factor of one and one-half to two during injec-
tion, and then falls off rapidly when the injec-
tion stops. Theoretical calculations imply that
this sudden drop cannot he caused solely by the
modest decrease in temperature aftar injection,
hut that similar to oxygen, tungsten diffuses
out of the machine rapidly after injection is
terminated. A rapid efflux of impurities at
this time fs consistent with the maintenance of
an elevated temperature once the beams are shut
off; in view of the fact that radiated power
comprises such a large fraction of the losses,
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Fig. 2.8. Temperatures and densities mea-

sured as a function of time during electron heat-
ing experiments. (a) Peak temperature, (T,). ;
density-weighted temperature <Te>; energy content
of electron, He. The maximm temperatures were
measured from the soft x-vay spectra (O) as well
as from the laser Thomson scattering (o).

{b) Central electron density, ne(o); iine-
averaged density, Fe; volume-averaged density,
Nng>.

this could explain why the PIN diodes seem to
show that there is an upward excursfon of the
temperature in the center of the plasma before
a new equilibrium is established.

Although the spectroscopic results indicate
That the concentrations of fmpurities and the
radiation increase during injection, the beam
power §s sufficient to overwhelm the loss mech-
anisms so that the electrons can be significantly
heated.

The quantity Ze" is often used as an
indicator of the concentration of impurities,
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and it is usefui to examine its behavior as cal-
culated from the resistance of the plasma
(including neoclassical correction) under the
assumption that the electric field is indepen-
dent of radius. The experimental points are
shown in Fig. 2.10. This calculation neglects
effects of injection-induced current whose
theoretical prediction amounts to 202 of the
total toroidal current with a significant peaking
This
nonresistive current raised -ieff by ~20% and
zeff(o) to 5 under the assumption of q{0) = 1.
Estimates of Ze"(o) from the absolute intensity
of the soft x-ray PIN diode signals and from
ultraviolet spectroscopy are consistent with a
value of 5 during injection. It should be
pointed out that most of the contribution to
Zeff is due to oxygen, which exists in
concentrations of 1-4 x 1012/cm?, but that most
of the radiated power is due to tungsten, which
is present in much smaller amounts. An average
concentration of tungstan of 2 x 1010 cm? with
F\'e =2 x 10}3/cm3 may indicate 110 kW at a
temperature of 300 eV while contributing only

near the center over the average valve.

particular, wher the stored fast ion energy be-
comes nearly equal to the bulk plasma energy {as
estimated from the equilibrium measurement and
the numerical computation of the slowing down
process), excitation of plasma instabilities by
the energetic ion population may further increase
the anomalous beat conduction. Figure 2.11 shows
the evolution of the gross energy confinement
time,

, e

p—Tp—i:j: . (2.1)
The value of Tee at 95 msec is significantly
higher than the rest of the values. This sharp
increase may reflect on the sudden increase of
(Te)max in the soft x-ray PIN diode measurement at
the instant of the beam turnoff_ Although the
previously discussed rapid fall of the radiative
power appears to be responsible for the discon-
tinuity of tEe(t). the possibility of plasma in-
stabilities caused by the injection calls for a
more refined definition of energy confinement
time,

0.9 to Zeﬂ,.G
Another concem which arises when studying , He
energy losses during injection is that the heat Tee = P +P. . -u - e, (2.2)
conduction of electrons may be enhanced. In OH ni.e e rad el
ORNL-DWG 77-7339R
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Fig. 2.10. Evolution of Ieff estimated from the resistance in the

electron heating experiment.
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Tee LEG- (2.1)], and the electron energy confinement time, t&’ [Eq. (2.2)]}.

in the electron heating experiment.

where Pei is the electron-ion heat transfer. The
quantity TEe' is an energy confinement time pri-
marily related to electron heat conduction loss,
because the other losses {convection and ioniza-
tion) which are not explicitly specified in Eq.
(2.2} are small. Using the radiometer values for
Prags W& Show the evolution of TEe' in Fig. 2.11.
This indicates that there is no discrete jump
such as seen in rEe(t), implying that 1&' during
the injection pulse is no worse than that after
the turnoff. We observe that TEe’ tends to in-
crease with rising Te‘ The last feature is
generally observed in discharges with ohmic
heating alone. In fact, when the injection

pulse was simulated with ohmic heating pulsing

(I = 70 » 110 = 70 kA), we observed a similar
behavior of TEe' (Te)‘

We described above the temperature increase
during the highest power injection pulse. In
order to establish electron heating by neutral
beam injection, it is equally important to show
the scaling of the electron tewmperature with

injection power. Figure 2.12 {llustrates such a
scaling. As in the previous case, the electron
temperatures before the injection pulse of the
intermediate powers were lower than those after
the turnoff because of the change in radiation-
dominated thermal equilibria. The effects of the
change in equilibria without injection are indi-
cated by the bound of the temperature before and
after the injection pulses. Nonetheiess, we
observe that electron temperature increases
wmonotonically with injection power.

Three other experiments related to electron
heating are noteworthy.

1) Injection into a discharge at a higher
density (Fe 2 3.3 x 1013/cm3) with other
conditions fixed produces an increase of
<Te> similar to the lower density case,
implying that energy confinement improves
with increased density during injection.

2) When the toroida) field is lowered to 10.5
k6 [q(a) = 5 instead of 7], relatively weak
sartooth oscillations are present in the
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sponding to those before and after injection
pulses.

soft x-ray signals throughout the dis-
charges, but they do not reduce the in-
crease in <T¢>. Therefore, internal
disruptions at q(a) > 5 do not seem to
affect electron heating significantly.

3) Similar increases of electron temperature
are observved with 310-kN injection into a
higher current discharge [1 » 175 KA, By
= 26 k6, ie = 2.2 x10!3 /o3, Te(o) = 0.85
+ 1.3 kev, <Te> = 0.55 » 0.7 keV].

In conclusion, we observe that there is
significant electron heating with the condition
PiﬂJ. e Pou and that the electron temperature
increases with injection power. The most signif-
fcant power loss {s caused by enhanced radiation
due to a concurrent influx of high-Z impurities.
The power loss due to other mechanisms (es-
pecially heat conduction) is not worse than the

losses with omic heating alone.

2.1.4 High-8 Experiments

L. A, Berry P. ¥. King n. Murakami
J. L. Dunlap J. F. Lyon 6. H. Neilson
P. H. Edmonds D. H. McNeill V. K. Par€
G. L. Jamns J. T. Mihalczo J. B. Wilgen
H. E. Ketterer

Attainment of high toroidal beta (3;
~ 5-10%) is vital for realizing an economical
fusion reactor. Intensive theoretical efforts
have recently focused on statility properties of
plasmas based on the flux conserving tokamak
(FCT) concept, which is a2 promising route to the
achievement of such B, values. Experimental ob-
servations of equilibrium and stability proper-
ties of plasmas with high 8y attainable on
present tokamaks are useful for verifying theo-
retical results.

A recent ORMAK experiment with neutral beam
injection at a Tow safety factor [q(al) = 2.6}
achieved a relatively high 8y (8 ~ 13). The
discharge was grossly stable, and the behavior
of the internal MHD activities was normal.

Figure 2,13 shows time-dependent discharge
parameters in the experiment. A mild gas puffing
was used to sustain the density, which otherwise
would have decayed in these discharges after pro-
longed hydrogen discharge cleaning. A stronger
gas puffing would have increased the energy con-
tent to achieve an even higher 8, value. The HO
injection power (340 kN) from two coinjectors
exceeded the ohmic heating power (260 kN). The
discharge was grossly stable and reproducible,
which was not the case without beam injection.
Figure 2.14 illustrates the electron temperature
and density profiles measured from the Thomson
scattering. The Te(r) profile is significantly
broader than those obtained with higher “("l.)
values. These profiles are reminiscent of those
in the U.5.5.R.'s T-3A tokamak. A preliminary
estimate of the central fon temperature from the
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Fig. 2.13. Temporal evolution of discharge
parameters in the high 8 experiment.

charge-exchange analysis is 550 eV, resulting in
the central toroidal beta for the plasma energy
alone, [87(0)]9, being equal to 0.4. Using the
electron density profile for the ion temperature
profile, we calculate (Ep)p = 0.30 and (Er)p

= 1.4%. Under these experimental conditions,
the equilibrium measurement indicated that the
stored fast ion energy is comparable to the bulk
plasma energy, and the numerical computation of
the slowing down process gives the ratio (rf)
equal to 1. Therefore, the total beta, (7‘1);-4)-
is estimated to be ~1%. Assuming the spatial
distribution of the stored fast ion to be that
of the bulk plasma enerqy, we estimate aT(o)M
~ 3%,

These 8 values with the beam and plasma
energies are not far from the 8 thresholds for
MWD instabilities (of the ballooning mode} pre-
dicted by some numerical stability codes.
Therefore, stability aspects of this discharge
are of appreciable interest.

Most of the soft x-ray signals (Fig. 2.15)
from the PIN diode system in this sequence
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exhibited strong sawtooth oscillations, and
fewer shots showed strongly growing high fregquen-
cy oscillations (presumably m = 1) superposed on
the sawtooth oscillations. The high frequency
oscillations appeared also in the 50 and loop
voltage signals at the instant of the intermal
disruptions. The m = 1 mode rational radius (q;}
as deduced from the soft x-ray signals is

9:+1 cm. The q(r) profile inferred from the
Te(r) profile indicates that r; = 11 cm, 7, = 20
cm, and q(0) = 0.65. Although r, is somewhat
Targer than a typical value, the overall behavior
of the internal MHD activities is similar to

that for discharges at a higher safety factor.

In conclusion, 8y + 11 was obtained with
injection at q(a) = 2.6. The discharge did not
exhibit significantly abnormal behavior ¢i MHD
activities.

2.1.5. Gas Puff Experiments

C. E. Bush P. N. King K. Murakami

P. H. Edmonds J. F. Lyon R. V. Reidigh
C. A. Foster D. H. McNeill D. L. Shaeffer
H. C. Howe

The empirical scaling laws obtained from the
previous series of scaling experiments’ with
steady filling conditions indicate significant
improvement of overall plasma characteristics
with increasing density. The technique of gas
puffing has been used to study this interesting
discharge regime. The objectives of this series
of experiments are:

1) to verify the previous empirical scaling
laws under gas puffing conditions,

2) to study particle transport in conjunction
with a one-dimensional transport code
simulation, and

3) to explore the limit of attainable den-
sitfes in tokamak plasmas.?

Time evolution of plasma parameters in a
typical gas puff experiment in ORMAK without
neutral beam injection is shown in Fig. 2.16,
6as puffing with the throughput of 10 torr
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Fig. 2.16. Evolution of plasms parameters ~ a typical discharge with delayed gas puffing without

neutral beam injection,

Titers/sec was applied at 25 msec into the dis-
charge, resulting in an increase of the line-
averaged density, ie, from 2 x 1013 w3 to 4.5
x 1013 am-2. The increase in the total number
of electrons at 60 msec corresponds to roughly
60% of the total number of injected atams.
Figure 2.17(b) shows the evolution of the
electron density profiles, ne(r). Although the
wide time and space resolutions and uncertainties
in the Thomson scattering measurements do not
allow the observation of fine structures of "e("

t), the electron density tends to increase uni-
formly without prolonged inverted density
profiles. This is seen as the increase of the
central density, ne(o). in parallel with that of
ie' as shown in Fig. 2.16(b).

The rapid rise of ne(o) observed here and in
other experiments 15 an intriguing phenomenon for
the particle transport simulation, which will be
discussed in Sect. 2.1.15. The charge-exchange
analysis provides an estimate of the central
neutral density, n (0}, (Fig. 2.16(c)) on the
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basis of a model which is discussed in Sect.
2.1.12. The neutral density model used in the
charge-exchange analysis compares favorably with
the chordal integration of "B Tine intensity in
that the edge neutral density, no(a), is parallel
with the "B intensity normalized to line-averaged
density. The one-dimensional simulation of par-
ticle transport using such neutral density leads
to prolonged inverted density profiles with no
substantial increase in "e(o) — a contradiction
with the experfment, Section 2.1.15 discusses
the necessity of including a density pinch {such
as the Ware pinch) in the particle balance equa-
tion.

The electron temperature distribution (Fig.
2.17) evolved from a peaked distribution at the
early stage of the gas puffing to a broad one
later. The transition coincides with a transi-
tion of the main features of WD oscillation
characteristics from the m = 2 modes to the
m » | modes (with strong internal disruptions).
In other discharges in which the m = 2 wodes

r (cm)

Evolution of electron temperature and density profiles with
Other experimental data are for the same discharges shown in

continued to daminate, n (t) started to decay
during gas puffing, indicating poor particle con-
tainment. Further increases in gas throughput
in the latter case caused disruptive instabili-
ties, resulting in a Tower maxfmum density than
that for the former case. Therefore, the
presence of internal disruptions apparently helps
to obtain a higher density. This is probably due
to heat transport associated with intermal dis-
ruptions to prevent current channel shrinkage
which otherwise would lead to disruptive insta-
bilitfes. :

The particle-averaged electron tempersture
did not change significantly, as shown in Fig.
2.16(d). On the other hand, central ion tempera-
ture increases with increasing density, as pre-
dicted by the Artsimovich scaling. At high
density, electron- and fon-averaged temperatures
become roughly equal. These temporal variations
of plasma parameters agree with those expected
from the scaling laws previously obtained under
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quasi-stationary conditions. At constant | and

3.

T Ee(q(«)llﬂ‘.f]‘/2 ~ (FQ)V2

8, - "ell"” ~ g

Zeff ~ Ilne'\. ]/ne R
<Te> A 1273, const., and

T,(0) ~ (n 18;)1/3 ~ (n )1/3

These scaling laws clearly indicate the
advantages of high density operation in tokamaks.
Previously, we established a scaling law of the
maximum densities of olmically heated tokamaks,

(M) pay ™ ﬁ,/ko ~ jlo) .

e have noted that the maximum densities attained

by gas puffing in the Alcator and Pulsator de-
vices are higher than those obtained under steady
filling conditions in other tokamaks. In Fig.
2.18 is plotted the maximum density (without
disruptive instabilities) obtained with gas
puffing at q(a) = 5 in ORMAX, superposed on the
data from other tokamaks. The maximum density
with gas puffing is about 1.6 times higher than
that with steady filling, but the value is still
lower than that scaled with BTII!o from the
Alcator and Pulsator values. This may be due to
higher impurity influx from the wall. However,
with added injection power of a modest (240 kW)
level, the attained density does scale to the
Alcator and Pulsator values.

With omic heating alone at I = 170 kA,
densities up to 4.5 x 1013 cm-3 can be obtained
with gas puffing. Added injection power is
necessary to reach the maximum density, ie
= 6 x 1013 cm-3. In this discharge, a stgnifi-
cant portion of the injected power was deposited
in the outer portion of the plasma, as discussed
in Sects. 2.1.2 and 2.1.6. In addition, strong
intarnal disruptions were observed in the soft
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Fig. 2.18. Scalings of maximum Yine-
averaged densities with and without gas puff-
ing for ORMAK and other tokamaks (see Ref. 8).
Neutral beam injection allows an increase of
the density limit in ORMAK.

x-ray signal, indicating a significant energy
transport to the plasma edge. The power depos-
ited in the outer plasma region tends to counter
the edge cooling and may prevent disruptive in-
stabilities. The electron and jon temperatures
are approvimately equal (1.3 keV), and their
profiles a.e broad. These favorable features,
in addition to good overall confinement {TE

= 15 msec, (E‘,)p = 0.93, [E,(O)]p = 1.2%, and
ne(o)rE = 1.3 x 1012 cm-3 sec}, suggest that
the combination of neutral beam injection and
gas puffing is a viable cperational mode of
tokamak devices.

2.1.6 Beam Trapping by Impurities

Ouring the past year the role of neutral
beam trapping by charge transfer to impurities




has beer recognized as being more significant
than previously thought. This change is the
result of measurements by Phaneuf et al. {see
Sect. 2.10) of ihe cross sections for charge
exchange between H° and various light (C,0} and
heavy (Fe) ionized impurities preseaz in
tokamaks and of calcuiations and beam trapping
measurements on the Tokzmak Fortenay-aux-Roses
(TFR) by Moriette.? WMe report two studies re-
lated to this impurity trappirg: (1) spectro-
scopic evidence for this prccess in ORMAK, and
(2) calculation of the effect of this process
or the beam power distribution for the highest
density case in ORMAK.

Soectroscopic evidence for impurity

charge exchange

R. C. Isler

Direct evidence for the charge transfer
reaction, KO + 0%* = #' + {07*)", nas been ob-
served during injectiun experiments on ORMAK.

In these experiments the omic heating current

is maintained at 70 kA until the plasma

reaches a well established equilibrium; injection
begins at 38 msec after breakdown. The sequence
of shots analyzed here was obtained subsequent
to discharge cleaning overnight with oxygen.

Both normal- and grazing-incidence monochro-
mators are used to monitor radiation frum the
plasma. The acceptance cones of these instru-
ments encampass sections of the plasma which 1lie
along the axis of one of the beams.

Temporal dependences of various spectral
lines are illustrated in Fig. 2.19. The upper
two traces in all of the pictures result from
the 1032-A line of 0 VI which is detected at two
different sensitivities, whereas the lower traces
represent the behavior of various features in
the soft x-ray region. Figures 2.19(a) and
2.19(b) are illustrative of the differences
observed between shots that are taken with and
without injection. Breakdown occurs at 4 msec
after the oscilloscope is triggered. After 15
msec, the intensities of the lines remain
constant or decrease slowly when there is no
injection. However, when the injectors are
activated, the trace due to the 0 VI 1ine ex-
hibits a sudden change in slope as *he intensity
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Fig. 2.19. Temporal dependences of the
radiatfon of several spectral lines: (a) is
characteristic of shots without injection; (b)
and (c) are representative of the behavior ob-
tained with neutral beam injection.

begins to increase. Similarly, the intensity
of the Lyman a line of 0 VIIlI increases, but the
initfal rate is slower than the rate observed
for the 0 VI line. These resylts are indicative
of oxygen being ejected from the liner as a
result of bombardment by energetic hydrogen
atoms .

But in Fig. 7.19(c), which illustrates the
temporal behavior of the radiation from the



Balmer 2 line, we see an evolution which differs
markedly from that of the Lyman a line. There
is a sudden, sharg increase in tne intensity as
soon 3s the injector is turned on. This prompt
signal in the Balmer a line is reproducible,
although it does rot appear as dramatically in
all of the shots as it does in Fig. 2.19(c).
Nevertheless, after the contribution due to
continuum radiation is subtracted, the data frum
six different shots all show that the intensity
of the Balmer a of the O VIII line increases by
a factor of four within 4 msec after injection
begins, whereas the intensities of the Lyman a,
2, and y lines and of the Balwmer £ line all show
increases of less than 201 in this interval.

It appears certain that the behavior ob-
served in Fig. 2.19(c) is due to direct inter-
action between the particles of the beam and the
plasma, and these data represent the first direct
observation of beam trapping by impurities.

Effect of impurity charge exchange on
beam power deposition

H. . Howe

J. F. Lyon M. Murakami

Attenuation of injected neutral beams by
impurity ion collisions can prevent beam pene-
tration to the plasma core at sufficiently high
impurity densities. This effect was previously
evaluated for ORMAK rases by neglecting impurity
charge-exchange collisions, which were thought to
be less important, and by assuming that the im-
purity ionization cross section for an fon of
charge 1 was 11°p1’ where %4 is the proton
jonization cross section. The additional neutral
beam attenuation per unit length by both proton
and impurity fonization was thus taken to be
Ne zeff p5- Because this term is less than that
for resonant charge exchange on protons,
impurity trapping of the injected beams was
thought to be unimportant for typical ORMAK
cases. Recently, impurity charge exchange was
incorporated into the beam deposition calcula-
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Figure 2.20 illustrates the importance of
this term on the beam power deposition profile
for the highest density ORMAK case. The owmic
heating power deposition profile is alse given
for reference. The power per umit volume P is
feaked on axis for both ommic heating and in-
jection if impurity charge exchamge is neglected.
Taking this term into account shifts the injec-
tion peak out to 15-16 ca. Figure 2.20 shows
instead the power deposited per umit radiys,
2P, 50 that the area under each Curve repre-
sents the total power deposited. These powers
are 425, 230, and 185 k¥ for omaic heating, beam
injection neglecting impurity charge-exchange
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Fig. 2.20. Calculated radial power deposition

tions using the empirical fit ac’(l) = Z’cc
(E/67 keV) suggested by Sheffield.!? The
additional impurity charge-exchange contribution
to the beam attenuation per unit length then
becomes n, (Ze" -1) Ocx (E/67 keV).

+

x (H) profiles for: (a) injection negiecting impurity
charge-exc-ange trapping, (b) injection including
impurity charge-exchange trapping, and (c) otmic
heating. The power deposited per unit radivs, 2xrp,
is plotted so that the area under each curve gives
the total power deposition.
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trapping, and injection including this term,
respectively. Tne fraction of this power de-
nosited within half the plasma radius (rx_/3 =1
cm) is 62, 71, and 13%, respectively, for the
three terms, For this highest density case

(ng = 5.9 x 1013 cm-3), the beam power depositicn
is greater than the ohmic power for r > 14 cm.
This additional power input in the periphery of
the plasma permits attaimment of higher plasma
density before disruption occurs, probably by
heating the plassa edge and thys forestalling
shrinkage of the current channet.

However, this beam power deposited at larger
radius is more susceptible to being lost to the
wall via unconfined orbits, especially with
counterinjected beams. Figure 2.21 shows the
calculated distribution of beam power for this
highest density case for both the coinjected and
counterinjected bean components and the effect
of including the impurity charge-exchange temm.
The coinjected power deposition is relatively
unaffected by this effect. However, tne fraction
of the counterinjected beam lost to the wall by
jnitially bad orbits increases from 0.4 to 382
when impurity charge exchange is included. In
addition, counterinjected ions, once trapped,
can pitch-angle scatter into unconfined orbits
and suffer additional losses. Of the total beam
power input (coinjected plus counterinjected),
the 93¢ that would have been deposited in the
plasma if impurity charge exchange had rot
occurred becomes 75% when this term is included.
The corresponding fractions are more dramatic for
the plasma core (r < 11 cm}, 66 vs 9.4%.

For the case discussed above, -"_e ¢
= 6.5 x 10! an-3, The impurity trapping effect
is considerably reduced at lower Zeff or lower
plasmi density and is not usually dominant for
most ORMAK conditions. For example, for the
highest ion temperature case [Ti(O) = 1,8 keV,
ie = 2.8 x 1013 -3, ¢¢ " 10] discussed in
Sect. 2.1,2, 81% of the beam power iz trapped in
the plasma {f impurity charge exchange is ignored
ang 83% if it is included in the calculation.
The corresponding fractions for r < 11 cm are 62
and 37%, respectively.
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2.1.7 Counterinjection Studies

C. E. Bush R. C. Isler M. Myrakami
J. L. Dunlap J. F. Lyon G. H. Neilson
P. H. Edmonds J. T. Mihalczo J. B. Wilgen
H. C. Howe

Injection antiparalie! to the plasma current
{counterinjection) is planned in future tokamak
experiments in addition to injection parallel to
the plasma current (coinjection), despite the
reduced plasma heating efficiency with counter-
injection and the presence of some deleterious
effects on the plasma behavior. Counterinjection
is planned in order to obtain additional injection
2ccess and because of the assumed need to balance
the momentum input czlculated for coinjection
{see Sect. 2.1.14). Mere we compare the effects
of coinjection and ccunterinjection on plasma
behavior for the same nominal plasma conditions
(i = 170 kA, 8y = 25 kG, and Se =2 » 10i2 em-d)
for 125-kW HY injection into hydrogen plasmas
conditioned by oxygen discharge cleaning.

Figure 2.22 shows the similarity of the
basic gross discharge parameters obtained for the
four cases studied: no injection, coinjection,
counterinjection, and cainjection plus counter-
injection. The main d)fferences occur after
the beam turnoff at 65 msec and the cases will
be compared at 45 msec, the equilibrium portion
of the discharge. Figure 2.23 shows the elec-
tron density and temperature profiles obtained
from laser Thowmson scattering measurements at
45 msec into the discharge for these cases. The
density profiles are similar except for a2 slight
inward shift for the coinjection and counterin-
jection cases. The main differences occur in the
electron temperature profiles in Fig. 2.23,
especially in the depressed central electron
temperatures with counterinjection. Although
there are large differences in the Te(r) profiles
and the values for Te(O). the density-averaged
electron temperatures, de)' are essentially
jdentical for the four cases,

The addition of counterinjection produces
increases in the impurity radiation losses and
in the resylting total energy flux to the wal}
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Fig. 2.21. C(alculated beam power distribution for coinjected and counterinjected neutrzl beams
for the highest density case in ORMAK, both (a) including and (b} excluding the beam trapping by

impurity charge exchange.

(radiation + charge exchange). Relative to the
no injection case, the fraction of the total
power input to the plasma (ohmic plus beam
heating) detected by the radiometer wall power
measurements decreases by 20% for coinjection but
increases by 40% with counterinjection. Figure
2.24(a) shows the time behavior of the radio-
meter signal for the four cases studied. For

these oxygen discharge cleaned plasmas, more
than half of the impurity radiation is thought
to be due to oxygen ions outside the central
core of the plasma (see Sect. 2.7).

Nowever, the depression of the central
electron tempersture with counterinjection is
thought to Le more related to higher Z impurity
radiation (believed to be due to tungsten from
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Fig. 2.22. Similarity of discharge pa-
rameters (current, voltage, and central chord-
averaged density) for the cases compared: no
injection, coinjection, counterinjection, and
coinjection plus counterinjection.

the limiter). Figure 2.24(b) shows the correla-
tion between the presence of counterinjection
ad a heavy impurity 1ine, in this case Fe XvI
(360.8 A). The top traces are for counterinjec-
tion alone and coinjection plus counterinjection,
while the bottom traces are ‘or no injection and
coinjection alone. Heavy impurities released by
unconfined, counterinjected fons can cause
raaiation cooling of the plasma, In fact, dis-
charges without injection but with a contaminated
wall produced ¢ 2n more pronounced hollow Te(r)
profiles than that shown in Fig. 2.22. The only
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ature profiles at 45 msec for the cases

Electron density and temper-

compared: no irjection, coinjection, counter-
injection, and coinjection plus ccunterin-
jection. The main difference occurs in the
electron temperature profile for these 170-kA,
26-k6, Mg = 2 x 10'? cm > hydrogen discharges
with 120<kN H® beams.

way we have been able to reproduce these hollow
profiles in our one-dimensional transport simula-
tion has been to include enough heavy impurities
to cause substantial cooling near the center of
the plasma. This deleteriocus effect of counter-
injection should become less significant at
higher discharge currents because the width of
the unconfined, counterinjected banana orbit
scales as the polofdal fon gyroradius. Pre-
viously,!! similar deleterious effects with

less counterinjection power were observed to im-
prove rapidly with plasma current.
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Figures 2.25 and 2.26 contrast the power
flows and plasma parameters obtained with coin-
Jection vs counterinjection. Ffor the coinjection
case, roughly twice as much power goes to the
ions as for counterinjection. The beam jon to
plasma ion energy transfer is higher with coin-
Jection because of the higher electron tempera-
ture, but then half of the ion power input is
Tost to the electrons for this same reason. More
beam power is transferred to the plasma {ions +
electrons) with coinjection because of the re-
duced wall losses due to bad orbits and the beam
jon acceleration by the applied electric field
(vs deceleration for counterinjection).
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The ion temperatures obtained with counter-
injection are considerably less than those
obtained with coinjection. Transport modeling of
ion heating indicates that the decreased central
electron temperatures with counterinjection can
explain these lower ion temperatures without the
need for additional ion losses. The estimated
ion energy confinement times for the plasma core
are similar for the two cases. In the transport
simulation, electric field effects ana electron
temperature profile shapes are much less
important than the actual magnitude of the
electron temperature.

We conclude that even at higher plasma
current, counter.njection has deleterious effects
on plasma behavior. Although in the above com-
parison cxygen discharge cleaning was used,
similar behavior is seen with hydrogen discharge
cleaning. The maximum plasma density attainable
before disruption occurs is reduced if counterin-
jection is added to coinjection. As the plasma
density increases still further, these deleteri-
ous effects will become more important. Counter-
injected orbit josses at the plasma edge can
increase the impurity influx, and the increased
impurity trapping of the beam at the plasma edge
moves the beam deposition profile still further
out in radius. This then leads to increased
counterinjected orbit losses and can 1imit beam
penetraticn to the plasma core. In addition, at
higher densities Ti and Te approach each other,
and an increasea radiation loss limiting Te
also limits Ti both directly through electron-ion
heat transfer and indirectly through reduced
beam-ion energy transfer. The supposed need for
counterinjection is examined in Sect. 2.1.14.

2.1.8 Impurity Measurements

Significant advances in determining the
concentrations of impurities and their role in
radiative losses were made during the past
year.12 Most progress resulted from improvements
in instrumentation for the vacuum ultraviolet
region of the spectrum. A 1-m normal-incidence
monochromator has been added to ORMAK, and a
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holographically produced grating has oeen substi-
tuted jor the ruled gratings used previously
in the grazing-incidence inst.ument.

The efficiencies of the ruled gratings vary
rapidly as a function of wavelength, particularly
below 50 A, and in the densitometer trace pre-
sented in last year's report the resonance lines
of O V11 and O VIII around 20 A are barely
distinguishable.13 For contrast, a partial densi-
tometer tracing of a plate taken with a holo-
graphic grating is shown in Fig. 2.27. Several
1ines from np -+ 1s transitions of Q VII and
0 V1]l sre observed clesrly, and many An = 1
transitions of iron are also apparent. Intense
lines of An = 0 transitions of Fe XVIII-Fe XX
also appear at Tonger wavelengths {1100 A). The
jdentification of these iron lines has enabled
us for the first time to obtain quantitative

estimates of the concentration of iron in the
center of the plasma.

One of the most puzzling aspects of ORMAK-
produced spectra has been the appearance of
narrow band continua in the region from 20-70 A,
These continua account for most of the power
radiated from the plasma except in circumstances
in which the concentration of oxygen is large
enough that the strong spectral lines of this
element dominate. There is a growing body of
evidence, both experimental and theoretical,
that these features are actually many closely
spaced lines of tungsten (Z = 74) which arise
from the excitation of N-shell electrons.
Calculations based on the assumption of corona)
equilibrium!® indicate that the stages W X111
through W XLVI should be present in a plasma in
which the temperature ranges from 40-1000 eV and
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that many spectral lines may be excited in the
region from 10400 A, Elements having aimost
the same atomic number as tungsten should show
sinilar spectral features, and indeed there is
a striking resemblance between laser-produced
spectral® from tantalum (Z = 73) and the narrow
band continua from ORMAX. Some of the radiation
may also be due to gold or platimm from the
plating on the liner, but at the present time we
assign a1l of it to tungsten because several
discrete, unidentifted 1ines in the region around
S0 A correspond closely to wavelengths calculat-
ed for this impurity.lS

As an exasple of our present understanding
of impurities in ORMAK, we present an analysis
from a sequence of shots taken after discharge
cleaning in oxygen. The results have teen ob-
tained by correlating time-dependent signals of

lines from O I11-0 VI with sieultaneously ac-
quired spectroscopic plates of the short wave-
Tength region (15-100 A). The normal-incidence
spectrometer is used to examine the behavior of
the low stages of fonization of oxygen. It is
calibrated by a modified branching ratio tech-
nique, and the uncertainty of absolute calibra-
tion below 1200 A is taken to be a factor of
three. A separate apparatus for performing cali-
brations of gratings has been constructed, and
it is anticipated that the uncertainty can be
reduced to 30% in the near future.

The plates that are taken with the grazing
incidence instrument are calibrated by first
comparing the intensities of the np-2s transi-
tions (n > 3) with the intensity of the 2p-2s
transition. and utilizing calculated excitatioh
rates.16 [t is assumed that 0 VI jons have a
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Fig. 2.27. Densitometer tracing of plate from about 10 A to 22 A.

maximm concentration at Te = 40 eV; this temper-
atuyre is slightly higher than that calculated by
coronal models!? (27 e¥) in accordance with
experimental seasurements!® and the knowledge
that transport of ispurities does not perwit them
to settle into complete coronal equilibrium. The
absolute ntemiiics 2mound 0 A are then deter-
mined by comparison of the Balmer and Lyman
series of 0 VIII and the use of Jacob’'s cross
sections for excitation. 19

The power losses are shown in Table 2.1 for
the daminant sources of vacuum ultraviolet radia-
tion. Because both spectrometers accept radia-
tion only from a chord along the minor radius of
the plasma, it is necessary to multiply the de-
tected signals by a factor which accounts for
the distribution of radiators in order to calcu-
late the total radiated power. A coronal equi-
1ibrium model has been used with a modeled
profile of the temperature in order to obtain
these factors for iron and the 1ight elements.
The distribution of continuum radfators (tungsten)
has been assumed to be uniform throughout the
plasma because a more detailed analysis is not
possible at the present time,

Approximately 20% of the omic heating power
is taken into account by the results shown in

Table 2.1 in contrast to the data from the
radiometer, which indicate that approximately 50%
of the power appears at the liner. This differ-
ence may result from the large uncertainties in
spectroscopic calibrations, or it may arise from
the uncertainties in the modeling which is
required to analyze the data.

Table 2.1. Power radiated by various

impurities for an average ommic heating

power of 575 ki (data taken subsequent®
to discharge cleaning in cxygen)

Radiated power
Source Rate (ki)

o 4
ov 15
ovi 36
0 vil 7
0 vIil 5
N V-N VII 1
¢ ivC vl '
Fe XV-Fe XX 1

Continuum (tungsten)
24-70 A 41

Tota) m



The same set of data has been analyzed to
obtain densities and an average value of Zeff'
The results are shomm in Table 2.2. Several
features concerning these vesults are worth
noting. Oxygemn has by far the largest concentra-
tion of the impurity ioms and makes the dominant
contribution to Zm. This comcentration appears
to deciine only slowly tonmards the edge of the
nlasma and the ocuter regioms may be almost all
oxygen in experiments performed after discharge
cleaning in oxygen. The proton defect of almost
80% at the center of the plasma is consistent
with the data fras the neytral particle detectors.
The power radiated in the oxyges lines is reduced
by a factor of about three if the discharge
cleaning employs hydrogen rather than oxygen as
the working gas.

Table 2.2. Contributions of impurities to 3”
subsequent to oxygen dischar?s cleaning wi
a3y

ne(ﬂ) =3Ix] o3
Contribution
Species Concentrations to Z_..(0)
eff

oxygen 2.9 x 1012/m? 6.21
irom 3.0 x 10%/ 0.03
tungsten 1.0 x 109/ w3 0.41
hydrogen 6.4 x 1012/m3 0.2
Total = 6.9

The concentrations of iron are very smll,
and this element appears to have little effect on
radiated power or on Ze". Similarly, the concen-
trations of tungsten appear to be small, but the
calculations of Jensen and Posti® which were used
to infer the concentrations imply that the power

radiated could be as large as 68 x 10-26 e W/cm?

in the temperature range from 300-1000 eV.

Thus, even though the contribution to Zeff is
small, the radfative rates may be quite high. In
fact, a concentration of tungsten of the order
of 2-3 x 101%/cm® could account for all of the
pcwer detected by the radiometer in most circum-
stances, yet make a contritution of less than two
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to zeff' As Tong as concentrations of irom and
other elements of intermediate charge remain
small, it should be unusual to produce values
of Ze" which are greater than 8 or 9.

2.1." Balmer a Line Profile Neasurement

The suggestior that tokamak plasmas may
execute toroidal rotation during the constant
current portion of their ohmic heating cycle
was first made by Rosenbluth et a1.21 The
plasmas’ toroidal rotational velocity was theo-
retically shown by Sigmar et al.22 to be related
to the existence of trapped particles. At that
time we reported an experimental observation of
an apparent linear relation between ion tempera-
ture and toroidal drift velocity. Since that
report, we have examined the Balmer a (6563 A)
spectral line profile of many ORMAK shots with
an improved detection and collection system and
substantiated that there is, indeed, a systematic
distortion of the Balmer a Jine profile and that
it appears to be related to ion temperature and
leff' This report describes the corponants in
the improved detection system, unfclds the Balmer
a line profile, and relates the line shape to
ion temperature and leff'

Our method incorporated a Czemy-Turner
spectrometer with the associated optics for the
selection of the radiation band; a time gated
vidicon for detection, digitization, and
accumulation of the radiation; and a computer
for data storage and analysis. The apparatus is
schematized in Fig. 2.28. Simply by positioning
the entrance slit of the spectrometer, it was
possible to see upstream or downstream with
respect to plasma current. Spatial resolution
is not obtained by this technique, but depending
on the mean free path and observed energy of
charge-exchanged neutrals, the Balmer a radia-
tion in the wings of the line profile comes more
or less from the plasma core.

A spectral line profile may be unfolded by
force-fitting it to the sum of severa) Gaussians,
esch with a different width and shift. Usually
three Gaussians will reduce the remaining misfit
to Jess than the measurement ervors. Or the
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line profile may be unfolded, as was done in the
following examples, into the sum of its even and
odd components. The even components can then be
related to average ion emergies and the odd
components to am average drift velocity. (Mote
that the odd compoment may be caused by a pure
shift and/or a distortion in the tail. WNe refer
to the total effect as the average drift veloc-
ity.)

There is amle evidence for the distortion
of the Balmer a (6563 A) line shape. A contrast
between observation upstream and downstream
(with respect to the omic heating current) is
e M T, £.65. Sehte et ! ‘- -1 ,,) is
negative (blue shift) if the view is upstreu
and positive (red shift) if the view is down-
stream. The line shape intensity (!u) is
direct image of the proton velocity distribution
function.

The width of the Balmer o profile at a
given intensity 12vel is associated with 2a
average ion energy and is related to the
magnitude of the average drift velocity.
be seen in Fig. 2.30 that the relationship
appears to be smal) but consistent. All the
data shown were collected during the constant
current portion of many ORMAK shots at 30-60
msec. zeff was calculated from the plass:
current and the 1ine density at 45 msec. The
distortion of the 1ine seems to be altered by
impurity levels and average ion energy. It
appears that (1) the slope is rela.ed to Z!ff.
{?2) *%2 lrift velocity increases with power
input from either ohwic heating or fnjection,
(3) that impurity effects on the 1ine shape are
not changed by injection, and (4) hydrogen
discharge clesning permits a cleaner plasma then
oxygen,

It can

e s e e+
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Fig- 2.29. Spectral line profiles of H, (6563 A). The two large
omplitude curves are profiles of H, and show the total line shape. The
smaller amplitude curves show only the odd components, the displacement
of their centroids being a measure of the average drift velocity. The
profiles are averages of up to 15 shots collected during the 30-60 msec
period of each shot. The arvows indicate the iatensity Jevels from which
the average ion energy and drift velocity were obtained.

2.1.10 Internal Mode Structure from
Correlation Studies

2. 0. Burris  J. L. Dunlap
J. H. Harris V. K. Paré

The previous anwual report?3 described
studies of internal mode structure in ORMAK
using collimated soft x-ray detectors and magnet-
jc probes as the principal diagnostics. Signif-
jcant improvements in boin the data acquisition
and analysis systems were made during this
present report period. These improvements are
described below, Results from the study of one
particuler discharge are also presented.

1) Adding other x-ray detectors. Earlier work
used 3 nine-detector array (the top one in
Fig. 2.31) which limited m (the poloidal
mode number) assigents to near the center
of the plasma. Four additional detectors

4)

in a side-mounted array in the same toroi-
¢a) section allow phase comparisons with
the four corresponding detectors of the top
array in order to define m valves at r = 6,
8, 10, and 12 om.

Replacing amplifiers for the x-ray signals.
The newer ones have wider bandwidth and
smaller phase shift.

Using 14-track magnetic tape for simulta-
necus recording of analog signals from
selected x-ray and loop detectors for the
full time of the discharges.

Using Fast Fourier Transform (FFT) process-
ing to celculate the amplitudes, frequen-
cies, and phases (relative to an ardbitrarily
chosen reference chanmel) of the signals.
The poloidal and torcidal mode numbers can
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Fig. 2.30. Orift velocity dependence on
energy fepurities. and velocity thresh-
olds of 10 e¥ and 5 x 10° om sec-! are deter-
ained by the resolution, dispersion, and noise
levels of the system.

then be deterwined from plots of electri-
cal phase versys mechanical angle. This
smalysis was Jone by playing the analog
tape at 1/64 the recording speed into a
computer-based Fourier aralyzer, which
gener2ted the 2uta. 234 Cross-power spectra
of the signals. Referenced to real
(discharge) time the digitization rate

was 128 kiiz, and the spectra were developed
through 32 Iz using time blocks of 4-msec
duration.

5) Oeveloping procedures for meesuring the
transfer functions of the x-ray detectors,
the amplifiers, and the tape recorder it-
self. The Fourier smalyzer was used to
seasure these transfer functions and to

correct the spectra of the data appropri-
ately.

6) Acquiring the adility to obtainm plots of
broadband, time domain data (waveforms) at
arditriry intervals in i discharge,
either by playback of the taped signals or
by recall of the digitized form.

As noted, the m values for the x-ray pertur-
bation, X, derive from the detector arrays show
in Fig. 2.31. We have no corresponding detectors
at other locations around the torus and thus do
not determine n, the torvidal mode masber, of X.

In systematic data acquisition, we deal
with the 13 x-ray detectors and 20 ‘a magnetic
loop probes. Eight of the latter are at the same
poloidal angle but displaced at 45° intervals
around the torus; these yield the n valyes of the
current perturbation, I. The remaining 12 are
at the same toroidal location but displaced at
30° intervals in poloidal angle; they yield the
m value of 1. Because the detectors total 33,
we require three reproducible shots to determine
the mode history of a particular d:scharge.

This diagnostic system became operational in
October 1976, and the emphasis througauui tne
rest of the year was on data acquisition. As a
result, a considerable amount is in hand, but
most of it is not yet analyzed.

The capabilities of the system will be
illustrated by data on the following olmically
heated discharge.

taansu arszs.sts
No injection, no gas puffing
Parameters at 50 msec:
Te(o) = 1480 v ‘Te> = 610 ¥
T,(O) = 650 e¥ di’ = 390 e¥

ne(O) = 35x 10!3 a»?
ie(O) =2.0x10!3 o3
= &
ﬁp 19.4%

By = 0.073

- epe o p—
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Fig. 2.31. The PIN diode soft x-ray diagmostic.

figure 2.32 shows one of the magnetic loop
signals and traces from several of the x-ray
detectors. The detafl available for computer
analysis is illustrated in Fig. 2.33.

At any given time, the major oscillatory
component in the x-ray signal (asfde from saw-
teeth) is the same ‘requency as the lo signal.
A1l of the phase seasurements and comparisons we
introduce below are for this dominant frequency
component (approximately 5 kHz during the con-
stant current phase of the discharge).

Periodic 1 first appear at 5 msec into the
discharge. The toroida] mode mumber, n, is 1
at this time and remains at that value (Fig.
2.34). The m mumber is initially 4 and pro-
gresses to 3 and then 2. An example of the

poloidal phase plot for each m value is given
in Fig. 2.3%6.

Perfodic X first appear at about 8 msec.
The w values for these perturbations are de-
duced from the relative phases of the signals
across the top array (Fig. 2.36) and from the
relative phases between side and corresponding
top detectors (Fig. 2.37).

In Fig. 2.36, the 180° phase shift at larger
radius seems to represent the approximate lo-
cation of the singular surface for q = 2. The
sawtooth oscillation in these discharges begins
at about 25 msec and persists well into the
rundom. Jring that perfod, it is reasonable
to associate the large phase shift at smaller
radius with the center of an w = | mode. This
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Fig. 2.32. Magnetic loop and x-ray sig-
nals. The oscilloscope sweep is triggered
4 msec before the begimning of the discharge
(t = 0). Rundown of the plasma current starts
at t = 60 msec.

center is also the center of the discharge, as
indicated by the plasma shift signals. At
eariier times we make the same association, sup-
ported by shift signals which show the plasma
inytiaily forming samewhat outside the r~ 0
equilibrium position and then drifting imard.
This assignment of m = 1 at the earlier times is
less certain. Because the detector array does
not probe equally far toward negative mingr radi-
us, the possibility that the inner phase shift
is the interior phase reversal associated with
the m = 2 mode alone cannot be excluded.

The data in Fig. 2.37 show that the X at
r=6,8, and 10 cm are » = 2 throughout most
of the discharge,

Table 2.3 detafls the time history of the
mode structures observed in this discharge;

different combinations of modes are present at
different times.

Table 2.3. Mode structures

ey * T
€-8 Mo signal 4 1 8.8-6.4
8-12 1,2 4 1 6.4-4.8
12-22 1,2 3 i 4.8
20-24 1,2 ? 1 4.8
24-80 1,2 2 1 4.8-9.8

The measurements do not distinguish abso-
Tutely between poloidal as opposed to tovoidel
drift of the mode structures, but the fact that
the frequencies are the same makes toroida) drift
the simpler altermative. For toraidal drift,
w=0 v‘IR. ani all the observed frequencies are
the same if v.(r) is uniform and the n nlu‘ns
are the same {n = 1 in agreement with the [
measurements). But with poloidal drift,
w=m velr. and a very precisely structured
ve(r) profile is required to give the same » for
different m valuves,

An additional point is that frequency
locking of the modes implies a phase locking.
This phase locking is such that the perturbations
observed (I and X, the latter assumed to be T,)
have a2 constant phase along an outward directed
minor radius. A reinforcing phase alignment
along the outward directed radius results for
harmonic structures even in the linear MHD
theory.2*

In susmary, the frequency and phase rela-
tions observed can be reproduced by:

1) at one Jocation around the torus arranging
whatever m valued mudes are present with
perturbaticn phases aligned as indicated
in Fig. 2.38,

2) assigning n 2 1 to all modes, and

3) applying a uniform toroidal drift velocity.
The magnitude required during the constant
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current phase of the discharge is v¢ =5
x 106 om/sec, and the direction is that of
the electron component of the plasma
current.

Mode coupling such as we have described has
beer observed on the PultatoriS and TFR26,27
experiments in the form of a coupling of m = 1}
and m = 2 perturbations after the perturbations
build up to critical amplitudes near threshoids
for disruption. The Pulsator observations also
included phase relations consistent with mode
structure possessing the outward directed line
of phase reinforcement and drifting toroidally
in the direction of the electron component of
plasma current.

In the ORMAK discharge illustrated, the
coupling existed even though the perturbation

levels were far below disruption. The coupling
appears to have deen a consistent feature of the
ORWK plasma throughout the parameter space
investigated during the scaling studies reported
last year.28 The lower aspect ratio of ORMAK
{3.5) should enhance the toroidal coupling and
may account in part for the difference. Ze"
may al1so be involved. The discharge illustrated
and those of the scaling studies were character-
ized by our typically high values of Zeff
(~6-10). In the very recent work after prolonged
hydrogen discharge cleaning, zeff was signifi-
cantly lower.2? Under these conditions we
observed some discharged with otherwise typical
ORMAK parameters that showed I frequencies
distinctly higher than the X.
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Fig. 2.34. Toroidal mode mmber deterxina-
tion from magnetic loop signals. The determina-
tion from data in the 4-msec time intervals
centered at 6, 14, 18, 22, . . ., 86 msec are
equally clear.

We are grateful for the cooperation of sany
of our colleagues in this work. G. R. Oyer and
0. D. Matlock contributed in the areas of elec-
tronic and mechanical design. G. L. Jahns,

M. Murakami, and A. Ravarro assisted in data
acquisition. Discussions with R, G. Bateman, Jr.,
Y-K. M. Peng, and 8. V. Waddel]l have been help-
ful. That pure toroidal rotation might provide
the simpler explanition of some features of
early frequency observations was suggested to
us by Bateman. The FFT processing was made
nossible by the equipment lcaned to us by
Instrumentation and Controls Division. Finally,
as always, we are indebted to the members of the
ORMAK operating crew.

2.1.11 Sawtooth Oscillations and Plasma
Transport
G.L. Jamms J. D. Callen  B. V. Waddel}
Sawtooth mechanise

Since their discovery in 1974,79 sawtooth
oscillations, sometimes referred to as minor or
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Fig. 2.35. Poloidal mode number deterwmina-
tions from magnetic loop signals.

jnternal disruptions, have remained one of the
intriguing properties of tokamak discharges.
Their occurrence in ORMAK was described in last
year's annual report.?! This year, sawtooth data
from a large, representative set of discharges
were compared with a tearing mode instability
model 32 priefly described in Sect. 3.2.4 of
this report.

Soft x-ray intensities are temperature-
dependent, and the sawtooth has been identified
as principally an electron temperature fluctu-
atfon,. 39,33 in our model, it is assumed that
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when a given sawtocth begins to rise, the temper-
ature and safety factor profiles inside a radius,
To are nearly flat due to the preceding disrup-
tion; here To is some radius greater than the
radius Tes of the q = 1 singular surface. Then,
the excess heat between rs and To diffuses away,
produc ing the heat pulse analyzed at the end of
this section., Simultaneously, the electrons
inside LA degin to reheat resistively because
the flat temperature profile has a very small

gradient and hence Tittle outward heat conduction.
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As explained in Ref_ 32, our comparisons with
experiment show that the resistive heating and
electron-ion equilibration terms are sufficient
to explain the positive siope of the wavefon..
As resistive heating continues, the increase

in the electron temperature produces 3 decrease
in resistivity; this leads to an increase in the
current and a corresponding reduction in the
safety factor (q) to a value less than unity at
the origin. As q decreases, the shear (: dq/dr)
at the singular surface increases. Because the

= | tearing mode growth rate is proportional
to the square of the shear,’’ the growth rate
increases rapidly with time until the magnetic
island produced by the mode becomes extensive
enough to flatten the temperature, current den-
sizly, and safety factor profiles as maynetic
reconnection occurs. Then the process is re-
peated.
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Fig. 2.38. A representation of the mode
structure indicated by these studies. Note phase
reinforcement along the outward directed radius.

The tearing mode in general is adeguate to
explain the radial dependence of fluctuation
amplitudes. In Ref. 32 we have compared experi-
mental x-ray amplitudes with recent numerical
results that are an extension of the tearing
mode calculation of Waddell et al.3* The radial
profile of the amplitude of the m = 1 precursor
oscillations agrees well with the observed pro-
file. Furthermore, once the temperature has
become flat, the radial profile of the dominant
® = 0 component of the temperature obtained
mmerically agrees well with the radfal profile
of the observed sawtooth amplitude, including
the phase reversal at the q = 1 singular surface.
However, if diamagnetic drifts were included
in the numerical algorithm, the structure of the
temperature perturbation near the singular
surface might change somewhat.

To make further predictions, specific
details must be added to the model. To evaluate
the growth rate of the m = 1 oscillation, the
time dependence of the shear at the singular
surface (a) is estimated?? to be a = a, + at?,
The time-dependent 1inear growth rate (y) of the
tearing mode including diamagnetic driftsd? is

proportional to a2, so the time dependence of the
x-ray fluctuation amplitude is

r\t)dt « azt + -3— a, at3

+

< f
0
1 .5
Ta alt . (2.3)

If a, dominates in Eq. (2.3), In A is pro-
portional to t; if a dominates, In A is propor-
tional to t5. As shown in Fig. 2.39, our
measurements of the time dependence of the ampli-
tude of the precursor oscillations show that some
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Fig. 2.39. Mormalized amplitude of the
m = 1 oscillations for the chord nearest the
singular surface vs t/ty and (t/ty)S, where ty
is the largest time for whi h the nplitude
was measured.
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discharges exhibit clearly either t or t5 depen-
dence while others show what can be interpreted
as a transition from t to t5. Furthermore, for
the individual pulse examined in ORMAX discharge
11141, which clearly shows t dependence, the the-
oretical proportionality constant compares well
with the experimental valve (9 and 5 msec!,
respectively). Similarly, for the example from
discharge 13477, which clearly exhibits t> depen-
dence, the theoretical proportinnality constant
is 0.09 msec-! compared to an experimental value
of 0.06 msec~l. No arbitrary parameters are
adjusted in obtaining these proportionality
constants.

An inspection of a large number of dis-
charges heated by neutral beams yields t>
dependence for the growth rate of the m = 1 o5~
cillations. Furthermore, for purely resistively
heated discharges the growth exhibits some t°
dependence, at least for large t. Thus, we expect
In A to be always proportional to t5 just before
disruption.

Of fundamental interest is a prediction of
the sawtooth repetition time (to) in terms of
plasma parameters. Based on the above discus-
sion, we use the t5-dependent growth and calculate
the time required for the island width to equal
2rs. The resulting expression is of the form

t, = 0t . (2.4)

where D and T are definea $n Ref. 32. For the
present discussion, we simply note that £q. (2.4)
provides a good estimate of to’ as shown in
Fig. 2.40.

In summary, the model described above unites
a tearing mode instability calculation with
specific plasma dynamics that are suggested by
experimental observaticn. This model compares
favorably with data from ORMAK in explaining:
(1) the rate at which a sawtooth rises, (2) the
radial dependence of the precursor and main saw-
tooth oscillation amplitudes, (3) the accelerat-
ing growth rate of the precursor oscillations,
and (4) the repetitfon time of the sawteeth.
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Fig. 2.40. Experimental sawtooth repetition
time compared with the theoretical predictions
given by Eq. (2.4).

Heat pulse propagation

We have also carefully examined the space-
time evolution uf the puise of heat resulting
from the internal disruption and have interpreted
this evaluation in terms of electron energy
transport in the bulk plasma. As has been des-
¢ribed previously, the sawtooth shape changes at
rg' inside sawteeth have the slow, 1inear rise
and sharp fall analyzed above; the outside saw-
*yoth's sharp rise coincides with the sharp fall
inside, followed by a slower decay. As seen in
Fig. 2.41, the outside sawteeth peak later in time
and broaden with increasing radius. Our interpre.
tation of this behavior is that the heat lost from
the central core due to disruption evolves in
the outside region by local transport processes.
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Composite oscillograms of soft x-ray signals for two
For both cases, the top trace gives the signal from one

detector over the 7ull time of the d'scharge; the rest of the signals are
on an expanded timescale starting at 45 msec, which falls in the middlie

of the full-time trace.

Amplification factors are different for purposes

of display. The temporal variation in the signal (sharp fall insiée,
sharp rise outside) shows that r, is 5 cw for shot 11389 and 8 om for

shot 13477. The signals labeled
tions from pickup loops.

As detafled by Callen and Jahns,35 the
electron heat balance equation for the electron
temperature pertyrbation (ATe) of the heat pulse
can be modeled as a simple diffusion equation:

(ln‘r) x—'ﬂa —3—} .

where » assumed constant, 1s the conduction
coefficient associated with the heat pulse. The
pulse boundary condition suggested by observation
gives, for a single isolated puise (t, > 3r2/8x”).
the solution

8raQ ft) 1t
AT.:T!-(-iE) tp/

(2.5)

(2.6)

. 3r2
B

se are poloidal magnetic field fluctua-

The important points to note ah~:% this heat
diffusion solution are: (1) the peak of a1,
occurs at t = tp. which is proportional to r2 and
inversely proportional to ; (2) at a given r,
AT (t) increases smoothly to its peak in a time

) and then decays roughly as t_/t thereafter;
(3§ the maxima of ATe(t) vary inversely with
r2 — a2 manifestation of energy conservation in
the cylindrical expansion of the heat pulse.

The experimental data are compared with the
diffusive model in Fig. 2.42. The first point,
demonstrated in Figs. 2.42(a) and 2.42(b), is
that t, agrees with the predicted asymptotic r?
dependence. Second, the pulse shapes follow
calculated curves [see Fig. 2.42(c)]. Finally,
Fig. 2.42(d) shows that the maximm 4T, decreases
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Fiy. 2.42. Comparison of data with the diffusion model. (a) Peak
arrival time vs radial position. The slope of the asymptote is 3/(8_ _ )

and thus gives 2 measurement of ;

(b) tp vs v §n normalized units

for a representative set cf discharges (‘D H] rs). Each symbol corresponds

to one discharge, for which

has been obtained from a plot such as

Fig 2.42(a). Solid symbols are discharges with neutral beam injection,
and open symbols are for mo injection. (c) Graphical reconstruction of one

set of pulses (third from left in Fig. 2.41, shot 11389) compared with
normalized computer-generated pulse shapes. (d) Maximms AT, {normal ized)
inferred from x-ray signal level as a function of radfus.

wwougnly 8s 1/r2, The data show reasonable agree-
ment with the heat conduction model., Thus, we
conclude that the heat pulses produced by inter-
nal disruptions propagate out through the outside
region of ORMAK by a diffusive process, at least
on length scales longer than the spatfal resolu-
tion of the detector array, which s about 2 om.
Next, we compare the rate of this process
with the gross electron energy transport, A
conduction coefficient can be estimated from

Tee = lzll)(e ’ (2.7

where Tee is the electron energy containment time
obtained by the usual method of dividing the

stored energy by the power input (ohmic, plus the
fraction of injection power transferred to the
electrons, minus the power to the fons). The
xep determined from heat pulse propagation 1:
compared with the x, determined from Eq. {5) in
Ref. 35. The comparison shows that: (1) there
is 1ittle correlation between and Xe® 37
(2) Xep exceeds x, by factors ranging from :'.<
to 15. This disagreement between Xep and Xe in
both magnitude and scaling is significant and
is surprising because onc expects the heat pulse
propagation to reflect the gross plasma behavior.
We do not yet understand the reason for this
disagreament, but experimental correlations dis-
cussed in Ref. 35 suggest two hypotheses. First,




thereisevidencetlutxwdependsonthememy
of electrons producing the x-ray sigmal; these
electrons are in the tail of the distribution.
This suggests that is characteristic of high
energy electrons in a2 non-Maxwellian distribution.
Second, we observe a correlation between "ep and
L the disruption radius. Empirically, the size
of L is related to the strength of the internal
disruption, 50 the suggestion here is that the
pulse propagation is significantly affected by
the driving force of the sawteeth — a feature

not included in ocur model.

In conclusion, the electron temperature
perturbations produced by intermal disruptions
are found to have a clearly diffusive space-time
evolution. This heat conduction, however, is
not related in a straightforward way to the
transport determining the gross confinement
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2.1.12 ORMAK Plasma Modeling

K. C. Howe M. Murakami D. L. Shaeffer

Modeling ORMAK plasmas s accomplished by
two different codes: a time-independent code
(data analysis code) used primarily to analyze
experimental data, and a time-dependent code
(transport code) to test various transcort models
against experiments, In this report pariod,
significant improvements were made on each code.

Improvements of the data analysis code

The code (ZORDIC) used to amalyze tokamak
data with impurity modelings was upgraded in the
following areas.

1) Two new methods of modeling impurities
based on the plasma resistance were added
to the original model.

2) Injected beam power deposition is calculat-
ed and included in the calculation of
varfour -~wmsport coefficients. The
injecti. routines used in the transport
code were incorporated with this code.

3) 1on powsr balance is calculated in this
code with the fon temperature profiles
Ty(r) = Ty(0) « 01 - (r/a)°) + T s

determined from the charge-exchange
analysis.

A mumber of examples of the calculation of
the injection power deposition and the fon power
balance are found in previous sections. There-
fore, we only describe here the impurity
modeling.

Three different models for the Zeff of
the plasma (and thus for the current density
under the assumption of uniform electric field)
are now available in this code. These are the
l“ model, thelqmdel, andthelc-odel. The
Zn model is the original one developed by E. C.
Crume and later modified by Shaeffer and Crume.
In this model, the impurity density is taken to
be a constant fraction of the plasma ion density.
The Z, model utilizes the mode rational radii
ri* and r3* for q(r) = 1 and 2, respectively,
determined from the fluctuation mode structure
in the soft x-ray signals. The model assumes
a current density in the form

[
ir) = 5(0) - D - (r/2)*3

where the free parameters, §(0), a, and B are
used to satisfy the constraints q(r}") = 1 and
q(r3%) = 2 with proper total current. This
current density with the usual sma1l neoclas-
sical resistivity correction yields a space-
dependent Zeff’_—). The Zc mode] assumes that
zeff is constant across the plasma cross section.
This model determines the zeff value by account-
ing for the total neoclassical resistance,
whereas the ZQ mode] obtains Ze"(r) by account-
ing for the neoclassical resistance anomaly at
each point along the plasma radius.

Comparisons were made between these models. 36
Considering the accuracy of the measurements
fnvolved and the model dependence, determination
of a specific Ze" profile is beyond the present
capability. However, the results of the campari-
sons do appear to eliminate the possibility of
an extreme central peaking of the Z ., profile.
For consistency, we usually use Ze"(r) values
resuiting from the Z_ model. Knowing Z,..(r),




T

(RN S Al AR

RN R

St

e o R R M TR

i

WAV

and assuming a single impurity species (usually
iron), we infer impurity demsity, ul(r). based
on the average iomization state, Z{r). corre-
sponding to the measured Te profile with a
corond] equilibrium. The protos demsity, a,(r),
is obtained from charge neutrality. {In the .
mode], the zeff very near the plasma edge is
allowed to deviste from the comstamt zeff valee
in order not to violate charge newtrality.)

The various quastities related to plasma emergy
{such as Bpnth) are based on the ion emeryy
content with ni(r) calculated in that Tashiom.

The le" values determined from the
resistance are generally in qualitative agreement
with those estimited from other measurements.
For example, as reported earlier,)7 the absolute
intensity of the soft x-ray contimnm gives an
estimate of zeff which is consistent with the
Zeff inferred from the resistance measurements.
Therefore, it is believed that most of the plasm
resistance is accounted for by impurities in the
plasma.

However, accuracies of eiach measurement and
its interpretation are far from being satisfacto-
ry for quantitative comparison between the mea-
surements. For instance, the resistance
measurement needs a more complete theory of
plasms resistance in the presence of impurities
with multiple fonization states. Along this line,
new theoretical efforts were made by Kirillov et
21.38 t5 include unstripped high-Z impurity in
the resistance formula.

They attempted to explain the observed
tokamak resistance anomalies, which lie in the
range of 2-50 for U.S.S.R.'s TH 3, by the
presence of jonized heavy impurities such as
jron, molybdenum, and tungsten. However, the
larger anomalies required impurity fon densities
larger than might reasonably cccur experimentally.
In an attempt to reduce the required impurity ion
densities, they considered the effect of the
re-idual electron core on the momentum transfer
cross section for electron-impurity collisions.
This effect was evaluated for typical ORMAK dis-
charge data by Shaeffer.39 Results indicated
that only elements of high atomic number (such
as gold) will reduce Z .. significantly (about

61

153), whereas Zeff for a species of an inter-
mediate atomic mmber (such as irom) is reduced
only about 5X. This is contrary to their analy-
sis of Th-3 data, vhich were takes early in the
discharge when the iapurity stripping was still
ir progress. Becawse the core effect varies
roughly as 132 (lj being the average cherge
state of the ispurity), a more pronownced re-
duction in zeff occurs early in the discharge
uben the jmpurity stripping is incomplete.
Isprovements of the trassport code

The tramsport cove used primerily to model
ORI was improved this year. Major chamges in-
clude the following,

1) The newtral particle routime calculates
the néxrtral temperature and thus gives an
improved estimate of the charge-exchange
energy loss.

2) A new neutral routine includes the effect
of mall refiection of fast neutrals.

3) The complete Fokker-Planck routine,
written by Fowler et al., was incorporated
into the transport code and used to study
loss cone effects for counterinjection in
ORMAX

4) An interactive version of the transport
code with real time graphics display was
implemented on the Fusion Energy Division
(FED) PDP-10. This code allows the user to
interact with the code during execution and
has proven valuable for studying a variety
of problems fncluding gas puffing and
radiation-dominated transport models.

5) A routine to simulate electron-cyclotron
resonance heating (ECRH) was added and used
to predict the performance of the Impurity
Study Experiment (I1SX).

6) A wall refluxing mode] and a ¥are pinch
term were added and found to jead to more
realistic reproduction of the density
behavior fn ORMAK.

7) More realistic impurity stripping and
radiation models were added.

8) The beam penetration routine now includes
impurity ionization by charge exchange.

9) Finally, i 220 was completely documented
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intermally, and several routises were fully
sodularized for export.

2.1.13 Iaterpretation of Charge-Exchange
Reasurements

A. C. Emgland J. T. Rimalczo 6. K. Reilsom
J. F. Lyom R. V. Reidigh J. B. Wilgen
R. M. NcGaffey

The previous ammual report™® discussed the
difficulty of deterwining a central iom tempera-
ture from the emergy distribution of charge-
exchange neutrals leaving the plasma and
indicated the need for a2 detter solution than the
approximate corvection method outlined. A better
procedure has been developed which closely models
the seasured charge-exchange energy distribution.
It also permits evaluation of the uncertainty in
the calcuiated Ti(r) due to different assumptions
in the calculation as well as statistical umcer-
tainties in tie data.

In addition, the comparison of charge-
exchange estimates of the fon temperature with
those inferred from absolute neutron measurements
has been extended and a modeling of the measured
llc {6563 A) spectral line profile is in progress.

Te lem: interpretation of
e change I

The central ion temperature is usually
inferred from the high energy slope of the fon
distribution function determined from chordal
seasurements of the charge-exchange flux. Figure
2.43 shows two sach fon distribution functions
obtained for no injection and 360-k¥ H® fnjection
nto hydrogen plasms with I = 175 kA, B; = 26
%6, and 'i. = 2.8 x 1013 cw-3. The slope is not
constant with charge-exchange neutral energy
primarily because of the chordal integration
over temperature and density profiles and, to a
Tesser extent, because of the energy-dependent
attenuation of the escaping charge-exchange
neutrals. At low particle energies the charge-
exchange flux is predominantly from the plasma
edge, and only the higher energies are sensitive
to the central region. Typically, determination
of the siope at energies E/T'(O) > 7 1s needed to
obtain a central temperature estimate within 102
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Fig. 2.43. Comparison of perpeadicular
charge-exchange data with the modeled ion energy
distribution for no injection and 360 kN of in-
Jection into 175-k2, n, = 2.8 x 1013 o3 dis-

charges.

accuracy. However, at these higher energies
the charge-exchange distribution msy de distorted
by poor counting statistics and noise, by non-
Maxwellian components of the fon distribution
function, and (with injection) by beam fous
which have lost most of their initial eneryy.
Procedure for interpretation of charge-
exchange spectrum
Previously,*? charge-exchange modeling
studies indicated that the main effect of the
plasma profiles was to produce a modified Maxwel-
an distribution €8 ¢ E/T1(0) g5, charge-
exchange neutral energles E > Ti(O) where
B~ 1/2, the exact value depending on the plasma
parameters. This rough correction has been re-
placed by another procedure in which T‘(r) is
obtained by minimizing the difference between the
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measured charge-exchange flux and a2 model calcu-
lation of the flux utilizing data for energies up
to ~3 Ti(o) (with injection) and for different
radial chords.

To deterwine the test fit for the charge-
exchange data to that calculated, a form for
T (r) is assumed, usually T. (r) = [Ti(o) -T; (a)]
"[l -(rla)p]qf‘r(a) M"Smcm is
defined, c}.s = 1/M }‘: :1 », where

= - -
€5 In .'ms In .icalc .
and the sum § = T to M extends over the desired
range of energies and radial chords.

The fitting parameters for Ti(r) are then
iterated [typically p = 2 is chosen and T,(o) and
q are varied] to winiwize €rms this form for
Ti(r) is the nominal best fit to the data.

Figure 2.43 shows examples of the data and
the best fit calculations for two cases — one for
no injection and the athesr F-- 2¢Ok KO injec-
tion. Typically, €rms * 5-10% and q = 1.5-2 for
a wide range of cases. 1f data above 7 keV in
Fig. 2.43 are used in this procedure, much larger
values for € g 2T obtained. This is not unex-
pected because solution of the Fokker-Planck
equation for the fast fon distribution in ORMAK
indicates that this distribution should join the
background fon distribution at an energy ratio
En,(m ~ 4-5, or E ~ 8 keV for this case.
Additionally, the fast fons interact preferen-
tially with the faster fons in the background
plasma, distorting the background fon distriby-
tion from a Maxwellian, as discussed by Cordey.”!
This effect becomes significant for this case for
'E/T'(O) ~ 3-4, or E~ 6.5 keV.

The effect of statistical errors on this
fitting procedure is expressed {n two ways:

(1) the error bars on the fitting parameters
[7;(0), q, etc.] due to counting statistics, and
(2) the c‘;" expected due to statistics alone
if the exact temperature and density profiles
were known.

The advantages of this procedure are that
it allows use of the more representative inter-
mediate energy range data [E/T'(o) s 3] and

permits evaluation of the effect of differeat
assumptions and of statistics on the data amaly-
sis. In addition, the amalysis gives an ion
tesperature profile, T.(r), that best fits data
at all energies and radial chords analyzed and
also gives an estimate of no(o) a,(o) from the
absolute coumt rate. The real test of the pro-
cedure i< hay the Ti‘_," detmlite SpITer with
that calcslated from other fon temperature diag-
nostics such ac the meutror measurements and the
“a spectral line profiles discussed below.

Reutron acasurements of ion temperature

In last year's anayal report, we veported
first comparisons between central deuterom
temperatures cbtained from charge-exchange analy-
sis and neutron measurements. Further amalysis
of the data has shown good agreement between the
temperatures over a wide range of experimental
conditions.

The derived temperature is obtained from
a calibrated neutron counting rate, assumed
parabolic density and temperziuve profiles, 2
deuteron defect (np/n,) obtained from laser
scattering, interferometer measurements of 'n'e.
and ar empirical fit for the D-D reaction cross
section. There are no adjustable parameters.
Figure 2.44 shows a comparison between the
charge-exchange and neutron temperatures for
two cases. The circles indicate temperatures
cbtained ¢ 50 msec intc the discharge from four
different sets of runs where there were respec-
tively zero, one, two, and three injectors. The
squares indicate the points taken from ome of
these sets (the one-injector set) as a function
of time during the discharge. The squares are at
5 msec intervals from 5 to 55 msec.

The 1ine of 45° slope indicates the expected
agreement and is not a fit to the data. In all
cases, there are periods of good agreement
between the two kinds of measurements.

Comparison with Hy spectral line profiles

Another measure of the ion temperature
profile, especially near the plasma edge, is
the Doppler broadening of the , (6563 A)
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Fig. 2.44. Agreement between neutron estimates and charge-exchange
estimates of the central fon temperature for deuterium plasmss with

hydrogen beam injection.

spectral line profile, as discussed in Sect.
2.7. In a procedure similar to that described
in the interpretation of the charge-exchange
energy distribution, the profiles of neutral
density, A, and temperature, To (wean energy),
are obtained from a one-dimensional neutral
transport code using Thamson scattering data to
obtain a (r), T(r), a,(r), and:an assumed forw
for T'(r). from these quantities the spectral
Intensity, Iy (1), fs calculated by integrating
over the viewing volume. The calculated inten-
sity is given by the convolution of the spectro-
meter resolution function with the expected
intensity

>
“Cex'e

Iy ) =csrar)n(r)

a ol‘

w[(‘rj 5}?]« :

where Ao = 6563 A and the rate coefficient
ConVe” for electron excitation fram the n = 1
to n = 3 Tevel wus taken to be constant in this
preliminary calculation. The form for T‘(r) is
then iterated to get the best fit between the
measured spectral intensity (squares) and the
calculated intensity {circles), as shom in
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Fig. 2.45. Although the agreement is good,
further wrk needs to be dowe to refine the
calc.lation amd to further integrate it imto

the charge-exchasge interpretation procedure.
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Fig. 2.45. Comparison between measured
(solid curve) spectral line profile of H, (6563 A)
and that calculated (dashed curve normalizad at
Tine center) from the procedure described in the
text.

2.1.14 Effects of Injection on Plasma

tquilibrium
J. L. Dunlap M. Murakami
J. F. Lyon R. V. Netdigh

In the last three years, the effect of
neutrai Dea® injection on tie Unrwe prases has
grown from 3 small perturbation (ij ~ 45 ki,
”1”10 < 0.25) to a major modification of the
plasma (P‘inJ A 350 kM, Minio ~2). In some
cases injection has become the major power input
to the plasma (for I = 75 kA, Pinj”(ll ~ 3 and
ATQIT” ~ 1.5). These higher power levels have
led to extensive fon heating (Sect. 2.1.2),
electron heating (Sect. 2.1.3), high B, (Sect.
2.1.4), and higher attainable plasma densities

with gas puffing (Sect. 2.1.5). In addition
there are some deleterious effects, such as the
impurity influx with counterinjection that
depresses the central electron temperature (Sect.
2.1.7), as well as the beneficial effect of
being able to have grussly stable discharges for
lower limiter safety factors [q(a) = 2.5 vs q{a)
> 3.5 withogut injection] as discussed in Sect.
2.1.4. Here we discuss two other effects of high
power injection (?inj > Pw): changes in the
plasma equiiibrium (which are observed), and
large bulk ion toroidal rotation (which does mot
occur).

Modification of plasma equilibrium by
injection

For the high power ('inj > Poy)s Tow density
(ie A~ 2 x 10!3 aw-3) injection experiments, the
beam slowing down time is considerably longer
than the plasma energy confinement time, and we
should expect the beam stored emergy to be greater
than the plasma energy. This modifies the plasma
equilibrium and makes it necessary to feedback-
control the vertical field with injection. In
fact, the plasma position measurement provides an
estimate of the stored fast ion energy through the
equilibrium condition. The increase in the beam
and plasma energies by injection is related to
the additional vertical field provided by the
feedback circuit to maintain the center of the
plasma column at a prescribed position. Figure
2.46 illustrates the evolution of the quantity

L W
6,0 7o b (4 0 )

for plasms with and without injection. Because
ths Zrivation of 8 involves seviral weeriain
parameters (e.g., stray field from the iron core
and the gap constant), the difference

o6 = (“’!.)inj - (86y) 0y inJ

between the values for the injection and no

injection cases is a more reliable quantity
than are the individual values. Taking into
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Fig. 2.46. Plasm equilibrium measurement
indicates that the beam stored emergy is
anevoximately 2552l to the plasma stored energy
for 360 kM of injection into & 68-%* ». = 1.7 x
1013 o3 hydrogen discharge.

account differences in Bp, and assuming
i~ Te3/2, we estimate

83y ' Y
.B,p_. uof.._';ﬁ.(llb+—z—)/sp~o.9 .

In order to translate this ratio to the
ratio (rf) of the stored fast ion energy to the
plasma eneigy, a multiplicative constant has to
be determined, depending on the anisotropy of the
fast fon distribution function. This multipli-
cative constant ranges between 1.5 and 1.2;
therefore, the value of e from this measurement
gives an estimate ranging from 1.3 to 1.1. This
value is somewhat smaller than the value (1.9)
calculated from the mmerical calculation of the
beam slowing down and pitch-angle scattering.

The intermal modes explored by soft x-ray
diagnostics are also affected by injection.
Figure 2.47 11lustrates the observations usually
obtained with coinjection. The x-ray data are
for a central chord. As fndicated, the singular
surface for q = 1 moves outward, and both saw-
tooth amplitude and period increase with injec-~
tion. While the sawtooth amplitude and period
start decreasing at beam tumoff and again at
the start of plasma current rundown, the position
of the q = 1 surface inferred from the sawtooth
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Fig. 2.47. Time history of central chord-
averaged density ie, radius r  for sawtooth
phase reversal, sawtooth period 1, and sawtooth
amplitude AA for 350 ki of HO coinjection into
3 100-kA hydrogen discharge.

phase reversal remains constant and does not
start to decrease until the density decay starts.

The behavior of the q = 1 location shown in
Fig. 2.47 is probably not related to a nonresis-
tive plasma current contribution from the slowing
down beam fons, although the magnitude of this
current is theoretically not ssal). For example,
for the plasma parameters shown in Fig. 2.46,
this calculated current perturbation fs 21 kA, or
30% of the total plasma current. 1t could be an
even larger fraction of the olmic current density
on the axis because of the calculated besm
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peaking on axis. MHowever, no direct evidence for
this current has been obtained, and other effects
expected — such as the large toroidal rotation
discussed below — definitely do mot occur.

Absence of beam-induced toroida] rotation

Despite the reducad fon heating efficiency
=2 .mcreased mpus iy radiation losses associat-
ed with counterinjection, there has been a
supposed need for counterinjected beams ‘0 bal-
ance the toroidal momentum input expected from
coinjected neutral beams. The average ion tovoi-
dal flow velocity, V”. can be cbtained from a
toroidal momentus balance equatfion:*?

p
WL -
Bi%i q T M Mbo™S O (K * Kp)

- 'i"i'l §/T . (2.8)
with the fast ion density input rate,

. ( lble) h(r)
" T W (29

The first term on the right-hand side of Eq.
(2.8) is the beam momentus input, where eo is
the injection angle to the field and the beam
momentum transfer fraction K' + Kc =1, In
these eq:22isn: A "'bo is e initial beam
velocity, 1 is 2 toroidal momentum damping time,
and h(r) 1s the spatial shape factor®2 for the
beam deposition. Solving Eq. (2.8) gives

(lb/e) h(r) Ypotos €,
Wit BT T oA,

xt(1-et) | (2.10)
Because the shortest classical damping time,
T = 1__ > 60 msec, s Jonger tham the beam puise

X =
length, 4. < 50 msec, Eq. (2.10) gives

2 lb(A)h(r)At

Wil'oo " InOT T 12.m
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or
i~ !glvbo- 7 x 107 h(r) oa/sec

for the parameters of Fig. 2.46. Since hi0) is
calculated to be ~14 for this case, v"(o)
~ 2.0 ¥
Equatfon (2.10) is not correct for Yii 2 Vpor
and there is reason to believe that v” might
be limited to much lower velocities (‘\cs. the fon
sound velocity) due to the onset of shocks in the
plasma. Even this velocity, V. ~ Jl'l’:lTiﬂ' 2.8
x 107 m/sec, is quite large.

Estimates of the experimental values for
V“ come from two sources, the Doppler shift of
the "a 1ine profile described in Sect. 2.1.9 and
from comparison of the paralliel and perpendicular
charge-exchange emerygy distributions. The forwer
measurement is weighted toward the plasm outside
while the latter measurement is more representa-
tive of the plasm interior. lla measurements
similar to those discussed in Sect. 2.1.9 indf-
cate that the toroidal velocity in the plasma
interior is 6 x 106 ca/sec with oxygen discharge
conditioning, and moreover there s ao signifi-
cant change in this velocity with injection.
Even the change from oxygen discharge clesning
with no injection to mydvogen discharge clean-
ing with injection produces a change in interior
rotation velocity of <2 x 10° ca/sec. The charge-
exchange estimstes are less certain, but they
2150 give comparsbly small changes in interior
rotation velocity.

Taking Av" ~2x10 cm/sec gives [from Eq.
(2.11}], a damping time 1 = At ~ 1.4/h(r) msec
or ~100 usec for the plasm interfor, much faster
than any classical process. It is also not
plausible for this momentum to be transferred by
collisfons to plasma fons at the plasma edge
where it is then lost efther by charge exchange
to the vall or directly to the limiter.
Balancing the beam momentum input rate against
the calculated fon loss rate requires each fon

= 109 cm/sec, an impossibly large value.
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to carry out such more additional momentum with
injection than is observed. It is probably a
field interaction rather than a direct particle
loss that carries the momentua to the wll, but
we do not yet understand the mechanism for this
loss.

2.1.15 Transport Modeling of Gas Puff
Exper iments

H. C. Howe

The density in a tokamak discharge is
sustained against diffusive loss by a flux of
cold neutral hydrogen from the wall. In a gas
puff experiment, the flux is increased 10 torr
Titers/sec by bleeding in gas from an extermal
source. Because the cold wall flux penetrates
only several centimeters into the plasma, most
of the additional plasma source is near the wall.
The subsequent evolution of the density is
modeled using a transport code where the caicu-
Tated neutral density includes neutrals generat-
ed by charge exchange within the plasma as well
as -*1l-reflected neutrals. Because the plasss
source is near the wall, the sodel density
rapidly peaks off axis (Fig. 2.48). Experimen-
a2 2 Zointiat GENSIty increases rapidly duve
to gas puffing, indicating the presernce of a
mechanism to carry plasma fmmard.

One candidate for an imard transport force
on the plasma density is the Ware pinch. When
this effect is included in the transport model,
the central density is governed by & balance
between the pinch and diffusion. The density
near the wall (in the bulk of the discharge) re-
sults from the usual equilibrium between the
neutral source and diffusion. The gas puff in-
creases the edge density and, by reducing the
central gradient and hence the diffusive loss,
allows the pinch to increase the central density
(Fig. 2.48). The rapid increase of the central
density is reproduced well by this model.

Two effects predicted by the gas puff model
are not present experimentally. In the fodel,
the density increase due to the puff cools the
peripheral regions and shrinks the current
channel. The resulting valtage increase which
is predicted is not observed experimentally;
current channel shrinkage is, therefore, probably
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Fig. 2.48. The observed and modeled 1ine
density time behavior with and without a2 gas puff
in ORMAX. The evolution of the profile is madeled
without and with a pinch. Cowmparison with the
measured profile shows the improvement in the
mode] due to the Ware pinch.

not the cause of the disruption limit of density
in gas puff experiments. Also, due to the pinch
the density profile in the model becomes very
narrow during the decay following a short puff.
The case for the existence of the pinch would be
much stronger if this profile narrowing were
observed experimentally.

2.1.16 ¥all Power Measurements

C. E. Bush J. F. Lyon

The preceding annual report™? discussed
time-resolved measurements uf energy transport to



W R AR ALY A R AN b b e

the ORMAK 1iner made using a radially sovadble
pyroelestsic detector. These measurements
indicated ths: a2 large (+60-75%), relatively
constant fraction of the input dhmic pmeer was
lost to the liner, rather than to the limiter,
over 2 wide range of input powers and for most
of the discharge duration. During the last
year these studies were extended to higher
density plasmas obtained with gas puffing and
to injection-heated plasmas where the injected
power exceeded the ohic heating power. In
addition, these data were correlated with
vacuum yltraviolet spectroscopic observazions
which were not available during the preceding
period. The result was a beiter uaderstandirng
of the impurity radiation losses in ORMAK.

The use of gas puffing to increase the
plasma density in ORMAK is discussed in Sect.
2.1.5. Two types of wall power behavior are
observed for no injection plasma cases preceded
by oxygen discharge cleaning. Figure 2.49(a)
shows the plasma behavior obtained for the higher
piasma densities (n, 2 4 x 10!) ca-?) obtained
2t higher plasma current ([ ~ 175 KA). Except
for the early discharge behavior (t < 15 msec)
and for disruptions occurring late in the dis-
charge (t 2> 85 msec), the radiometer (wall power)
signal is nearly constant in time as the plasma
density more than doubles. The power loss per
plasma particle (almost entirely radiation in
this ommically heated discharge) decreases as the
density increases, although the electron tempera-
ture rema2ins relatively unchamged. This may
indicate a reduction in the impurity density at
the highest plasme densities.

For lower density (Ke < 4 x 1013 a3)
discharges obtained with gas puffing, the plasma
behavior is as shown in Fig. 2.49(b). After a
delay of ~10 msec, the radiometer signal closely
follows the plasma density behavior. In this
case the plasma current and voltage are approxf-
mately constant (and hence the ohmic power input),
as is the electron temperature. The proportiona-
1ity of the radiometer signal (again essentially
entirely due to impurity radiation) to the plasma
density may indicate a relatively constant
impurity density.

69
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Fig. 2.49. Discharge time behavior (plasms
current 1, loop voltage V, central line-averaged
density ng, and radiometer signal P) with gas
ouffing A high density (n, = 2.5 x 1012 ow3),
high current (I = 175 kA) case is shown in {a) and
a lower density (n, = 2.5 x 1013 cm™?), lower
current (I = IOOltAf case is showm in (b).

The variation of the wal) power flux with
tctal input power (ohmic plus beam heating) up
to 1 M §s shown in Fig. 2.50 for plasmas with
both hydrogen discharge cleaning and oxyger dis-
charge clcaning preceding the experimental run
and for no injection, coinjection, counterinjec-
tion, and coinjection plus counterinjection cases.
There is a clear distinction between discharges
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Fig. 2.50. Approximate linearity of radiometer power measurement
with total input power for both hydrogen and oxygen discharge cleaned
plasmas with different injection conditions.

preceded by hydrogen discharge cleaning and those
preceded by oxygen discharge cleaning. Typically
"40% of the input power goes to the walls with
hydrogen discharge cleaning and a much higher
fraction (602) with oxygen discharge cleaning.
There is also a tendency for the fraction of the
input power going to the walls to be less with
coinjection and more with counterinjection than
for the no injection cases. The values for the
wall power flux in Fig. 2.50 are nbtained from
the radiom cer signal using the calculated
detection geometry and _he assumption of uniform
wali power flux. While there may thus be some
uncertainty in the absolute determination of

the wall power flux, the relative variation
shown in Fig. 2.50 is thought to be accurate.
The remainder of the power presumably goes to
the limiter,

The distinction between the results obtafined
for the two types of discharge cleaning does not
hold for the coinjection cases plotted between
450- and 500-kW input power in Fig. 2.50.

These low current (~75 kA) cases represent in-
Jection power (1350 kW) larger than ohmic heating
power (150 kW), as discussed in Sect. 2.1.3.

The interpretation of the radicmeter signal as
being mainly due to impurity radiation may not
hold for these cases, in which the ion power
input is not small corpared to the electron power
input. Figure 2.51 shows the time behavior of
the “asic plasma parameters and some impurity
radiation signals for such a discharge following
hydrogen discharge claaning. In this case

I =75 KA, ie = 2 x 1013 w2, and significant
electron heating occurs (doubling of the electron
temperature). The radiometer signal rises
rapidly in the 15 msec following beam turmon and
then has a more gradual and often small increase
for the beam duratior., similar to the tehavior
seen in the plasma-stored energy (see Sect.
2.1.3). The radiometer signal falls quickly in
the 15 msec following beam turnoff, unlike the
plasma-stored energy, and by 95 msec (<20 msec
after beam turnoff) has the same value as that
obtaired in cases without injection.

In a11 cases the radiometer signals are well
corralated with the narrow bard continua in the
range of 20-70 A, which account for mist of the
impurity radiation seen spectroscopicully. Good
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Fig. 2.51. Correlation of radiometer signal

(a) with discharge parameters and (b) with speci-
fic impurity jines when the neutral beam injection
power (~350 kW) exceeds the ohmic heating power
(<150 k).

correlation with the O VII and O VIII Vine inten-
sities 1s also seen, as shown in Fig. 2.51(b),
but the correlation is much weaker for the O Vi
Tine (150 A) originating at a larger radius
(maximum for 'I‘e A~ 40 e¥), No correlation 1s seen
with other impurity radiation, such as the Q0 VI
(1032 A), O ¥V (629 A), O IV (790 A), and Fe XVI
(360.8 A) lines.

n

2.1.17 Neutron Time Behavior Due to Deuterium
Neutra] Beam Injection Tato a Hydrogen
Plasma
A. C. England H. C. Howe
R. H. Fouwler 3. T. Kinalczo

Neutrons were produced by 0-D reactions when
28-ke¥ deuterium beams were coinjected into a
hydrogen plasma in ORMAK (I = 110 KA, B, = 18 k6,
ie =2 x 1913, re(o) =1 keV, Z,ee ™~ 5). Compar-
ison of Fokker-Planck calculations (which followed
the evolution of the fast fon distrilution at the
plasma center) with results of the measuresents
indicates that the majority of the neutrons are
from the injected particles interacting with
deuterons that have scattered through lzrge
angles before they have slowed down (beam-beam
neutrons), as first suggested by Jassby.** The
neutron flux was calculated by performing the
appropriate integrals over the distribution
functfon. There is also a contribution from
deuterons that have slowed down to plasma tem-
perature (beam-plasma neutrons). Both of these
contributions, as well as the experimental data,
are showm in Fig. 2.52 as a function of time —
the beam-plasma contribution for two particle
confinement times (10 and 100 msec). The beam-
beam source rises much faster after beam turnon.
The calculated and experimental values were
normalized at their saturation leveis because
an absolute calibration of the neutron detectors
was not available for these measurements. The
delay of A5 msec in the rise of the neutron pro-
duction rate indicates that neutron production
from beam interaction with deuterium already in
the plasma is smal). Saturation levels varying
as the square of the beam current indicate that
the beam s producing its own target. Quick
saturation and agreement of the time dependence
of the measured and calculated neutron flux from
beam-bean reactions support the conclusion that
almost all of the neutrons in these experiments
were from beam-beam interactions,
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Comparison of experimental neutron time behavior and the

Fokker-Planck calculation of the neutron production from beam-beam (BB)

and beam-plasma (B8P) reactions.

The parameter in the lower two curves

(8P) is the deuteron particle containment in the piasma.

2.2 WALL IMPURITIES IN ORMAK

€. T. Arakawad R. N. Hasm M. Murakami

R. D. Birkhoff L. Heatherly R. V. Neidigh
C. E. Bush R. C. Isler D. L. Shaeffer
R. E. Clausing G. L. Jahns J. C. Twichell
R. J. Colchin J. F. Lyon M. W. Williams
L. C. Emerson

2.2.1 Introduction

It is generally acknowiedged that tokamak
plasma impurities originate on the walls and
limiters. The mechanisms by which the impurities
are formed are not well understood, nor are the
forces which cause these impurities to enter the
plasma. The results of efforts to resolve and
remedy these problems are contained in the
abstracts which follow.

2.2.2 Impurity and Surface Studies in ORMAK“S

The ORMAK tokamak has been in operation
since 1971, and surface impurities problems have
been pursued from the beginning. Surface studies
of materials removed from ORMAK have revealed the
presence of C, 0, and Fe. These are also the
principal impurities observed spectroscopically
in plasma discharges, although numerous other
elements are present in lesser amounts. Spec-
troscopy, x-ray measurements, plasma resistance,
and fast fon scattering have been used in an
effort to determine zeff’ the effective nuclear
charge of plasma ions. A1l four measurements
have practical difficulties leading to relatively
Targe experimental ervor 1imits, Oxygen dis-
charge pre-cleaning has allowed JRMAY. discharges
to reach higher currents and correspondingly
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higher ion and electron temperature; spectro-
scopic studies reveal a3 lower level of contami-
nants, particularly C and K. Power measurements
indicate that most of the invut power strikes
the walls, mostly as radiation. By varying
operating parameters it is found that Zeff

~ I;Iie.

2.2.3 Surface and lmpurity Studies in
ORI and 13X<¢

The ORMAK vacuum liner is constructed of
stainless steel, overcoated with a thin platinm
diffusion barrier and a final layer of gold.
Gold was selected as the vacwm surface because
it is chemically inert to the adsorption of
coemon gases. However, gold surfaces do adsord
hydrocarbons, and carbon (2long with oxygen) was
the principal plasma contaminant during the first
two years of ORMAK operation. Upon switching
discharge cleaning gases from hydrogen to oxygen,
carbon levels dropped until carbon is no longer
a significant contaminant. Residual hydrocarbons
can now be controlled by either hydrogen or
oxygen discharge clcaning. The principal
measured plasma contaminant in ORM. {s now
oxygen. Samples taken from the ORMAK liner and
analyzed by Auger electron spectroscopy reveal
the presence of iron and oxygen. There is evi-
dence from a SXAPS (Soft X-ray Appearance Po-
tential Spectroscopy) probe of iron and chromium
diffusion from the stainless steel through the
gold surface in spite of the platinum diffysion
barrier. The fe and Cr provide surface oxida-
tion sites, and SXAPS analysis shows that these
metals exist as oxides.

In order to investigate tokamak fmpurity
problems further, the 15X (Impurity Study
Experiment) tokamak is presently under construc-
tion. It will provide a cleaner and more flexi-
ble vacuum system in which to conduct studies of
surfaces and plasma impurities. The operating
characteristics will be much the same as those
of ORMAK (with ohmic heating) in terms of size,
plasma current, and plasma temperature.

13

2.2.4 Surface Impurities and “Clean-up”
Techniques™7

The detrimental role played by impurities in
thermonuclear devices is now well-known. Experi-
mental studies to identify those impurities
residing on the liner, or first wmall, of the
Oak Ridge Tokamak (ORMAK) have been carried out
in the laboratory using Auger Electron (AES) and
X-ray Photoelectron (XPS) spectroscopic
techniques. Additionally, liner measurements
have been made in situ using a small soft x-ray
appearance potential spectrometer (SXAPS).
Oxygen, iron, and carbon were found to be the
major surface impurities and, as confirmed by
plasma diagnostics, also the major plasma impuri-
ties. Glow discharge cleaning of gold and
stainless steel surfices has been studied using
various gases and gas mixtures. Oxygen dis-
charges are very effective and hydrogen moderate-
1y effective in removing carbon and hydrocarbon
deposits from both types of surfaces. Other
parameters involved in the contamination-
decontamination process, such as pressure and
temperature, have been studied using techniques
to controllably contaminate surfaces with hydro-
carbons.

2.2.5 A Laser Reflection Tr.hnique for Studyi
Contamination Bulld 'y on a Eus‘on Reactor

Liner™s

Calculations and measurements of optical
reflectance of a gold substrate for various
carbon overlayers siggested monitoring a tokamak
liner optically for contaminatfon. A He-MNe laser
beam directed at the inner surface of the ORMAK
liner reflected back several centimeters in
diameter due to the optically rough and irregular
surface. Gentle scouring of the liner greatly
increased the reflected intensity. A beam
splitter in the laser beam 4frected a portion
through a chopper to a photomultiplier and
oscilloscope, this acting 8s a reference signal.
The remainder struck the liner and photomulti-
plier without being chopped. The reflectance



decreased during the first ~200 shots and re-
turned to its original value at about shot 500.
Separate reflectance curves were found after
clockrise and counterclockwise discharge. Strong
temperature effects were seen from liner expan-
sion or gas condensation. Reflectances became
erratic after neutral particle injection. Ve
conclude the method is feasible and may have use
in plasma diagnostics.

2.2.6 Nall Conditioning Studies for

Laboratory studies of various discharge
cleaning techniques and the resylting surface
trapping of hydrogen have been carried out in
an attempt to explain conditions existing in the
ORMAK tokamak. Gold and stainless steel samples
have been both directly and indirectly exposed
to oxygen and hydrogen glow discharges. Samples
exposed either directly or indirectly to oxygen
discharges experienced a more rapid removal of
carbon (hydrocarbons) than samples exposed in a
similar manmner to hydrogen discharges, and
similar results have been obtained during dis-
charge cleaning in ORMAX. Samples directly
bombarded as the cathode of a glow discharge
were more rapidly cleaned than those indirectly
exnosed, §.e., facing awmay from and not immersed
in the discharge. The oxygen concentration was
found to increase on the surfaces of those
samples which were oxygen discharge cleaned.
Similarly, an increase in the oxygen fmpurity in
ORMAK discharges is sometimes noted after oxygen
discharge cleaning; however, the hydrogen dis-
charge cleaning cycle which always precedes the
initiation of normal tokamak plasmas tends to
mask this effect. The presence of impurities
{CH, and H,0) in the cleaning discharge influences
the camposition of the surface in equilibrium
with the discharge; thus it is important to
remove impurities (reaction products) as effi-
ciently as possible during the cleaning operation.

Direct hydrogen fon bombardment of stainless
steel surfaces and subsequent thermal desorption
demonstrated that 20-50 monclayers of H, were
present in the surface oxide layer. Similar
bombardment of nickel and gold surfaces showed

Tittle hydrogen loading. Hydrogen desorption

from oxidized stainless steel surfaces is
significant at room temperature and increases
rapidly with even a few degrees rise in tempera-
ture, thus suggesting that thermal desorption mdy
be an important mechanism of hydrogen release
from tokamak walls.

2.3 SOLID HYDROGEN PELLET INJECTION IN THE

ORMAK TOKAMAK S0
R. J. Colchin K. Kim C. A. Foster
S. L. Kilora R. J. Turmbull

Solid hydrogen spheres have been injected
into the ORMAK tokamak as a test of pellet re-
fueling for tokamak fusion reactors. Pellets
70 ym and 210 ;m in diameter were injected with
speeds of 91 m/sec and 100 m/sec, respectively.
Each of the 210-um pellets added about 1X to the
mmber of particles contained in the plasma.
Excited neutrals, ablated from these hydrogen
spheres, emitted ligh* which was monitored by
either a photomultiplier or by a high speed
framing camera. From these light signals it was
possible to measure pellet lifetimes, ablation
rates, and the spatial distribution of hydrogen
atoms in the ablation clouds. The measured
lifetime of the 70-im pellets was 422 usec, and
the 210-1m spheres lasted 880 ysec under bombard-
ment by the plasma. These 1ifetimes and the
measured ablation rates are in good agreement
with a theoretical model, which takes into
account shielding of plasma electrons by neutrals
ablated from spherical hydrogen ice.

2.4 RELATIVISTIC ELECTRON STUDIES

A. Cooper D. M. Swain S. J. Zweben

2.4.1 [Introduction

The last annual report presented results
indicating that the m:uaway electron confinement
in ORMAL could be described by 1 simple orbit
shift model, to Towest order. [he work of the
past year has been to refine the experimental
measurements and t> measure departures from this
model. We have observed a swall diffusion of
runaway electrons ir quieccent discharges, and
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occasiomally an increased radial transport of
runaays associated with MHD activity and sawtooth
oscillation. We have also observed a change in
runamay loss rate correlated with rf and micro-
wave emission from the plasma, apparently indi-
cative of an instability involving the rnnavays.

More experiments have been performed on the
runaay-dominated regime, in which the bulk of
the toroidal current is carried by the electrons.
Finally, theoretical calculations have been made
of the equilibrium of a runavay-dominated dis-
charge, and of the production of runaways in
present and in future tokamaks.

2.4.2 Runaway Confinement Studies

The existence of runaways of 5-10 MeV in
ORMAX implies that the particle confinwent is
very good. It has been our goal to find out
under what circmstances the confinement is
classical (i.e., given by the runamay orbit
model described in last year's anmual report).
Any systematic deviation from this classical
behavior can provide clues about the intermal
field structure of the plasma which would give
rise to anomalous runaway-electron transport.

We have measured the movement of high energy
runawdys across a known distance and have in-
ferred from the results that there is a small
diffusfon (D ~ 100 am?/sec) characteristic of
runawdys near the outside of a normal, low
density ORMAX discharge. Ue have also observed
in more unstable discharges that runaway loss
can be correlated with MHD behavior or with the
intermal disruption. In general, however, we
believe that the orbit mode! is necessary and
usually sufficient to explain the confinement of
the high energy runaways in ORMAK.S!

The following experiment was done in oreer
to test tie confinement of the high energy
runaways: during the steady state of a normal,
Tow density ORMAK discharge the plasma was moved
inward suddenly while the runaways striking the
outer limiter were monitored in the usual way.52
We expected, on the basis of the orbit model,
that the runaway flux at the outer limiter would
drop as the orbits were pulled inward by the

shifting plasma current. Furthermore, we expected
that as the runasays gained energy the orbits
weuls move back outward until they reintersected
the limiter, producing a gap in the hard x-ray
flux which could be calculated from the measured
rate of energy gain and the known imward shift.
The results of the experiment are shown in
Fig. 2.53, where we see that the hard x-ray
pattern does show a gap which roughly agrees

X- RAYS

l (1)
PLAS“‘M €
1 { -2 O
I .4

60 80 100
msec

Fig. 2.53. Effect of shifting the
plasma on the hard x-rays from the limiter.
Top graph of each set shows pulses from
Nal vs time; Tower graph is plasme position
vs time. (a) Mo shift; (b) 1.75-cm shift;
(c¢) 3.5-cm shift. Arrows show hard x-ray
gaps expected from theory.



with that calculated on the basis of the orbit
model. In addition, however, we see that there
are a few runmays which come out well before
the time expected on the basis of the classical
model.

This result has been analyzed in terms of
a diffusion process which allows the orbit minor
radius to change randomly due to some unknown
mechanism.  In Fig. 2.54 we show that the data
can be fairly well fitted by assuming D ~ 100
m</sec for these particles. le are presently
attempting to understand this small but anomalous
transport on the basis of pissible field pertur-
bations within the plasma.

In other circumstances we have seen evidence
for larger diffusion rates apparently associated
with an increased level of instability in the
discharge. That such an influence is possible
is clearly shown in several cases in which a
correlation between runaway loss and plasma
instability was observed.

ORNL-0WG 76-18473A
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Fig. 2.54. X-ray flux to Timiter vs time

for 3.5-cm shift case, divided by the flux for

the zero shift case. Points show axperimental

data, so0lid 1ines show predictions of the orbdit
shift plus diffusion model for different values
of diffusion coefficient.
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For example, in the presence of large
amplitude m = 2 oscillations, there were occa-
sionally corresponding oscillations ir the
hard x-ray flux. This correlation persisted
over tens of milliseconds and can evidently
produce an enhanced transport of runasays out
fram the plasma interior. This phenomenon is
being investigated in terms of magnetic island
structures which distort the runmny drift
surfaces and, when rotating, can explain the
periodic 1oss of runaways at the limiter.53

Also, when the q = 1 surface was at an
unusually large radius we have seen a correlation
between sawtooth oscillations and the runaway
confinement; there is a modulation of the hard
x-ray flux which follows the outer PIN diode
signals. This behavior is being studied as a
possible indication of changes in the current
profile during these oscillations.

2.4.3 High Current Runaway Beam Experiments

We have performed experiments on ORMAK
discharges in which a 1arge fraction of the
toroidal current was carried by runaway electrons
of 1-5 MeV energy. The dischargec were made to
go into the runaway-dominated mode by doping the
Tow pressure H; plasma with 5-z0% Ar. Results
of earlier work on this subject will be published
shortly.5%

In a recent set of experiments, the rf and
microwave radiation was mon’ ,red durirg runaway
beam discharges. Results are indicated in Fig.
2.55, which shows data for & st with very few
runamays (on the left) snd for a runawvay-dominat-
ed shot. In each case, the top trace is current,
the third trace is hard x-ray intensity generated
by electrons hitting the limiter, ll(t). and the
second trace is the integral of the (inverted}
x-ray intensity, fotlx(t) dt. Characteristics
of the runsway discharges are: (1) ' e large
value of I’ compared to nonrummay discharges;
(2) the pericdic x-rays bursts, which are associ-
ated with steps in the toroidal current (note
the close . ‘milarity between / lx and the toroi-
dal current decay in the runawey shot); (3) the
twmp (or sometimes plateay) in the current at
t = 2-3 msec from the start of the discharge;
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Fig. 2.55. Comparison of rf and wicromave emission for runaway and nonrunaway cases.

By = 10.5 k6, fc = 30 GHz, fp < fc'

and (4) a large increase in 8_ over a ronrunaway
discharge (Bp is calculated from vertical field
and plasma shift measurements).

The other traces of Fig. 2.55 are: (4)
microwave emission at 140 GHz (~4.8 fce)’
(S) average electron density, (6) rf intensity
in the range 1-1500 MHz (which contains the fon
plasma and lower hybrid frequencies), and
(7) microwave rmission in the 33-40 GHz range
{slightly larzer than f.o O the axis). As
expected, the -yclotron harmonic radiation is
wmuch larger in the presence of runaways, but
the low frequency radiation is much lower during
the runaway-dominated current decay. Furtherwore,
the micrimave emission shows no large steps or
spikes during the decay, as has been observed in

some normal discharges with a small but not
negligible runaway component. This observation
may imply that the runaway beam is stable to
microinstabilities that change the distribution
function (f.e., pitch-angle scattering).
Furthermore, the beam is stable to macroinsta-
bilities, as can be seen from the >20 msec Jecay
time of the beam current.

Work is under way on the dynamfcs of the
runaway beam discharge, including .he production
mechanisms and equilibrium of such a discharge.
A theory of equflibrium has been developed in
which the runawdys drift on angular momentum
surfaces, not constant y surfaces, which will
then give agreement with the orbit model in
the low runaway current limit. The studies of



production indicate that runaways may be created
throughout the voltage pulse in substantial
quantities due to the increase in the plasma
resistance caused by the argon fmpurity.

2.4.4 of Runasay Production
nement

Theoretical and numerical studies on the
production of runay electrons in ORMAK and the
proposed next step (TNS) were carried out in the
Jast year. For this purpose the tokamak start-
up problem was addressed using a zero-dimensional
wodel in which the circuit equations were
modified to include a runavay current component.
These equations were solved in conjunction with
2 simple set of coupled rate equations.

Under the assumption that runaways move at
close 2o the speed of light, the rate of change
of runaway current is proportional to the
creation rate3s minus the loss rate of runaways.

As runnays gain energy, their orbits shift
outward according to the orbit shift model. The
magnitude of the shift is proportiomal to the
momentum of the runaway and inversely proportion-
al to the total current. Because this treatment
is zero-dimensional, it was assumed that on the
average when the magnitude of the orbit shift of
a runaway becomes equal to ha'f the minor radius,
it could be considered to be lost. Hence, an
expression 1s obtained for the maximum momentum
a runawny can have and still be contained, 0
that in essence the runmy loss rate at any
given time is the runaway creation rate at some
eariier time, starting from which any runmay
created has free-fallen to the maximm allowable
momentus 1t can have and still be contafned.

The numericai solution of the coupled rate
and circuit equations for ORMAK parameters and
initial conditions ylelds a runaway discharge
with virtually no plasm breakdown. In order to
recreate experisental ORMAK discharges, an
additions] loss mechanism must be included.

We have chosen to use one in which all runmays
created early in the discharge may be lost on
the limiter due to ervor fields. In Fig. 2.56,
the calculated electron density 1s showm as a
function of time. The t = 0 curve represents
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Fig. 2.56. Calculated 2lectrcn density vs
time from ORMAX modelfing code.

the plasma evolution, assuming no runamays are
lost other than by orbit shifts to the walls.
The t = 250 us curve represents the plasma evolu-
tion, assuming that all runaways created in the
first 250 us are instantaneously dumped on the
walls. Figure 2.57 shows the runaay current in
ORMAK (assuming that all runasays generated
during the first 250 us are lost instantaneously)
for a set of different filling pressures and
hence final electron densities. As in the experi-
ments, most runavays in the low density case

are generated after the plasma has been fonized,
while in the high density case almost all run-
aways are generated prior to the plasma break-
down.

2.5 FAST X-RAY ENERGY AMALYZER FOR THE
1-10 keV RANGE

G. R. Dyer

2.5.1 [Introduction

An energy-dispersive spectrometer for
Tow energy x-rays has been built using a 1ithium-
compensated silicon detector, electronics spe-
cifically designed for good performance at high
count rates, and a fast multichannel analyzer.
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Fig. 2.57. Calcuiated runamay current.

The apparatus can acquire a usable bremsstrahlung
spectrum in less than 10 msec, so an electron
temperature vs time plot with 10-msec time reso-
Tution can be obtained for a single plasma shot.
The device has been used on ORMAK, and data for
sever: ] experimental sequences are available.
Data are stil] being evaluated, but there
appears to be reasonable agreement with Thomson
scattering values for Te'

2.5.2 Objectives

We proposed an x-ray diagnostic tool that
could acquire a bremsstrahlung spectrus in a
short time compared with an experimental shot
time for ORMAK. Thus, several sequential brems-
strahlung spectra could be collected during a
single shot; from these, an electron temperature,
Te' vs time plot could be derived. Because the
spectra contain intensity information which is
dependent on electron density and effective
charge of the constituent fons as well as on
electron temperature, other useful plasma param-
eters might also be obtained from them.

Evaluation of the available equipment and
techniques for fast energy analysis led us to
coiclude that we could attain a count rate of the
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order of 105/sec with reasonable energy resolu-
tion and without excessive pulse pileup, system
deadtime, or external interference. Under these
conditions, a spectrum containing 103 counts
could be acquired in 10 msec, allowing a plasm
shot history to be resolved into 10-15 time
segments,

2.5.3 System Requirements

A spectrometer with the capability of pro-
cessing more than 105 events per second is
required to meet the objectives outlined above.
It should have better than 500-eV energy resolu-
tion, low deadtime, and freedom from jasming due
to high count rates or overload pulses from high
energy events. Stability over a long operating
time, provision for pulse pileup rejection, ease
of calibration, and reliable operation are also
important. Finally, the amount of data to be
collected requires an interface to a mass data
storage sysiem and access to computer data
reduction.

2.5.4 Hardmre

The spectrometer system comprises an QRTEC
cryogenic x-ray detector and preamplifier, a
Vinear pulse shaping amplifier, a pulse processor
for peak detection arnd pileup rejection, a mlti-
chamnel pulse height analyzer with buffered
storage registers, and a data transfer interface
to a PDP-8 computer.

The ORTEC detector is a 1ithium-compensated
silicon diode 4 mm in diameter by 3 mm thick,
mounted in a 1iquid-nitrogen-cooled cryostat with
a 0.0125-mm-thick beryllium x-ray window. The
associated charge-sensitive preamplifier incor-
porates resistive feedback to avoid latchup and
deadtime problems inherent in optical feedback
systems, The preamplifier remains functional at
count rates exceeding 106/sec at 5-keV average
photon energy. Energy resoiution of the detector
is 430 eV at 5.9 keV photon energy, using a delay-
Tine-shaped 1inear amplifier with a 250-nsec
shaping time constant.

The 1inear amplifier has been designed
specifically for this application. It operates



at a fixed gain and with fixed time constants
following initial calibration and uses a delay-
line differentiator and two active integrators
for pulse shaping. Pole-zero compensation and
an active baseline stabilizer are incorporated
for good performance at high count rate. A
250-nsec delay line, used for the data collectea
to date, gives a pulse width of approximately
1.1 pus. Count rates in excess of 2 x 105 can be
tolerated without loss of baseline reference.

The pulse processor and sultichannel pulse
height analyzer have also been designed for this
application. Pulse height analysis and data
storage take place during the peak-to-baseline
fall time of the linear amplifier cutput pulse.
Thus, multichannel processing time is not a comn-
straint on count rate capability. This has been
accomplished by using a fast differentiator as a
pulse peak detector and a stacked discriminator
array as a puise height analyzer. Twenty energy
channels are sufficient for 500-eV resolution, so
the multichannei circuitry is not unwieldy in
spite of its straightforward design. Twenty
buffered registers with 65,000-count storage
capacity per register give the ability to accumu-
late one spectrum while the previous spectrum is
being transferred to a mass storage file. Data
transfer from acamulator to buffer takes less
than » microsecond, so count rate is limited
mainly to pulse pileup of the linear amplifier
output. Trailing edge pileup rejection is incor-
porated in the pulse processor circuitry to
minimize pileup effects on spectral shape.

The system hardware described so far can be
used as a2 stand-alone instrument to collect two
spectra ver plasma shot, with data displayed on
an oscilloscope. Preliminary evaluation was done
in this way. However, the system potential is
only fully realized when it is interfaced with a
bulk data storage device. With the help of D. R,
Overbey and R. V. Neidigh, we completed a POP-8
interfac.> capable of storing 20 x-ray spectra,
each of 10-msec time duration, per plasma shot.
The computer-interfaced system collected afl
the data of relevance to this report.

2.5.5 Machine Tests and Data Collection

With considerable encouragement from P. H.
Edmonds and considerable help from S. M. DeCamp
and Y-12 craftsmen, the fast x-ray amlyzer was
installed on ORMAK on November S, 1976. The
Jetector was mounted on port C-18 just over the
peersonnel access door, looking horizontally
through the central chord of the liner. Initial
detector-to-plasma distance was approximately
124 am. The {gitfal count rate proved much too
high, so it was necessary to increase the
detector-to-plasma distance and decrease the
solid angle of plasma seen by the detector. A
couple of iterations led to the geometry used
for all data collected so far: 217 om from
detector to centerline of the liner, viewing
angle of 1 x 10~ steradians, viewing along the
central chord of the liner. In the future an
adjustable geometry would definitely be an asset,
because ocur geametry was certainly not optimum
for the varying intensities encountered under
various operating conditions.

The machine performed according to expec-
tations. Overload recovery, baseline stability,
gain stability, and pileup rejection functioned
according to bench test data. Ve experienced no
difficulty with ground loops or excessive noise
pickup. The detector pmved to be quite insen-
sitive to hard x-ray flux. Preliminary data
agreed within statistical uncertainties with Te
{peak) from laser data.

With 0. R. Overbey's help the POP-8 inter-
face and data collection program was implemented,
and by December 8, 1976, time-resolved (10 msec/
spectrum) x-ray histories of ORMAK shots were
being collected on magnetic tape. Ve have some
data for most experimental sequences from
December 8 until shutdown of ORMAK.

2.5.6 Preliminary Data Analysis

To the present time, data analysis has been
directed towards Te determinations by slope mea-
surements of tn (intensity) vs energy.

Overbey has written FORTRAN codes for the
POP-8 which perform weighted and unweighted



straight line fits to tn I vs E data. These
codes calculate integral intensity, T, (€ = 0),
a deviation figure for the slope calculation, and
provide for averaging Te(t) over several shots

in a sequence. Data for injection heating ex-
periments are included elsewhere in this resort.
Preliminary analysis indicates that x-ray plots
of Te vs time agree reasonabiy well with laser
data. There are still same questions as to the
best method for calculating Te'

2.5.7 Future Plans

Analysis of ORMAK data will continue with the
intention of obtaining plots of 1’e vs time for
all sequences with x-ray and laser data in common.
In addition, we plan to try to correlate integral
intensity from the fast x-ray amalyzer with
current traces from the PIN diode array. Finally,
we want to try to extract information on effec-
tive Z vs time behavior from the fast x-ray
(FXR) analyzar data, using profile and den-
sity informtion from other diagnostics.

Tests on ORMAK show that the basic hardware
works. Preliminary data analysis is encouraging,
and the machinery is available for installation
when ISX begins operation. Arrangements for an
adjustable x-ray aperture and chordal scanning
will increase the usefulness of the diagnostic.
Data reduction programming appears to be far
encugh along now to give an on-line diagnostic
capability of Te vs time measurements with 5- or
i0-msec resolution as a routine operating
instrument on ISX. Agreement with laser data
is good enough to lend credidility to the x-ray
measurement, and installation and operatior. of
the FXR analyzer are quite straightforward,

2.6 ELECTRON CYCLOTRON HEATING

A. C. England
0. C. Eldridge

F. B. Marcus
J. C. Sprott

J. B. Wilgen
W. hamkung

2,6.1 High Power Electroca Cyclotron Heating
n 3 pgrade

A phased program of the electron cyciotron
heating (ECH) of tokamak-produced plasmas is pro-
posed for ISY and ORMAK Upgrade. Past programs

a1

of ECH at ORRL in mirror geametry and in the
ELMO Bumpy Torus have been successful. The
physics of wave propagation and particle heating
are feirly well understood. Recent experiments
in the U.S.S.R. on small tokamaks have shown that
ECH §5 a viable heating technique, and studies
of breakdown and runaway electron production will
provide useful information for larger machines.
Further technological development of the high
power, high frequency microwave tube looks prom-
ising at this time, and current engineering
practice suggests that the new developments are
adaptable to the heating technique.

2.7 ORMAK DATA SYSTEM

K. A. Betz J. E. Francis D. R. Overbey
K. H. Carpenter C. E. Hasmons M. R. Wing
D. N. Clark C. 0. Kemper J. W. Nooten
B. A. Clark R. N. RcGaffey 0. C. Yonts

Mork during 197C on the ORMAK data system
progressed along two essentially independent
paths: consolidating and fmproving the system
by building on changes implemented in 197556
and planning for and starting purchase of the
components of the data system expansions
necessary for ISX and ORMAK Upgrade.

Several of the improvements are worth
noting. At level one, the spectroscopy PPP-8/e
was extended to handle data from the fast soft
x-ray pulse height analysis system developed
by 6. R. Dyer. The neutral particle °0P-8/e
was likewise extended by the addition of an
interface to handle the data from the pulse
height analyzer purchased by the Runaway
Elactron project. The teletype on the laser
POP-8/¢ was replaced by a faster output device
to remove a bottleneck, and it was in turn
replaced by a Tektronix 4006 graphic display.
This display unit vas installed just before
ORMAK was shut down, so work had barely started
on providing a set of FORTRAN-callable graphic
routines for the laser da‘a analysis. A floppy
disk drive was purchased for the spectroscopy
PDP-8/e but also arrived too close to the end of
the year to be utilized. For analysis at ievel
two, an automatic spooler to keep a day file of
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the 80 most recent shots was added to the POP-
11745, Scveral of the level two data amalysis
routines from the POP-10 were down-loaded to the
11/4S and were modified to run under its operating
system. The modifications consisted of breaking
the programs up so that they could overlay thes-
selves. In every case it turmed out that the
programs were larger than Digital Equipment
Company's operating systes could handle. Firally,
at level three, the ODDBALL program was cleaned up
and distributed to Lawrerce Liversore Laboratory,
General Atomic Company, and Los Alamos Scientif-
ic Laboratory (at their request). Ir addition,
work was started in earnest on a parameter-
manipulating program which opens up the whole
ORMAX data base for analysis.

" At the same time that these improvements
were being added to the ORMAK system, the con-
~eptual desigr was completed on the system for
ORMAK Upgrade. The system will be built around
large (32-bit) minicomputers which acquire data
via CAMAC modules and have sufficient power and
flexibility to handle the whole level one, level
two workload in the control room. A series of
benchmark programs designed to simuiate ORMAK
data analysis was written and run on all the
avajlable 32-bit computers. Specifications
based on the needs of ORMAK Upgrade were then
written and purchase of the first machine ini-
tiated. Engineering samples of the highest
priority CAMAC data acquisition modules were
pur:hased for test end evaluation. Ffinally,
softwars specifications were written for the
major components of the ORMAK Upgrade software.

2.8 IMPURITY STUDY EXPERIMENT

R. J. Colchin T. C. Jernigan
0. C. Lousteau

N. W. Durfee
N, J. Saltmarsh

The Impurity Study Experiment is a new
tokamak experimentS7,58 under construction at
ORNL. Final assembly has begun, and completion
of the tokamak itself is scheduled for february
1977. Ouring 1976, design and major fabricatior
were completed. The only major change in the
cevice during this year was the discovery :hat
the plasms was in unstable equilibrium vertically.

To overcome this apparently general effect in
shell-less iron core tokamaks,5? windings have
been provided to produce a small (~20 6} radiai
magnetic field with activ  “eedback for vertical
positioning of the plasma.

2.9 ORMAK UPSRADE

L. A. Berry J. D. Callen
H. C. McCurdy

K. ¥. Durfee
1. E. Smith

2.9.1 Introduction

ORMAX Upgrade is a new research tokamak
which is to replace the present ORMAK. It is
designed specifically for neutral beam heating
experiments but is also well suited for other
physics investigations. The design emphasizes
features that will permit the device tc be built
in a relatively short time using existing tech-
nology. Compared tc ORMAK, CRMAX Upgrade is
somewhat larger and will provide significant
improvements in performance, access, and experi-
mental flexidility.

A Request for Directive to construct ORMAX
Upgrade with 2 M of injection capability was
submitted to ERDA February 4, 1976, &nd
authorization to proceed was proviced by ERDA
Directive No. Y-12-528, dated March 10, 1976.
The target date for completion is October 1978,
and the estimated cost is $7.3 million.

2.9.2 Design Description

ORMAK Upgrade will be located near the
Impurity Study Experiment in Building 9201-2 in
the Y-12 area of Oak Ridge Mational Laboratory.
It will be operated in conjunction with ISX and
will time-share the 72-Md toroidal field power
supply with that device.

Desiga features of ORMAX Upgrade include:
major radius of 100N cm, minor radius of 30 om,
water-cooled copper coils, air-core omic heating
transformer, to:.!4al magnetic field of 4.0 T,
plasma currents up to 730 kA, and four large (15
x 25 cm) injection ports. Two Prince=ton Large
Torus (PLT)-type beam lines in the in‘tia?
fnstallation give a capebility for 2 W =r



injected power; later 2ddition cf two more beam
lines can increase this to £ M. The general
arrangesent with four injectors is shown in Fig.
2.58. Physical characteristics, performince
goals, and predicted physics parameters are
given in Table 2.4.

2.9.3 Progresc in 1976

Principal efforts were concerned with
detailed design and initiating procurement of
long-Tead components.

Tokamak systems

Design of the toroidal field (TF) coils was
completed. A purchase order for the C0C-102
copper conductor was placed with the Anaconda

0RMAK
UPGRADE

NEUTRAL BEAM IJECTOR
(FUTURE)

Company; delivery is scheduled for January 1977,
Separate tids were received in December 1976 for
fabricating the sta.nless steel coil cases and
for winding and potting the c>ils into the stain-
less steel cases; the bids are being evaluated.
Several iteratiors were required to fix the
size and locaticns of the ochmic heating and
vertical field {VF) coils. Detailed analysis
revealed that the volt-seconds capability pro-
vided by the conceptual design was significantly
less than anticipated. Ultimately, an increase
in plasma major radius from 92 tc 100
permitted the required velt-seconds capability
to be achieved. Detailed design of tne poloidel
coils was initiated. Magnetic Engineering

YERTCAL FELD ol
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Fig. 2.58. General arrangement of ORMAK Upgrade with four neutral besmm injectors.
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Table 2.64. ONWAK Wpgrade baseline reference design

Plame
Cress-saction shape
fajor raties (emwinal)
Niner rudies {(sewinal)
PMasm wime

Toroide! field system
Rember of colls
Cofl shape

Conductor material
Coolaat
Transformer core

Vertical field systm

Conductor material
Coolaat

Torus vecom pusping
Primery pmp type
Speed (each pump)
Fumber
Supplementary pup type
Speed
mber

Primery vacum vessel
Meterial
Cross section shape
Ssking temperature

PITSICAL OWMRACTERISTICS

Injection or vactum access povrts

Tangantial
Nuber
Stze (elliptical)
Perpendicular
Mmber

Size (rectanguler)

Circular
100 cm
k.
1780 ¢

24
Circular

Copper
Mater

Mater
Afr

Stainless stee!

Circwlar
200°C

15x25cm

4
19x25cm
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Table 2.4 (continued)

Diagnostir access ports
Standard (1-5 in. diam)
Special

Neutral beam injectors
Injector design

Number of fnjection lines
Number of injectors (total)

Electrical power systems

Toroidal) field
Vertical field (new system)
Ohmic heating
Injector accel
Injector decel
Discharge cieaning (new system)
Discharge voltage
Pulse duration
Pulse frequency

Yokame k

Magnetic field at plasma axis
Volt-seconds
Plasma current (max)
TF flat-top Tength

at full field

at half field
Ripple

at plasma surface

at plasma center
Torus design base pressure

PERFORMANCE GOALS

40T
1.9
700 kA

200 msec

4.51
0.16%

3 x Wt
torr

S =y k- oa RNV NUIP LN ORISR ST

127
15

PLY type, 20-cm-diam grid,
40-kY accel, 60-A drain

2
2

Existing ORMAK system
1000 v, 5000 A
Existing MG sets

New supplies — 60 kv, 60 A

Existing ORMAK system

60-4C k¥
1-5 msec
1 Hz

Neutral beam heating

Injection energy

Injected power (full plus
half-energy neutrals)

Injection pulse duration
Design base pressure

Gas loading to torus (per
shot)

40 keV

2m
100 msec
2 x 107"

1 torr
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Tadble 2.4

(continued)

PHYSICS PARNETERS

Onmically heated plasms parsmeters (for I = 400 KA, n, = 7 x 10!3/cw?)

Electron tamperature, T_(0)
Ion tempersture, T'(o)

Seta poloidal, ¢,>

Eaergy confinement time, T
Impurity charege, l‘ff

900 e¥
800 o¥
0.3

Maximm plasma parameters with 2-M injection (at 1 = 200 KkA)

Beta poloidal, <s’>
Injection power/OH power, ijﬂ’m
Beam energy/plasma energy, T

Assoctates was engaged to perform the detailed
design of the solemoid cofl.

Detailed design of the vacuum vessel
approached completion. The comceptual design
and assembly procedyre were modified to incorpo-
rate special sections with large diagnostic ports
at four locations, snd the total mmber of
diagnostic ports was increased from approximately
50 to 142. The required baking temperature was
evaluated and was reduced from 400 to 200°C.

A remote welding machine developed by Culham
Laboratory was selected for making the final
closure wmeids on the vacwum vessel during tokamak
assardly. Preliminery drawings and specifica-
tions of the vacwm vessel were provided to UCC-
MND shops, which began plamning and scheduling of
the fabricstion; the shop estimate of fabrication
cost is approximately $400 K.

Continued study of torus vacuum pumping re-
quirements and of coomercially available pusoing
equipment led to selection of a combination of
cryosorption punps and oilless, air-bearing
turbomolecular pumps for the torus vacuum pumping
systen. The turbomolecular pumps have de:irable
characteristics for pumping "trash” gases and
can be used alone for vacum msintenance during

2.9
2
0.39

periods of standby operation, theredby reducing
Toading of the cryosorption pumps. Tentative
plans based on estimates of gas loads from vacmum
vessel walls, diagnostics, and injectors call

for three 6000-%/sec cryosorption pumps supple-
mented by three 500-1/sec turbomolecular pumps.

Specifications were prepared for the VF
power supply (5 Wi, 1000-2000 V) and an order
was placed with the Robicon Corporation. The
purchase price is approximately $73 K and
expected delivery date is July 1977. This power
supply will be installed in the same enclosure
as the existing 72-Mi solid-state TF power supply.

An engineering study of the OH switch cir-
cuit was performed by Westinghouse under subcon-
tract to ORML. MWestinghouse is also assisting in
the design of this systen. A reference circuit
was selected, and tests were defined which will
be performed at Los Alamos Scientific Laborator)
to assist and confim the design. A procuresent
specification was prepared for purchasing the
vacune rircuit breaker.

+ 2liminary studies were performed to define
instrumentation and control requirements for the
Able-Ready-60 sequence of machine operation.
Initial versions of an operational block diagram
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and a timing disgram were developed, and 2 con-
cept of the machine control console was proposed.
Plans to use the existing IWP (Injection into
Kicrowave Plasma) control room enclosure for
ORAK Upgrade were abandoned because the IWP
control room does not meet currest fire protec-
tion requirements; altermative control room
locations are being investigated. An engineering
study showed that the least costly sethod of
controlling the TF and VF power supplies is to
expand the PDP-11-based control system used for
the existing TF supply.

Reutral beam systeams

The PLT neutral beam line design is deing
modified to adapt it for ORMAX Upgrade. The
principal modification is to shortes the beam
1ine by relocating the calorimeter to the region
between the bending magnet pole pieces. Other
changes include use of inertial targets for beam
dumps and modifications to simplify the bemm-
defining plates. Design studfes were made of tie
interface duct between the beas 1ine and the
torus vessel, and a reference design was selected
for detailing.

The neutral beam accel power supply that was
planmed in the conceptual design was based on
fnstalling an existing capacitor bank. While
this power supply system would suffice for a
100-msec beam pulse at 2 Wi, a change wvas made
to high voltage power supplies because of strong
interest in proceeding immdiately to 4 W of
injection. A specification for the acce) pomr
supplies was prepared and a puvchase request
initiated. Each injector will have a 60-kV, 60-A
power supply module. The modules will be stack-
sble to 120 k¥ in order to provide & backwp for
the 150-kV beam development test stand and
flexibility for future ORMAK Upgrade experiments.
Proposals were requested for two supplies (for
2 Wi of injection) with an option for two more.

Source and modulator tables for OMAK Upgrade
are to be essentially {dantical to those for the
PLT beam test stand. Howsver, the latter were
built as a development effort, and documentation
for reproducing them was not prepared. To facil-
1tate documentation, one source teble and one

modulator table for ORMAK Upgrade .re being buflt
by the beam development team. Additiomal tables
will be purchased or shop-fabricated.

2.10 ATOMIC PHYSICS, PLASMA DIAGROSTICS, AND THE
CONTROLLED FUSION ATOMIC DATA CENTER

C. F. Barmett J. E. Bayfield D. A. Brisson
D. H. Crandall L. D. Gardner 0. P. Hutchinsoe
H. J. Kim R. K. Mcknight F. M. Meyer
T.J.Morgan R, A. Paneuf J. A. Ray

P. A. Staats D. N. Thomas D. N. Toodle

K. L. Yander Sluis M. I. Wlker

2.10.1 Introdection

During the past year electron capture cGlli-
sions have been measured for €' (1 < q<4), %
(1 < q<5), and 07 (1 < q <5) fons incident on
both atomic and molecular hydrogen gas targets
over the emergy ramge 5 < £, < 150 keV. Also,
using the ORNL Tandem Van de Graaff, the electron
capture cross sectioms of Fe? (6 < q < 14) over
themmrngew<£"<munhm-usund
in atomic and molecular hydrogen. For the low
mass fons in atomic H we have foumd that: (1) the
electron capture cross sections are greater than
10713 cw? for Ey < 50 keV¥; (2) fcr Ey > 50 keV the
cross sections scale approxisstely as q2; and
(3) the energy at which the saxiem cross sectiom
occurred shifts upward with incressing q. For
Fe the electron capture cross sections scaled as
Q-5 at low values of q and £ up to @30 for high
values of q and . Additiomal investigations
included the electron capture cross section of
e and He** in N, the study of Nigh Rydverg H,
states, and the blistering of stainless steel by
energy-dispersed neutral He beams.

The main ewphasis of the diagnostic develop-
ments has been on the design, fabrication, and
testing of a 1-MW sulmi)]imeter laser to be
used for spatial jon tamperature measurements via
Thomson scattering. An unstable resonator
oscillator has produced approximetely 10 ki of
M7-m power using CHyl as the laser medium,

Use of CNyl rather than CHsF or D,0 has resulted

in large fmprovements in spectral line purity.
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The system amplifier has been comstructed utiliz-
ing beam-expanding optics to provide a iarge
volume to absord the 150-) CO, pump laser power.
A 80-sM cw CH;1 laser has been operated success-
fully. This laser will be wsed to act both as a
local oscillator for a heterodme detector and
as a sowrce for multichamnel electrom demsity
interferometer. Improvemeats have been made in
nevtral particle spectrometers by the develop-
ment of an energy-velocity andlyzer and the use
of a Cs heat pipe to convert the ¥ atoms to W™,
theredy increasing the spectrometer efficiency
by two orders of magnitude.

Operation of the Controlled Fusfon Atomic
Data Center h.5 ntinwed with publication of
the two-volume compilation Afomic Data Foa
Controlled Themosuclean Reseaach; publication of
a bimonthly dulletin "Atomic Data for Fusion”™;
and the searching, evaluatixng, and entering of
bibliogrwphical data into the computer file.

=.10.2 Cha Transfer Collisions of Malti-
Eﬁ% Tons with Atomic and Folecular
Hydrogen

The study of electron transfer in collisions
between multiply charged fons and atowic hydrogen
is fundamental to the understanding (due to the
relatively small mmber of electrons camprising
the fon-atom system) of charge transfer mecha-
nisas. In addition, such studies are of practi-
cal interest because of potentisl applications in
wvarfous aress of technology, such as the problem
of neutral beam injecticn hesting of fusion
plasmas.

Experiments to messure charge transfer cross
section; for multiply charged ions of heliwm,
carbon, nitrogen, and oxygen incident on atamic
and molecular hydrogen gas targets were inftiated
in June 1976 utilizing the 600-kV accelerator
Tocated in the Fusion Energy Division, 60

Charge and mass analyzed deass of up to
triply fonfzed C, W, and 0, as well as *He’ and
He"* were produced in an electron fspact fon
source with a stmple hot f{lament and accelerat-
ed 2hrough voitages ranging from 10-600 XV.
Charge states greeter then +3 were produced by
stripping fast 2+ and 3¢ fons on thin formwar

foils or, in a few cases, on residual gas. The
desired charge state was selected by electiostat-
ic deflection and passed through a tungsten

oven in which hydrogen could be thermally disso-
clated. The primary and charge transfer compo-
nents in the emergent beas were separated by a
second stage of electrostatic deflection and
counted using a chamnel electron multiplier.

The directly heated tungsten hydrogen oven
is essentially the same as that prevously used
and described by McClure.5! The degree of disso-
ciation of hydrogen was determined by monitoring
the variation with oven temperature of double
electron capture by 30-ke¥ protons th H, and
A- flowing altermately through the oven. 62,63
for a heating current of 130 A, which resulted
in an estimated oven temperature of 2350 K,
the dissociation fraction was determined to be
95%. The target thicknesses were determired
by normsiizing to well-known cross sections for
single electron capture by 20-keV protons in-
cident on H and K, targets.

The results of the electron capture cross-
section measursments for the varfous foss inci-
dent on both atomic and molecular hydrogen
targets are presented in Figs, 2.59-2.63. At
the lower velocities, where the relative particle
motion is comparable to “hat of the outer atomic
electrons (v ~ 2 x 10® cm/sec), the collision
cross sections are determined by the detailed
behavior of the potential curves of the quasi-
mlecule formed during the collisfon, which can
differ considerably from syste: to system. At
Tower velocities no general trends are apparent
in the data. The capture cross sectioms for
"2, n*%, and 0*° 1ons Incident on K, are in very
good agresment with the messurements of Crandsll
et al.¢* over the range of velocities where the
measurements overlap (5 x 107 <v < 1 x 10° o/
sec).

At higher velocities (v > ~2 x 10° am/sec),
however, momentun transfer becomes the dominant
mechanism for charge transfer. In this welority
region, the cross sections for ¢¥*, %", ang 07*
projectiles are similar in magnitude for g > 2,
fall off stmilarly with velocity, and scole
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Fig. 2.59. Experimental electron cross sections forr 9
+ H -+ C¥1 + H* (so11d points and curves), and for CHQ + H, + C4-1
+ Hy* (open points and dashed curves). The solid curves are labeled
by the incident ionic charge "q*. Diamonds, q = 1; circles, q = 2,

squares, q = 3; triagles, g = &,

approximately as q2, as predicted by the Born
approximation. At the highest velocities, the
cross sections for electrom captuve from W,
targets are roughly double those for atomic
hydrogen targets in all cases.

Recent claszical Monte Carlo calculations$s
of cross sectfons for electron capture at these
velocities by sultiply charged C, K, and O fons
in atomic hydrogen ars in very good quantitative
agreement with the present data.

In the case of et fons incident on molec-
ular hydrogen, our measurements of oz; and oy
are in good agreement with previous messure-
ments.56-69 For atomic hydrogen, the present
data are in excellent agreemmmt with the messuve-
ments of Shah and 311body,*® and with those of
Fite ot 21.70 as rewormelized by Sheh and
G1i1body,5¢ but disagres substaatially with those
of Bayfield and Khayrallsh.$7 For collisions of

e’ foms with atomic ldrogim, the presest o;,
cross sections are believed to be the first
reported experimmtal values for total electrom
capture.,

2.10.3 Electron Capture Cress Sectiows for
fe® o m

Utilizing energetic Fe fon beams from the
Tondem Van de Groa?f and a2 thevmslly ¢issociated
atemfic hydrogen target, wa have measured the
slectron capture cross sectioms, %.q-1° for Fess
fons on 2 hydvogen target. The incident fon
charge ranged from q = 4-13, and the energy
ranged from 1.50-16.30 Re¥. This energy renge
is equivalent to 27-291-ke¥ hydrogen energy €,
{or incident energy per mucleon) and encompasses
the Tokemek Fusion Test Reactor (TFTR) injectiom
energy, £, = 60 keV. The measured cross sections
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Fig. 2.60. Experimental electron ca

cross sections for n'e

+ H - 241 4+ §* (solid points and curves), and for W9 « Hy - NHQ-1

+ Ry* (open points and dashed curves).
by the incident ionic charge "q”.

are given in Fig. 2.64. The proton hydrejen atom
charge transfer cross sections, Oy are ¢jven for
cooparison.

°q,q-l decreases rapidly and monotrnically
with energy in a mammer similar to Oys -11though
its values are much greater and its dis:emible
“knee” occurs at & higher energy than o,. A
Tinear translation of the Oy curwe towrd north-
north-east direction in Fig. 2.64 would let %
represent the energy dependence of present re-
sults ressonably well. At a given incident
energyy the cross sectfon incresses with fncident
charge, g, for all energies: a simple expression

%3.9-1(€) * g

The solid curves are labeied

Dismonds, q = 1, circles, q = 2;
squares, ¢ = 3; triangles, q = 4; {nverted triangles, q = 5.

represents the data accurately. The valwes of
a obtained by a Teast-square amalysis as a fumc-
tion of incident velocity, v, are showm in Fig.
2.65. Classically, a = 2, indepandent of v.
Present results give a~ 1.5 for q = 4-10 near
the TFTR injection emergy.

2.10.4 Variable Atomic
ratus

An apparatus which provides high quality
atomic hydrogen beams suitable for the forthcom-
ing experiments in which an H° beam is crossed
with a suiticharged heam has been des‘gned, fabri-
cated, assembled, and tested., A schemstic dia-
gram of the apparatus is shown in Fig. 2.66.
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Fig. 2.61. 1 electron

capture
cross sections for 0'4 + 4 - 0*Q-1 + ¥ (s0lid
poirtsaadwns).ulforﬂ’ﬂ -~ 0tg-l &
Hy* (open points and dashed curves)? The solid
curves are labeled by the incident fomic charge
°3". Diamonds, q = 1; circles, q = 2; uares,
q= g; triangles, q = 4; imverted triangles,
q=5.

It consists of 3 proton accelerstor comprised of
8 duoplascstron fom source and extraction and
accalerstion gaps, a dowble focusing 45° amalyzing
megaet, and a 20-cs~lomg high pressure weter
vapor cherge newtralization cell. The apparatus
13 constructed so that it may be readily trams-
portad to éifferent experimenta) sites. Its
relevant characteristics sre: energy range 5-100
ke¥ with 0.1% regulation, snalyzed proton beam
current in excess of 10 pA through a 1 x 3-am-
bem defining aperture, 9ood neutralization
efficiency (<455 for 60-keV protons), and 3
vacm of bettér then 3 x 10°? torr at the end
of the bewm line. This apparatus will rovide
energy varisble atamic hydrogen beams which will
% crossed with heavy 1on beams such as C** and
6°* to determine charge transfer and fonfzetion
cross sections of interest for controlled thermo-
nuclear research.
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2.10.5 Rydberg States of Hydrogem Molecules

Measurements have contisued in an effort to
understand the electron capture of ;'  into ¥,
Rydberg states when passed through hydrogen ghs.
Theoretical predictions indicated that high
Rydberg states (n > 10) of H; msy be populated
from lower valence levels (n = 4) by nosadiabatic
coupling of the vibrational states. To confirm
this prediction, an H, bemm was passed through
an electric field to remove or ionize all states
of n > 10. During tramsit of the H, beam through
a 30-cm drift region, the n > 10 levels should be
repopulated by the nonadisbatic coupling. Pas-
sage through a second tonizing electric field
indicated 3 repopulation of the higher levels by
as much as 53. Perforwing the same experiment
with H atoms in which nonadiabatic coupling is
absent gave essentially the same results, except
that the fraction of repopulation wes less for M
atoms by a factor of two and the dependence of
the fraction on the second jonizing electric
field strength showed a sharp cutoff for H atoms.
This behavior for H atoms is believed to result
from Stark mixing of the n states in the fonizing
field. Measurements with 0, failed to confim
the expectation that the fraction of repogulated
states would be grester tham that for Ny due to
the increased mmber of vibrational levels
(xv2) of 0,.

2.70.6 llisuﬂg of Stainless Steel by

Slisterfng of stainless stesl by am emergy-
disparsed (0-40 ka¥) mewtra) Deam hes been
studied. The emergy-dispersed beam was formed by
passing a 40-ke¥ W’ besm through an accelerator
type structure gas cell in which a decelersting
potential wes placad across the electrodes. By
nowing the electron capture and stripping cross
sections of Ne® and He® in He gas, the computed
He® energy distribution was a maxfmm at low
energies (700 eV) and decreasad approximately
108, reaching & sharp cutoff at 40 ke¥. Figure
2.67 s'ows two alectron microscope photographs
for two stainless steel specimens bombarded by
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Fig. 2.62. W' electron capture cross sections a;p for “He® + H coll{-
s:m. and oy for + K collisions. Data of other investigators for o, are also
plotted.

a momosmergetic, 40-keV He® team and an enevgy-
dispersed He beam of 0-40 ke¥ to 2 dose of

1.9 x 10° p/cm? and 2.6 x 1018 p/cm?,
respectively. The damege or demsity of sur.«ce
blisters was less but clearly prusent for the
energy-disparsed besm. lHowmver, on 2 second run
o blistering fram an energy-dispersed beas was
found. Electron sfcroscopic exmmination revealed
evidence of surface oxidatica. Work is continu-
ing to try to understand this discrepancy.

2.70.7 Submi)limster Laser Plasme Diagnostics
During the past year, wa have continued the
development of a hMegh power, sutmillimeter laser
system to messure the fon temperature in thermo-
nuclear plasmas via coherent Thomson scattering.

In addition to the improvements in the CH;F laser,
we have developed both a cw and a pulsed submilli-
meter laser based on the 447-1m CH3I Vine for use
in this measurement. The cv CH;I laser, optically
pumped by the P(18) 10,6-ym-L0, 1ine, exhibited
better power conversion efficiency and amplitude
stabil ity then did the CHsF operating in the same
Taser cavity. The amplitude stability is grester
because the CHyl molecule 1s pumped by a €0, laser
operating at 1ine center, as opposed to the CH,;F
molecnYa which must be pumped approximately 20
Mz of f 1ine center, thus allowing greater drift
and frequency jitter. Most lasers exhibit Tower
drift and less frequency jitter when operated at
Time center.
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Fig. 2.62. Eaperimental electren capture Cveoss sectioms, o, for “Me® + W,
collisions, as wll as single electren captyre cross sectioms, o;;. and dowble
tlectron capture cress sectiems, o,'. for Me** + #, collisions. Deta of other

imvestigators for 0;; and ayq Sre 8

A oaw, puised, far-tnfrored escillster based
or an unstable resonster gesmetry hes been operwt-
ed using Oyl (447 ym), ONF (896 um) and DO
(385 and 361 m). Powmr cutpwt varied frem
spproximately 10 k¥ with O, and ONF to 20-30
N for D-0. Unlike CM,F and D0, Oy shows
1ittle tendency for supervadisnce, while demon-
strating conversion efficiency camparadle to
CHyF. The longer wavelength of Oyl compared to
0,0 nakes th2 detector probles easier for the
scattering experiment. If the M7-1m Ciyl line
continues to exhibit these attractive character-
istics as the Jaser is scaled to Mgher power
levels, this laser npdium will become the gas
for Thomson scattering.

The unstabla resonator was developed to
serve as an oscillator in s 104 oscillator-
zaplitier system for the fon temperature
neasurement experiment. A schematic diagrim of

50 pletind.

the system is showm in Fig. 2.68. The oscillator
will be excited by a TEA (0, laser at 15 J, while
the amplifier »ill be driven by a TEA (O, laser
at 150 J. The wavelength tuning of the CO,
Tasers will be achieved by an injection tuning
techmique which we developed last year.”’! The
submil) tacter amplifier utilizes parabolic beam-
expanding optics, procucing & large volume to
absord the 150-) pump pulse. At the sme time it
has a short length to inhibit superradiance: the
overall length of the aplifier is 1 m, with 2
diameter of 0.64 m. This geometry yields an
active volume of 230 Viters.

Based on our work with CH,I, a high power
(40 W), cw submillimeter laser, has been built
to serve as a local oscillator for both the ion
Thomson scattering receiver and a narrow band
synchrotron emission detector,
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g eneryy. Estimated uncertainties are less than
. The solid curve labeled oy indicates charge

transfer cross sections for protons on hydrogen.
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Fig. 2.66. Schematic layout of the atomic hydrogen beam apperatus.
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Flg. 2.67. Eleciron microscope photographs of two stainless steel targets bombarded with & 40 . keV i’ beam and
energy dispersed HO beam,
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Fig. 2.68. Schematic diagram of the 1-W
O] swbmillimeter laser systes for fon temper-
ature measurements,

Studfes have been undertaken during the
past year to develop: (1) a fast scanning
Fourier tramsform spectrometer to measure the
broadband synchrotron emission from high tamper-
ature plasmas and (2) a method of measuring the
current demsity profile in a tokamak discharge
by Faraday rotation.

2.10.8 Scark Measurements of £lectri. Fields
L]

Previous analysis of line profile measure-
aents of the Balmer a, B, v, and & radiation of
hydrogen in ORMAK involved data averaging by a
computer. In order to eliminate these computer
routines as an influencing factor, several
sets of data were analyzed directly from the
Siomstion recording with individual treaiment,
There were two wesknesses in the computer
routines: (1) the averaging process, which
tended to mask obvious nofse, and (2) the
sanp| ing method, which ignored a s1ight variation
in wvelength dispersion as a periodic function
of time.

The Biometion recorded approximately 100
samples of the Jine intensity in 100 msec. Each
data soint mepresented g 10-usec average of the
photamyitiplier current. In this tise interval
the retating plate will change the wavelength by

0.032 A. This ° 1/20 of the band pass of the
s1it of the spectrometer which, for the 40-u slit
used, is 0.65 K. This technique provided a dis-
tinguishing feature to separate qualitatively

real wavelength variations from random time
events. Examination of the raw Biomation data
shows many single events which have a rise and de-
cay time of over a few channels, typically three
to five. A plasma current variation of this time
characteristic cannot represent a wavelength char-
acter because the s1it function of the spectro-
meter covers 20 chamnels, However, it is possible
that the probability of observing a signal at that
wavelength is low, and one is observing fluctua-
tion in the signal level. In either case, the
process of averaging over eleven channels erases
this time feature and yields a broadened signal
which s difficult to distinguish fiom the real
20-channe) wavelength information.

This anzlysis provides evidence of why
variations of the order of 0.25 A in the posi-
tions of real peaks occur. It alsoc confirms that
the signals are too close to the noise level to
provide meaningful measurements of weak satel-
lites. Finally, the major fratures of the
profiles correspond to the basic Balmer emissfons
and to known impurity spectra.

2.70.9 H Neutral Particle Spectrometers

A parallel plate fon energy analyzer and
a Wien type fon velocity filter analyzer using
an N, gas cell to strip energetic H atoms have
been fabricated, calibrated, and placed into
operatfon on the ELM0 Bumpy Torus (EBT) plasma
to determine the plasma fon temperature. Mea-
surements made by the EBT group have confirmed
previously measured jon temperatures, indicating
that previous measurements we~: not distorted by
the presence of impurity reutrais escaping the
plasma,

Using heat pipe techniques, a Cs oven has
been fabricated and calibrated to convert H
atoms to H~. At 100 eV the spectrometer
efficiency was two orders of magnitude greater
than that obtained wher :-ing an N, gas cell to
strip H to W', This 11 will be placed on EBT
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to measure both ion temperatyres and demsity
fluctuations.

2.10.10 Controlled Fusion Atomic Data Center

After numerous delays in editing and
printing, the compilation Afomic Data {ox
Controlled Fusiom Reaearch has been distributed
to the fusion research community. Since parts
of the compilation sre two years out-of-date,
data revisions are being made with emphasis on
those atomic collisions involving impurities
found in high temperature plasmas. To make the
data more compatible with the needs of plasma
modeling, a program has been completed to con-
vert the cross section data to reaction rates
and analytical expressions for the case of beam-
Maxwellian distributions.

In cooperation with the Atomic Transition
Probabilities Data Center at the National Bureau
of Standards, the bimonthly publication of the
"Atomic Data for Fusion” bulletin has continued.
From an initial mailing of 57, the number has
grown to 330 at the beginning of 1977. The
bulletin has proven to be a very effective means
of transferring recently acquired data to the
fusion community several months before the data
appear in laboratory records or open literature.

Searching, evaluating, and entering
biblfographical data into the computer file have
continued. Work is proceediry to evaluate
critically the completeness of the file. After
references that had been omitted have been added
in, an index bibliography for specific collision-
al processes will be punlished.

During 1976 talks were continued with the
International Atomic Energy Agency to determine
the role the agency would urdertake in their new
program to provide the international fusion
community with atomic data pertinent to fusion
research. Their initial effort will be con-
fined to the publication of a comprehensive
bibliograpky compiled from inputs from the United
States, the United Kingdom, the Federal Republic
of Germany, the U.5.S5.R., France, and Japan.
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INTRODUCT ION

The principal goals of the Plasma Theory
Section are to: (1) develop the theory of
plasme equilibrium, stability (macroscopic and
aicroscopic), transport, and heating to the
Tevel where it can be meaningfully applied to
relevant fusion plasma experiments; and
(2) apply this theory to understanding and
jwproving preseat and future thermonuclear fusion
experiments and devices. In addition, the
comput ing support services provided within the
Fusion Energy Division (FED) are administered
by the Theory Section.

The progress during the past year, which is
reported below, is organized by group efforts
and divided into five major areas. The basic
tokamak areas aid the sections in which their
work is summarized are: magnetohydrodynamic
(mD) theory (3.2), kinetic theory (3.3), and
transport simulation (3.4). The ELMO Bumpy
Torus (EBT) theory work (3.1) has its owmn
research projects on MHD theory, kinetic theory,
and transport simulation. In the plasma engi-
neering area (3.5), relevant research work is
further developed and synthesized into models
that are used in the design of advanced fusion
systems — The Next Step (TNS), demonstration
fusion reactor (Demo), EBT ignition test, etc.
Specific plasma engineering projects on providing
the THS physics basis and the development of
the EST reactor (EBIR) study are discussed in
Sects. 3.6 and 3.7. Finally, in Sect. 3.8 the
computing support activities during the past
year are summarized.

3.1 EBT THEORY

D. B. Batchelor C. L. Hedrick, Jr. L. W. Owen
R. A. Dory.  E. F. Jaeger J. F. Roberts
€. 6. Marris  D. B. Nelson D. A. Spong

EBT theory supports the EBT experimental
progrum as well as the EBT reactor study progras.
The enphasis is on those elaments of the theory
which are critical and mnique to EBT.

Sroup Leader.
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3.1.1 Neoclassical Transport Simulation for EBT

E. F. Jacger

Two different approaches to the problea of
particle and energy transport in EBT are current-
ly being pursued. First, fluid models have been
developed by taking velocity maments of the-
bounce-averaged, drift-kinetic equation. Given
a knowledge of the transport rates, these moment
equations can be solved for spatial profiles of
velocity-space averaged quantities such as den-
sity and temperature. Altermatively, a kinetic
model has been implemented to solve the bounce-
averaged, drift-kinetic equation directly for
the distribution of particles in phase space.
Velocity integrals of this distribution lead to
particle and energy fluxes, or equivaiently,
transport rates as a function of position.

Fluid models

Using analytic fits to neoclassical trams-
port coefficients for ions and assuming equa)
rates for electrons with an ad hoc ambipolar
field, a one-dimensional, radial fluid transport
code has been developedi»>2 and the results com-
pared to experiment. Results for spatial
profiles of the product of charged and neytral
particle density show good qualitative agreement
with measurements of Lyman a radiation,? while
ion temperatures® are typically 503 lower than
temperatures indicated by charge-exchange
measurements.

Next, assuming that electron and ion trams-
port rates have different magnitudes, but the
same functionzl form a one-dimensional, radial
fluid transport code has been developed with
a self-consistent ambipolar electric field.
Preliminary calculations given in Fig. 3.1(a)
thow successive profiles of plasma density,
electron temperature, ion temperature, and
ambipolar field at 4-msec time intervals. At
40 msec an equilibrium is reached, as shown In
Fig. 3.1(b). For this caiculation, we assume
an edge source of cold neutrals with density
3 x 109 cmr? and energy 0.3 eV, and a fraction
of microwave power absorbed by the bulk plask»
electrons which is 20% of the total power
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available (60 k). Equilibriums ion temperatures
of 80 e¥ on axis are in better agreement with

charge-exchange measurements than results of the
siaplified model with an ad hoc ambipolar field.

Kinetic model

Altermating-Direction Implicit (ADI) mumeri-
cal techniques have been appliied to solve the
bounce-averaged, drift-kinetic equation directly
in ome velecity and ore spatial coordimate. The
method has so far been tested in the case of zero
particle mobility and constant meutral demsity.
Transport rates for fons are in substastial
agreement with results cbtained from solutions in
velocity space alone.S Saoch 2 kimetic tramsport
model will be necessary to study effects of
aicrowave heating terms, which produce a spatial-
1y localized high energy tall on the electron
distribution function.

3.1.2 Reoclassical Transport Coefficients
'or EBY

D. A. Spong E. 6. Harris

Estimates of ion neoclassical tramsport
rates for energy and particles are an importamt
ingredient in modeling the toroidal core plassa
in the present EBT experiment as well as in
larger future devices. In contrast to tokamaks,
particle transport in a bumpy torus may occur
as a resylt of like particle collisions, and
loss rates for electrons and fons are not auto-
matically equal. Earlier work by Kovrizhaykh?
dealt only with the case where the ambipolar
electric potential is large relative to the
plasma thermal energy. Calculations done over
the past year have extended this to the case
where e9/kT ~ 1. Typical results are presented
in Fig. 3.2 for the four transport coefficients.
The particle and energy fluxes are related to
these plots by:

2
S = particle flux = - %—[on GE &P

)

L4
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nkTv 2
Q = emery flux = - 5% (X, (G &7 * fr 3P

o

where v, = v, (o /R)
e Larmor radius
R = major radius

2 = poloidal drift frequency at airrvor mid-
plane

v = ion-ion collision frequency.

These results were obtained by solving the
linearized drift-kinetic equation with the full
Landau collision operator. A bumpy cylinder
approximation to the vacuum magnetic field was
made to obtain 2 bounce-averaged poloidal drift
frequency. An aspect ratio ex,wmision was ea-
ployed for the poloidal angle dependence in the
distribution function, and a local approximation
was made in the radius. The kinetic equation was
solved by expanding the distribution function in
a set of orthogonal polynomials (Laguerre poly-
nomrfals in |V| and Legendre polynomials in pitch
angle). This method is convergent as long as the
£ x § and drifts due to the bumg.ness in the
field do not cancel each other at velocities in
the thermal range (such as is the case for
electrons when e9/kT < 0). When this cancella-
tion in the poloidal drifts occurs, there is a
loss region which can affect a substantial frac-
tion of the distribution; the functional expan-
sion method breaks down because it cammot reflect
the structure in the distribution function which
forms near the loss region without going to a
very large mmber of functions. In order to
treat this case, a finite difference code has
been developed for solving the kinetic equation
using the ADI method. Besides providing trans-
port rates for e/kT < 0, this code is also being
used as an independent check of the esrlier
resylts obtained for e9/kT > O,
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3.1.3 ic Equilibria and Particle
ts for

C. L. Hedrick L. M. Owen  J. F. Roberts

As part of the design studies for EBT and
EBT-11 we have examined single particle orbits
in various finite 8 aed ambipolar fields. From
these calculations it became apparest that am
altermate immer wall design was desirable for
the reactor study. This suggested wall design®
has been adopted for the following year's itera-
tion in the EBT reactor study.

These mmerical studies confirmed previous
calculations with the three-dimensional equilib-
rium code? that high emergy passing particles
are the most poorly confined. le have examined
several supplementary coil systems which can
improve confinement of this class of particles
and tentatively comclude that it is not possible
to improve the orbits of high emergy particles
(without degrading the confinement of some other
class of particles) with a coil system that is
attractive from economic and engineering points
of view. Because this lossy region of velocity
space s 2xpected to be sparsely populated even
without these losses, it seems unlikely that
such supplementary coil systems are warranted.

3.1.4 Ricrowave Heating in EBT

D. B. Batchelor

Secause the plasma in EBY is produced and
heated by micromves anJ macrostability is
dependent on micromaves through formation of
the anmuli, an understanding of micromve
propagation and eneryy deposition is a crucial
elament in EBT theory. le have begun an inves-
tigation of micromave heating in EBT in which
the propagation is trested by geometrical optics.
The organization of the method we are developing
is as follows.

1} The source microwave field (at the wave-
guide mouth) is expanded as a superposi-
tion of plane waves or rays.

2) The rays are traced through the plassa and
allowed to reflect, split (by Viaear mode
conversion), and be absorbed.
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3) The rays (or trees of rays gemerated by
mode conversion) are followed until all,
or a certain frac.ion, of their energy is
deposited in the plasma.

4) The energy deposition and microwave fields
are coherently susmed for a represeatative
collection of rays in each region of plasma.

A central feature of the microwave heating
study is the development of a ray-tracing code
capable of operating in a wide variety of plasms
equilibrium configurations. This code is now in
a reasonably well developed state and has been
extensively tested in one- and two-dimensional
equilibria. Figure 3.3 shows ray trajectories
and sagnetic field 1ines (dotted curves} for
extraordinary mode rays injected at the midplane
of a simple mirror equilibrium. It can be seen
that in this cold plasms model, rays do not
penetrate to the cyclotron resonant surface. In
order to explain the penetration of the extra-
ordinary mode and the heating which is experimen-
tally observed, it is necessary to include
tunnelfog, linear mode conversion, and wall re-
flection within the model. Research is pro-
ceeding on techniques to handle these processes
in the geametrical optics code.

We have als: <.me a preliminary investiga-
tion on the effects of nonlinear processes such
as parametric decay and filamentation due to the
presence of a large-amplitude electromagnetic
wave. The micrmmave energy density in EBT appears
to be well below the threshold for most para-
metric decay processes.

3.1.5 Stabilizing Effects of Hot Electrons
on WD R"% Tn EBT

D. B. Nelson

Although the MHD or guiding center equations
predict fast yrowing flutelike instabilities in
the EBT for any plasms £, no such instabilities
are abserved in the presence of a sufficiently
Targe (but not too large) hot electron population.
The failure of the MHD equations is mot surprising
because the drift velocity and gyroradii of the
hot electrons are too large for the assumed
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Fig. 3.3. Ray trajectories and magnetic field lines (dotted curves
for extraordisery sode rays injected at the widplane of a simple wirvor

auilibrim.

scaling in WMD. To wnderstand the stability of
the three-component EBT plasms (camposed of
wars electrons, warm ions, and hot electrons),
we have used the Viasov equations, modeling the
EBT geametry by an inmhomogeneous, arditrary g
sladb with gravity. Previous amalyses of this
geametry using the ND equations showed that if
g’ < 0 where g is acceleration dee to gravity
and ¢ is the derivative of density in the in-
homogeneous direction, localized electromagmtic
modes with k - B = 0 are unstable (with a growth
rate vy ~/30 /0).19 For the Viasov smalysis we
denote the ratio of hot electron density to jon
density by & and for § = 0 recover substantially
the WD growth rates. As 4 increases the equi-
Tibrium §s modified, but if & < ka (a' is toe
fon gyroradius) and § < Bian"hot electron’ the
form of the dispersion relation is unchanged.

The growth rates are modified because the coef-
ficients depend on the equilibrium, and the plasm
can be stadbilized to these modes if Bhot 2 "n’rc'
where ™ is the hot eleciron characteristic
length and e is the average radius of curvature.
In the anmular plasma, rp ~ 1 am, whereas .
~ 20 cm, Yeading to 2 Bhot Tor stability of 20%.
Given the simplifications of the model, this is
in good agreement with the experiaentally ob-
served value of 10-15%.

In this range of 8, the hot electrons can
be considered.as rigid because they do not par-
ticipate directly in the low frequency MD in-
stability. Their only effect is to modify the
equilibrium magnetic fields through their
plasma currents. This conciusion from the
Viasov equations provides considersble justifi-
cation for our earlier ad hoc procedure using
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the BMD variational principle to determine the 8
Timits for stability of the ion plassa, consider-
ing the hot electroms as a rigid extermal
current.

We have also comsidered the effect of
increasing & beyond these limits and find that
o? then becomes complex, Rewm approaches the Mt
electron drift frequency, and the <MD equations
are no longer appropriate. This change of be-
havior may be reflected in the experiment by the
transition from the T-mode of operation to the
B-mode with increasing hot electron density.

3.1.6 W0 mlﬁis of Large-Scale Instabilities
n ectron Plasma

6. 0. Spies

0. B. Relson

Although the WD equations are generally
invalid for a plasma composed of particles with
large gyroradii, for rigid displacements the
finite gyroradius effects (duve to the particle
encountering a nonconstant perturbed field over
its gyro-orbit) are eliminated. In a cylindrical
geometry these displacements are the m = 1 modes,
which in fact are observed in theta pinch experi-
ments and are well described by the MND equations.
In contrast, @ = 2 and higher modes are not ob-
served, presumably stadbilized by finite gyroradius
effects.

%o m= 1 instabilities are observad in EBT
in its quiescent mode of operation. If this fact
could be explained by the MHD equations on the
bases of 1ine tying, hollow pressure profile,
wall proxieity, or cold plasma effects, the much
more difficult Viasov theory of nonlocalized
perturbations could be avoided. Accordingly, we
have calculated the growth rates and eigermode
structure of m = 1 modes in a perfodic bumpy
cylinder sodeling the EBT. Because qualitative
information regarding stability mechanisms was
desired, approximations were made to allow
analytic solution of the linearized equations of
motion. These Include an expansion in the ratio

'lhx Planck Institute for Plasma Physics, Garching
bei Minchen, Faderal Republic of Germany.
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of plasma width to coil spacing (iong thin approx-
imation) and the approximation of the continuous
pressure gradient by a staircase pressure profile
(constant pressure regions supported by sheet
currents).

The resultant eigenvalye problem for the
growth rates is purely algebraic. The validity
of the staircase profile was tested by comparing
with a diffuse profile in a bumpy theta pinch.!!
Three constant pressure regions were used, and
very good agreement was found for the growth
rates of modes having zero or one radial mode.
(T™hese are the fastest growing modes.)

Whven applied to hollow profiles typical of
the €8T hot electron plasma, the model predicts
an m = 1, radially nonlocalized instadility
with an e-folding time less than 0.1 usec for
any combination of wall proximity, external
ccld plasma, or line tying which is consistent
with the experiment. e conclude that the be-
havior of the hot electron plasma in EBT cannot
adequately be described by the M) equations
even for large-scale m = 1 modes.

3.2 WD TOXAMAK THEORY
R. G. Bateman, Jr. B. Carreras 0. N. Clark

R. A. Dory  H. R. Hicks  J. A. Holmes
J. R. Moore . B. Nelson Y-K. M. Peng
R. 0. Sayer 0. J. Strickler B. Y. Maddell

J. W. Wooten

The year 1976 was an exciting one in this
area because techniques and procedures begun
over the past several years reached maturity and
were available when needed. The equilibrium
analysis methods (Sect. 3.2.1) made a very im-
portant contribution to the FED program in
verifying t... analytical calculations by Clarke
and Sigmaril of equilibria at high 8. The mu-
merical procedurcs verified that flux conserving
tokamak (FCT) equilibria were valid at 3 finite
aspect ratio and that the equilibria existed
even when the basic assumption (circular flux

.Group Leader.




surfaces; of the aralytical theury was badly
violated. Related to this work were the timely
contributions in the magnetic field design area
to the lepurity Study Experiment (ISX) and

Oak Ridge Tokaxak {ORMAX) Upgrade machine de-
signs and to the studies 2imed towsrd tokamak
experimental power reactors and TRS.

Codes for investigating (within 2 very
simple model, of course) the fdeal MHD insta-
biiity regimes again were available after an
extended develcpmenta! period for application
to the new equilfbrium conditions. These were
used to show that the tokamak equilibria with a
D-shaped cross section emphasized here at ORNL
have significantly higher 2 limits than were
found in an analogous study of the Tokamak Fusion
Test Reactor {TFTR] device — at least for the
internal kink or ballooning modes as in Sect.
3.2.3.

Significant advances were made in the under-
standing of what basic physics is required for
realistic analysis of the fluid instability prop-
erties of tokamaks. Since nonideal {resistive}
processes and nonlinear perturbations are known
to be very important to serious assessment of
specific configurations, the validation of
calculations incorporating these features by
direct comparison with ORMAK experimental data
gives needed guidance to those attempting design
of advanced WHD irstability codes, as in
Sect. 3.2.4.

3.2.1 High Pressure FCT Equilibria

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

D tokamak equilibria are found with values
of 8 up to 203 and realistic MHD safety factor
values [e.g., qlaxis) = 1 and g{edge) = 4.8] for
tokamaks with an aspect ratio A = 4 and 2 D-
shaped cross sectfon (Fig. 3.4). If such equilib-
ria can be attained experimentally, they will
be very attractive for decressing the projected
costs of tokamak power reactors. In the FCT
mode]l, where rapid heating is applied to an al-
ready relatively hot plasma, these high-8
equilibria are achievahle RS Guesi-
static evolution of FCT equilibris as B8 increases.

Me goudy
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An operating window is found in the pressure pro-
file width, w,. 3t the half-neight: for high :
the values of v lie between 0.40 and 5.55 times
the plasma minor diameter. Within this window,
plasma current and ;o0loidal : increase with =,
For fixed plasma boundary, significant poleoidal
surface cyrrents are induce!, but these can be
eliminated by small increases in the plasme minor
radius, the pressure profile wiGth, or the
vacwm toroidal fieid. Detailed studies of other
properties of high-2 equilibria are in grogress.

Free boundary fCT equilibria

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

R. A. Dory
J. R. Moore

High-z (~5-30%) tokamak equilibria have been
found and the external magnetic field structures
required to attain and hold them have been
studied. The high-: equilibria can be a natural
consequence of intense heating by an auxiliary
power source such as neutral beams, if the
heating is rapi¢ compared to the magnetic diffu-
sion time scale. Because magnetic fluxes are
frozen in for such equilibria, they are called
FCT equilibria. FCT equilibria are shown to
exist and satisfy the local (Mercier) stability
criterion with 8 values ranging up to 281. for
stightly D-shaped cross sectiors, we describe
simple and efficient poloidal field (PF) systems
which properly control and shape the plasma and
ddmit poloidal divertors at the apeses of the
natural D-shaped cross sections (Figs. 3.5 and
3.6). The PF system may 2150 have the property
(STATIC concept} of shielding (by a factor of
about six).

Energy balance evaluation for D-shaped FCY

Y-K. K. Peng

Based on the peaked pressure profiles of
the high-g equilibria in & D-shaped FCT,!3 the
a power of deuterium-tritium (D-T) fusion from
the TNS tokamak with Br = 43 k6 is calculated.
Assuming that the averaged demsity, n, increases
linearly with 8 from 0.6 x 10! a2 st 8 = 0.69%,
the a power, p_, is shown to be 200 W (ignition)

J. A, Holmes
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Fig. 3.4. Behavior of: (a) flux surfaces in R-Z plane,
(b) pressure profiles, and (c) current density distribution
vs Rat 1= O for D-shaped FCT equiiibria as they evolve from
Tow to high 8 with q_ = 4.8.



and 300 Wi (burn) at B = 7.0% and 8.55 with §
= 1.7 x 10t* o3 and 1.9 x 10!* cm~?, respec-
tively. These valuss are substantially Jowmr
than previcws estimstes of fgnition (B8 = 113)
and burn (B = 143).1°

Peaked profiles also concentrate a-heating

power near the plassa cester. It is fownd that
stE=31%5andn=1.0x10!* ar?, P, reaches
40 Wi due to central ignition and becomes cam-
parable to the net heating power, Py one
expects from neutral injection. By assuming
that 1 1 sec in a one-dimensional, one-fluid
energy balance model, the value of Py required
to maintain d8/dt = 0.023 sec™! stays below

S0 M. By assuming a profile of heat conduction

m

Fig. 3.6. (a) Optimized EF cofl Tocatioms

for a D-shaped FCT with A = 4 and a natural
divertor. Coils connected with dots are in
serfes; the * - " sign indicates current in_the
same direction as I;. The centers of the coils
are at a distance fga the plasma edge of half
the plasma horizontal winor radius. (b) A typi-
cal high-g (=15%), free bourdary FCT equilibrium
using the same profile functions p(v) and F(p)
as the equilibrium of Fig. 3.5 confined by these
coils.

coefficient typical of present observations,!S
centra) ignition at B = 3.1% permits reduction in
the required depth of neutral beam penetration

by a factor of two to three. This indicates that
with proper density buildup during heating, D9
beams of 150 keV can be sufficient for heating &
l." = 1.8~ 3.2-ThS plasma to ignition,

3.2.2 Amlytic imstion to Mumerical
qQu 8 r c Axis

D. 8. Nelson R, 0. Sayer

It s often desirable to have & detailed
knowledge of the solution to the MHD equilibrium
equation near the magnetic axis. For example,
the Mercier criterion for local stability is
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usually hardest to satisfy there, yet mmerical
evaluation of the contour integrals becomes
inaccurate in this region because of the few grid
points available. ie have found it helpful to
use 3 weighted least squares polyncmial fit to
the mmerical equilibrium in the vicinity of the
magnetic axis and then to evaluate amalytically
the relevant quantities. There are several
equivalent polynomial expansions for ¢, the
poloidal flux function, about the magnetic axis,
To if (r, z) are the cylindrical coordinates in
which the equilibrium is determined mmerically,
then ¢ can be expanded in (r-ro. z), or in

(r2 - roz, z), or after introducing the polar
coordinates (p, 8) centered at the magnetic axis,
in a polynomial in p and a Fourier serfes in 0.
Because y satisfies an elliptic equation it is
an analytic function; therefore, {f the coeffi-
cients of one expansion are given, those of t..2
others can be found algebraically. An example of
such an equation is:

ik
v L 9, (r-r) z
i,k ik o

If r, is the magnetic axis (where vy = 0), then
910 Yanishes. If ¢ is symmetric in z, then only
even powers of z appear. We have generally used
a fourth order polynomial (1 + k < 4) and about
ten percent of the grid points, with a weight
function that emphasizes the points near the
magnetic axis. The axis is found by iterating
a first guess for r, until 939 vanishes. The
relative ervor between the computed and the
fitted ¢ is typically less than 10-5.

The coefficients ¥, re not all indepen-
dent being constrained by the equilibrium equa-
tion and the source terms. The comstraint
equations can be used to check the consistency of
the coefficients, or else they can be used to re-
duce the number of free parameters in the fit.
For example, 1¥ ¢ 1s symmetric in z, then only
four coefficients (e.9., $on, ¥20, P10+ $4g) STE
computed in the fourth order least squares fit.
Solov'evi€ has previously shown this to the
third order.
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Lower order polynomials can also be used
for some quantities. For example, the elliptic-
ity, the safety factor (q), and dV/dy (where V
is the volume enclosed by a flux surface), are
determined on axis from the second order terms.
The triangularity, shift, and Mercier criterion
on axis are third order,17 whereas d2¥/d¢2 and
dq/dy on axis are fourth order.

Effects of %! gggsition profile on
t evolution of a fiux conserving

tokamak

D. B. Nelson

A simple nondiffusive mode]l has been used
to study the effects of different energy deposi-
tion profiles on the time evolution of a flux
conserving tokamak. The equations esployedi®
are those of mass, energy, and poloidal flux
conservation

-

%%*V-(w)ﬂs.

o%*W*u-0.> {3.1)

Riv-w=o.

along with the equilibrium equation

ixs=wp. (3.2)

Here o and Q are mass and heat sources represent-
ing the neutral beam. We assume an adiabatic law
for the equation of state, so that the interms)
energy. e, is given by

€= y=1jp

The calculation proceeds from an initfal state

with prescribed p(y), o(¥), and safety factor q(9).
If the plasma adfabat, u(y), is introduced through

p(#) = ulo) (3",)Y :

then flux surface averaging of Eq. (3.1) leads to
an ordinary differential equation for the time



evolution of u:

l—% = (y-1) /p + <>/p , (3.3)
wvhere 0/0t is the time derivative at constant @
and <...> denotes the flux surface average.

The evolution Of ¢ is determined from Eq. (3.2).
This is solved using the ISLAND code,!? which
computes the toroidal current directly from u(y)
and q(9).

Figure 3.7 shows three cases representing
Jifferent Q(y) profiles for ¢ = 0. In case (b),
Q is strongly peaked at the magnetic axis; in
case (c), it is more uniform; whereas in case (d),
it is peaked off axis. The resultant plasma
shapes are quite different: the plasma axis
shifts more outward for deposition strongly
peaked on axis; for deposition peaked off axis
the magnetic axis actually shifts imard. Figure
3.7(e) illustrates pressure and q profiles for
cases (a)-(d).

3.2.3 Results from the ORML ldeal WD
lnsuﬁﬂit! Code
R. G. Bateman, Jr. D. N. Clark H. R. Hicks
Y-K. M. Peng  J. W. Wooten

The ORNL MHD instability code® has been
used to study the effects of torcidicity and high
poloidal B on large-scale instabilities in
realistic tokamak equilibria. Stable equilibria
have been found with average 8 values up to 5% in
FCT sequences of equilibria.2l As 8 is increased
from the stability 1imit in these equilibria, the
observed instabilities take on a strong balloon-
ing character, concentrating near the outer edge
of the torus and showing a2 mix of poloidal har-
monics, m, which reinforce each other at the
outer edge.

In general ideal MHD theory studies of
torofdal instabilities, it is found that the
toroidal wavelength has the greatest effect on
the growth rates of large-scale linear MMD insta-
bilities (holding the q-values per wavelength,
ng, fixed); the shortest wavelengths have the
largest growth rate.2? Bending a given wave-
length into a successively lower aspect ratio
torus decreases the growth rate by only a factor
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of two or three, compared to the orders of magni-
tude effect of changing the wavelength by a
factor of two or four. Wkhen 211 wavelengths are
considered for a given toroid, them = 1, 2,

3, .. ..,n=1,2,3, .. . modes pile wp below
UYyis = 1 with less tendency to overlap at
higher q-values. High shear suppresses the

ideal Ill)-odesforquis > 1. The structure of
the instabilities is clearly shifted outward

in major radius, often leaving a dead space 2t
the immer edge of the torus. For a predomisantly
» = | mode, the perturbed poloida]l magmetic
field has a clear & = 2 structure, even for
n=2,3,.... The experimental observation
of the B, signal could mistake an ides] internal
® =] ande for an @ = 2 mode.

3.2.4 Resistive D

8. V. laddell
H. R. Hicks

B. Carreras
J. A. Holmes

In general terms, the purposes of the Resis-
tive MDD Project are as follows:

1) to study numerically the nonlinear behivior
of the resistive D equations in geometries
appropriate to tokamak experiments,

2) to develop analytic models based on the
results obtained numerically, and

3) to compare the results of the cudes and the
analytic models with experiment.

Nonlinear evolution of the m = 1
tearing modell

H. R. Hicks

B. V. Waddell

The nonlinear evolution of the m = 1 tearing
mode was studied by employing a version of the
helically symmetric resistive WD code that in-
corporates the electron heat transport equetion.
It was found that the electron temperature pro-
file inside the q = 1 singular surface, as well
as the toroidal current density and safety factor
profiles, became flat as the tearing mode saty-
rated and magnetic reconnection occurred. With
resistive heating included in the electron heat
balance equation, 3 marginally successful simula-
tion of tokamak sawtooth oscillations was carried
out.

W
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Fig. 3.7. ia; Flux contours of initial plasme state, B = 2%, aspect ratio 2:1, mjor axis is to
Teft of figure; (b) flux contours of final state with hest deposition profile, quadratic in v, 8

= 13.4%; (c) flux contours of final state with heat deposition profile linear in y, B = 142; (d) N
contours of final state with heat deposition profile varying as sin §, with ¥ normalfzed between zero
and =, B = 15.5%; (e) pressure profiles for cases descrited above (pressure is normalized so scale
gives local B) and safety factor [gq(v)] profile (which {s identical for all cases).




Inte tatior of tokamak sawtooth
osd“ationsﬂ.!‘

B. V. Waddell 6. L. Jamns
J. D. Callen H. R. Hicks

Me hypothesize that sawtootn oscillatioms
are the result of a cyclic process in which the
plasma core is resistively heated until the
safety factor drops below unity, causing the
® = ] tearing sode to become unstable, to grow
with an accelerating growth rate, and ultimately
to flatten the electron temperature and safety
factor profiles. A model based on this hypothe-
sis compares favorably with experimental data
from ORMAK in explaining: (1) the rat2 at which
a santocth rises, (2) the radial dependence of
the precursor and main sawtooth oscillation
amplitudes, (3) the accelerating growth rate of
the precursor oscillations, and (4) the repeti-
tion time of the sawteeth. See Sect. 2.4.2 for
more details on the comparisons with ORMAK data.

Reduced, three-dimensional, resistive

WD _equations

B. V. Waddell
g. Carreras

H. R, Hicks
J. A. Holmes

A set of low-8, three-dimensional, reduced
WD equations was derived including the effects
of resistivity and toroidicity. If the toroidal
and poloidal magnetic fields are denoted by B‘
and B’ respectively, the three basic assumptions
are: (1) as;/at =0, (2) 3,/'; ~ ¢, and
(3) B~ €2, The first assumption eliminates
fast time scale magnetosonic waves and should
thereby greatly increase the efficiency of any
numerical scheme based on these equations. It
3150 allows the magnetic field to be expressed
in terms of a flux function, thereby ensuring
that 7 - B = 0 numerically. The second snd
third assumptions imply that the toroidal veloc-
ity can be neglected and, consequently, permit
the introduction of a stream function for the
poloidal velocity. Equations correct to the
first order in ¢ were obtained for the time
evolution of the toroidal flux and the vorticity.
A preliminary mumerical scheme for solving these
equations has been designed and is presently
being implemented.
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3.3 KINETIC THEORY

C. 0. Beasley, Jr. J. E. McCune D. J. Sigmr
D. J. Beckett R. \. NcGaffey J. Seith

J. D. Callen” H. K. Mefer K. T. Tsang
P. J. Catto Y-K. M. Peng  T. Uckan

E. C. Crume, Jr. C. E. Ratwmesn . I. van Rij
J. Demavit J. A. Rome 8. V. Maddell
R. H. Fowler K. E. Rothe  J. C. Whitson
H. C. Howe

The activities in this group have been
categorized as: 3.3.1, Neoclassical Tramsport;
3.3.2, Anomalous Transport; 3.3.3, Collisiomal
Plasm Model; and 3.3.4, Particle Ordits and
Injection Heating. Last year's work in each
of these categories will be briefly summarized
below, followed by short articles and/or ab-
stracts of the individual published papers and
reports.

To point out the highlights, progress in
multispecies neoclassical transport theory is
reflected in several papers in Physics of
Fluids 19.

In anomalous transport, novel insights
emerged concerning the nature of the Onsager
transport coefficient matrix. (1) Anomdlous
(turbulent) processes affect only the transport
coefficients perpendicular to the magnetic field,
leaving the neoclassical parallel transport co-
efficients basically unchanged. (2) The
sagnetic perturbations ensuing from drift weve
fluctuation Tevels e¢ ~ 0.01 kT can be shown to
produce high mode number islation of the con-
fining magnetic field, which leads to anomalous
electron heat conduction not inconsistent with
observations in tokamak experiments.

The Collisional Plasma Model (CPW) has
found acceptance in the publiished 11iterature.
Significant advances in basic understanding and
development of fast numerical techniques have
been achieved.

Besides producing a set of codes for beam
deposition, slowing down, and loss region effects,
the ordit and injection project progressed in its

'Group Leader.



fundamental investigation of high emergy guiding
center orbit theory in flux coordinates (suitable
for the new flux comserving, high-8 equilibria)
and of advanced (ripple) injection schemes.

3.3

Reoclassical and Neutral Particle
™

E. C. Crume, Jr.
K. T. Tsang

D. J. Sigmar
H. C. Howe

The continued quantitative pursuit of neo-
classical theory of multi-ion species tokamak
plasmas is essential for the understanding of
the direction of the impurity flow and its
effect on the overall energy balance of the
plasma. The neutral particle kinetics have
become all the more important since the recent
successes of gas puffing. Progress has been
made (1) in the development of fundamental impu-
rity theory and (2) in quantitative jmprovement
and exploration of existing theories, including
neutral kinetics.

Journal articles on fundamental neoclassical
theory dealt with the smooth transition of trans-
port coefficients from the banana to the Pfirsch-
Schliter regime by Tsang and Callen, multispecies
impurity transport in the banana regime by
Hirshman, Sigmar, and Clarke, and a systematic
approximation to the Fokker-Planck operator by
Hirshman and Sigmar. An ORNL report on
temperature screening in a Pfirsch-Schliter two-
jon species plasma has been submitted for publi-
cation by Tsang and Crume, as has one by Tsang
on banana drift diffusion due to field ripples.

Related to this subject, but rather in the
vein of quantitctive exploration of existing
theory, Uckan, Tsang, and Callen evaluated the
effect of the poloidal variation of magnetic
field ripples on tokamak heat transport. A paper
by Sigmar and Freidberg un transport in high B
tokamaks appeared in a supplement to Plasma
Physics. An ORNL report on neoclassical trans-
port in all three regimes in an e)liptic tokamek
has been sulmitted for publication by Tsang. The
motivation for the latter two papers derives
from our orientation towards the next gemeration
of experiments with high 8 and deformed cross
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section. In the area of neutral particle

i kinetics, a quantitative analytic-mmerical

study of inelastic wall reflection of wmrs
neutrals incorporating the Robinsom dynamic re-
flection model has been performed by Howe and
Sigmar.

Smooth Transition of Reoclassicei Diffusion
from the to -

K. T. Tsang J. D. Callen

It is shown that meoclassical tramsport
previously obtained by numerical evaluation of
variational procedures can be reproduced analyt-
ically by taki. ; account of the energy depen-
dence of the collision and bounce frequencies
through the separation of velocity space into
banana, plateau, and Pfirsch-Schliter regimes.

Neoclassical Transpcrt 1.2ory of a Milti-

species Plasma In & Low g‘“slm
Erequency Vegime?®

S. P. Hirshman . J. Sigmar

J. F. Clarke

A comprehensive neoclassical transport
theory for a multispecies plama in the low
collision frequency banana regime is developed.
A recently developed approximate collision
operator is used to calculate analytically the
transport coefficients in a nonisothermal,
finite 8 plasma for arbitrary mass ratios and
311 values of the aspect ratio. The physical
effects of collistons in the large and small
aspect ratio limits are discussed in detail.
The bootstrap curvent is expressed in terms of
the parallel friction forces, and an explicit
calculation of the current is performed for the
case of two ion species in which one is a hesvy
impurity fon.

roximate Fokker-Planck Collision tor
or Trans| cations?/
S. P. Hirshman  D. J. Sigmr

An analytically tractable approximation is
developed for the linearized Fokker-Planck colli-
sion operator; it describes a plasma nesrly in
thermal equilibrium. This approximate operator
preserves the symmetry properties of the exact
collision integral which fmply the physical
conservation Taws, self-adjointness, and the N




theorem. & rympreslization precadure is Gowel-
oped for accurste trestmant of collisions G~
tuten particles of arbitrory masses. For lorge
or amll anss raties, the pPrexinste apereter
reduces to the stanterd asponsions of the amact
opeveter. In the case of idemtical perticle
collisions, the presast agpreniantion provides
a significant inprovsant evev the apill cpareter
previously given fe tie |itereasre, gt vetaies
the staplicity of formpr spareters. Tap veosl-
calation of the classics]! Urunspert cpefFiciamts
with this eperster veduces t5 the soluttom of o
coupled set of algebweic egpations ang indicates
its reliability for sse i» conplen mssclessical
transpert sitnstiens. The weecrlassicsl electri-
cal conductivity calculation dmmestvetes the
new physical festwres of the agpreximutes aperetor.

i fffect in Tam-len
1es oter
K. 7. Tsang E. (. Crumm, Jr.

¥e have solved the particle and et N
problems in the collisional or Pfirsch-Schliter
regime for a two-fom species tokamsk plasme wsing
a kinetic approach with exact Fokker-Plamck
collision operators. These solutions are appro-
priate for analyzing the behavior of ispurities
in the low temperature plasaa edge region, where
impurities first enter the plasma from the owt-
side. We find that low charge states of Jow
mass impurities can be screened effectively from
further penetration of the plasma.

Banana Drift Diffusion in 3 Tokamak Mageetic
FTeld with Ripples??

K. 7. Tsang

The drift motions of trapped particles in a
tokamak field with ripples lead to a new trams-
port process in large tokamaks in addition to
the diffusion process due to particles trapped
in the ripples. We study this problem by solving
the bounce-averaged, drift-kinetic equation with
a mode) collision operator. It is shown that the
banana drift diffusion is proportional to the
collision frequency when the poloidal banans
drift frequency is smaller than the effective
collision frequency. This result is contrary
to earlier predictions, and in a reactor regime,
this loss mechanism is shown to be unimportant.

LR H

N_ A ikkan X.°.Tsang J. 0. Callem

The use of a fin ‘e number of cofls T
gmerate the toroidal field of a tehasmk iatwe-
s 3 magretic field asymmetyy and it respon-
sidle for an additional particle trupping thet
can affect the glasmm confingient. The enhanced
tramspart csefficients asseciated with tie
vigple-iatuces @rifts hove bose calculstsg. T
aaicalstions inclede Soth the readial and
seieide] saristies = e sapritele of the Field
rigple. 11 s foumd YAt the omsidweties of
soloida! weriation sigatficantly refssts W
rigple-tragpud trangpurt at doss mat af¥ect
thy tonpan OriTR StPRmian. Mamits selewant
e the S Laperimmtal Paer fRascter (EPR)
refevence dsige are Clsomad.

7~YEGE~“1&,

J. P. Freideery

Operstion of a rescter at the aighest pes-

sidle value of £ is desivable frem & power
production standppint. Moveswer, theve is ex-
perimental and thweretical evidence fer reduced
cross field tramsport with incressing 8.
smmmameu.a’~r'
(m:-m. is the iwverse aspect rstio),
we stwdy the effect of 8 en collisional and
semsieus tragped particle ¢iffusion for variews
emilibris wnder the comstraint of WD stability.
(1) b‘.nsmumtate"bc" the stromg
Shaframov shift results in 3 reduction of the
banane width and thus of bamama diffusion.
(2) Ve isvestigate the msximum J properties of
certain high-8 equilibria with respect to their
stabilizing influence on the interchange trapped
particle sode.

5. 3. Signer

Reoclassical Tramsport in an Elliptic
Tokamak3~

K. 1. Tsang

Neoclassical transport for an elliptic
tokamak in all collisional regimes is investi-
gated by the technique of partitioning the
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velecity space. It is found that is a tokamek
of moderste elengation, porticle and iom heat
confiagment times are increased by a factor of
ol, vhere o is the ratio of vertical minor radius
to horizental niner redius. Ripple diffysion in
m elliptical tekamek is also stwdied. Iom heat
conductivity due te rigples is Teduced by 2
factor of appreximately o?.

fawtral kinetics in plasma
[ an

LC.ime O0.J.Sigmr 0. Armrius

Recent advances n understanding the
inslastic iaterection behween charge-exchange
sputrels and the lattice dmamics of the wmall
by N, Rebiasen et 2l. have led ws to recomsider
the seletion of the Boltmemn equation for the
newtrals. A ipbrid malytic-mmerical method
hes been developed for selving the integral
equation, with special care takes to comserve
porticles and emergy in the neutral particle-wall
interaction.

The wars sentral flux incident on the wall
is dwe primarily to the first charge-exchange
reactions between the Framk-Comdon flux and the
plasms. Thus the mean eneryy of this flux is
characteristic of the plasaa temperature at
poiats corresponding to one Frask-Condon m.f.p.
(several centimeters) into the plasma. The
fraction of the cold wll-emamated flux which
Tater retyras to the w1l as hot flux is
approximately malf the ratio lcxni of a cold
newtral. (xaul' are the mean free paths
against charge exchange and fonization.) ihen
the hot newtrals are wall-reflected again, the
total flux of mewtrals incident on the plasma is
therefore increased by up to 50%. Because it
is more emergetic the additional flux penetrates
further and results in an increase of the central
seutral demsity, which is inversely proportional
to the energy lost in the wall during reflection.
For elastic wall-reflection, the hot neutral
density in the center of the plasma is increased
by s factor <4.
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3.3.2 MAomalous Tramsport

J. D. Calien K. T. Tsang J. C. Whitson
P. J. Catto  B. V. addell

Radial tramsport processes (in particular
the radial electrom heat conduction) are anoma-
Tous in preseat tokamaks. Using primarily ana-
1ytic methods, we are refining and further
developing the theory of drift-dissipative,
trapped-electron instabil{ties in order to deter-
mine if these modes, which seem to be the most
likely candidates, are responsible for the
anamalous tramsport currently encountered. In
the following subsections we give brief descrip-
tions of work in this regard carried out in the
past year. In the first subsection we show in a
mode] calculation that the destabilizing trapped-
electron contribution is not strongly reduced
when finite fon gyroradii effects and the atten-
dant overlapping of mode-rational surfaces are
taken into accomt. In the mext two subsections
we discuss our preliminary attempts to apply
Dupree's strong turbulence theory to these modes.
It seems plausible that the strong turtulence
effects could cause mode saturation at roughly
the amplitudes observed in the experiment
(e¥/T, ~ 10°2). Rext, we discuss the transport
induced by such turbulence. Ffollowing that we
discuss 2 quasi-linear type of calculation in
which we find that the anomalous transport only
affects the perpendicular transport processes
(i.e., electron heat conduction and particle
diffusion, but not the resistivity, Ware pinch,
etc.) and that the anomalous transport should be
simply added to — but not replace — the irreduc-
ible neoclassical transport. Fimally, in the
last subsection we propose and briefly discuss
a new hypothesis for the process by which drift
wave fluctuations con cause anomalous tramsport —
namely through radial magnetic flutter and con-
sequent conversion of a portion of the very large
parallel electron heat conduction into radfal
electron heat conduction. While the composite
mode] being developed s not complete or specific




enocugh yet ta make detailed comparisons with
present experimental data, it is encouraging that
a2 number of pieces of the model seem to agree
with current experimental interpretations of
snomilous transport processes in tokamaks.

k%wtic behavior of trzm electron
instadbiiity In arge aP4 t

J. D. Callen

K. 7. Tsang

In the large kepi limit, the distance be-
tween mode-ratioral surfaces (A) is such smaller
than the turming point distance (l.r) of the usuval
radial eigermode. Thus, one can no longer solve
for the radial eigenfunction by comsidering only
ar isolated mode-rational surface. e assume
a radial mode structure that has a fast WB
function part and a slowly varying envelope. The
fast radial variation has the same spatial period-
icity as the mode-rational surfaces (A). The
equation for the slowly varying part is derived.
The trapped electron term is a localized source
of free energy whose radial dependence is taken
into account in the slowly varying part of the
radial eigermode equation through the standard
perturbation technique. The effect on the
dissipative trapped-electron instabilities is to
decrease the trapped-electron contribution to
the growth rate by 2 factor (A/lT)m(lTIA)
~, /v'“ILs (kepi)'l’. Because this factor is not
too different from unfity at the kop1 2 1 limit
of the calculation, we hypothesize that the
radial eigenmode ctru_ture does not modify
qualitatively the most unstable I:eo1 21
trapped electron modes.

Ion % dve to nonisotropic turbulence
P y low frequency instal ties

K. T. Tsang

A1) strong turtulence calculations in the
1iterature assume sotropic, linearly unstable
waves in the background plasma. This is not
trve for low frequency drift waves. In toroidal
geometry, we Fourier-expand all perturbed quanti-
ties in the torvidal and poloidal directions
while keeping the radial structure unspecified.
The nonlincar response for the fons is obtained
from the Viasov equation by Dupree’'s renormali-
2stion techmique. This result 1s very useful

ne

in the strong turtulence theory of drift waves
in tokamaks. The strong turbulence is found
to affect the radial eigenmode structure and to
introduce a kD damping decrement.

Strong turbulence effect on trapped
electroas

K. 7. Tsang

A bounce-averaged kinetic equation is used
to investigate nonlinear effects on trapped
electrons. Turbulence affects the trapped-
electron response by introducing an ikrzb term
in the resonant denominator, where k. is an
average wave mmber of the radial eigenfunction
deterwined by the ion response. The relation
between O and ¢ is derived by assuming a radial
eigenfunction scaling as exp{iux?), as obtained
in linear theory (even including certain non -
linear ion effects}. A fluctuation level,
o3/T, of about 12 is required to stabilize the
mode for typical parameters. Figure 3.8 shows
the nonlinear growth rate due to the trapped
electrons for different levels of turbuleace
characterized by the parameter krzblu,. The
case under study is low in collisiomality (v,
= 0.001) and uses the following parameters:
,,i.ne.\_ren‘-l.rn-tnlltlﬂ.ud
a=2. Also shown is the shear damping -contri-
bution represented by the dash-dot line. -The
shear parameter, Ln/ls' i 0.05. It is clear
that the mode s stabilized whes k 2D/u, = 0.2,
which jives a fluctuation level, ey/T, of about
1.

A model for transport in tokamsks
J. 0. Callen K. C. Howe K. T. Tsang

The original Kadomtsev and Pogutse develop-
ment of the dissipative trapped-electron insta-
bility is invalid for present tokamak experiments.
Recent generalizations of these modes to adapt
the amalysis of the mode to current experiments
include curvature drifts, velocity-space parti-
tioning to extend the analysis into the plateau
regime, and finite ion gyroradius effects (cf.
first subsection of Sect. 3.3.2). We hypothesize
that the revised mode is a candidate for the
fluctuations and transport observed in present
experiments. A quasi-linesr theory of the
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Fig. 3.8. fonlinear growth rate due to trapped electrons for different

turbulence Tewels.

generalized modes has been developed. The amoma-
lous transport induced is in addition to neoclas-
sical transport and affects only the cross-field
processes of particle diffusion and electrin heat
conduction. The radial electrom aeat conduction
induced by these modes seams to be a bit too
small to explain the experimentally observed
anomalous elzctron heat conduction. The particle
dersity is deterwined by balancing the immard
Ware ginch with the outward anomalous particle
diffusion (cf. Sect. 2.1.15). Similarly, the
impurity density results from balancing the
imsard classical diffusion against the outward
anomelous diffusien.

The possible role of tic perturbations
on anomalous transport in tokamaks

J. D. Callen

Seall, resonant magnetic perturbations can
easily tilt the magnetic field lines and modify
the flux surface topology in a tokamsk. Plasme
transport is much faster parallel to the magnetic
field lines than perpendicular to them. Thus,
very small helically resonant magnetic perturba-
tions (e.g., B/B 2 10-*) that cause field lines
to wander radially can allow the very rapid
paraliel transport processes to enhance radial
plasma transport over that produced by perpendic-
ular transport prucesses alone. We hypothesize




that the magnetic perturbations induced)? dy tae
experimentally observed drift waves (ealre ~ 1¥13)
can cause this effect to be important in
determining the radial electron heat transport

in tokamaks. Preliminary estimates of the mac-
metic effects of unstable drift waves on electron
and ion heat transport and on particle diffusion
indicate that the radial electron heat conduction
coefficient is the only tramsport coefficient
significantly affected and that its magnitude is
comparable to that observed in present tokamaks.

3.3.3 The (P
C. 0. Beasley, Jr. E. C. Crume, Jr J. Demavit
J. E. WcCune R, W. NcGaffey H. K. Meier
C. E. Rattmamn K_[. Rothe T. lckan
H. 1. van Rij

Major emphasis during 1976 for the (PR
project has been on develonment of new computa-
tional tools to treat theoretical problems withia
the scope of the (PR. The primary task wmas the
completion of a mew code, OKES (Drift Kinetic
Equation Solver), described in the first subsec-
tion below. Mot omly was swch a code needed to
avoid major code modifications with each change
in prodbles, bw2 also the cede made use of the
advantages of the CPR described in detail below.
Aagther major requirement was a vastly improved
wethod of calculating the Fokker-Planck collision
operator — one which perwitted dymamic adjustment
as species temperatwres change 23 weil as
artitrary mass-temperature ratios between species.
Such a code is described in the second subsec-
tion. After completion and checkowt of DKES, it
was apparent that major code speedwps would be
needed in order for the code to be of practical
use in most amticipated problams. Mhile computa-
tional speedups have yet to be implemented, the
most beneficial speedup was & more rapid deter-
mination of the lowest efgemmode (quast-
stationary for equil {briuwm or slowly growing for
instability). A sumericel sethod for doing this,
called RELAX, is described in the third subsec-
tion. When it became agparent that existing
theory for quasi-ewewtrality was inadequate for
8 complete description of the electric fleld in

& drift-kinetic equilidbrium and useless for non-
linear instabilities, a complete theory of
quasi-neutrality in 2 drift-kinetic semse had
to be derived. An abstract describes such a
theory in the next subsection. Other reports
discussed in the remaining sections deal with
resylts from older (PR codes. The next four
subsections deal with the use of the (PN in
studies of impurity diffysion, camparisons with
earlier resuits, use in a traasport simulation
code, and preliminary treatment of a bump-on
tail relaxation. Finally, a preliminary report
of work on the dissipative trapped-electron in-
stability mode] of Demavit and Rathmann is given.

Drift-kinetic equation solver: OKES

C. 0. Beasley, Jr.
R. W. McGaffey

H. K. Neier
M. I. van Ri)

DXES s a multispecies collisiona) plasma
compyter program for toroidal devices. It solves
the drift-kinetic equation in the form derived
by Hazeltine3*.23 as an initial value problem,
following in vime the amplitudes obtained by
expanding the distribution functions in the or-
thogonal velocity-space functions of the CPM3é
and toroidal and poloidei Fourier series. At
this stage of its development, DKES treats the
ainor radius coordinate in a flux surface locali-
zation approxisation_3?

The drifi-kinetic equation can be written
in the form

%t‘ T(;. ;- t) = ‘u(;- v- :. v'v t) ?(;- ;' t)

+ T(x, v. t), (3.4)

with the Ylasor operator temm, W, factorizing
as follows:

12
L
3

» 1 ->
W Kj‘JD_ './;_ v') SJ(X, v. t)-

o = (3.5)



An essential feature of DKES is its use of this
factorizatiom of W into velocity-space and
physical-space operators. The velocity-space
operators, Kj. are problem-independent, and
their msatrix elements in the (PN representation
are pure mumbers that can be calculated once
and for all. Calcylations of the CPN represen-
tation of the Coulomb collision operator,3¢ C,
and a scheme for the rapid time-advancement of
the drift-kinetic equation (Eq. 3.4) are de-
scribed in the next *wo subsections.

OKES calculates the species and plasma
mmber densities, temperatures, fluxes, mass-
flow velocities, and heat fluxes. In particular,
the Fourier amplitudes and flux-surface averages
of these observables are calculated. Th: CPM
representation for T is optimized when the
temperature, T(r,t), in £q. (3.5} and the radial
localization mmber density, N(r,t),37 are the
flux-surface averaged species temperature and
density, respectively; DKES has the capacity
for updating T(r,t) and ¥(r,t) according to this
prescription.

The workhorse part of DKES is a set of
basic subroutines designed to perform operations
such as addition, syltiplication, division,
square root, gradient, divergence, curl, dot
product, and cross product.

A variety of problems can be studied with
DKES, each problem being character zed by
particular magnetic and electric fields.
Examples are:

1) equiiibria with vacuum toroidal magnetic
field, equilibrium ring field, and poloi-
dal magnetic field, and with or without
self-consistent electrostatic . "2id;
equilibria with self-consistent develcpment

of the poloidal magnetic field; and

2)

3) self-consistent electrostatic instabilities,

Calculations involving the self-consistent
electrostatic field have become a practical
possibility because of the development of a
prescription for this field in which the plasma
oscillations have been eliminated.}® The bulk
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of DKES is unchanged in going from one problem
to another; only the module which calculates
t and B is affected.

A stable recursive method ‘or calculating
matrix elenents of the (PN collision

operator

H. K. Neier

In the CPM, the full contribution to the
time derivative of any amplitude, fm('). of the
rth species would be

ﬁ(v')i
l?t

rs

s=species v’ ¢/’

Collis

[

(3.6)
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In the linearized version this reduces (o
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dt

= )
Collis s=species
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The CPM derivation of Eqs. (3.6) and (3.7) has deen
covered in the past.2® The method used to obtain
rnumerically the matrix elements of ¢™ involved

- lrs
£ C
L4 rs‘

recursive equations which were unstable; therefore,

it wvas nccessary to use a sitiprecision com-
puter program to caiculate the element. Once
calculated, the elements were stored or a disk;
however, because the elements depend on mass-
temperature ra%io, the system was rather
inflexible.

In the past year a stable method has been
found to computa the elements as they are needed
by mears of a single precision program. Storage
requireserts are thereby greatly reduced, and
flexibi.ity of the program is increased. The
method involves a replacement of the recursion
relations for the P‘ found in Ref. 39 by cam-
pletely stahle recursior. relations. Derivation
of these recursion relations will be elucidated
in a forthcoming ORML/TM report.



RELAX: A numerical procedure for tia
rapid determination of the lowest eigenmcde
of a time-dependent equilibrium probles

H. K. Meier

While the heretofore used Runge-Xutta pro-
cedure for following the time behavior of a
tokamak plasma as it relaxed to 2 quasi-equilib-
rium was suitable for calculating neociassical
equilibria in the plateau regime, computatic:
time wac much too long when operating deep in
banana or Pfirsch-Schiiter regimes. This wes
particularly trye in the banana regime, where
there was an additional complication arising
from storage of large arrays of amplitydes
assoCiated with the distribution function.

Recent work has shows that in mathematical
terminoiogy, the CPM calculation corresperds to
a stiff differential system. In other words, the
system of equations in the (PM representation has
modes which are of very Righ {complex} frequency
compared with the time dependence of physically
intere;ting modes near the equilibrium. Because
of these high frequency modes, a very short tise
step was necessary to maintain numerical
stability; however, the short time step resulted
in 3 large number of Rumge-Kutta steps (210°)
in order to damp the low frequency modes.

Perhaps the simplest way to understand this
effect is to consider a purely linear system
{ours is almust Tinear) of the form

the

Q@
&l

=Mf
-~

If the operatos M has zigenvalues -k; and
-
corresponding eigenmode 9; such that

Mg, = 29
=e

then the time behavior of a vector consisting of
3 single eigenmode of th2 system will be

At
fift) =gy eiv,
and heﬂce.

t

f(t e at) = e 1)
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Unfortunately an explicit scheme for advancing
the functions in time (suck as Runge-futtaj
results in

‘o) = - | T ’
fi(t +2t) = _i - ,.i_t+z(-i..t; + ...

fit) .
This is a good approximption if ‘-i;t is small;
but for 75it too large,

. . 1,. -
1-,-.‘.:.t+2—(;i:t)-0- .. >»GC,

and the process is numerically unstadle. For
example, for 2 real eigenmode calcylated by a
fourth order Runge-Kutta procedure, it is re-
Quired that

0< it z, = 2.79%3 .

Consequently, if a )i exists which is 10~ times
the inverse collision tise, it is necessary to
use 3 "t which is 10° times smaller than would
be required to calculate on a physical collision
time scale in crder to remain stable.

Figure 3.9 shows the stabie region in the
complex plane for the function [ defined bélow:

s o\ . .
(5) 2 E) s E) e wlE)
where z = v ¢ i. = it. and 7 is defined above.
The outer solii line, corresponding to D = 1,
marks the toundary of the stable region (i.e.,

z < 2y, is stable). The remaining contours
show where eigemodes will be damped by an order
of magnitude within 200, 100, 50, 25, and 12.5
time steps respectively. By m3king :t
sufficiently s=3ll we can always be assured that
any mode occurs withi, the stable regime.
However, there is nothing sacred about using

0=

the euation for D to find an equilidbrium, Arv
sequency of the form

\ .
O e MW ey eli)

= p(m) #1)
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Fig. 3.9.
Runge-Kutta expansion.

(P is a polyncmial in M, where ﬂ(")f corresponds
to applying the nth time-derivative operator)
which serves to damp out 311 but the equilibrium
will suffice. In particular, in the banana
regime (where eigenmodes cluster up against the
imaginary axis) or in the Pfirsch-Schllter regime
{where they cluster along the positive real axis)
the D equation becomes extremely inefficient.

A computer program has been written to generate

Stable re;fon for complex efgenmodes of a fourth order

sequences tailored to fit the modes present.

Such a sequence for finding a banana regime
equilibrium is shown in Fig. 3,10 for degree

20 in M, This particular sequence will damp

by a factor of ten in the time required by 200
fourth order Runge-Kutta steps any mode that lfes
on the imaginary axis with

Tru-l-r> 3 = 104,
max
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Fig. 3.10. Stable region for complex eigenmodes of a 20° relaxa-

tion polynomial.
This compares with about 5000 Runge-Kutta steps (’:ralculation of a self-consistent, low
'y electrostatic field in
using the standard D sequence. %ﬁ:ﬁ Geometry

One can use the same method to follow the
correct time development of a system. The dif-
ference here is that one uses the 1ow order terms

C. 0. Beasley, Jr, H. K, Meler
J. E. McCune W. 1. van R{J

to improve stability. Such a sequence might be ¥e derive an asymptotic series in mp'z, the
of the form inverse square plassa freguency, for the
self-consistent, curl free, low frequency electric
f(t +4t) = ‘l + m(at) + ;m(m)z + %l’(At)z field in tori. The derivation is consistent
with the drift-kinetic ordering and may be used
+CM L C M ] f(t) . in either instability or equilibrium calculations.

We find that in a time-dependent formalism, the
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electric field is completely deterwmined to the
first order in a drift-kinetic expansion.

CPM calculations for two-iom species in
t! rsch- uter regime

K. E. Rothe
W. I. van Rij

E. C. Crume, Jr.
H. K. Rejer

A version of the CPM was written to allow
calculations involving two charged species. Al-
though some preliminary investigations of an
electron-ion plasma were made, most of the
calaulations were for two-ion species interacting
in the Pfirsch-Schluter regime. An analytic
theory of transport in that regime, against which
the CPM version could be calibrated, had recently
been completed.®® The results from two calcyla-
tional cases involving hydrogen-oxygen plasmas
are summarized and discyssed below. These cases
were chasen from a theoretical standpaint to
demonstrate the presence or absence of tempera-
ture gradient screening“? of impurities at the
edge of a tokamak such as ORMAK, in the presence
of a high edge concentration of an oxygen impu-
rity. The plasma conditions that are the same for
the two cases are given in Table 3.1.

Table 3.1. Plasma conditions for two-ion

species calculations

Toroidal magnetic fieid, 80 197
Plasma major radius, R 79.8 om
Inverse aspect ratio § at minor

radius of flux surface of

calculation 0.259
Electron density, n, S x 1012 a3
Electron temperature, 1’e 10 oY

Proton density, "P
Common fon species

9 x 1011 cm~3

temperature, ‘l‘p 10 ev
Common logaritimic gradient
of density and temperature 0.106 cm-!

The first case was selected to show tempera-
tyre gradient scresning of impurities (i.e., 2
reversal of the usual sense of the fluxes of the

ion species so that the hydrogen flux is inward
and the oxygen impurity flux is outwerd). Param-
eters and results for this case are given in
Table 3.2. By comparing entries in Tables 3.1
and 3.2, it is seen that the density of the
oxygen impurity jon 0?* is about twice that of
the hydrogen ions or protons. This assumption

is not unreasonable for edge conditions in ORMAK
plasmas after oxygen discharge cleaning.*l

Comparison of the collisionalities. v,, with
5-3/2 snows that both species are deep in the
Pfirsch-Scnliter regime. The CPM calculations
were run until the calculated particle and heat
fluxes had stabilized, as indicated by slom rates
of change, in order to compare them with the
theoretical equilibrium fluxes. The particle
fluxes are seen to be in reasonable agreement in
both magnitude and sense with the theoretical
fluxes, although ambipolarity, as evidenced by
the ratio roz,/rp. is only satisfied to within
about 25%. The conduction heat fluxes disagree
by larger factors with theory, although the ratic
of fluxes is within about 25% of the theoretical
ratio.

The second case was chosen to illustrate the
usual flux conditions (i.e., impurity flux inward
and hydrogen fl.x outward). Paraseters and re-
sults for this case are given in Table 3.3. The
parameters are seen to be very sisilar to those
of the first case, except that the impurity iom
15 03* rather than 02*. Again the CPM particle
fluxes are in reasonable agreement with the
theorstical predictions, although the stabiliza-
tion was not quite as good as in the first case.
The fluxes also better approximate smbipolarity.
While the proton heat flux igrees better with
theory than in the first case, the 03% heat flux
is considerably in disagreement, and this latter
fact accounts for most of the large discrepancy
in the ratio of the fluxes.

The results of these preliminary caiculations
are encouraging, considering that the CPM mode)
used in the code had significant approximations.
It is expected that the newer code being devel-
oped will yield results in better agreement with
theory.
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Table 3.2. Summary for case with temperature gradient screening, Kt -0+

02* density 2.65 x 10i2
= 2
a ﬂozqz oz-p/l'lp 9.1
Vep- 161.0
V.°2§ 393.0
§-3/2 7.57
Top 6.22x 105 s
Theo cM (at ¢ = 200:”)
Proton particle flux rp -3.44 x 1013 cm-25-1 -3.4 x 10!3 cm~2g-1
~1
(tu",/m)/rp 0 0.00056 T,
02* particle flux Ty 1.72 x 1013 cm-2-1 2.1 x 1013 it
(“03/“’-)"'02# 0 0.0011 tw-l
Proton conduction heat flux ﬁp 1.93 x 1015 eV cw-2s-! 3.5 x 1015 eV w25}
- - "
(A\Qpllit)t'lp 0 0.00016 L
02t corcuction heat flux 602* 2.20 x 1015 eV ™25~} 3.2 x 1015 ¥ am~2s-!
(AQoz¢/At)/Qoz+ 0 0
rozolrp s ozvﬂozf = -.0.500 -0.62

Qg2+/Q;, . a(Zp/iczc»)’ “1.14 0.91
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Table 3.3. Summary for case without temperature gradieat screening, w03

03* density

a= no’.zZo”/"p

Proton particle flux I’p
(AI'P/At)/I'p

03* particle flux Tgas

(Ar°3+/bt)/fkp»

Proton conductfon heat flux Q
(8Q/at)Q

0%* conduction heat flux Qya
(Qg2+/8t)/Qy3s

Tos#/T,

0030/09

4.44 x 1013 w2571

-1.48 x 1033 aw2e-1

1.34 x 101% eV aw~2s"1

6.77 x 101* eV om-2s-1

= 2y/lgas = -0.333

- a(lp,"!°3+)3 = 0,506

1.37 x 1012
13.7
224.0

1.21 x 103
7.57

6.29x 105 s

M (at t = 2001,,)

4.0 x 1013 cm-25-1
.001 =1
-0.0012 ‘tw

-1.2 x 103 cm-2s-!

-1
-0.0018 tpp
9.7 x 101* eV 25!
-1
0.0026 ‘l'w
1.5 x 10!5 eV =25~}
-1
-0.00051 Top

-0.30

1.5



rison of Nodel Distribution Fumctions
Collisiona asma ts
in Various 1sionality mesh?

T. Uckan C. 0. Beasley, Jr.

The neoclassical electron distribution
function derived by Rosenbluth, Hazeltine, and
Hinton®? is compared with CPMI6 resylts in the
banana regime. Generally there is good agreement
except for discrepancies at low emergy, which may
be attributed to lack of proper treatment of the
collisional (low energy) particles by Rosembluth
et al.%3 Comparison of CPM results with those
of Tsang and Callen*™ in the Pfirsch-Schiiiter
vegime show good agreement, considering the
approximations made by Tsang and Callen.

A tokamak transport code using-self-
consistent transport coefficients
calculated by the (PR

C. 0. Beasley, Jr. J. T. Hogan

In present transport codes describing the
time evolution of toroidal plasmas, radial
transport coefficients are generally modeled by
same sort of scaling intended to approximate the
correct functional dependence or parameters upon
which the transport is physically dependent.
Thus, for example, if one assumes that neoclassi-
cal transport is the dominant transport mechanisms,
the neoclassical transport coefficients are
calculated on the basis of present neoclassical
theory. In the case of neoclassical transport,
a reasonably accurate resuylt obtains. Unfortu-
nately, experimental evidence indicate~ that not
all transport coefficients in tokamaks behave
classically, and no unique accurate means for
calculating these coefficients exists at present.

Since the CPM promises to be a means of
obtaining accurate transport coefficients, we
have begun working on a code which incorporates
the self-consictent calculation of the transport
by the CPM with the determination of the param-
eters needed by the CPM codes using the trans-
port code.

Ultimately, all kinetic anomalous
transports — such as that arising from trapped
particle instabilities — will be calculated ty
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the CPN. As a first attempt, however, we are
using 3 form of the CPM code which evaluates
neoclassical transport associated with electrons.
The ability to use our particular calculation
procedure depernds on tie following assumptions:

1) the radial transport is describable
functionally by flux-surface average
transport coefficients,

the change in transport with radius is a
slow and smooth function of radius,
radial transport is govermed by radial
gradients and other parameters which vary
slowly in time, and

the transport coefficients adjust rapidly
{on a given flux surface) with changes in
parameters.

2)

3)

4)

Then we begin with a calcwlation of neoclas-
sical equilibr. . and transport at a small mmber
of radial positions using plasma parameters
representative of the start of the current pla-
teau in a tokamak shot (i.e., at the end of the
current-penetraticn stage of tokamak operation).
Using these coefficients, the transport code then
steps forward in time until parameters change by
predetermined amounts. Then, beginning with the
previous distribution function, a new quasi-
equilibrium on a flux surface {s calculated.

The hybrid code is now being checked out on
the ORML computer. Changes to newer versions of
the (PR code will be straightforvard because the
individual components of the program logic have
been found to be compatible and execution time
and storage requirvements have been found to be
sdequate for combined CPW/transport code opera-

tion.
The time evolution of a l’u_g on_the
xwelljan dist tion Tunction with
self—collisTons

T. Uckan

The time evolution of a bump-on tatl
perturbation of a Maxwellian plasme with self-
coflisfons (electrons) s studfed through the
CPM.36 The purpose of this study is two-fold:
(1) it serves as a test case in preparation for



studying the behavior of arbitrary distributions
in tokamaks, and (2) it serves as a test of a
program to generate the CPM amplitudes for an
arbitrary distribution.

The equation of interest is

where f is the electron distribution function
and C is the Coulomb collision operator for self-
collisions. We choose the following form for
the distribution function:

f= 61f. + 81
where f- is the Maxwellian background, fb is the
non-Maxwellian bump, and &, and &, are the frac-
tions of the distribution in the two species.
Because we are using only the linearized form

of the collision operator in these calcula-
tions, §; € 5;. In the CPM representation, we
expand

f =1 F
" e

t,0,n *l.on (ov ,
where the ¥, . are the basic functions described
elsewhere’ and where the amplitudes are givea by

-(v_Jv,)2
Fron = 61 + 82 ZHEAETTH 1 cos o)
| (VJvT) .

Nere o is the beam velocity, v the thermal
velocity of the Maneellian, 'l.o are spherical
harmonics,*S and the 1,, integrals are defined by

Lia (vg/4p) = 1 6™ (8™ el /2 (vysvp)]
14172
L)

where L*"1/2 15 o medified Loguerre polymonial.
Ve choose a case wheve v, = v, §; = 1, and
83 = 0.01. Sy truncating the sum over I appro-
pristely, w have 2 bump only at a perticular
qlc.c’-bs'. Mo thes wse the CPM cede in
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these calculations without the kinetic terms to
follow the behavior of this bump in time.

Results are presented in Figs. 3.11 and 3.12.
We find that, as expected, the distribution is
thermalized: (1) the peak spreads out in pitch
angle (Fig. 3.11} and (2) the xmp loses enerygy,
merges with the Maxwellian, and depletes- the
Maxwellian of lower energy particles, thereby
raising its temperature (Fig. 3.12).

A parallel approach to a simulation of wave

in toroidal plasmas in the drift-
kinetic approximations

C. 0. Beasley, Jr. C. £. Rathmamn J. Demavit

A simulation technique has been developed by
Rathmann and Denavit at Northwestern University
for studying long wavelength phenomena in toroidal
plasmas in the local flux-surface approximation 6
This effort, which employs a model basically
similar to but simpler than the CPN approach,
will provide an independent and mecessary check
on CPW results pertaining to the dissipative
trapped-electron instability, as weiil 25 being
able to obtain results more quickly than the CPA.

As with the CPM, the distribution function,
g, is expanded in a zet of grthogomal functions

g= rg, (8.2)w,, (v.a),
tn A0 ta ‘Y0

where

Ven * Pyl0) Y4 2120) expl-2)

where y = cos a, Z * ov2, a is the pitch angle,
v is the particle speed, Pl are Legendre poly-
nomials, and L" are Laguerre polynomials. This
expansion differs slightly from the CPM represen-
tation (the two are simply related) and has the
advantage that it is easily isterpreted in terms
of moments of the distribution functfon, In this
representation, the drift-kinetic equation for
electrons may be witten in the form

)
T:" = ‘u [('“)l E, o, t]

Coupled with fon fluid equations and Poisson's
equition, the last equation allows for modes of
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Fig. 3.11.

The time evolution of the bump
in pitch angle.

oscillation at both high frequencies near the
plasma frequency, oy and Tow frequencies,

A slow time scale method for analysis
of Tow frequency phenomena has been implemented
by Rattmann and Denavit to study solutior  which
are averaged over the electron plasma period
Zl/up. The following assumptions were made:

wu<€y .

o0 Mg
Bt ¥ o0 MM TV <10

where
€ (l!/-,)". Goo = Me» ™ gio * N Ve

3
This leads to a solution of the T:—"— equat fon
to the order ¢:

G]o [‘gm)' E- 9, t] =0 .
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fig. 3.12. The time evolution of the busp
in velocity.

which, along with the electron and fon continuity
equations and the neutrality condition, gw ® N
yields

¢ - (n,?i)oem-o .

These conditions can be shown to be analogous to
the zeroth order solutions in up‘z and -1
discussed earlier.

Tests of the validity of their procedure
were made by comparing the eigenvalues obtained
by Vinearization of the fast time scale systems
for basic plasma oscillation problems with param-
eters typically found in tokamak devices.

Ton acoustic waves

Parameters . lell‘ = 1/2000, ne/“e = 0.989,
rllo =9, 47, ¢+ 0.1, v/u. = 0.5 x 10°%, ke =0,



":‘n = 1/947, “A’"e = 2.3612 x 10°5, and "inx
ol 3. Here Qe is the electron cyclotron
frequency, r is the flux surface minor radius,
Ay is the Debye lemgth, ¢ is the aspect ratio,
v is the collision frequency, we is the ion
acoustic frequency, and l6 and lt are respec-
tively the poloidal and toroidal wave mumbers.
Note in Table 3.4 that the eigenvalues in
both systems are in close agreement except for
the absence of electrom oscillations mear 2u,
in the slow time scale system. We may therefore
expect that the slow time scale model is appli-
cable to computer simulations of Tong wavelength
phenomena such as dissipative electron modes in
toroidal plasmas. Additiona) comparisons of the
eigenvalues of the fast and siow time scale
systems for drift waves and a dissipative drift
instability have also been calculated. These
resylts aiso show good agreement between the
two models for low frequency modes.

3.3.4 Particle Orbits and Injection Heating

J. A. Rome D. J. Beckett R. H. Fowler
J. Saith Y-K. N, feng

This year has marked a change of emphasis
in our work. Our fast ion Fokker-Planck code

13

(FIFPC) has been refined, documented, and made
available as an easily incorporated subroutine
or as a stand 2lone code, as reported in Ref. 47.
This completes 2 trio of codes which treat beam
deposition,*® slowing down, and loss regions™?
for circular concentric flux surfaces, assuming
that the fast ions remain on a single flux
surface.

With the advent of high-£, noncircular
tokamaks as a viable option, our emphasis is
changing in order to be able to treat these
devices properly. Fundamental to this effort is
the study of ordits in these machines. Beam
deposition and slowing down codes can them be
reworked in these more general cases and can
be properly coupled to the one and one-half
dimensional transport code.

We are also continuing our study of immova-
tive injection schemes so that positive ion
sources may still be used to heat large plasmas.
This would allow use of deuteron energies of less
than 200 ke¥.

An approach to soiving the radiall
%‘t Tokker-Planck equation

J. A. Rome

Because the collision time for injected ions
in ¢ tokamak is long compared to a bounce time,

Table 3.4. Complex eigenvalues of jon acoustic waves

Fast time scale Slow time scale Comments
uu/me Ylaue m/me ‘v/me
11.0003 2.4968 x 10-5 — —— electron oscillation
13,1872 « 1073 1.9238 x 10~* $3.1872 x 103 1.9238 x 10~*
3 . . 3 transit time

$1.7834 x 103 1.9041 x 10~ +1,7834 x 1073 1.9041 x 107% frequencies
$1.1270 » 102 1.4632 x 10°* 21,1270 x 1672 1.4632 x 10-*
24,9450 x 106™% 1,0360 x 10-16 24,9450 ¥ 10°% 3,235 x 10-17 fon cyclotron
12,3707 x 10°5 9.9445 x 10~7 22.3713 x 10°3 9,9495 x 10~7 fon acoustic



the fokker-Planck slowing down probles can be
treated as a2 ,yltiple time scale expansion.
Accordingly, the fast particle distribution
function and the individual orbits are regarded
as functions of the three constants of motion
which change slowly campared to the bounce time.

The choice of appropriate constants of
motion and the topology of the resulting space
was discussed last year.? By using the
Massachusetts Institute of Techmology (MIT})
symbolic mnipulation computer system, MACSYMA,
we were able to finish setting up this problem
for solution. We took the Fokker-Planck equation
(which is valid at & fixed point in space) and
changed variables to the three comstants of
motion, v, 5, and Tgax® keeping only the first
term in (r - r-u). The equation was then
averaged along the bounce orbit for each set of
constants of motion. Finally, the boundary
conditions in this space were derived.

The resulting three-dimensional, time-
dependent diffusion equation can now be solved
mmerically to yield the desired correct slowing
down distribution function; however, it was
decided to delay doing this until the problem
can be recast to apply to ncncircular, high-f
tokamaks .

Neutral beam deposition in the comstants

of motion space and in real space for
arbitrary injection geometry

D. J. Beckett J. A. Rome R. H, Fowler

A new computer code has been developed to
treat arbitrary injection geometry, but is
restricted to tokamaks with circular concentric
flux surfaces. The unique feature of this code
is that it properly treats the finite width,
fast fon orbits by depositing the fast fons as
a distribution in the three-dimensional constants
of motion space. Because in an axisymmetric
tokamak the particle orbits are uniquely deter-
mined by three constants of motion, all orbit
information is preserved with this method,

Figures 3.13-3.15 show beam deposition in
TNS at a2 central density of 3 v 101% m=3, 2,6
= 1, and a deuteron energy of 300 keV. The
injection angle is 12° from perpendicular in the
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Fig. 3.13. Fast ion deposition in the con-

stant of motion space.

co-direction. Figure 3.13 shows the fast ion
density in the constants of sotion space, v,
" max (the maximum minor radius along an orbit),
and g (= v/vatr = r-“). Even at this high
injection energy, most of the beap is deposited
near the outside of the plasma. In Fig. 3.4,
we have taken the ordits specified by the
constants of motion and have properly distributed
the fast fons along these ordbits. For example,
the density in real space will be peaked near
the sanana tips (where the particies slow down)
and near the magnetic axis, due to the smaller
volume occupied by the particles on these ordits.
Finally, in Fig. 3.15, we have averaged the fast
ion density over the flux surfaces to obtain the
conventionally used beam deposition profile, H(r).
Doing the beam deposition in the constants
of motion space has several important advantages.
It enables one to calculate any moment of the
fast fon birth distribution function as opposed
to only fast 1on density; but more important,
it can be used directly as the source function
in a general, radially dependent treatment of
the fast ion slowing down problem.
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Fig. 3.14. Fast fom birth distribution in real space. Only the
upper half of the cross section is shown.

Particle orbits in high -shaj 1 . . .
conse:vffng tc‘iksa;:s gh-8 D ped flux By studying these ordits, the following

conclusions may be obtained.

J. A. Rome Y-K. M. Peng
1} The mmber of trapped particles decreases

as 8 increases, due to the decreasing
magnetic well depth.

2) The bounce time of trapped particles
increases with increasing 3.

3) A new class of counter-going orbits appears

High-8, flux-conserving equilibria are
characterized by the appearance of an absolute
minimm in |B] which occurs outside of the
magnetic axis but inside the limiter. This
causes a fundamental change which must be
studied to occur in the orbit topology.

An appropriate set of constants of motion
with which to characterize these ordits is v
(the w). 0. (UR maxisum valve of poloidal SRRL OWG 77.644%
flux along the orbit), and c(v./v at gy = tm). :
If we use conservation of tomidal canomical
angular momentum correct through the first order
in gyrovadius, we can solve explicitly for B(s)
along the orbit:

'-
5%

ot 02 03 04 03 06 07 06 09 10

L
where F = R8; (a function of 3), aad the sub- Fig. 3.15. Flux surface averaged bean depo-
script m indicates evaluation at Yoax’ sition profile.



outside the sagnetic axis as the minimum
in 'B’ deepens.

Computer codes for the guiding center
motion of single particles

R. H. Fouler

Two camputer codes have been developed to
integrate the equations of motion of the guiding
centers3! of single particles. These codes have
been uysedS? primarily to study ripple injection
into tokamak plassas. Ome code uses the torovidal
coordinates (r, =, 4) and is restricted to zero
electric field. The other code is written in
generalized coordinates and treats both electric
and magnetic forces. The execution time of the
latter code is Tonger due to its gemeralization.
Both codes assume that the fields are time inde-
pendent. The Bulfirsch and Stoer extrapolation
method®? is used to integrate the differential
equations. The codes can be run either on a
POP-10 or on the COC 7600 at the Wational
Magretic Fusion Energy Computer Network (WMFECN).

Comparative studies of mmerical methods
for the fast ion Fokker-Planck equation

R. H. Fowler

In an effort to increase the speed of
FIFPC,*7 a comparison of three mmerical metrods
is being made. The methods are® successive over-
relaxation (SOR), the strongly isplicit proce-

dure3® (SIP), and altermating-direction implicitss

{ADI). This study is being done only on the
time-dependent calculation of the distribution
function. The preliminary results of this study
indicate that the SOR is not competitive with the
other methods and that ADI yields results of
comparable accuracy in about half the CPU time
required by SIP.

Ripple injection studies

R. H. Fowler J. A. Rome

Ripple injection®é was studied using the
particle following code described earlier in
Sect. 3.3.4. To make a local rippie, we used the
field of a horizontal straight wire passing
through the symmetry axis and above the plasma.
We were able to penetrate to the center of the
TNS plasma with a deuteron energy of only 45 keV
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with a wire current of 5 x 10° A; however, at
this level, the plasma flux surfaces became
ergodic and plasme confinement would be very
poor. The disturbance to the flux surfaces
could perhaps be reduced by using more than one
Tocal ripple to cancel out the lTowest torgidal
harmonic perturbations of the field limes.:”

3.4 TRASSPORT SIMRATION
T. Assno E. C. Crume, Jr. J. K. Mnro
D. E. Armyriys J. T. Hogan E. M. Odblow
S. E. Attemberger H. C. Howe N. Soler
J. b. Callen A. T. Mense T. Uckan
3.4.1 Pysics Packages

T. Amano 8. F. Carver T. Uckan

9. E. Armurius E. C. Crume, Jr.

Dynamic covomal model for impyrities

D. E. Armuriys E. C. Crume, Jr.

The dynamic coronal model computer codeS?®
has been upgraded to compute move efficiently
the time-dependent charge state distribution of
high-7 elements. This has been accamplished
by providing intermal checks so that oaly eque-
tions for the charge states wneeded to adequately
describe the distridbution, rather thaa equations
for all the charye states, are integrated in any
given time step. As mecessary, the code auto-
matically changes the mumber of equations being
integrated by adding or deleting higher or lower
charge states. For example, when calculating
for iron, only six to eight charge state equa-
tions are necessary at any one time, rather than
26 (or 27 1f neutral iron is included); thus
there is a savings factor of three to four.

Pfirsch-Schilter transport coefficients
for Impurities

N. F. Carver

E. C. Crume, Jr. K. 7. Tsang

Transport coefficients for a number of
interacting fon pairs have been calculated to
su;plament the hydrogen-oxygen values given in

'Group Leader.



Ref. 59. The pairs iaclude H-D, D-, G(50)7(50)-
a2, D-0, H-C, H-Fe, 0-Fe, and interactions among
different ions of the same element. The coeffi-
cients are available as look-uyp tables for
camputer cilculations; however, recent work by
Hirschmanb?® has led to analytic formulas that
reproduce some of our numerical results, and suck
formulas are less bulky to use than look-up
tables.

3.4.2 Tokamak Discharge Modeling

0. C. Eldridge
K. Soler

H. C. Howe M. Ramkung
J. C. Whitson

Most of the tokamak discharge modeling
specific to the understanding of ORMAX plasmas
has been carried out this past year in close
collaboration with and under the sponsorship of
the Tokamak Experimental Section. Thus, sost of
these efforts are described in the ORMAK section
of this report {Sect. 2.1j. Particularly note-
worthy in this regard is the gas puff modeling
through use of the Ware pinch effect (Sect.
2.1.15). A more general effort concerning
electron—cyclotron resonance heating (ECRH)
in tokamaks is descridbed in the following two
brief accounts.

Electron-cyclotron resonance heati

!Bmﬂle) in_tokamaks and nlnr*cai

sieaulations on 15X

W. Namkung  H. C. Howe

We calculate the radial distribution of
energy absorption by electrons due to ECRH. The
mode! adopts a simple spatial damping factor with
a finite absorption width which removes singular-
ities at the magnetic axfs and at the tangency
point of the resonant M0D-B surface. The results
are plotted in Fig. 3.16. When the heating zone
passes the magnetic axis, it is possible to give
an analytic expression for the spatial shape
factor, H(r), of the heating power deposition.
This model could also be used for ion-cyclotron
resonance heating (ICRH} in toksmaks. Using
the ORNL one-dimensional transport code, numer{-
cal simulations for ISX are performed and the
temporal and >patial behavi.rs of plasms param-
eters are obtained. The results are shown in
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Fig. 3.16. The heating power deposition
spatial shape factor, H(r), with different
locations of the resonance zone. The arrows
indicate the resonance positions; x_= 0, 2.2,
4.4, 8.8, and 13.2 cm. The minor rdius of
the torus, a, is 22 cm and 4, the resonance
width, is 2.2 cm.

Fig. 3.17. The 200 kW of heating proposed for
ISX should double the electron temperature
(assuming full absorption); the effect on saw-
tooth behavior due to ECRH profile modification
may also be measured.
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T.(0), and V for Z30 kil of heating at x§ = 0.

tlectron-cyclotron heating in tokamaks

0. C. Eldridge W. Ramkisng
Electmn-cyclotron heating can be shown tc
be an efficient process in tokam ks with densi-
ties below a critical point where the wave
frequency equals the plasms frequency. The
polarization of the electric fields at the
cyclotror resonance is such that heating rates
are proportional to electron temperature and
inversely proportional to density. The slow
wave launched from 3 waveguide aperture will
be almost completely absorbed for current
tokamak parameters. Absorption coefficients for
the fast wave are smaller but still adequate.
The perpendicular energy of the bulk of the
plasma is increased for both polarizations.

3.4.3 Reacting Plasma Model ing

A. T. Mense S. €. Attenberger

We have developed a one-dimensional multi-
fluid transport code which incorporates a heating
and diffusion and divertor collection physics
into the basic structure of the transport simula-
tion codes already in existence at ORNL. A
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beccheark study was made of avaiiadie neyiral
particle Codes against each other and against the
three-dimensione. Yorte lario coce developed tx
6. 5. Keliey. 7“-e neutral profiles determined =y
ail the schemes agreed within 2 factor of two for
the optically thick :asmas relevant to large
fusion plasmas Tnermaliy stable, ignited,
plasss equilidrium profiles have been gererated
for t=e NS study assuming 3 perfectly collecting
diverior and a uniforr peliet injection profile.
More detail is given in Sect. 3.6.5.

J.4.4 Tckamak Model Deveiopment

J. T. Hogan J. K. Munro E. M. 0510w

The Oak Ridge Tokamak Transport Code {ORTTC)
has beer: ‘Sproved i its de.criplion of several
izportent areas. This section susmarize; these
developments, whiie the abtstracts convey the

results obtaired through the use of the models.

Axiswmelric transpord

J. T. Hogan D. £. Stevens' 3. M. Nelson

It has been apparent for some time that a
phencmenological treatment of the axisymmetric
transport probles would yield valuable informa-
tion. Indeed, quasi-static axisymmetric trans-
port calculations (requiring <5 equilibrium
calculations/problem) were performed some time
ago.*! With the availability of the NMFECN and
the ISLAND Code module developed at the Lourant
institute (New York University), it has became
practical to do a fully axisymmetric treatment
of transport, including the full variety of
neutral gas, neutral beam, and impurity processes
which play a role in tokamak dynamics. In partic-
ular, thc code now nas the capability to calcu-
late the complementary processes of adiabati.
toroidal compression [Fig. 3.18(a)] and rapid
flux conserving heating (Fig. 3.i8(b}]. Mo
assumptions about instantaneous compression or
instantaneous heating are required, and the code
allows the testing of models for each of these

*
Courant Institute, New York University.
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Fig. 3.18. (a) Pressure profiles as a function of time during
adiabatic compression. (b) Pressure profiles as a function of time
during rapid neutral beam heating.

processes. Two interesting results may illus- and by Jensen, Post, et al.®5

trate the rationale. 2) As discussed elsewhere in this report (cf.
Sect. 3.2}, flux conserving equilibria

of fer the prospect of enhanced economic
performance for magnetic fusion. As an
illustration we present codz calculations
of this concept which extend the original
developments a step further. Figure 3.20
{a-d) shows the evolution of plasmsa param-
eters in a discharge isolated from the
timiter and subject to intemse neutra)

beam heating. We see that although the
plasma parameters vary by wide margins, the
q(y) profile remains froze. and 1igh pres-
sures are attained. Although some impurity
dynamics are included [e.g., Fig. 3.20(d)],
we should stress that this is a rather opti-
mistic depiction of the situation and is
intended only to test the theoretical con-
cept by relaxing some previous constraints.

1) For adiabatic compression, as in Fig.
3.18(a}, the code follows the plasma evolu-~
tion merely by increasing the applied
external vertical fieid. MWe can then con-
firm the ideal scaling Taws62 except in
one important aspect: as noted in the
Miabatic Toroidal Compressor {ATC) experi-
ments,b3 electron heating fell below the
expectations of the ideal adiabatic scaling
liws. While the compression time in the
experiments was comparable to the confine-
ment time of the precompressed plasma, the
subsequent cmpression should have raised
e by the compression factor, €, according
to the empirical rule 1 = naZ, An alter-
nate explanatfon is provided by the follow-
ing calculation: we assume a small density
of high-Z impurity is present (<0.05% ne)

in the precompressed plasma. In this 1llus- Boundary mode]
tration we choose tungsten {instead of the J. T. Hogan  F. B. Marcus  S. £. Attenberger

molybdenum used in the ATC limiters. As
shown in Fig. 3.19(a) the electron density
rises as the plasma {s compressed, while
the electron temperature does not rise
[Fig. .19(b)]. For these studies we have
used radfative rates calculated by Tarters

The atomic and molecular physics package
developed by F. B. Marcus and S. £. Attenberger
for their start-up investigations (cf. Sect.
3.5.1) has been adapted for use in an internally
consistent description of the plasma-wall inter-
face in a conventional 1imiter bounded tokamak.
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The model is specifically aimed at settling the
qestion of how many wall-produced impurity ions
survive to reach the tokamak discharge and incor-
porating the results cf basic findings on the
rates of ipurity evolution. Such processes as
photo-electron simulated and direct-electron
simylated desorption, charge-exchange desorption,
and sputtering have yet to be quantified for
present tokamak devices, and fyrther experimental
results will be needed to validate the boundary
mode] 66

Beam deposition module

J. T. Hogan
D. J. Beckett

J. A. Rome
R. H. Fowler

The impurity beam trapping instability de-
scribed earlier (Sect. 3.3.4) can be ameliorated
by more nearly perpendicular injection. Because
previous studies of the beam deposition process
have been limited by tie restriction of drift
orbits to be shifted circles, the inclusion of
the new Rome, Beckett, and Fowler beam deposition
module has expanded the scope of the code as the
question of neutral beam penetration of large,
dense, impure plasmas becomes crucial in the
further development of neutral injection
heating.5?

Neutral transport

J. 7. Hogan
£. C. Crume, Jr.

L. M. Petrie G. D. Kerd
0. W. Hermann

The adaptation of the XSORN neutron and
photon transport code into a neutral transport
module has been described by Crume et al,6?
This neutral transport module has been incorpo-
rated in ORTTC (see Fig. 3.21) and can be used
when its accuracy s needed.

3.5 PLASMA ENGINEERING

S. E. Attenberger J. D. Callen 6. D. Kerbel
F. B. Marcus D. G. McAleest J. R. mmally, Jr.
A. T. Mense K. €. Rothe R. D, Sharp
D. J. Strickler N. A, Uckan

Plasma engineering applies and coordinates
specialized theoretical plasms physics techniques
and models to applied areas of fusion energy
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research, development, and engineering as needs
arise or are anticipated.

3.5.1 Plasma Stll’t-ug"ﬂﬂ
f. B. Marcus S. E. Attenberger

The start-up phase of a tokamak plasma is
modeled by coupled equations for the average
density and temperature of HY, HZ, Hy, K3, e,
and for current- and time-dependent oxvgen
jonization levels and riaiation. Tne physical
processes include ionizatiw.:. dissociation, re-
combination, excitation, charge-exchange, energy-
dependent neutral wall reflection, ohmic heating
(OM) from elastic collisions, bremsstrahlurg,
Coulomb transfer, diffusion, refluxing, and
runavay electrons. These equations are used to
describe the current rise phase of ORMAK. In
general, the temperature is nearly equal to 3 eV
wtf] the neutrals are ionized and then rises
until Timited hy oxygen impurity line radiation
if sufficient oxygen is present. This radfation
power 10ss decreases when the 0 VII state is
reached. In large tokamaks such as TNS, large
Toop voltages and much lower impurity levels than
in present experiments are required to obtain
breakdown.

An example of the result of insufficient
voltage (50 V) applied to a large tokamak is
shown in Fig. 3.22. The tokamsk parameters are
Ro =5m,a+1.25m, b/a = 1.6/1, By =437,
inftial llg density = 0.2 x 1020 m~3, and no
oxygen impurities. The H) density decreases,
but levels at half its original value. The
temperatures equilibrate at 0.002 keV, limited
by ll‘l' excitation radiation. To achieve break-
down, espectally if impurities are present, may
require several hundred volts/turn.

3.5.2 Magnetic Field Ripple Effects
N. A. Uckan

J. D. Callen

The ripple produced by the finite number of
toroidal field (TF) cofls destroys the ideal

K. T. Tsang

'Group Leader, December.
1'(iv-oup Leader, January-November.
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calculates the newtral dessity behavior.

axisymmetry of the magnetic field configuration
and s respomsible for additional particle
trapping, 10ss regions, and plasma transport.

The ripple can lead to enhanced plasma transport
by two separate mechanisms. In the first, known
as ripple trapping, particles can become trapped
in the TF minfma between the coils and experience
a vertical guiding center drift which, in the
presence of weak collisfons, leads to ripple dif-
fusion. The second mechanism of enhanced fon
heat conduction is due to the ripple-induced
radial drift of the banang drift orbit centers
(cf. Sect. 3.3.1). The enhanced transport losses
in ctroular sand noncircular tokamaks due to field
ripple, including radial and poloidal variation,
83 vl as fast fon losses by ripple trapping,
have been calculated.

Ripple-trapped diffusion’!
N. A. Uckan

K. 7. Tsang J. D. Callen

Ripple trapping affects only a relatively
small group of particles, namely those with v'
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Fig. 3.22. Plasm startwp in TS (llo =5 m).
An syplied woltage of 50 V/twrn is insufficient
for complete foaization. K] and K) are the den-
sities of atomic and mlecular hydvrogen, and
Tes 1. T;, 'l?, T; are tesperatures of electrons,

e 10, %

{parallel velocity) so small that they can be
trapped in the ripple, f.c., ¥, < 8%, where

82 (B, - Bain)/(Bgay * Byqp) 15 the rippie
depth and V is the particle speed. The ripple
depth varies with poloidal angle; thus, the
induced fon heat transport varies as well.
Because § 1S usually maximm on the aidplane

at the outer edge of the torus, the flux-surface
averaged fon heat tranmsport due to ripples is
Tess than that which is estimated when the
poloidal varfation s neglected.’?2 The geometry-
dependent factor (6) in the fon heat conduction
coefficient characterizing this effect in 3 case
with shaped TF cofls s shown in Fig. 3.23 for
various plasma cross sections and consequent
magnetic field dependences on the poloidal angle
(e). The basic conclusion to be dram from this
figure is that, as long as the plasma and TF
cotls have roughly the same shape (5o that the
distance between them is roughly constant as a
function of poloidal angle), the effect of poloi=
dal variation is to decrease the induced ion heat
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Fig. 3.23. The geometry dependent factor,
6, in the ion heat conduction coefficient as &
function of ripple well depth parameter o
= r/m(m q is the safety factor and N is
the of coils) for a given coil configura-
tion and various plasma cross-sections] shapes:
(1) circular, (2) D-shaped, and (3) elliptic.
Insert (a) shows the torofdal field coil and
plasma surface cross sections. Insert (b) shows
the variation of ripple over the plasma cross
section with poloidal angle 6.

conduction by a factor of three to ten. The
ripple-induced ion heat conductivity in a non-
circular cross-section plasma is slightly less
by a factor of o, where o is the elongation,
than that in a circular cross-sectfon plasma.

Fast fon losses?3
J. 0. Callen K. T. Tsang

At the higher ion energies typical of
neutral besm particles injected into large de-
vices (2100 ka¥) or o particles produced from
D-T fusfon (3.5 MeV), the fons can be lost

N. A. Uckan
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directly or indirectly by ripple trapping effects.
For an isotropic source of a particles, the
fraction of these particles initially trapped

in ripples (\6T) will be lost directly. Those

a particles that are not lost ismediately after
their production can be lost by diffusing into
the ripple loss region during the slowing down
process by pitch angle scattering. This problem
has been investigated by solving the bounce-
averaged equation governing fast ion slowing down
and scattering processes for the spproximate o
particle distribution function in the presence
of the ripple loss region. In defining £, as the
energy below which the particles are so colli-
sjonal that they are detrapped before they can
drift out of the machine and Ec as the critical
energy belos which the particle distribytion be-
comes isotropic, it is found for o particles

that E, is Imrtmnicml)Te'\-mm.
Thus, ripples will cause most of the a particles
to become ripple-trapped and drift vertically out
of the plasma; however, because its initial
energy (3.5 MeV), E,» 1S much greater than the
typical energy at which it is lost, Ec. the
average a particle will deposit most of its
eneryy before drifting out,

For neutral beam heating, the injected ions
have an £, > € (except near the outer edge of
the plasma) for typical fon energies and coil
designs.”’! Thus the vertical drift from ripple
trapping of injected ions (parallel injection or
perpendicular fnjection with an angle grrater
than sin™? (/25)) is not expected to cause
appreciable loss.

Numerical calculatfon’

N. A. Uckan

T. Uckan- J. R. Moore

A computer model (RIPPLE) was developed to
examine the magnetic field ripple effects on
plasme transport and on scaling in circular and
noncircular tokamaks. Calculations include the
radial and poloida) variation in the magnitude
of the field ripple. Two main magnetic field
compyter programs were used to calculate the
magnetic field due to current flowing in a coil
of finite rectangular cross section: BFULT for
tori of circular cofls, and BOVAL for tori of
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noncircular coils. Results relevant to the
ORMAX Upgrade, ORNL EPR, and TNS designs are
obtained, and the criteria for the choice of the
mmber of TF coils for a given tokamak configura-
tion are discussed.

3.5.3 Poloida] Field Design

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

F. B. Marcus
J. R. Moore

Poloidal field design for D-shaped plasma
in an ignition tokamak

Y-K. M. Peng

Based on the equilibrium results in a flux
conserving tokamak,!3 proper PF systems for a
high-8, D-shaped plasma have been determined for
an ignition tokamak. It is found that a rela-
tively simple equilibrium field (EF) coil con-
figuration (Figs. 3.5, 3.6) is sufficient and has
the following characteristics.

D. J. Strickler J. R. Moore

1) It can shape and center plasma equilibria
for a wide range of 8 values, both in FCT
and non-FCT modes.

2) It retains the magnetic field shielding
(STATIC) in that the volt-seconds and PF
system power supplies are reduced and the
EF currents are largely driven by inductive
effects.

3) It admits a natural PF divertor configura-
tion that requires only 0.4 lp additional
ampere turms at a distance from the plasma
edge of half the plasma horizontal minor
radius.

EPR with circular plasma cross sections

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

J. R. Moore
F. B, Marcus

A poloidal system with field shaping-
shielding coils for future reactor-grade tokamaks
that performs the following functions has been
evaluated.75-77

1) It provides the necessary equilibrium field
mostly by induction from the plasma.

2) 1t shields the superconducting TF coils
from the pulsed fields and thus enhances
their ability to reach higher toroidel
fields (Fig. 3.24).
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Fig. 3.24. Typical polnidal flux surfaces
of: (J a tokamak with magnetic field shielding
(STATIC); and (b) a similar tokamak with ¥F coils
external to the TF coils. The average polgidal
:i;ld at the TF cofls in (a) is 1/6 of that in
b).

3) It shapes the plasma cross section to a
D-shaped plasma with elongation 1.6 for
jmproved MHD stability against local modes
and higher plasma current density.”®

We have made some detajled comparisons of similar
tokamak experimental power reactors with and
without the shaping-shielding coils. These
include comparisons of:

1) the time-dependent poloidal fields that
intersect the TF coils,

2) the required amount of power and current
supplies to the PF coils,

3) the forces experienced by these coils, and

4) the dependence of the self-consistent
plasma shape on the plasms current profiles
and 8 poloidal values.



It is shown from these comparisoms that the
shaping-shielding coils system effectively per-
forms the first three of the four functioms, is
necessary for the fourth, and thus is comsidered
exceedingly valuable for future tokamaks with
D-shaped, high field, superconducting TF coils.

3.5.4 Particle Control

A. T. fiense

Much of the success of a fusion grade plasma
in reaching an ignition condition is dependent
upon particle control. By particle control we
mean regulation of both input rate and egress of
both meutrals and ioms, Z = 1 particles, and
impurities. Fueling in present plasmas is
accompl ished through a combinstion of recycling
(plasma ions hitting limiter and wall and
charge-exchamge neutrals), gas puffing, and beam
injection. Experimental progress in pellet
fueling is just beginming, and its success may
permit amother control knob for future fusion
devices. MWe have attempted in our particle
control work to assess fueling problems, sputter-
ing models, impurity deposition profiles, and
plasma transport fn both the central plasma core
and divertor regions of a tokamak. Results as
they pertain to TRS appear in Sect. 3.6.

3.5.5 Advanced Fuels

J. R. Wchally. Jr. R. D.Sharp K. E. Rothe

Mvanced fusion raactors may perwit the use
of cleaner fusion fuels than the classical fuel,
0-T. Studies are under way to evaluate the
prospects and requirements of advanced fuels;
such studies may be important to closed sirror
reactor systems or other high-g systems.

Mvanced fusion fuel swbiosis

3. R. WcKally, 3r.  R. D. Sharp

Ashworth?9 proposed breeding e in large
D-D advanced fuel reactors located on reserva-
tions while many locally sited advanced fuel
reactor modules [150 Mi{e)] burn DHe in a clean
mode. The factor by which a D3He reactor is
cleaner of 14-MeV neutrons compared to a D-T
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reactor of equal power is F ~ 10 n(3He)/FBT n(D)
at 1’i A 100 ke¥. FBY = fractional burn-up of
tritium. F can exceed 100 and tritium and
P(neutroms) /P(total) can be down by over 100.
D3He high-8, iom-layer reactors also offer high
thrust and direct conversion prospects. Pros-
pects and requirements for such advanced fusion
fuel symbiosis have been evaluated.®0

Excitation heating of pellet fuels
to ignition

J. R. Nclally, Jr.

R. D. Sharp

Metastable carbon ions (C2**), which have
an inverted population at 1’e ~ 5 e¥, have been
proposed as catalysts to produce runaway ion
temperatures in long, dense, magnetically con-
fined carbon arcs (‘I’i ~ 500 eV ~ 100 Te)'" In
very dense pellet fuels the runany ion tempera-
ture is expected to be much higher and may lead
to ignition of D-T fuel in the presence of such
Be-1ike ions. Preliminary results on CD,T, and
(CoT} | pellets have been obtained. The T, 9"c
condition is also less demanding for such systems
than for pure D-T (C = required compression);
Tim < 10 ke¥. The microexplosion hazard should
be carefully examined {1 mg 0-T burn ~ 0.1 ton
TNT).

Advanced pellet fusion fuels®?

J. R. Nclally, Jr.

A survey has been made of D-T-enriched
pellet fuels. The increased bremsstrahlung is
offset in part by the much higher densities such
that the product of ignition tesperature and
required compression favors some of these ad-
vanced fuels, Tign is only about three to five
times that for solid D-T because of the steepness
of <gv> vs T, For ignition breskeven one has

MgPr<o> Qor

-27
1.4 x 10 netn‘lg

-n’

140, " y=

in the range of 3-10 keV and
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is given in Table 3.5. C is given by
(pa/aoao)llz. where o = liquid or solid density
and Ro = initial pellet core radius.

Ignition of a pellet fuel may permit the
generation of a high-5, mirror-confined plasma
for start-up; i.e., the pellet serves as a match
to kindle a possibly steady-state, nuclear fusion
burner.

Table 3.5. Macroscogic parameters
of pellet fuels

Fuel p (est.) K
i} 0.21 g/cm? 0.25
LiDy sTo.s 0.83 0.006
BeOT 0.97 0.009
8D, <Ty.s 0.77 0.010
cor 1.16 0.003
.1, 0.57 0.010
o, T, 1.03 0.004
00T 1.16 0.0015

3.5.6 Pellet-Plasma Interaction Theory

6. D. Kerbel

The gas flow field, which arises around a
pellet immersed in a tokamak plasma in the
vicinity of the pellet surface, is strongly
heated by incident plasma electrons. Th2 inter-
action of the electrons with the gas serves to
degrade he electron power flux responsible for
the pellet ablation process. Electron energy
and momentum deposition in the gas flow field
have been calculated. The result is a refined
self-consistent formulation of the ablation-
induced shield.

The free boundary problem

Solution of the quasi-steady-state multi-
fluid equations describing the pellet-plasme
interaction requires the formulation of boundary
conditions which are themselves determined by
the solution of the equations. The physics which
determines this free boundary aspect of the
problem has been evaluvated by means of an
intuitive mathematical abstraction. The calcula-
tion involves the effect on the boundary condi-
tions of the deposition of emergy and momentum
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in the ablatant flow as well as the iorization
and dissociation of the components of the abla-
tant.

The power transfer scheme

The processes by which the pellet ablatant
2bsords energy from the plasma in which the
pellet is immersed have been determined and cate-
gorized. The model relates the temperature of
the components of the ablatant to the atomic,
molecular, and plasma physics involved.
Conduction, convection, and heat source terms
have been formulated and associated in a coupled
multifluid quasi-steady-state mathematical
framework.

3.6 TRS PHYSICS

S. £. Attenberger F. B. Marcus  D. 6. McAlees
J. R. McNally, Jr. A. T. Mense Y-K. M. Peng
J. A. Rome  N. A. Uckan

3.6.1 Tokamak Plasma Systems Simulation®3,8"

S. E. Attenberger F. B. Marcus D. G. McAlees

Two tokamak system simulation models, one
time dependent, the other time independent, have
been used to mode] plasma behavior. Temperature
and density profile effects have been included in
the sputtering and radiation calculations.

Recent experimental and theoretical results
indicate that high density and high-8 plasmas can
be achieved. It is found that high density
permits ignition in a relatively small, moder-
ately elongated plasme with a moderate magnetic
field strength. Under these conditions, neutron
wall loadings of 4 Mi/m? must be tolerated. In
Fig. 3.25 the plasma radius for ignition and g
is plotted as a function of density at three
axfial toroidal field strengths for a fixed
temperature of 13 ke¥ and one-tenth trapped
particle scaling. One possible ignition con-
figuration is Ro =5m, a=1.25m, b/a = 1.6/1,
&, =437, lp s 4 WA, le = 2.2 x 1020 @3,

T=13ke¥, 8 = 0.4, Pfusion = 1510 M.

.Group Leader.
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The sensitivity of the ignition and burning
process to the level of impurity control has been
investiqated. In Fig. 3.26 the time-dependent
plasma fon temperature is shown for various
impurity contro) efficiencies. The charged
particle screening efficiency n__ equals 1 - nin,,
where n; is the fraction of the outward plasma
flux hitting the wall and n, fs the fraction of
sputtered impurities which diffuse into the
plasma. For charged particle efficiencies of 99,
95, and 903, 2 bumning equilibrius 1s reached
after 8-10 sec using 75 M of neytral besm injec-
tion. lhen the efficiency is reduced to 80%, a
steady burn is not achieved, and periodic beam
heating is required.

If it §s assumed that neutral beams will be
used to heat the plasms to ignftion, high energy
injection is required (about 250 ke¥) when
heating 1s attempted at full demsity. A more
attractive scemario s fllustrated in Fig. 3.27.
Heating is initiated at low density with good
beam penetration. The demsity is increased by

fueling at a rate which does not cause a decresse
in plasma temperature. Full density and ignition
are achieved after four sec. The low density
start-up ensures that significant heat will bde
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Fig. 3.26. Impurity buildup effects on the

operating parameters for various ispurity control
efficiencies.

deposited at the center ever with 150-keV DO
beams .

3.6.2 Ripple Effects in TNS

R. A, Uckan

The theory of magnetic field ripple effects
has been studied to include the effects of
noncircular cross sections such as those encoun-
tered in high-8 equilibria; Sect. 3.5.2
susmarizes the findings of the study.

RIPPLE was developed to examine the field
ripple effects on plasma transport and scaling
in circular and noncircular tokamaks. A major
question that arfses in the design of tokamak
devices is the choice of the mumber of TF cofls;
this sumber is determined by cilculating the
mxims TF ripple that can be tolerated from
plasma physics comsiderations without seriouwsly
restricting the design of the mechamical support
system for the blanket and shield and by the
necessity for access to the newtral beem injec-
tion. From the plasma physics point of view:
(1) the overa)l enhanced hest loss due to ripples
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Fig. 3.27. Plasms density buildup during
Tow density start-up procedure.

should be less than the total heat conduction
loss due to neoclassical and trapped particle
wmodes; and (2) fast ion losses due to ripple
trapping should have no significant effect on
power balance.

In order to optimize the design with
tolerable field ripple, acceptable access space,
and reasonable cost, it is possible to change:
(1) the number of TF coils, (2) the coil bore
dimensions, (3) the shape of the TF cofls, or
(4) the plasma location in the TF coils. Trade-
offs »mong these altermatives have been studied
for a given tokamak configuration (ORRL EPR, TNS,
etc.) to provide information necessary for
optimization.

3.6.3 Reutra) Beam Penetration Strategies
n Large, Tokamaks

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

The new beam deposition code described in
Sect. 3.3.4 ws used to study beam penetration
in large, dense tokameks, and in particular,
™s. Asabauuu,ntwk!o-Sl.a-I.zs
w, I =43M, J«[1-(r/a)2]2, e ™ M " 3
x 10'* [1-(r/2)2] w2, and an injection angle
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of 16° from perpendicular. Brute force injec-
tion of deuteroms at 300 keV seems to give mar-
ginal penetration with Zeff =1, If zeff > 1.5,
the beam deposition is peaked towards the owtside.

However, we feel that a more subtle approact
will work at an injection energy of 150 ke¥.
Suppose that the plasma starts at a full bore,
but at low density [n (0) = 5 = 102 ). I~
this case, H(r) is strongly peaked [Fig. 3.28(a)].
In an FCT, as B increases, the magmetic axis
moves out, and hence the beam penetration dis-
tance is decreased. 8y judicious use of fueling
techniques such as pellet injection, density can
be increased along with 8 so that the plasma
arrives at the final flux conserving equilibrium
(Fig. 3.29). In this state, the plasma ic heated
on the outside by the beams and near the center
by the fusion prodused a particles. Figure
3.28(b) shows the beam deposition in this final
state where, at 8 = 152, the magnetic axis is
only 65 cm from the outer limiter.
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Fig. 3.28. (a) Injection into s full-bore
but low density TNS plasma. (b) Injection into
a B = 155 high density TS plasms with strongly
shifted flux surfaces.



Fig. 3.29. ORML FCT flux surfaces.

3.6.4 Dissipative Trapped Ion Loss
ects 1n

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

The advanced fuels reactivity code has been
applied tec TS in order to evaluate the effects
of various dissipative trapped fon mode fractioms
(FTIN) on steady-state, point equilibrium reac-
tivity properties assuming cold fuel feed of 0-T.
The sensitivity of the degree of reactivity to
FTIM, varying from 10-€¢ to 107, poses important
operation problems (quench at FTIM = 10° and
over-reactive at <10-1). TRS would burn only
marginally at FTIW = 1071, Figures 3.30 and 3.3}
show some parametric variations due to differing
FTIR values. At FTIM = 10°2 the neutron power
would exceed 12 Mi/m3 and the neutron wall
loading would be about 9 Mi/m?. It should be
noted that the dissipative trapped ion mode is
yet to be observed experimentally; thus the
seriousness with which one should tak: these
conclysions with respect to THS is not clear.

3.6.5 TS Equilibrium Profiles
A. T. Mense S. E. Attenberger

Using a one-dimensional transport code
(cylindrical geometry) we have found a set of

(thermal) equilibrium profiles for INS. These
are found self-consistently and include the
effects of divertor losses (both particle and
energy}, radiation (2, = 1 assumed), particle
correction, and thermal condiction. Production
of a and energy deposition in the plasma are
treated and a fusion D-T particle siak is kept in
the continuity equation. Fresh fuel is supplied
through the use of an assumed flat pellet depasi-
tion profile. More realistic models are no
beirg investigated. The diffusion coefficient
and thermal diffusivities are iaken to be one-
tenth trapped particle and are comsistent with
confinement times produced using empirical
scaling at ignition. Due to the presence of
the divertor, the edge density is low. This
enhances the presence of the trapped ion mode,
particularly when the a energy canmot be lost

by radiation (Zeff = 1 assumed, also .Myn 7/

n, = 0) and therefore temperatures are kept
relatively high (>2 ke¥}. It is aot yet knowm
whether or not one can achieve these high
densities and temperatures using conventional
techniques (e.g., gas puffing, neutral besm
injection, small radius start-up). MNork is
currently under way to investigate the after
breakdown to ignition phase using a ome-
dimensional transport/two-dimensional D code.
Figure 3.32 fllustrates the output.

3.7 ELMO BUMPY TORUS REACTOR STUDY

M. A. Uckan  E.S. Bettis 0. A. Ehst’
C. L. Bedrick, Jr. J. S. Herring' E. F. Jaeger
D. L. Kaplan' L. M. Lidsky' D. 6. McAlees

D. B. Nelson L. W. Owen A. Pant'
R. E. Potok J. F. Roberts R. T. Santoro
D. A. Spong M. L. Watts H. T, Yeh

The EBTR study was initfated in early 1976.
Its objective is the evaluation of the potential
for achieving a commercial fusion reactor based
on the EBT confinement concept, which s an

'Group Leader,

flllss«:husetts Institute of Technology.
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altermative to other mainline confinement sys-
tems. High 8 and steady-state operation
distinguish an EBT system.

In 1976, the study was performed jointly
with participants from MIT and Exxon Nuclear Co.,
Inc. A scoping and definitional study has been
completed and is aimed at determining size,
engineering physics, techmology, and operating
characteristics of a realizable plant. The
resylts of the first year are in the form of »
general feasibility study which includes such
things as several plasma, blanket, and engineer-
ing options. In 1977, the effort will be devoted
to continued and more detailed examination of
specific subsystam options and the selection of
3 reference reactor.

A susmary from ORNL/TM-5669, which describes
the 1976 work on EBT, is given below.

3.7.1 The ELM) Bumpy Torus Reactor (EBTR)
Reference Design®s

The goal of the EBTR study is the evaluation
of the EBT confinement concept as the basis for
development of . commercial fusion power reactor.
A multidisciplinary, self-consistent treatment of
EBT reactor scaling and design has been completed
and a reference design (EBTR-48) has been devel-
oped. This design, based on a realistic plasma
mode] and relatively conservative engineering
parameters (i.e., 1-Mi/m? neutron wall loading
and 3 7.3-T maximum toroidal field), is a steady-
state, ignited-mode system with high plasma power
density and aspect ratio. The total thermal
power of EBTR-48, exclusive of blanket multipli-
cation, is 4000 MN; the design is based
on a standard module, and the design power level
for a particular plant is determined by the
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Fig. 3.31. Power variations for TNS vs
fraction trapped ion mode (FTIM) for steady-state
DT burn. Pu,q = neutron and blanket (4.8 Me¥/n)
power; P. = neytron power; PCHPE = charged parti-
cle escape power; PRAD = bremsstrahlung and syn-
chrotron radiation power, PTOTAL = pm + PCHPE
+ Pogp- Mote: at FTIM = 10°%, n_/n, = 0.23,
"pl"e = 0.22.

number of modyles used. Several design variants
have been investigated in detail to illustrate
the effect of near-ten and advanced technologies
and to fllustrate the design freedam offered by
devices with Tow field and high aspect ratio.

The high aspect ratfo simplifies many aspects of
the design, most notably those associated with
remote maintenance, accessibility, and repair.

It appears that a commercially successful EBTR
could be constructed with only slight advances in
existing technology if the present understanding
of the physics can be extrapolated to the reactor
regime and does not differ markedly from the model
developed for this study.

3.7.2 EBTR Reference Design Parameters®

A summary of the first reactor study based
on the EBT confinement concept is presented here.
An EBTR reference design has been developed and
made consistent with the requirements of plasma
engineering, plasma physics, 'aagnetics, neutron-
ics, and design engineering. Preliminar, power
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balance caiculations suggest that the toroidal
plasma should be heated to ignition conditioms
using neytral beam injection and that the stabi-
lizing relativistic elzctron rings should be
sustained by micromaves. Figure 3.33 is a pian
view of the system, and Table 3.6 shows the
fundamenta) parameters for the system. The power
output and <eutron wall loading in the EBTR
have been taken to be similar to the values
assumed in low-8 tokamak system studies in order
to facilitate comparisons.

ORNL-OWG 77-6457

l.—+ SEPARATRIX

T 215 kev

T L FIRST waLL
Ne6x10Om3 .

r/a

Fig. 3.32. Assuming spatially flat fueling,
centrally peaked profiles of density and temper-
ature are derived self-consistently.

The reactor is fueled by deuteriua and
tritium and operates in the ignited mode.
produces 4000 Mi(th) exclusive of blanket
multiplicatifon. This is consistent with a source
neutron wall loading of 1,1 Mi/m? and a fusion
power density of 3.4 Mi/m3. The confining mag-
netic field at the midplane is 2.5 T, which
gives a B of 0.25. The magnetic field is pro-
duced by forty-eight 6-m-bore superconducting
colls. The mirror ratio is 1.8 so that the field
strength in a magnet throat is 4.5 T. The major
radius of the device is 60 m, and the plasma
radius 3s 1 m, so that the plasma aspect ratio
is 60.

A final decision on the means of heating the
EBTR piasma has not been made, but the frequency

It
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Table 3.6. EBTR reference parameters

Plasma radius, a (m)
Aspect ratio, A
Major radius, Ro (m)
Mirror ratio, M

lon temperature

Ion density, N, x 10-20

Beta, 8 (%)

Magnetic field on axis, BT (1)
Number of coils, N

Power, Pth (o)
Power density, Pth/vp (Mi/m3)
Neutron wall loading, L (M/m2 )

Cold zone, § (m)

8lanket and shield thickness, tsb (m)
Coil inner radius, r (m)

Current density, J. (A/ce?)

Coil radial thickness, tc (m)

Coil half length, L/2 (m)

Gemphasis to date has been focused on EBTR-48.

b
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EBTR-48%

1.0
60
60
1.78

15
1.2
25

2.5-4.5
48

4000
3.37
1.13

0.2

1.78
2,95
1500
o.n
1.30

BTR-24°

1.25
24

1778
3.0

1.0
30
30
1.78

15
2.13
42

.5-4.5

24

5300
9.0

0.2

1.75
2.95
1500
0.N
1.30

Alternative smaller size reactors with increased neutron wall loading are presently under study.




requirements, if microwaves are ysed, are com-
patible with those of components under develop-
ment. A magnetic field of ~4.0-4.5 T exists
near the magnet throat where the resonant fre-
quency is 120 GHz, suitable for background
plasma heating. Because of the decreised density
and field strength in the regicn of the stabi-
1i2ing annuli, microwave frequencies less than
this by a factor of two may be acceptable to
sustain the annuli (60 GHz, 0.2 Md/sector) but
use neutral beam injection (150 ke¥, ~150-200 MM
total) to heat the plasma to fgnition.

The self-consistent relationships between
the geometrical and power production parameters
are obtained, and the major theoretical physics
aspects of a reactor plasma are studied.

The high aspect ratio EBTR configuration
affords several design options in the areas of
materials, primary coolant, blanket and shield
arrangements, superconduct.ng magnets, and
maintenance procedures. Two blanket and magnet
shield concepts have been developed. The first
blanket uses a stainless steel structure, natural
lithium for breeding, and a eutectic nitrate salt
for coolant. The associated shield materials
are stainless steel and borated water. The
shield is cooled by circulation of the borated
water. The second design includes a Nb-1% ZIr
first wall, a stainless steel structure, and
natural lithium both for breeding Ind as the
coclant. Electromagnetic pumps are used to
circulate the litkium. The magnet shield in
this case is composed of concrete loaded with
austenitic iron shot (40 by volume), and is
cooled by CO,.

Two superconduct.ag magnet alternmatives
have been examined. In both cases the magnetic
field and cofil loading are nearly symmetrical.
There is nd need to use D~ or oval-shaped coils
to minimize bending moments, so coils with a
circular shape are used. The first magnet
system option has 48 NbTi superconducting magnets
operated under pool-boiling conditions. The
average current density in the windings 's 1550
A/cml, which results in a peak field strength of
7.3 T in the winding and 4.5 T at the magnet
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throat. The second option has 48 NbTi-NbjSn-
composite superconducting coils cooled by super-
critical helium under forced-flow conditions.
The peak fields in the Nb3Sn and NbTi windings
are 10 T and 5.2 T respectively. The average
current density in the high field windings is
2000 A/cm?; in the lower field windings it is
4000 A/cm?. Both options are fully stabilized
and include current dump protection circuitry in
case of a magnet fuilure.

Since impurity production and behavior in
the reactor cannot reliably be predicted with
certainty and since these will be critical to
achieving ignition and steady-state operation,
this area was treated conservatively. In one
case a system with a toroidal divertor was
studied. Energy and particle fluxes are accommo-
dated by the divertor. Alternatively, a case
was studied for which it was assumed that
impurities are controlled, but the full energy
flux from the plasma must De tolerated by the
first wall. The latter system without divertor
has significantly more stringent design criteria
for the first wall thermal hydraulic system since
it must handle 203 of the total thermal output
power and 8% of the neutron energy.

There are two structural arrangement
options. In either, the torus is modular to
facilitate assembly and remote maintenance, and
both approaches allow standardization of the
major EBTR components. That is, standard mag-
nets and modules can be fabricated and assembled
into toroidal configurations of different major
radii. Forty-eight coils are needed when the
major radius is 60 m. The minimm size device
which is compatible with the standard module
concept has a major radius of 30 m and requires
24 coils. The power output in the latter case
is 1775 Mi(th) for 2 neutron wall loading of
1 Wé/m? and can be S300 MM(th) if 3 Mi/s? can
be tolorated. Standardization has broad impli-
cations for commercialization.

Preliminary neutronics analyses of the
blanket options discussed earlier have been
carried out using the one-dimensions] discrete



ordinates code ARISN to assess the nuclear per-
formance of the two proposed blanket-shield
designs. The ability of the blanket assem-
blies to recover the kinetic energy of the
fusion neutrons and secondary gamma rays in the
form of heat, to breed tritium, and to reduce
the radiation which is incident on the toroidal
magnet coils was used to evaluate the nuclear
performance.

3.7.3 Principal Contributions

A myltidisciplinary, seli-consistent treat-
ment of an EBTR includes participants and con-
tributions from five basic disciplines: plasm
engineering, plasma physics, magnetics, neutron-
ics, and design engineering. The most important
considerations in each of these areas are given
below.

Plasma engineering

Plasma engineering uses the results from
applied physics analyses to design fusion sys-
tems. The design process in EBTR is difficult
because some of the critical aspects of the sys-
tem and its behavior are not well understood at
present. It is necessary to make plausible
estimates of the parameters and to retain flexi-
bility so the design can accommodate new results
from theoretical and experimental programs. This
approach generates design criteria which define
the appropriate directions for engineering and
technology development efforts.

The fundamental plasma and device character-
istics, system economics, and techmology consid-
erations for a commercial reactor of about 4000
Mi(th) have been studied. The neutron wall
loading has been restricted to values near
1 mi/e?. Although modest increases in wall
Toading improve system economics, 1oadings above
3 or 4 Mi/e will almost certainly be uneconom-
ical due to reliability and pumping penalties.

The plasma size is determined by specifying
powar output, power density, and neutron wall
loading. Plasma dynamics simulations, equilib-
rium, and drift orbit calculations show that a
plasma radius of about 1 m is adequate to attain
ignition, assuming neoclassical and/or classical
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scaling; however, no definitive basis for the
size required for the reactor plasma has been
developed. As in the other system studies, size
and plasma parameters are deterwined self-
consistently from theoretical models, bu® the
ultimate values will be determined by experimen-
tal results which validate the assumptions used
or provide the basis for changing them.

Plasma physics

The plasma physics areas which determine
e EBTR operating characteristics are:

{1) particle orbits and their effects on
efficient use of the plasma chamber volume;
(2) plasma stability and equilidbrium; and
{3) scaling, transport, and modeling.

For a high-8, steady-state system, the
plasma equilibrium, particle orbits, ambipolar
electric field, and transport phenomena are
closely coupled to one another, and an adequate
treatment of any one requires consideration of
the others. A self-consistent treatment of this
coupled <~.. of proviems for a large-scale EBTR,
while .2ing vigorously pursued, is not yet
avatlable. Intermediate and/or partial answers
have been used to proceed into the full self-
consistent treatment.

Magretics

The EBTR magnet system designs are deter-
mined by considerations of scaling, conductor
design, coil design, cryogenics, and protection.
Aside from the plasma constraints, the main goal
is the design of coils which could be built with
existing technology or with technology which is
the immediate goal of existing development
programs,

Independent of plasma physics considera-
tions, thne mmber of coils, mirror ratio, coil
radius, and the r~ ctor major radius can all be
relat~4 by the geometry of the vacuum magnetic
ficlds. Plasma physics considerations further
relate the allc4able mirror ratios to the aspect
ratio, electron ring 8, stable plasma volume,
magnetic axis shift, and similar quantities.

An interesting possibility is that the
magnets may be made modular and used in reactors
of different sizes. As long as the ratio of



major radius to the mamber of coils is fixed,
the field strengths produced by modular magnets
of the same size are ne* sensitive to the size
of the raactor.

Neutronics

Preliminary nevtronics analyses for the ESTR
designs have been carried out using the one-
dimensional discrete ordinates code ANISN to
assess the nuclear performance of proposed
blanket-shield designs. The capability of the
blanket assemblies to recover the kinetic energy
of the fysion neutrons and secondary gamma rays
in the form of heat, to hreed tritium, and to
reduce the radiation incident on the toroidal
magnet coils was evaluated.

Design engineering

The EBT reactor study has considered the
mechanical design of the following: (1) the
first wall, (2) the nuclear blanket, (3) the
radiation shield to protect the coils, {4) the
superconducting coil support, and (5) the con-
crete enclosure and biological shield. The
design was carried to sufficient detail to dem-
onstrate fabrication and remote maintenance
feasibility. The stresses will be within accept-
able limits, and the required heat removal will
be possible.

Because the EBTR has a high aspect ratio
and relatively wice magnet spacing, it is
possible to design one module that can be used in
machines of various sizes. The module is com-
posed of the first wall, blanket, shield, and
coil. This concept of standardized modules is
extremely favorable in the context of a fusion
reactor economy.

3.7.4 Sensitivity of EBTR Burns to
Catalyzed D-D

J. R. McNally, Jr.

K. E. Rothe

A preliminary survey of steady-state T or
He-catalyzed D-D nuclear burns in EBTR-24 has
revealed an extraordinary sensitivity to plasma
density (for T-catalyzed burns they quench at
ne = 101 on~3 but 8 exceeds 100% at e = 1.25
x 101 om-2), indicating *hat an extremely tight
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burn control will have to be exercised. A He-
catalyzed bure at n = 10!* o3 ran steady-state
at B8 ~ 62%; lower 8 operation may be feasible.

3.8 COMPUTING SUPPORT FOR FUSION ENERGY DIVISIGN

I. Burnett III R. D. Burris R. A. Dory
J. E. Francis, Jr. K. A. French R. K. Gryder
C. E. Hammons C. 0. Kemper R. M. Napier
D. R. Overdbey C. E. Parker J. W. Reynolds
0. C. Yonts

Following the arrangement set up last year,
computing support for FED is provided by three
distinct entitfes,

1) Problem solving and programming are
provided by the Computer Sciences Division
(CSD) applied programming staff, under
A. A, Brooks. Arrangements here are mude
primarily between the CSD staff and FED
persomnel who formulate the problems and
atch over the solutions.

2) The User Service Center (USC) DECsystem-
10 computer is administered by the USC
Operations group, supervised by R. K.
Gryder, and funded primarily directly
from ERDA. The primary us~s of tﬁe_;ysw
are as a remote job entry terwinal (RJET)
into the NMFECK and as a general purpose
timesharing facility for small-scale,
interactive computing jobs. Large-scale
jobs, of course, are directed to the NMFECN
central computer at Lawrence Livermore
Laboratory (L1}, to the extent available,
and to the UCC-ND computing facility.

3) The data handiing group is supported inter-
nally to provide coordination of the
development of experimental data acquisi-
tion systems and (where appropriate) the
interconnection or networking of the mini-
computers to permit datz transmission to
the appropriate devices for analyses and
storage of the data. The boundary between

’Group Leader.
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this activity and the previous one is
mecessarily indistinct because the appro-
priate device often proves to be the POP-
10, the COC 7600 at ilL, or the IBM 360's at
ORML. A Xigital Equipment Corporation
POP-11/45 plays the part of central mode

of the data network; interconmmection of
this machine to the USC DECsystem-10 repre-
sents a major factor in the work of 1976
and 1977.

3.8.1 User Service Center

1. Burnett III R. O. Burris R. A. Dory
K. A. French R. K. Gryder C. 0. Kemper
C. E. Parker

The USC provides the research staff of FED
with tools to use in solving problems. During
the past year, these tools have been signifi-
cantly improved.

A third P04 disk drive was added to the USC
PDP-10. The disk allocation is: - one drive for
active user file storage; one for swapping,
systems storage infrequently accessed, on-line
user file storage, and work space; and one
drive for mounting user disks.

During 1976, an increzse in memory size was
obtained through complex procurement negotiations
involving ERDA and LLL. An unusual temporary de-
1ivery of interim hardware resulted. The interim
NPEX A-10 memory was a constant source of
trouble until an essential control band physi-
cally exploded. AMPEX sent a replacement which
rectified all problems, and we had no more AMPEX
memory failures. That unit, however, was re-
turned to AWPEX wher: a new ARM-10 L memory was
Instalied in accordance with the LLL arrangement.
The new unit appears to be headed for an extended
period of questionable performance similar to
that er~erienced with the original ARM-10.

A snications front end consisting of a
DR87 with 16 asynchronous 1ines and 1 synchronous
1ine for interconnecting the USC with the POP
11/45 has been purchased. Installation is
scheduled for May 1977.

In the ares of software, continuous effort
has been devoted toward tuning the system for
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best performance. The 602 release of the TOPS-
10 monitor had several problems which prevented
it from working with the M¥EN configuration of
hardware. These problems were fixed here at Oak
Ridge, and the rumning monitor was shared with
other sites in the WWFECN. The Yirtual Memory
option was purchased but was not used until
January 1977 because of incompatibility with the
NNFECN software. The 602A release was obtained
in January 1977 and was installed with only
minor problems. Its main virtue is improved
handling of disk errors.

1t is a pleasure to report that the NMFECN
has attained a much higher level of reliability
and functionality. The implementation of ter-
minal traffic through the network has improved
Oak Ridge's access to the point that we now can
use the WFECN A-machine productively. While
credit for the development of this goes to
NMFECH, a great deal of local effort was neces-
sary in debugging and installing the software.

A major improvement in the usefulness of the
USC has resulted from ine acquisition and in-
stallation of the graphics software package,
DISSPLA, on the Oak Ridge USC. DISSPLA inte-
grated into the existing graphics software very
nicely and has enabled many users to produce
results in a fraction of the time which would
have been required with any other graphics
system.

Other software installed for specific
projects or purposes includes APL, Setgo de-
bugging compiler, and the IMSL 1ibrary of mathe-
matfical and statistical routines. The DECUS
1ibrary of programs is also available on a
mountable disk.

Another development which will have major
impact on the usefulness of the system is the
Standardized Network Command Languages which
has been developed for the USC. This consists
of a command interpreter which will take a
standard PDP-10 style commend with the addition
of a mode specification and initiate file trans-
fer to either the NWFECN or the ORNL network.
Full wild card specifications are possible, and
any valid device or queue may be spacified as
the destination,



The adoption of a generalized commmications
philosophy has enabled considerable progress in
the past year. File transfer between various
computers in the two networks is possible, and
the task of implementing additional capabilities
has been well defined. The cosmand may be
entered in on any system in the network for which
there exists a user interface. The file is then
transmitted with the commnd through the retwork
to the destination machine, and the destination
specification §s used to dispose of the file.

The disposition may be storage on any valid
device or submission into any valid queve includ-
ing Batch input, printer output, graphical
output, etc. User interfaces may be prograsmed
for each computer in a form supported by that
operating system. The specific implementation
now in final debug stages is the NET command on
the USC POP-10.

The USC has had a very good uptime and re-
1iability record due to the excellent maintenance
service provided by Digital Equipment Corporation.
The maintenance of terminals has been a major
problem. We discovered that paper manufactured
for the Texas Instruments terminals by one
supplier caused excessive print head deterfora-
tion.

Operational procedures and an operator's
guide are being formulated. Oocumentation is a
continuing effort, and the assistance of a
trained documentarian is being sought. A news-
letter announcing improvements is planned.

A major new use of the USC promises to be
the development of project managment tools and a
comprehensive management information system (MIS).
Several versions of PERT and CPM have been ob-
tained and are being investigated. Graphics out-
put is recognized as essential, but no adequite
graphical output device is currently available
within the Division. The MIS project has been
initiated and currently has a procurement module
operating. Plans include modules for cost
accounting, cost projection, manpower allocation,
and related project management tools. It is
estimated that the new system will require a disk
of its own for data storage and *:i11 use consid-
erable core and CPU resources. In support of
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that project, an additional disk and data
channel have been requested. The idea is that
if we can separate the swapping to a dedicated
channel, the MIS can operate without adverse
impact on existing computing projects.

dork is under way to Gefine a standard form
of graphical data for interchange between various
machines. It appears now that either (1) con-
siderable inefficiency must be endured, or
(2) different forms sust be provided to take
advantage of characteristics of specific types of
devices. This is caused by the fundamental
differences between vector and raster devices.

3.8.2 Experimental Data Handling Group

R. D. Burris J. E. francis, Jr. €. E. Hammons
C. 0. Kemper R. W. Napier D. R. Overbey
J. M. Reynolds 0. C. Yonts

The primary activities during 1976 involved
improvesent of the ORMAK data handling system
prior to the decommissioning of the experimental
tokamak device (o allow completion of the new ISX
tokamak. The data handling systes from ORMAK
will be carried over, with improvements, so that
a fully operational facility will be available
when ISX is completed. MNew instrumentation added
to the ORMAK/ISX system includes the Optical
Multichannel Analyzer, a Multichannel Analyzer,
and the Ultraviolet Spectrometer. Some data
analyses have been transferred downstream to the
PDP-11/45 coordinating computer.

An interim data handling system was set up
for the Plasma Heating Department at the
Princeton Large Torus beam test stand. Inftially
set up on a small PDP-11 supplied by Princeton
Plasma Physics Laboratory for this purpose, this
system has now been transferred over to an ORNL
PD?-11. The group provided specifications and
carried out the acquisition of the POP-11, which
will be used in the Medium Energy Beam Develop-
ment Program.

A dsta acquisition system was provided for
the Superconducting Magnet Develogment Program,
using a POP-12 previously assigned to the IMWP
(injection Into Wicrowave Plasma) experiment
and later to ORMAK. Continued assistance was
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provided for the design of a separate system for
the Large Coil Project, although acquisition

has so far been postponed because of programmatic
and funding factors.

The EBT data handling system has undergone
continuus improvement and refinement and now
inclades provision for transmitting data into the
central computer network for amalysis at the USC
or X-10 POP-10.

The group provides equipment backup support
for the Division's USC DECsystem-10 and the POP-
11/45 coordinating computer, which permits

commmication from the data systems when required.

Maintenance of the timesharing terminals is a
major distraction and arrangements have been
made to have the work done by the Y-12 Mainte-
nance Division, but under strict supervision by
the group.

Major improvements to the network communica-
tion softwvare have been reported in the previous
section of this report.

An important activity begun in 1976 is the
monitoring of electrical interference from
pulsed experiments in Building 9201-2. Varia-
tions in 1ine voltages, ground potential, and
~adio frequency interference represent major
fmpediments to ma¥i..g the Deta Acquisition
Systems and the USC DECsystrm-10 reliable; in
fact, there is a very real danger of doing .
serious harm to the computers or to the data.
The probles is under study and a proposal for
isolating the USC computers will be forthcoming.
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PART I1. RUSION ENGINEERING

RBSTRACTS
(Chapters 4-8)

4. PLASMA HEATING AND FUELING SECTION

The Plasma Heqating and Fueling Section has
the responsibility for developing neutral beam
injection heating and pellet fueling techniques,
which are of vital importance to the uitimte
success of tokamaks and other fusi.n machines.
Progress in 1976 occurred on several froats, The
Medium Energy Systems Test Facility became opera-
tional in November with two Princeton Large Torus
(PLT) beam Tine systems; it is expected that the
first two beam lines will be installed on PLT in
early 1977. The original conceptual design for
the much larger Tckamak Fusion Test Reactor (TFTR)
neutral beam systems was considerably revised,
and an updated proposal was submitted to
Princeton Plasma Physics Laboratory (PPPL) in
December. The 150-keV Test Facility, a proto-
type for the TFTR systems, was completed in
October and has been operated at 120 keV and 30
™ with a two-stage system. Operation at high
currents will be possible after checkout of the
power supply is complete. The 10-cm and 15-cm
sources on the Oak Ridge Tokamak (ORMAK) operated
throughout the year, and 500 ki of injected power
was achieved. Frozen hydrogen pellets of 210-1m
diam were also successfully injected into ORMAK.

These advances were made possible by a
mltifaceted program of experimental and theore-
tical studies. Better source plasm confinement
was achieved through the addition of a multipole
mgnetic field around the arc chamber. The
atomic fon fraction was increased by thermal
predissociation of the hydrogen in a hot tungsten
oven prior to arc discharge. Experiments with
shaped apertures, insulating coating on the
accelerating electrodes, application of precel,
and optimization of decel woltages led to
improved grid transparency and reduced beam
divergence. These studfes were supported by
nmerical and analytical calculatfons of beam
trajectories and distributions. A new photud‘ode
array diagnostic was developed to facilitate

beam intensity distribution measurements. A
solid hydrogen pellet extruder was constrycted
and successfully tested. A theoretical pellet
ablation model was developed to predict the
pellet velocity required for a given fractional
penetration depth into a tokamak plasma, and
warious methods of attaining these velocities are
under investigation.

In the future, work on the TFTR beam lines
will continue - determined by the final decision
of PPPL. Much higher power beams are envisioned
for The Next Step (TNS). Ratings of 150 ke¥ at
100 A with D and 300 keV with D™ are projected.
The two-stage source in the 150-keV test facility
will be pushed to 150 keV at 50 A, and a charged
fraction blowup scheme which magnetically con-
fines free electrons in the neutralizer cell will
be pursued. Neutral beam systems rated at 40 keV
are being planned for ORMAK Upgrade and the
Impurity Study Experiment (ISX). A new pro-
gram to Jevelop cryosorption pumping for high
power neutral beam systems was instituted.
Hydrogen pellet accelerators using the rotating
arm and gas gun concepts will be developed.

S. MAGNETICS AND SUPERCONDUCTIVITY SECTION

The Magnetics and Superconductivity Section
has the responsibility for developing super-
conducting magnet systems for tokamak fusfon
machines. This is being accomplished by carrying
out those research and development needs which
will provide the physics uncerstanding and
engineering data necessary to design, fabricate,
and test large toroidal field (TF) and poloidal
field (PF) cofls. This information, in additfon,
supports the Large Cofl Program (LCP),

A number of design projects have been per-
formed, some in support cf other programs and
some of a continuing nature. These efforts
support the goals and requirements for both the
TF and PF magnet systems. Examples are the
mgnet designs for the EPR, Demo, EBTR, EBT-II,



and preliminary scoping for the TNS project. The
principal effort was expended on the iteration of
the EPR Reference Desfgn. Three features of the
original reference design — the honeycomb coil
structure, the oval coil shape, and the forced-
¥low cooling of the conductor by supercritical
helium — remain as key features of the TF coils.
Considerable progress has been made in the theo-
retical understanding of forced-flow-cooled
conductors, and optimized designs with maximum
stability margin can be designed to meet specific
applications. Experiments which will test the
theory are in progress.

A wamber of projects consisting of Vabora-
tory scale experiments, primarily to characterize
conductor, are performed as needed. A new pulsed
parallel field apparatus has been constructed to
deterwmine the losses that a conductor exhibits in
the envi ronment characteristic of a tokasak TF
conductor, i.e., pulsed longitudinal field super-
imposed on a transverse field. Both propagation
and stability experiments were performed for
pool-boiling conductors and compared with as
complete a theory as can presently be constructed;
it was concluded that transient heat transfer
effects are very important. These experimental
resylts and theoretical calculations, along with
mechanical tests on a wide wariety of conductors,
resulted in new designs being prepared for 10-kA,
8-T conductors. At year's end two pool-boiling
conductors had been ordered. Another series of
small-scale experiments was directed at obtaining
information relevant to the design of the PF
coils. A pulse loss measurement system capable
of providing the total energy loss and the loss
witage waveform for a pulsed (polofdal) cofl was
completed. The loss woltage was shown to be use-
ful as a quench detection scheme for TF cofls,
Within the limits of the available power supplies,
four small pulsed coils were tested and their
losses characterized, A1l the pulse coil work to
date is focused on obtaining an econowical and
reliable conductor design which will attain the
mximm field at the anticipated field rate of
change with acceptable losses in a scalabie,
stable magnet design.
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Design, procurement, and fabrication develop-
ment have been initiated for the Large Coil
Segment {LCS) tests. A 3-m winding facility with
some new refinements has beer set up near the
superconducting laboratories and the site select-
ed for LCS, and an oval bobbin has been procured
for practice winding. In addition some special-
ized instrumentation has been developed and a data
acquisition system designed for use in the LCS
tests.

The two disciplines that involve anmalytical
calculations to 2 large extent, magnet protection
and structura! a2nalysis, have contributed in a
significant manner to all the large smachine
designs and the forthcoming large magnet tests.
Examples of these developments are a new method
for quench detection, complete anmalysis of the
protection for a toroidal magnet system, devel-
opment of a two-dimensional eddy current code
applicable even if ferromagnetic material is
present, and development of an analytical
solution for the mechanical behavior of a
transversely isotropic solenoid.

Procurement of facilities such as the large
refrigerator, a 1iquid helium handling system,
and power supplies for both the base research and
development program and the LCP test facility has
been fnitiated; these facilities will be procured
and installed in the coming year.

6. THE NEXT STEP (TNS) PROGRAM

This ORML study has resulted in an evaluated
Reference Design that does satisfy the technical
objectives set out for a Tokamak Experimental
Power Reactor (EPR), Because of this design’s
large size, high cost, and poor extrapolation to
a demonstration reactor, the basic physics and
range of technical objectives have been recon-
sidered. This has led to an intermedfate step
and new design, The Next Step (TNS) after the
Tokamak Fusion Test Reactor (TFTR), having a
higher benefit/cost than EPR. The TNS Program,
now in the early design phases, is focused on a
device with smaller size and considerably higher
power output than the EPR design. This device’s
improved perfcmance fs made possible by a
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projection of operation at higher plasme density
than that assumed for EPR. This more optimistic
plasma performance projection is based on 2 re-
examination of basic physics assusptions and of
curvent plasma physics experiments; a focused
experimental and theoretical effort will be
required in the near future to validate this
projection. With this isproved performa.ace, the
TNS designs can be extrapolated to an economically
viable fusion reactor,

Following the initial exploratory phase in
which 2 succession of Reference Pcints was
ewlved and key engineering issues considered,

3 broad design space investigation was undertaken,
The intent of this second phase of the NS
Progras is to come to a well conceived and
supported starting point for reference design
studies by mid-FY 77, Achievement of this

design basis is being pursued in an integrated
program consisting of four main parts.

1} We are performing a trade study evaluation
to support a plasma size and toroidal
field coil technology decision.

2) We are specifically investigating the
mst critical scientific problems,
especially impurity control and poloidal
field winding locations, as well as
determining the sensitivity of plasma
performance to variations in key
parameters,

3) We are evaluating R&D programs to identify
available and required experimental support
basis.

4) We will develop, early next year, a com
prehensive construction schedule and
plan to establish proper sequencing of
design tasks, R8D tasks, and construction
elements to support the orderly preparation
for a TNS device.

The findings in each of these four areas will be
synthesized into the reference design decision
process.

7. FUSION REACTOR TECHNOLOGY PROGRAM

During the past year major accomplishments
have been made in the following areas:

165

1) Materials compatibil ity studies, incling
corrosion studies of austenitic stainless

steels in iiquid 1ithium, corrosion studies
of type 316 stainless steel in Li,BeF,, and
the effects of helium irpurities on super
2lioys.

2} The mechanical properties of structural
materials in the first wall/blarket/shield
system.

3) Radiation transport in fusion devices, in-
cluding the spatial! variation of neutron
damage phenomena in ar Li (D, n) facility,
neutronics calculations for the Tokamak
Fusion Test Reactor (TFIR) neutral beam
line, and the development of an evaluated
nuclear data file for fusion applications.

4) Radiation effects in blznket structural
materiais, including swellirg and micro-
structural changes in type 316 stainless
steel irradiated under simulated fusion
conditions, the use of the Oak Ridge
Research Reactor (ORR) in simulating fusion
reactor irradiaticns, development of
fatigue testing capabilities, and evaluation
of nickel alloy response to simulated
fusion reactor irradiations.

5) Surface studies including wall conditioning
studies for the Oak Ridge Tokamak (ORMAK)
and Impurity Study Experiment (1SX), hydro-
gen profiling for surface characterization,
sputtering calculations using the discrete
ordinates method, and hydrogen recycle.

6) System studies aimed 2t developing a plan
for dewonstrating, in this century, the
commercial feasibility of fusion power based
on the tokanak concept.

7) Tritium studies, including vacuum pumping
studies, tritium sorption studies, and
tritium chemistry studies.

8. LARGE COIL PROGRAM

The Large Coil Program (LCP) was organized
early in 1976 to accomplish the national fusion
program objectives of fabricating, testing, and
demonstrating the reliable operation of super-
conducting coils large enough to prove the design
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principles, materials, and fabrication techniques
proposed for the toroidal magnet of a tokamak
fusion reactor. A plan for accomplishing the LCP
objectives has been formulated and documented
(ORNL/TH-5824) .

Based on a set of @il criteria extracted
from the preliminary Experimental Power Reactor
(EPR) Conceptual Studies done at Argonne National
Laboratory, General Atomic, and Oak Ridge National
Laboratory, contracts were made with suitable
industrial concerns to produce conceptual designs
of EPR toroidal field coils at two field levels.
There was considerable difference in the design
concepts of the three contractors, both in the
high field and low field cases, reinforcing the
GRNL opinion that no single concept can be shown
to be clearly superior at the present time. The
contractors did independently conclude that 12 T
was the upper practicable limit and that testing
of approximately half-size coils would be neces-
sary to prove their design conce,'s. This size
criterion for test coils agreed with ORNL work
done earlier in the year,

During the year the long-range focus of the
LCP shifted from the EPR to The Next Step (TNS),
which probably will require an array of super-
conducting coils with bore approximately S x 7 m,
and capable of producing a peak field in the
winding of 8-12 T. The test coil size was there-
fore set at 2.5 x 3.5 m bore. Test facility,
coii winding section, and current density were
fixed to duplicate, approximate, or simulate all
essential operating conditions of TNS. A
detailed comparison of the benefits, costs, and
risks of several possible test arrangements
resulted in the choice of an 8-T compact torus
of six coils with identical performance charac-
teristics (but of three different design concepts)
in which it is possible to fully test any coil
even if all others perform only to 80% of their
design currents. The LCP vacuum tank and
facility structure are being designed such that
they can be suitably modified for the later
testing of 12-T coils.
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4.1 DLASMA SOURCE DEVELOPMENT PROGRAM

4.1.1 Introduction

A prime goal in this program is to develop
a plassa source which fulfills the require-
ments of high power (MH) neutral bsam injectors.
These injectors are being developed for plasma
heating of future fusion devices such as the
Princeton Large Torus {PLT) and the Poloidal
Divertor Experiment (PDX) at Princeton Plasm
Physics Laboratory {PPPL) and the Dak Ridge
Tokamak (OSMAK) Upgrade and Impurity Study
Experiment (ISX) at ORNL. The basic require-
ment of the plasma source developed is the
capability of providing positive ions for
forming an ion beam of 60 A/4Q keV, The
desirable properties of such a plasma source
(Table 4.1) are the production of a quiescent,
wiform, and dense plasma; high gas and arc
efficiency; operation reliability; and ton
species selectivity. The duwoPlGatron ion

1. Engineering Division,

2. Princeton Plasma Physics Laboratory.

3. Consultant, Madison College, Harrisonburg,
Virginfa.

4, Computer Sciences Division.

source! ™5 developed at ORNL fulfills most of
these requirements and is a prime candidate for
such injectors. The duoPlGatron has been
scaled to larger versions with sources of 20 to
25-cm-grid diam now operating; initial operation
of a 20-cm version has produced 60 A of hydro-
gen at 33 kev.

Another effart i{n this program is to
develop alternative plasma sources for high
power neutral beam injectors. A magnetic multi-
pole plasma source developed for plasma confine-
ment study by Mackenzfe and his associatess»?
can produce a iarge volume of unifors and quies-
cent plasma in argon with a density higher than
1012 cm™3, To be useful as an ion source for
neutral beam injectors, such a devize must
operate with hydrogen or deuterium and must be
capable of delivering an fon bcam of several
tens of amperes. An experimental study to
develop such a source for ion extraction has
been undertaken.

4.1.2 Modified DuoPlGatron lon Source

The scaled up duoPlGatron (Fig. 4.1), with
a 20 to 25-cm-grid diam, uses 12-24 columns of
permanent magnets to form a multipolz line cusp
field, As described elsewhere,S this multipole
Tine cusp field is capable of confining ionizing
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Table 4.1. Desirable properties of a good plasma source

High plasma density
Low nonuniforwity
Low noise level

Long pulse operation
High gas efficiency

>2 x 1012 ™3

<+10% over grid diam
<10%

20.5 sec

>50%

High arc et iciency
Good source veliability
Ion species selectivity

electrons and to a ie3s5Cr Asaree the plasm
generated in the PIG region of the source. In
the 20-cm-grid-diam source, which has a 30-c»
diam arc chawmber, the created PIG plasma is
characterized by spatial density variations
within +5% over a 23-cm diam at a density of
aboyt 2 x 1012 cw™3, The source delivers a
hydrogen ion beam of 60 A at 33 keV; the cor-
responding arc current is about 900 A and arc
voltage about 90 V. The arc efficiency is
good — 1,35 4N per ampere of beam. In the
present source, the applied source magnetic
field is inhomogeneous and axial, but the
miltipole 1ine cusp field is ransverse in the
center plane of the magret columns and {s
axial with alternate polarities at the ends
of the columns. Consequently, there are loss
areas {(half of the column nusber) on the wall
of the arc chamber (anode No. 2) adjacent to
the intermediate electrode. This fact is
consistent with the optimal colusn ramber of
20 found for this source. At such a condition
the spatial uniformity is best, as shown in
Fig. 4.2, Moreover, the plasma uniformity is
usually found to be improved as the arc
current 15 increased (Fig. 4.3). These two
features can be explained by the diamegnetism
of the dense plisma near the plasm electrode
{or target cathode). That s, the PIG plasmm
expands close to the 8 = 1 surface, We also
observed that the arc 2fficiency can be
improved substantialiy by shortening the first
anade, thus reducing the plasma 1oss to the
anode surface and thereby {mproving the plasma

uniformity., Figure 4.4 shows the plasma density
variation with the dimension and configuration
of anode No. 1 in the duoPiGatron.

4.1.3 Magnetic Mul..pole Plasma Source

This source (Fig. 4.5) has 12 megnet columns
polarized radially wiih alternate polarities to
form a continuous Jine cusp field on the anode
surface. The hot cathode consists of severa’
rows of tungsten filaments located within a
6-cm radius. For a typical case, the cathode is
wade of 72 tungsten filaments, 0.0127-cm diam
and 7.5-cm length. The heating current for each
filament is 2 A, the anode chamber has a 25-cm
1D and is 36 cm long, and the plasma electrode
is connected to the nec.tive terwinal of the
hot cathode power sup:ly. This source is capable
of producing a noise-free, uniform, and dense
plasma (Fig. 4.6). The arc efficiency is rela-
tively high, at 1 ki arc power per ampere of
beam current. These properties are desirable
for neutral beam injector application. However,
the use of tungsten filaments may cause some
undesirable problems such as high heating power,
short filament 1ifetime, and tungsten vapor-
associated arc breakdowm across the insulator
surface in the source, Further study will be
pursued contimuously to develop this source for
high power neutral beam injectors.

4.1.4 Enhancement of H' Fraction in Hydrogen
ams )

Hydrogen fon sources typically produce
multinomentim beams consisting of atomic fons
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(H’) and molecular jons (Hz’ and H;). Mlec-
ular fons passing through a charge-exchange gas
celi break up into atoms with one-half {from
Hz’) or one-third (from H,’) of their accel-
erated erergy. These lower energy components
do not penetrate deeply into 2 plasma and may
be of 1ittle use {or be umanted) if the heat-
ing of the outside plasm yields an adverse
effect. It is therefore desirable to enhance
the atomic fon fraction in an fon source.

We have achieved a substantial enhance-
mnt of the ' fraction in a dwPIGatron by
means of the thermal predissociation method.®
The hydrogen gas is predissociated in a hot
tungsten oven prior to arc discharge, while
the recombination rate inside the ion s urce
is simu) taneously minimized by a hot wall

Yariations of plasma uniformity with number of magnet

environment. An increase in the M fraction
from 0.5 to 0.7 at tne position of a detec-
tor has been obtained in a preliminary experi-
ment with a single beamlet at an arc current
of 40 A and a beam energy of 30 keV. This
experiment §s continuing with a full-scale
source in pursuit of an expected M+ fraction
of 0.9.

4.2 [ION ACCELERATION

4.2.1 Introduction

In addition to the plasma source, the ion
accelerator is one of the crucial elements of
Wi neutral beam injectors, At ORML the con-
ventional jon beam §s formed by hundreds to
thousands of individual beamlets. The
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transwission efficiency of the neutral beam is
deterwined by the optics of its original fon
beam; the ion beam optics determines the diver-~
gence of each beamlet,? and each beamlet is
steered to a common focal point. In the conven-
tional accel-decel ion accelerator, the beam
divergence of each beamlet is influenced essen-
tially by the electrostatic lens effect (due to
the configuration and dimensions of the aperture

in the electrodes of the accelerator), particular-
Ty the plasma electrode (or target cathode} and
the plasma properties of the source and the
neutralizer plasmas. To examine the importance
of the aperture shape on the beam diveryence, a
program including computer simulation and
experimental study for a single beamlet has been
initiated. One of the initial objectives of

this program is to increase the percentage of
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available fons fn the source plasm to be formed
into the for beam, In addition to the shaped
aperture plasma electrode, we undertock a study
of the effect of a thin insulator coating on the
side of the plasma electrode facing the source
plasma. Riso, the effeci of the decel voltage
on the beam optics has been studied; 23 3 result
of these studies, a two-electrade nn besm
formation system has been dewnstrated, In
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addition, the effect of thermal deformation of
the plasma electrode on beam optics during the
beam pulse has been studied.

4.2.2 Shaped Aperture Plasma Electrode

Many ccnventional ion sources employ multi-
aperture cylindrical bore electrodes. These
electrodes introduce significant aberrations
intu the accelerating fields not entirely can-
celled by tne beam space charge; the residual
aberrations in turn lead to degradation of the
optical properties. We have carried out an
experimental and theoretical study to explore
two possidble techniques to lessen the signifi-
cance of the residual aberrations.

The first approach was to shape the aper-
ture in the plasma grid to lessen the magnitude
of the residual aberrations. We studied a
single beamlet using an aperture in the plasm
grid that was any of several shapes, and witn
conventionsl cylindrical (3.8-mm-diam) apertures
in the extraction and groumd grids. A spacing
of 5.7 mm was used in the extraction gap and
2.0 mm in the decel gap. All three grids were
the standard 1.5 wm in thickness. The shapes’
studied experimentally are shown in Fig. 4.7.
Beamlet profiles were measured with a Faraday
cup; as a consequence they are measures of the
divergence of the unneutralized portion of the
beamlet. However, it has been found that the
profile is generally in good agreement with the
power profile except that the power profile
sometimes has a slightly smller O than
does the charge profile.l? All shapes were
found to yield approximately Gaussian beamlet
profiles at optimm divergence.

Table 4.2 shows the minimum 5m obtained
with the different apertures at various accel
drain currents. The accel voltage in each
case is that which was found to yield the
optimm divergence ang:e at that drain current,
and it is apparent that there are significant
differences in the minimum divergence angles
obtafined. For instance, at vacctl = 26.8 kY,
aperture type 8 produces a Gm which is only
0.58 that of type 1, the conventional cylindrical
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aperture. We note that aperture types 3,
5, 6, 7, 8, and 9 all yield significantly
smaller optimm divergence angles than does
type 1. These shapes share the characteristic
of opening away from the source plasma.
Neither shape 2, which opens toward the plasea,
nor shape 4, which is reentrant, leads to
smaller divergence than that obtained with
the cylindrical aperture. The smallest diver-
gence angies result with shapes 8 and 9, which
are similar to the Pierce geometry used in
electron optics.

A solution to the Poisson-Yiasov equation
(as described in Sect. 4.6) was obtained for

jons extracted through eight different shapes,
shown in Fiy. 4.8. Ion divergence angles

(8) and actual transparency (F), scaled by

the geometric transparency, are shown in

Fig. 4.8 as a furction of source plasmm

density on a suitadble scale, I‘/Po (the ratio

of the actual parveance to the modified
Child-Langmsir perveance), for each of the

efght shapes. Results are that the divergence
angles are about the same for shapes |, B, 2B,
and 48, but the actual transparency progressively
increases. Shapes 1, C, 2C, 3, and 4C show pro-
gressively smaller beam divergence angies, larger
actual transparency, and smaller optimm plasms
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Table 4.2. Optimized single beamlet optics

Aperture type Liccel (mA) Voccel (xv) M angle (deq)
1 11 14.2 1.19
14 16.9 1.17
21 22.3 1.06
28 2.8 0.99
2 n 13.8 1.45
14 17.2 1.32
21 20.8 1.12
28 23.0 1.09
u 26.6 1.09
3 1 14.8 0.79
14 17.% 0.79
21 22.4 0.78
28 26.6 0.75
4 n 13.6 1.27
14 17.8 1.23
21 22.4 1.2
28 2.6 1.14
S 1 15.5 0.85
14 18.2 0.78
21 2.3 0.75
28 21.7 0.72
6 n 14.2 0.92
14 16.4 0.92
21 21.7 0.83
28 5.4 0.719
7 n 12.7 0.87
14 15.1 0.84
21 2.2 0.77
28 4.5 0.74
8 n 1.1 0.80
14 13.6 0.73
21 18.5 0.69
28 23.5 0.6}
k" 26.8 0.57
12 n 12.2 0.74
14 13.9 0.7
22 18.7 0.67
28 23.2 0.63

36 21.3 0.62
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density. In Fig. 4.9, ion divergence and
transparency for two different shapes, 1 and C,
are shown as functions of relative ion tempera-
ture as well as of relative perveance. The
improvement of shape C does not diminish for
higher relative ion temperature. Source emittance
limited (EL) beam divergence angles are also shown
in Fig. 4.9 for the three relative ion tempera-
tures considered.

4.2.3 Insulator Coated Plasms Electrode

The second spproach sought to maintain the
high grid transparency obtainable with cylindri-
cal apertures, but to lessen the deleterious
effects of the attendant residual aberraticns
by accelerating the fons before they enter
the aperture. Such 3 technfque was suggested
by the resylts of 3 numerical solution to the
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Poisson-Y1asov equation (Sect. 4.6). A thin
layer (10 mils) of aluminum oxide was Jeposited
by a plasma spray technique on the side of the
extraction grid facing the sowrce plasma. A

ring insulator was installed to isolate the
plasma grid from the rest of the source, and

2 power supply was comected across it to

bias the grid negative with respect to the rest
of the source. Because the plasma potential
stays close to that of the anode, the plasm
tends to assume a potential differing from

that of the plasma grid by the applied woltage
(which we will call the precel voltage) plus the
usual sheath drop of 20-30 V. Consequently, an
jon crossing the thin insulator encounters a
sudden strong field which gives it a welocity
parallel to the axis of extraction which is large
compared to fts value without a precel potentfal.
The ions near the edge of the aperture thus
spend less time in the aberrant regions of the
field. By using an insulator with precel, we
have observed a 1arge decrease in beam divergence
(see Table 4.3). With a larger accel gap, the
change in the divergence was even more pronounced.



Table 4.3. Susmary comparison of optics of all apertures

at V“:cel ~ 14 kY, Iaccel ~ 11 s
Aperture type W angle (deg)
1 1.19
2 1.45
3 0.79
4 1.27
5 G.85
6 0.92
7 0.87
8 0.80
12 0.74
Coated 3 0.61
{precel 330)
Coated i 0.53
{precel 320)
Hith an accel gap of 11.43 mm and an accel wl- ORNL - WG 77- 7452
tage of 28.5 k¥, an optimum 2 nam of 1.09° was 6 ~ 12
obtained. MWitn the addition of a precel woltage i
of 430 V, the 8 ., was 0.31°, Provided the ; ‘;_!ng_! GRID ;_"
precel technique can be successfully adapted to s r Ty
large multiaperture grids, this study indicates x
that it should be possible to obtain 2 beam with ; 3
approximately the same current density and grid L ;
transparency as those obtained with the standard, ' -4 o¢
high current density extraction systems in use > :
on such machines as ORMAK, but with greatly ] '
improved divergence. .E "4'! os
Solutions to the Poissorn-Ylasov equation
were obtained for fons extracted through an
insulated plasma grid. The insulator was 3% 0s
specified as a Dirichlet boundary on the plasse
side with potential equal to the sheath drop from
the plasma potential and a Neumann boundary 02
condition on the cylindrical surface. Figure |
4.10 shows (1) actual transparency (F), scaled by i
the geometric transparency, (2) rms beam diver- J .
gence angles, shown by dashed curves, and (3) rms 10

beam divergence angles of a truncated ion
distridbution, shown by solid curves as a function
of relative sheath perveance for three different
prece! potentials, V, on the scale of the
accel potential. Results are that for the

F/FG

Fig. 4.10. Effect of precel on ion optics
and transmission for various ratios V of precel
voltage to accel voltage.
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cases with progressively higher precel poten- a minirum value (Vc in Fig. 4.12). Further
tial the minimum beam divergence decreases, lowering of the decel woltage results in an
the actual transparency increases, and the sbrupt deterioration of the beam optics due to
optimum plasma density decreases. One of the leakage of electrons created inr the neutralizer.
cases in Fig, 4,10 is corsidered for various When the decel voltage s below a value VD' the
relative ion tesperatures in Fig. 4.11, along divergence angle approaches 2 maximm angle,
with the source emittance limited ion con- about 4° for this case.
vergence showing that this limit is actually A possible mecharism for the electron
approached for insulated grids. leakage has been proposed and developed by

considering the polential distributior in the
4.2.4 Effect of Dec=l Voltage accel-decel region based on cosputer simulation

The accel-decel extraction system has and the boundary of the neutralizer plasm
been widely used for forming a high current adjacent to the ground electrode. Apparently,
and 1ow divergence ion beam for neutrai beam the electron leakage occurs wherever the equi-
injectors. Such a system generally consists potential line, Vg (here, Vg is equal to the
of at least three electrodes: plasma, extrac- Plasma potential in the neutralizer), penetrates
tion, and ground electrodes. A negative from the accel gap into the decel gap and con-
sotential called the decel voltage is applied tacts the boundary of the neutral izer plasma.
between the last two electrodes. It is This electron leakage mechaniss is also valid
utilized to prevent electrons created in the for explaining the observed beas optics varia-
gas neutralization cell frem leaking back to tions with the decel voltage, as shown in
the plasma source and to ensure space-charge
neutralization of the extracted team. We
LN

have observed that for a given geosetry and 4z —

plasma condition, the beam divergence angle is
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fig. 4.12. Based on the abowe considerations,
an expression for e.timating the minismm dece’
voltage, vc. required for a given beam condition
has been derived and is

) Il .0 2.Izl:!
V. = [1gn,04 00 - n\——!—) J .

where

Vc is the winimm dece]l voltage im kY,

Ib is the beam current in MA of a single beamlet,

n, is the neutral gas density in o,

ui(E) is. the cross sectfon of cold fons generated
by the energetic ions, at energy E, in c»2,

D is the decel gap length in cm, and

R is the aperture diaseter in cm.

The value of the minimum decel woitage can be
estimted fairly accurately. For example, in
Fig. 4.12 the measured value is 860 ¥ and the
estimted value is 1070 V. Hence, the winimus
decel woltage is a function of the beam curvent
and energy, gas density, length of the decel
gap, and aperture diameter and electrode thick-
ness in both the extraction and ground electrodes.

Because beam optics vary with the decel
voltage, we can propose an explamation for the
cbserved interelectrode high voltage breakdown
or spitting based on the behavior of beamlets
near the grid edge (which generally have
poorer beam optics due to density falloff
with radius). Ways to improve injector
relfability will be pursued with the aid of
computer simulation.

The injected beam power of the energetic
neutrals must increase with the size of the
tokamek. Often the peak power density of a
MW neutral beam is well abose 30 kN o2,
which exceeds the capabil ity of the mterials
utilized for the present beam-stop calorimeter.
Under such a situation, the total beam power
my be msasured without hurting the calorimeter
by forcing the beam blowup through raising the
decel voltage well above 3 kV, If the diver-
gence angle s enlarged from below 1° to about
2°, the resulting extra power loading on the
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electrodes of the fon accelerator is expected
to be teicw 51 of the beam power similar to

that found in the present injectors. This
fcrced veam blowup can be used to condition

the electrodes of the fon acrelerator, to
measure the beam puwer of multimegawatt injec-
tors without damaging the beam stop calo~imeter,
and to control the beam profile during the ini-
tial plasma buildup period of a fusion device
should it be desirzble.

4.2.5 Two-tlectrode Ion Beam Formation System

The negative voltage across the decel gap
in tne conventional fon bean formation system is
applied to ersure the space-charge neutraliza-
tion of the extracted ion beam by preventing
electrons in the neutralizer from leaking back
to the plasma source. Our recent study with
the insulator-coated plasma 2lectrode (see Sect.
4.2.3) rewedies that a prece’ potential of
several hundred wlts across the insulator layor
can prevent the source plasma from entering the
accel gap. From this it appeared that ¢ siwmilar
functfon could be served by an insulator coating
the side of the extraction electrode facing the
neutralizer cell and applying the decel vo’'tage
across the insylator layer — i.e., betwenn the
extraction elactrode and the neutra: ‘zer plasme —
thus 2lleviating the need for a ground electrode.

We have designed, constructed, and tested
such a two-eiectrode system (with insulator
coating on both the plasmm and extraction
electmdes). The electrode thickness and aper-
ture diameter of the extraction electrode were
0.3 cm and 0.25 cm, respectively, which were
different from 0.15-cm thickness and 0.38-
om diam in the conventional aperture dimensions.
Using a naerical solution to the Poisson squa-
tion, the required dece) voltage is sbout
1000 ¥ (as shown in Fig, 4.13). The viability
of this system has been successfully demon-
strated. A beamlet of hydrogen fons with a
density of 100 w./cn2 at 3B keV has baen formed
with a beam divergence of about 0,35°. The
corresponding precel voltage acrmss the insula-
tor on the plasma electrode was 300 V, and the
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decel witage wzs 81" V. As expected, optim
divergence angles were obtained with the decel
woltage at the lowest value consistent with
stable operation. It was 3alse found thas the
beam optics improved as the yrecel woltage was
raised to an optimmm value. Hence, in this
particular system, the beam profile can be
controlled to have 3 divergencz angle varying
from 0.35° to about 1° without affecting beam
operation. Another important observation is
that the optimm bear divergence does not

vary with ion besm energy over the ramge of
pacameters considered here. This feature

is not attainable in the existing three-
electrode system, Moreower, owing to its in-
herent ability to inhibit either the source or
the neutralizer plasma from entering the

accel qap, this system can improve source
reliability with respect to high voltage
breakdown in the z-cel gap and In-rease the
flexibility of the injector operation becavse
either the ion beam or the arc discharge can
be turned on first, Additional advantages of
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this system are a sisplified electrode arrange-
ment of the fon accelerator and reduced fabri-
cation costs. Considering the variouc advam-

‘ages mentioned above, development of the two-

electrode system will be pursued for the present

and future high power neutral beam injectors.

4.2.6 Therma]l Deformation of Flasms Electrode

Prelimimary study on beam optics by elec-
trical probes located or. the bexm stop target
indicated that ti« beas divergence changes
during the arc pulse. One yossible explana-
tion is thermal Jeformation of the plasm

clecirode, To understind the crucial role piayed
by electrode deformation, an intensive amlytical

study has been conducted with 2 15-cm electrode
grid petterm. The anisotropy introduced by the
presence of holes and cooting lines is Included
in the study. The steady-state temperature
distribution for different heat loading distri-
outions anC different water cooling configura-
tions has been calcuiated. Different electrode
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materials such as copper, wumgsten, an mlybde-
mm have also been considered. Thermal expan-
sion of the electrode and the resulting effect
on beam optics hawe also been amalyzred. The
results from this study are sumsrized below.

1) Altermating the water flow direction on
successive tubes in the grid does not
increase cooling efficiency.

2) Because of tweir lower aeat cunductivity,
tungsten and mlybdenum electyodes have
3 larger temperatwre rise tham copoer
electrodes for the same power loading.
However, due to a differmt expansion
coefficieat, tungsten and molybdenum
electrodes experience less deformation
than copper electrodes.

3) Increasing the water flow reduces the
oversll tesperature rise, electrode
deformation, and focusing angle change.
This is a very isportant factor n awid-
ing defocusing in tha fon accelerator.

4) A generalized model for various grid
patterns mas been suggested.

4.2.7 Photodiode Array for Beam Detectionll

A linear array of individual PIN photo-
diodes which measures the excitation 1ight
from parallel chords of the bess crois section
s been built and tested. In this prototype,
twelve diodes are spaced 1.5 cm apart and are
collimted to give an acceptance angle of 3°,
The position of the beam center can be measured
to within 20.75 ce with one array. A second
array perpendicular to this can provide an
accurate two-dimensional determination of beam
position.

In addition, a beam intensity profile can
be obtained by infolding the measured chorda)
welues with an Abel inversion tecmique. Reason-
able agreement with calorimetrically measured
profiles has been achieved. Further refinesent
of the measurement technique and data reduction
scheme 15 being pursued., A fast data acqui-
sition system for immedfate graphical dicplay
is also being fnwustigated.
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This indirect detectfion allows moritoring
of the beam during actual injection shts and
avoids the problems associated with the direct
masurement of high power density beass. The
cetector assesbly can be siuated at varnious
locations along the beam line, including the
entrance port to 3 confinement device.

" 4.3 LOW ENERSY FEUTRAL BEAM SYSTEMS: 10-30 keY

4.3.1 Introduction

The 10-cm-diam duol'lGatron, operating typi-
ally at 30 ke¥ and 10 A, has been the workhorse
in this energv range. {uring the past year, the
modified duwPlGatron pr.nciple, employing line
cusp confinement of the source plasme, was
applied to a 15-ce-diam ion source. Two such
sources were fabricated and tested for use on
the ORMAK experiment here at ORML and on the
Laser Initiated Target :xperiment (LITE) at
United Technologies.

4.3.2 ORMAK

The ORMAK 15~cm mcdi fied duoPIGatron uti-
1ized tne latest fabrication techniques for
munting water cooling 1ines and headers on
the grid structures, This new procedure is
identified as gridded electrode. The ORMAK
15-cm source was designad to operate at the
sane woltage (30 kV) as the 10-cm source,
However, the increased :urvent capability
should be 2,36, the rat'o of the nuber of
apertures in each systen, Optimum focusing
was achfeved at 20-22 A, Test stand results
with a simulated ORMAK beam line revealed
that the 15-cm source focusing was about 86%
as e*fective as the 10~cn source in terss of
power transmission into he torus, This valoe
was quite acceptable, corsidering that the
entrance duct into ORMAK was not increased beyund
8-cm ID.

In the final experim:nts on NRMAK, three
Leam Tines were employed: two with 10-cm
sources and one with the ' 5-om source. One of
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the 10-cm scurce beam 1ines was a counterinjec-
tor. Approximately 500 kM of injected neutral
power wads achieved.

3.3 UTE

The Plasma Heating and Fueling Section
agreed to supply the LITE experiment at United
Technologies with a 15-cm modified duoPlGatron
for. s;ource. The source is to operate on hydro-
gen at 15 kV. The 256-cm beam line with a
10-cn-diam entrance 2perture was simylated in
the laboratory here at ORML., Performance was
well within expectation because the accelerating
grid structure was the same as that used on the
ORMAK source whick was optimized at 30 kV. Wi?h
careful tuning, the design goal of 15 A of ex-
tracted current at 2 15-kV potential may be
achieved. The eaquivalent neutral power on target
in the ORM. simulated LITE heam line was 2.5-3 A
at 15 keV,

There are two workable schemes ta improve
the injected neutral power of this source. One
is to opticize the grid system for the 15-kV
cperation, in which case about 5 A of equivalent
neutral power should be obtainable. The other
is to operate the source at 30 k¥, in which case
the one-half energy component of the expected
25-30 A of extracted current would be utilized.
The injected neutral current equivalent at 15 keV
should be about 7.5 A, There is alsc a currert
of about 6.5 A of 30-ke¥ H? which must be dis-
sipated in the machine.

4.4 MEDIUM ENERGY SYSTEMS: 40-80 keV

4,4.1 Introduction

The transport system which must neutralize
the fon beam, remove unneutr2lized ions, pump
vast quantities of cold gas, and in general
efficiently transport the neutral beam %0 the
tokassk plasmc has changed in scope and design
as the demands for total neutral particle in-
jection energy increase. The 101 sou.ce must
be upgraded to extract several W of ions in
tie 40-80 keV range. Liquid helium cryocon-
densation panels have replaced the mre con-
ventional diffusion pumps. The length of the
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bear: iines was increased to accommedate deflec-
tion magnet and ion removal systess and to
resove the fon source from the strong residual
magnetic fields of the tokamak. Magnetic
shielding is required around the ion source
and neutralizer. As the distance from the

ion source o the tokamak increases the
injection solid angle decreases, and so the
ion optics must be improved. With this improve-
ment in ion optics and beam power, much higher
beam power density is realized, which places
high demands on calorimeters and ion dumps.
Several designs have evolved to comply with
the particular details of the present genera-
tion of tokamaks: PLT, ORMAX Upgrade, ISX,
PDX, and Doublet III.

4.4.2 Medium Enerqy Systems Test Facility

The ORML Medium Energy Systems Test Facili-
ty (MESTF) has been cperational since Novesber
1976. It was constructed with the immediate
purpose uf providing a facility tu develop
and test. PLT neutral beam Yines. Sufficient
space and flexibility are available so that
the test facility can later accommodate beam
lines for other projects such as ORMAK Upgrade,
ISX, PDX, and Doublet III., Plasma generator
studies and ion source development can also be
carried out independently from beam line devel-
opment.,

The test facility, including PLY beam lines
1 and 2, i showm pictorfally in Fig, 4.4,

The test facility was designed to be double-
ended, so that experimental work could be
wdertaken on one end while alterations or
servicing were proceeding on the other. The
test stand in Laboratory 263 shares the 60-kV,
60~A high voltage power supclies with this
facility. Liquid helium cryocondensation
vacuum pumps with a speed greater than 500,000
Yiters/sec provide the pumping for the ta—met
chamber. Cryogens are supplied by a C71 1400
1iquid helium cryostat. Individual controls are
provided to operate a single berm 1ine and both
vacaum systess simultaneously.

A PDP-11/40 minicomputer is being {nterfaced
to the test faciiity for data acquisition and
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amalysis. Rapid amalysis of fon source parameters
and calorimetric masurements of power deposition
along the beam are essential for timely development
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Fig. 4.74. ORR medium energy systems test facility.

4,4.3 PLT Neutral Beam Systess
Oue to the critical integration of ifon

of these large systems. Plans for computer con- source and transport systems, responsibility for
trol of the fon source and for dafly mnitoring of developing and fabricating neutral besm system

besm line systems have also been inftiated.

for the PLT was placed with ORML. The first of
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four PLT injection systems has been operating for
approx Ssately three months; shipment to PPPL is

expected in April 1977,

The second beam line is

assesbled and nearly operational and beam 1ines
3 and & will be assembled off test site with
an expected <hipment date of Jume 1977,

Each 3.6-m beam line (see Fig. 4.15)

includes:

1)

2)

a modified duoPiGatron ion source which has
teen operated at 60 A of extracted fons for
extraction putentials greater than 32 kevV,
a close—coupled gas cell which produces
sufficient 1ine density fo. neutralization
equilibrium with 3 minimum 3mount of gas
throughput,
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3)

4)

5)

6)

7)

megnetic shielding which will reduce
residual tokamak magnetic fields to a few
gauss in the ion source region and to a
few tens of gauss in the neutralizer,

an icn removal system consisting of deflec-
tion ...gnet and swirl tube fon duaps,

a diagnostic calorimeter capable of dissi-
pating 2 Wi of power,

a liquid helium cryopusp which condenses
hydrogen at a rate greater then 500,000
liters/sec for throughputs in excess of 20
torr-l1iters/sec,

a vacuum system to enclose the sbove
hardware as well as a drift tube section

Fig. 4.15. ORNL/PLY beamline and OMAL test facility target box.
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o transport the neutral beam from the
min pmping chasber to the tokamak, and

8) a diagnostic system which will verify
proper ion source and transport systes
operations.

4.4.4 ORAX Upgrade and ISX

OfSRK Upgrade is in the plaming and
design stage, ard ISX is in the fabrication
stage. Both are considered to be prime can-
didates for intense neutral beam heating.

ORMAK Upgrace was initially approved
to have two 40-keV neutral beam systems oper-
ating on the machine by October 1978. The
objective at this time is uncertain, however,
The beam 1ine effort originally intended for
ORMAX Upgrade has now been shifted to ISX.
These neutral beam systess will also employ
40-ke¥ injectors similar to the PL” system
(Sect. 4.4.3). The principal diffecences
between an ISX beam l1ine and a PLT beaa line
are the length at the drift tube connectisg
the fon source vacuum chasber to the torus
and the location of the diagnostic caiori-
seter. Perhaps the ISX bean line may be
somewhat shorter than the 3.6-m 7LT system.

In addition, the entrance averture on ISX wili
be circular, with an I0 o 25-30 om, Based
on ORMAK performance (Sect. 4.3.1) it is pro-
jected that the injected neutral power should
be about 40-45% of the total ion power extract-
ed from the high voltage power supply, or
about 1 W (compared to abou” 860 kN for PLY).
A rapid fabrication and assembly schedule for
two ISX team Yines is now under way with the
goal of installing them on the machine dv—ing
December 1977.

4.4.5 Tw-Stage Source

A multiaperture source with four elec-
trodes and twe acceleration stages is in fabri-
cation. This source should be capable of about
40 A of extracted curront at 120 keV, Two
versions are dceing fabricated, differing primrily
in the final energy desired. The beam divergence

may be different in the two cases because the
divergence is related to the beam energy th™ugh
the electric field ratioc in the twc acceleration
gaps.

The lower beam energy source is suitable
for beam energies or 60-80 keV for use on ISX
in high density, high beta experimentation. The
optics of this source, though limited somewhat
by the range of electric field ratjos permitted,
is still quite adequate for ISX boam 1ine
application.

The 120-150-ke¥ source will have better
optics (on the order of 0.5° W#HN) and will
serve as a prototype for deveioping & two-stage
source at 100 A and 150 keV for The ZNext Step
{7NS) applications.

4.5 HIGH ENERGY SYSTEMS: >d0 ko

4.5.1 150-keV Test Facility

Construction of the 150-keV Test Facility
was carried out as scheduled. Figure 4.16 shows
a view of the completed facility. The first
pusp-down of the facil ity was made in August,
followed by the first ruming o7 an ion optics
experiment beam (120 k¥/30 ) in Octob:: 1976,
Five 89-cm oil diffusion pumps {two each on tanks
1 and 2 and one on tank 3) maintain the basv-
ground pressure in the low 1078 torr range.

The high woltage power supply (150 k¥/50 A)
and the decel power supply ‘20 k¥/10 A) were
delivered and are being tested. The modulator
system is 90% finished as of this writing. The
arc power supply sys.em has been tested with a
two-stage, single bemlet source up to ~200 A,
Currently a two-stage for beam optics experiment
is under way. Tie beam energy will be acceler-
ated to 150 keV at a single beamlet current of
£A0 mA provided by power supplies of low current
and nigh voltage until the main power supplies
are ready for ojeration.

4.5.2, TFIR Neutral Beam Injection Systee Studies

0Oak Ridge Netional Laboratory became inwolved
in the neutral beam injection program for the
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Fig. 4.16. View of completed 150-keY facility.

Tokamak Fusion Test Reactor ‘7FIR) in mid-1975
when the Mvision -f Controlled Thermonuzlear
Research requested that ORML and other developers
of neutral beam injection systems parcicip:ie in
a conceptual design effort for TFTR beam systems.
The resulting conceptual design repcrti? was
publ fshed in Sentewber 1375.

in Mzich 1976 we started reassessing our
conceptial design and at the request of the
“nergy Research and Develogment Administration
{ERDA) started 1o0king at designiny some com-
ponents that would be common for both qur bear
Tines and that of |awrence Berkcley and
Lawrence Livermore Laboratories. After sev-
eral fterations it was decided that it would
be possible to use common technolocies in reny
areas, tu the only comson component that co.ld
be agreed on was the vacusm enclosure.

Once a satisfactory vacuum vesiel geometry
was determined, w2 inftiated Title . desion
of the beam Jines for TFTR. This occuried in
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August 1976, at which time the desion effort

focused on the vacuum vessei, the calorimeter,
3 resote hancling hard sea! wersion of the fon
source, and the cryopumping scheme. To augment

our in-house design team, specialized outside

contractor; were called uwon to provide pre-
T.minar; design work oun the components. In
order to utilize the outside contractors ef-
ficrently, detailed task descriptions and
criteria packages were prepared.

During this phase of design, a serfous
evaluation of our original concept was mede;
as a result of our evaluation several areas
needing fmprovement emerged. An fnvestigation
of how these areas could be impyroved was
started and covered such areas as:

el X RN

1) means of generating fast ions with high b4
atomic yield,
2) simplification of the netralizer systom,
3) a better way to remove and dissipate
residuwal fons,

“‘ b




R) amns of improving vacuum pumping, and

S) provision of adequate potential for
uwpgreding the injection system with loager
pulse length and for direct energy conver-
sion of residual foms,

Jut of this investigation evolved 3 new
concept, which provides greater simplicity and
reliability and produces higher atowmic yleld
fors at the source through the incorporation ¢.
a thermal dissocfator oven. The neutrelization
system was simplified by returning to the close-
cowpled gas cell concept used in previous ORL
beam lires.

To provide a more dursble fon dump, the ion
vemoval scheme was changed to spread over a
larger area the xwer density of the residual
ions being dumped. Thi; was accompl ished by
replacing the fon beam deflection magnet with an
electron trapping solenoid coil. The space-charge
compensating electrons are reflected out of the
fon beam, allowing it to blow wp due to space-
charge Couloab forces; the fons are thus spread
over an area which reduces the power demsity to
the point that a thermal inertia target can
reliably be used. This fon removal scheme vould
easily be adapted to incorporate a direct emergy
converter system.

Neutronic calculations were beginning to
show that cryocondensation panels could be used
instead of cryosorption, Appropriate desion
changes were made to use cryocondensation panels
for vacuum pumping, simpl ifying the needed
vaclum research and develoment because the
PLT beam 1ine cryopanels were working satisfac-
torily.

This new concept was described in a progos-
2113 qenerated for PPPL on December 15, 1975,
Considerable effort was made to take advantage of
the experience gained through the fabrication
of the PLT beam 1ines in the estimation of
engineering costs as well as fabrication sche-
dules included in this proposal.,

Work on the RID tasks identified during the
TFIR beam 1ine effort is continuing into CY 77,
Development-size cryosorption penels are being
designed and should be tested by late summer,

Tne development of actively cooled targets and
passive target material is continuing, both
through in-house effort and industrial involve-
ment. Component design to test the detatls of
the new concept and feasibility studies are
under way toward using an injection system
concept as described above on future tokamak
devices such as TS,

4.5.3. NS Neutral Beas Injection System

Studles -

The requiresents for the deuterium neutral
beams to be used for auxtiliary heating on TNS
preseatly lie in the range of 150-300 keV,
with 75 W of neutral beam power required in
the plasma. The lower limit of 150 keV appears
adequate 1f:

1) Zeff < 1.5 and constant throughout the
discharge,

2) the plasma magnetic axis shifts cutward
in the flux conserving mode, and

3} the plasma core 1s heated by the D-7
reaction alpha particles generated by
beam deposited farther out.

The wper 1imit of 300 ke¥ appears adequate if
these conditfons are not met.

Our beam approach is therefore two-fold.
We intend first to extend the positive fon
approach developed for TFTR to the ™NS require-
ments of higher power and pulse length per
infector: 150 kV/100 A/20 sec ©*. Inftial
injector development may be carried out on
the 150-keV Test Facility. bde will use as
a besm 1ine base the residual fon blowup con-
cept presented in the December 15, 1976 ORNL
TFTR Neutral Besm Proposal. This concept will
be extended to the power lewels and pulse
lengths of TS5, and direct fon energy recovery
will be added ir a natural fashion to tha blow-
vp scheme. The second, parallel approach will
be to develop a negative fon concest, which has
the advantage of inherently higher efficiency,
This will be essential for the 300-keV beam
requirements, where the positive fon approach
would give » neutral beam yield of less than10%.




Joth of these neutrs] bean generation
approaches are being studied in increasingly
greater detail, and experiments, RAD plans, and
schedules are presentiy being initfated.

4.5.4 Two-S lon igglvels

for the next generation of meutral beds
injectors with higher anergies (>80 ke¥) the
to-stage acceleration schese (i.e., the extrec-
tion-accel-dece! systam) has besn studied both
experimentally and theoretically. The memerical
solution to the two-stage fgm optics wes carvied
out for a 120-keY accelerator in terus of the
extraction pervernce (P] and the witage rutie
of the acceleration to the extraction qag (7).
An amlytic mod21 has also been deweloped by
suming p the Tens effect of apertares and the
space-charge effect to yield an ~xpression for
beam divergence 2s a function of pervesnce,
woltage ratfo, aspect ratio (i.e., aperture
diameter divided by extraction gag), and
spacing ratio of the accel to the extraction
gep (T).

Figure 4.17 shows the comparisos between

the experimental results and corvesponding
mmerical results of the two-stage ion beam

divergence. The rumerical model predicts the
experimertal results reasomadly well, A
paramete- study is {llustrated in Fig. 4.18,
where the divergence angle {s plotted as 3
function of the extraction perveance for dif-
ferent sitage distridbuticns between the two
stages at a fixed total acceleration voltage of
120 kY. The optimm perveance increases as I in-
crease;. There also extsts a range of T for
good optics; for example 3 <T <7 in the case
of Fig. 4.18. Figure 4.19 shows the relation-
ships between P and T at the best optics condi-
tion, obtained from the mumerical solution
(Fig. 4.17) and from the snalytic model,
respectively. The anslytic mode! ylelds a
reasonably good predicticn of the sore accurate
numerical results,

It was shown both experimentally and
theoretically that the two-stage acceleration
schese not only provides the b-a» energy

st but 2150 improves the beam optics over
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Fig. 4.17. The single beanlet divergence
angle measured at v « 10kV, =2, and
S = 0.8] as a function of T and the corresponding
resslts from mmerical calculation.
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Fig. 4.18. The rms angle as a function of
the extraction perveanc2 and the voliage distri-
bution obtained from the mmerical computation,
where Po is the Child-Langmiir perveance.
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Fig. 4.19. The optimum extraction perveance
vs the voltage distribution, obtained from the

mmerical simulation and from the analytical model.

the single-stage case, The two-stage beam
optics is also lass sensitive to the extraction
perveance (and thus to the source plasma
fluctuation) near the minimum divergence con-
dition, The experimental investigation is
continuing on the 150-keV Test Facility for
energies up to 150 keV.

0 el tam by e o S thome
utra an ans of Space-Charge
oiomip

In 2 conventional neutral beam injection
system, the umeutralized fraction of a. ion
beam is deflected away by a magnet from the
nevtralized fraction, which requires a large
space for the magnet and the ion beam dump. We
fnvestigated a means of spreading the charged

particles of a beam by preventing the background
electrons in the neutralizing region from migrat-
ing into the expansion region by the us= of a
magnetic lens (either solenoidal or transverse).
Generation of tecondary electrons in the expan-
sion region is minimized by mintaining 2 good
vacuum, Tre blowup of the charged fraction

into a large solid angle results in both the
substantial separation of charged particles from
neutra: particles and the large reduction of the
power density to a level easily handled by the
fon beam stop. This concept simplifies the
beam line design by the elimination of the
magnet, reduces the target cooling problems
which otherwise exist, and is the first step
toward a direct recovery system. A magnetic
lens stre.gth of no more than a few kilogauss
is typically required to balance the space-
charge eleciric force on the electrons while
producing a negligible focusing effect on
the ions.

4.5.6 Beam Intensity Distributions in a Neutral
Beam !niecdon Tystemit

Analytic espressions for the beam intensity
profile for focused multiaperture sources have
been derived. These formulas are ised to
estimate the beam transmission, the effect of
the single beamlet divergence rn the beam
evolution, and the beam power loading to various
beam 1ine components. The analysis is also
extended to sultisource beam 1ine systems
such as the TF'R beam 1ine. As an example,
Fig 4,20 shows a Jdownstream evolution of the
focused beam intensity profile in the PL[ beam
1ine system, where the beam target is situvated
approximately at 7 = 250 om.

4.5.7 VYacuum Components Development

Yery high speed, clean pumping systems are
required to resove the copious amounts of cold
gas emitied by high power neutral beam injectors.
The estimated cold gas load for a 120-keV in-
Jector with 5 W of neutral power {s 130 torr-
1iters/sec. This requires a total pumping speed
of 1.3 x 105 1iters/sec to maintain average
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Fig. 3.20. Downstream evolution of the beam
intensity profile in the PLT beamline.

chamber pressures at 107“ torr.

Several techniques for achieving these
speeds have been considered,*” including dif-
fusion pumps, getter pumps, cryocondenzation,
and ciyosorption on solecular sieves or (0,
frosts. Cryocondensation and cryosorption appear
to of fer the best prospects for attaining the
requfred speed and cleanliness. Cryocondensation
psmps are already in use on the PLT beam ifnes!?
as well as on fusion related projects in other
laboratories. However, cryosorption pumps may
be better able to hold accumulated depnsits
in the presence of high energy neutral beams
and associated thermal radfation and neutron
fluxes Furthermore, cryosorption pumps offer
the possibility of operation at temperatures of
15-20 K, jeading to lower refrigeration costs
and easier control of regeneration. Finally,
with cryosorption at 4.2 K it is possible to
pump helium praduced in a thermonuclear burn
out of the torus, an advantage not possessed by
condensation pumping. However, present perfor-
mance data on cryosorption are very sketchy and
moscly limited to low pressures and throughputs.

N

With the above motivations, a new program to
develop cryosorpticn pumping for fusion applica-
tinas has been initiated. Two major activities
are under way. First, small paiels are beirg
fabricated and tested in & variable temperature
iryostat with the object of optimizing the
pumping speed and total gas capacity. This work
is being carried out in collaboration with the
ORNL Chemical Techrology Division, where a
small commercial cryosorption pump is 3lready
being tested for tritium handling applications.
Using design inputs from this program, a paral-
1el effort to construct a large (+1 m? area}
cryosorption panel for the 150-kev Test
Facility is being carried out in crder to veri-
fy satisfactory performance in thc presence
of high power hydrogen or deuterium beams and
to determine requirements for future injec-
tion systems. A set (f specffications has
been written for this panel and submitied to
the Arnold Research Organizatior in Tullahoma,
Tennessee for develcpment 1nd construction
under subrontract.
January 1977.

Figure 4.2]1 shows a cross section of the
cosmercial cryosorption pump under test in the
Chemfcal Technology Civision. The 320-cm?
surption surface consists of Linde 5A molecular
sieve depositad on & cross willed stainless
steel substrate. Chevron baffles at 77 K and
20 K intercept incoming thermal radiatfon and
thermalize hot gas molecules. Long-term
4.2 K pumping speeds at 10°* torr of about
3 liters~sec ! "2 have been observed’® for
hydrogen and deuterium, At 4.2 K, the mjor
pumping sechani>a seems to be condensation.
The performance with helim is more complex,
with pressure ascillations between 10°* and
107} torr occurring for gas loads greater than
2 x 1073 torr-liters/sec. This appears to
result from interaction between the sieve
surface and the helium gas ccoled first chevron
via boiloff gas from the helfum bath, Mea-
suresents of hydrogen pumping speed were also
carried out with the sieve at temperatures
wp to 20 K. Preliminary snalysis of the data

A restonse is expected in
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indicates tihat the pumping .peed coes rot

decrease markedly at higher tesparatures,

although the total gas czpacity is decreased.

These experiments will be continued in the

wore versatiie varjable tempera’yre cyrostat,

which is schediled for initial operation in Efé’é‘y"&ng

ENVELOPE OF
10N TRAJECTORIES

DECEL GAP

January 1977, The effects of substrate material AccEL
and geometry, sieve material and thickness, and ELECTROGE ,f",
baffle geometry on pumping performance will be oLasHa g
inveitigated, ELECTRONE k|
6 BSHEL T s B Beine o
PLASAA 7 Shian toce
i s

The region considered in this two-dimen-
sions) solution is shom in Fig, 4.22, further

described elsewhere, 20,2} Fig. 4.22. Regfon i. w-ich the solution to
the ‘0isson-Viasov equation ts found,
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4.6.1 New Iteration Scheme

A new iterative scheme is proposed for the
two-dimensional solution of the iun optics of
high current ion beams extracted from a plasm,
including the effect of plasma electrons. This
is an accelerating electron under-relaxation,
averaging, constrained potential, successive
overrelaxation (SOR) scheme.2® The range of
perveance for which this scheme can be applied
and its speed are shown in Fig. 4.23 (curve C)
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Fig. 4,23. Comparison of the number of SOR
iterations necessary for convergence of three
electron fteration schemes as a function <f
relative perveance,

where the tot?' nuber f iterations required
for convergence is plotted vs the perveance on
the scale of the Child-Langmiir perveance. The
Poisscn-Ylasov equation i3 solved 100 debye
lengths into the extrsctior plasma, which elimi-
nates the need to stipulate anything sbout the
sneath shape or position. Compared in Fig. 4.23
are two other schemes: the conventional sequen-
tial under-relaxation SOR scheme,?! denoted by
cure A in Fig. 4.23 and a simul taneous under-
relaxation S0P scheme, shown by curve P, where
the electron source term ¥s reinserted during
the SOR iteratiors. The pry-—*%:- of scheme C
make possible the various calculations presented
throughout Sect. 4.

4.6.2 Expeditious Exporential

The code speed was increased by ahont 3
factor of three when we taught the 18M 370/195
how to calculate the >xponential 15 times
faster.22

3.56.3 General Parameter Dependence of Ion Optics

For single-stage soyrces similar to that
show in Fig. 4.22, fon optics are alweys found
to be aberration-dominated for any reasonably
low value of the emittance.*3 The dependence
of the fon divergence angle, B, and transparency,
F, on the fon and electrcn temperature and the
source plasma density, on a suitable scale P/P.,
is shown in Figs. 4.24 and 4.25, These resylts
are valid for an: accelerating potential,
electron and ion temperature, fon mass, and
source plasma density within the range of
the three independent diwmension}ess parameters
consicered in Ref. 23, Figure 4.24 shouid bde
compared with Figs, 4.9, 4.1, and 4.13.

4,6.4 Comparison and Discussion of Three
ﬂgg Quality Ton Beam Optical Systems

The two-stage source?* (Sect. 4.5.4) and
single-stage source with a shaped,?S (Sect.
4,2.2) or coated (Sect., 4.2.3) plasma electrode
have both been shown experimentally and theo-
retically to yield considerably better optics
than 2 single-stage, cylindrical bore, w.coated
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Fig. 4.24. Tlon divergence angles and rela-
tive transparency as a function of relative per-
veance and fon temperatures.

aperture. Here we compare the features of
sach and offer a physical explanation. Trans-
parency: The transparency appruvaches the
geometric tranuparency in the coate. and sore
shaped single-stage sowrces. It is usuvally
around 0.7 of the geametric iransparency for
a conventional cvlindrical bore, uncoated
single-stage source. For the operating region
of the two-stage source,2* it is usually around
0.6. The lower the transparency, the higher
the source plasma density needed for a given
beam currert. Also the plasma grid becomes
heated wore. Optics: In all taree systems
the optics can be mide to approach the source
emjttance Yimit (Figs, 4.3, 4.10, and 4.18)

as opposed to the aberration-1imited optimum
optics (Figs. 4.24 and 4.25). The broad
wings of the beam dstribution which may be
present in the conventional source can be
eliminated in all tiree systems, meaning more
power where it is needed anc lower electrode
loading due to secondaries, which tend to hit
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Fig. 4.25.
tive transparency as a function of relative
perveance and electron temperature.

Ion divergence argles and rela-

- i v s S

the source plasma and ions in the gas cell
plasma instead of the electrodes. Explanation:
The priv.ipal source of beam divergence in the
conventional source as considered in Figs. 4.24
anag 4,25 s the residual radial electric

vield due to che ion space charge and to
incorplete cancellass~n of the aberration

fields of the cylindrical bore plasma electiode,
Each of these three high quality optical systess
reduces or makes ineffective these residual
radial electric fields. The shaped grid does it
in the most direct fashion. It is possible to
have a shaped-aperture plasma gri“ (described
in Sect. 4.2,2) in which there are virtually

no radia! electric fields (Pierce-like geometry).
The two-stage source (described in Sect, 4,5.4)
can be made to operate at .ery high perveance
in the first stage with the second electrode
acting as a strorng converging lens. Under these
conditions, the source plasma sheath is much
forward of its normal po:ition in a single-stage
source at optimm perveance. The space-charge
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fields are able to cancel nut more effectively
the aberration fields of the plasma gri¢, thus
reducing the residual fields :nd improving the
optics. The coated grid with preacceleration
of *he ions {described in Sect. 4.2.3) mkes

the residual aberration fields ineffective in
deflecting the ions because the ions trawel in

hese fields for a much shorter time.
4,7 PELLET FUELING

4.7.1 ORMAK Pellet Injection Experiaents

In collaboration wit: the University of
IMinois and the ORNL Tokamak Experimental
Section, experiments were performed on ORMAKZS
in whizh 210-sm~diam. frozen hydrogen spheres
were injected tangentially into the ORMAK edge
plasma. The University of I11indis pellet
injection apparatus?” was used to inject the

PHOTOMULTIPLIER
OR HIGH SPEED
FRAMNG CAMERA ~

—LIGUID M, l}
| RESERVOR !
T =18.2° )J

| Pm=425 Torr HIGH

P-‘SYorr—[

—‘POcm }.—-

ACCELERATION
TUBE

| §
’.—_—~ PELLE™ INJECTOR -—————ot

Fig, 4.26.
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pellets at a speed of 100 m/sec. A schematic
of the experiment is showm r Fic, 4_26,

Both teaporal and spatial districution of
the ligh{ emdnating from the jellet-plasma
interaction were recorded. Fiqure §.27 shows
a record of the pellet ablation rate inferved
from the cbserved luminosity as 2 funztion of
time and radial distance in the plasma. The
data were asscmbled from three separate but
similar shots to form a composite f the abla-
tion process. Pellets were observed to pene-
trate to the 19-cm position, where the plasm
temperature is estisated to be 80 eV,

Also shown in Fig, 4.27 is the ablation rate
predicted by a revised version of tne neutril
ablation mocal recently propos:d by Parks
et al.22 The agreement obtained is good, and
this model is now being used in our pellet
accelerator development program as a auide to

ORnNL-DWwE 77 -0

Pellet injection apparatus shown mounted on ORMAK,

o
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Fig. 4.27. Experimental pellet ablation
rate a5 2 function of time and position in
plasm. Solid lise represents neutral ablatfon
mde].

estimste fnjection device design . arameters
for the next gemeration of tokamaks.

4.7.2 Pollet Mblation Model Development

To describe the results of the O0AMAK
pellet injection experiment, a revised nevtral
ablation andel s developed.2® The approach
taken was similar to that of Parks et al.2¢
but differed by tresting in more detaf) the
hydrodymamic behavior of the cloud of molecu-
Tar hydvogen that surrounds the pellet surface.
Mamrical solutions to the fluid dynmic
eGuations, which fnclude the effects of strong
electron keating Tocally in the ablation cloud,
revea! that the flow of citerfal sy from the
pellet is initially retarded and then rapidly

196

accelerated and raretied. This hehavior is
more pronounced for higher temperature plasms,
and the net effect is that pellet lifetimes
are preclonged slightly by including the heating
effects in the amal*sis.

This model has been used to devise a simple
pellet velocity scaling law. The velocity
required to penetrate a given distance into 2
tokamak plasma varies as the cube of the
fractional penetration depth to the plasma
center. IT this dependence i; correct, injec~
tion of pellets to the central regions of a
TRT-1ike plasaa may require velocities on the
order of s2veral thousand meters per setond.

4.7.3 Pellet Accelerator Development Procram

An advamced pellet injector facility
bes2d on the rotating arm accelerator concent
tas been designed, and consirction is pro-
ceeding. The key elemecc of this device will
be a 56-cm-diam, high strength 2luminum
arbor that rotates nominally at 500 Hz, re-
sulting in rotor tip speeds approaching
1000 s/sec. A schematic of the facility is
shown in Fig 4.28. Solid hydrogen pelle’s
introduced at the Wb of the spimning arbor will
be accelerated cutmrd and will eventually leave
the arbor tip #ith equal components of radial
and tamgential welocity. This prototype is ex-
pected to provide pellet velocities approacring
1400 w/sec.

The pellet feed mechanisa for this device
will utilize 3 s011d hydrogen extruder capable
of prmducing a continuous filament o frozen
hydrogen. To test this concept, an extruder
was comstructed and initial tests demonstirated
that a 400-y% filament ov frozen hydrogen could
be produced continwus’y. The design of this
device will be wdified for use with the proto-
type rotating arm accelerator. The projected
initial applications for the complete injector
system will be on ISK and PLT sometime in 1978,

Experiments to fnvestigate the potential of
cther accelerating concepts such as the 1ignt
983 gun and laser rocket3® have begun,
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Fig. 4.28.
facility.
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5.1 DESIGN PROJECTS

5.1.1 ER

The previously designed Experimental
Power Reactor (EPR) magnet systems (ORWL/TM-
5042) were reevaluated and modified during
this reporting period. Parametric studies,
sensitivity checks, and detajled calculations
were done for several selected subsystems. A
revised design is reported in 0ak Ridge
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Tohamak Experimental Power Reactor Study - 1976,
Part 3: Magmet Systems (ORNL/TM-5574). This
revised design resulted in a more econowical and
self-consistent design which is simpler in con-
cept and easier to extrapolate to large demon-
stration and commercial power reactors. Scome
pertinent modifications are as follows.

1) The shape of the toroida) field (TF) coils
was carefully reexamined. [t appear: that
with a winor modification of the radius of
curvature, the oval shape is a viadble
cwmice.

2) The fabrication of the coils was simplified
by using L-shaped structural segments, each

enc osing several conductor condyits. The
nuber of velds has bemn greatly reduced,
resyliting in significant savings 1a both
fabrication tise and cost.

prov




3)

4)

5)

7)

8)

9)

10)

1)

12}
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The conductor cooling paths were short-
ened and the protection problem eased
(discharge voltage lowered) by rumning
four conductors in paraliel. The series
current is then increased from 20 to 78
KA.

The composition of the conductor cable
was optimized with respect to stability
using a new theory.

Isproved theoretical understanding of
the stability of forced-Tow-cooled
conductors allcwed us to specify quanti-
tatively allowable sudden and gradual
heat inputs for a given conductor at a
specified temperaturs and field.

The required pumping power was minimized
with no sacrifice in stability margir.
This was achieved by flowing the helium
more slowly in layers where the fieid is
Tower so as to retain the same stability
mrgin.

Evaluations were made of ac lotces in
the TF coils. Because the pulsed fields
have components both perpendicular and
parailel to the conductor, there is an
optimm choice of filament twist pitch.
Extensive discussion on the position of
the shield vertical field (S-¥F) coils
has resulted in <meir being left inside
the TF cofls.

The poloidai field (PF) coils have been
woved to decrease further the stored
encrjy and the ampere turns required.
Several possible schemes for connecting
the ohmic heating (OH) coils were dis-
cussed in an attempt to find an accept-
able compromise between the conflicting
goals of low series current and low in-
ductive voltage during the heating pulse.
Calculations of ac lusses in the PF coils
were made by taking into account the de-
talled behavior of the magnetic field
inside the windings.

Flow paths of the helium thr.ugh the OH
o1l central solenoids were datermined
and the puping power calculated.

13} A protection scheme: for the TF coil using
extern) dump resistrrs axd active switch-
ing was examined in fetail. Satisfactory
thermal excursions, terminal voltages, and
mechanical loads can be ackieved by con-
necting the TF coils in several parallel
loops and isotating and discharging only
the quenching coils. The protection
problems associated with the PF coils
were also examined.

The retrigeration cycle for forced flow
i~cludes a cold pump Toop. Some experi-
mental data on cooling of a cable by su-
percritical helium in forced fiow are
available to incorporate in updated esti-
sates of refrigeration lcad.

Yarious schemes were studied for storing
and transterring the energy of the OH
coils; however, a satisfactory scheme has
not been identified, and the matter re-
quires more extensive study.

14)

15)

In short, the key features of the original
reference design are judged to be saticfactory.
The honeycomb coil structurc and forced-flow-
cooling by supercritical helimm in a conduit re-
main as key features of the TF coils. It-is
worth noting that the modified structure can also
be used with pool-boiling or convectively cooled
conductors. Forced-flow-cooled conductor cable
is recosmended for both PF and TF coils. No in-
surmountable probless were fdentified in the
magnet systems, including their protection,
structural integrity, and long-term relfability.

1 Jo W, Lue (ed.),
J. K. Ballou, R. L. Brown, R. B. Easter,
C. 6. Lawson, W.C.T. Stoddart, H. T. Yeh.

This part of the ORNL EPR composite report
documents last year's design effort in the magnet
systems. The discussion covers both the toroidal
field (TF) coil system and the polofdal field
(PF) coil cystem. Consideration of cofl support
structure, cryogenic requirements, and powe:
supplies is included. Particular attentfon is
also paid to the protection scheme of both TF
and PF coils. The conductor desfgn 1s based on
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forced-flow supercritical helium-cooled cable in
conduits. A hybrid system is proposed for the
TF coil system; it uses Mb;Sn in the high
field region for a designed maximm field of
11 T, and NbTi in the 1ow field region. Con-
ductor stability aialysis in the forced-flow
scheme fs discussel. Coil comnection options
to obtain desirable current and voltage rating
in PF coils are described. The refined design
of tte magnet systems is more self-consistent
in every respect.

Joroidal Ficld Coil System of the Qak R‘.QF
ereace Design.2 J. W. Lue and J. N.
Luton.

A refined design of the toroidal field
(TF) cofl system for the Gak Ridge Tokamak
Experimental Power Reactor (EPR) study is pre-
sented. This design ic based on cable con-
ductsr cooled by forced-flow supercritical
helium. It uses superconducting multifila-
mentary Nb,Sn for a maximum design field of 11
T at the coil windings. A hydrid system which
uses MbTi at low field regions is recommended.
The coil structure consists of stainless steel
segments welded together to form a continuous
stiff honeycomb. Conductor optimization and
stability analyses specifically applicable to
the forced-flow-cooled conductors are given.

5.1.2 Demo

A study has been made of the feasibility
of using resistive coils to generate the
toroidal magnetic field in a demonstration
reactor. The design parameters used were:
plasma major radius of 6 m, coil ID of 5 m,
radial build of 2 m, and axial build of 1.4 m.
The on-axis toroidal fleld was 4.2 7. The
18-mesber coil set, 1f resistive, would con-
sume half the total electrical output of the
plasma. When the power demands of other coils
{such as O and PF coils) and the power to
drive the neutral beam injectors are consid-
ered, i becomes obvious that most of the
cofls will have to be superconducting. The
cost of a resistive toroidal coil set was
estimated to be about 350 x 10% gollars for
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aout £.75 = 105 kg (17.5 x 106 1bm) of .opper.
It appears that some advantage could be gained
from optimized geometry and reallocation cof
space, but 2 totally resistive coil set still re-
mins w.éttractive on a purely economic basis.

Future studies wil? centzr on interfacisg
resistive and superconducting coils as well as on
designing the supercenducting coils.

51.3 IS

Guring the initial! phass of The Mext Step
{INS) TF magnet stuly, we supplied design crite-
riy and machine parameters and identified fea-
sible options for trade-off siudies for the
Westinghouse Jesign team. We have reviewed 2nd
will continue to review their desion and analysis
studies. In these coordinated efforts, we have
identified feasible designs for various TNS op-
tions which bracket physics uncertainties. Four
di fferent TF coil designs are being considered in
the trade-o’f studies, namely: TNS-1, a water-
cooled copper coil with an = 12 T; INS-2, a
suderconducting MbT1 cofl with B-“ = 8 7; TNS-3,
a superconducting Ko;5n coit with B-ax =12 T,
and TNS-4, a hybrid MbTi/copper coil with B.“
between 8 and 12 7. A trade-off study model,
which represen’s subsystems in detail with a
consistent physics and engineerirg rationalc,
has been developed.

In order to ensure a firm engineering basis
in the calcuiation, the design of the supercon-
ducting windings has been adapted to suit the TNS
operation. For exauple, becavse of the low duty
cycle and high nuclear heating pulse of the TS
mchine, pulsed operation of the helium flow is
proposed. The coil is to be pancake wound and
the sypercritical helium is to onter through the
inner, high field turn and exit from the outer,
Tow field turn. At the start of the plasma burmn,
the helium flow rate i< increased so that the
nuclear heat accumvlated during the nelium tran-
sit time through the first turn is kept below the
superconductor stability margin. Additiona)
stability margin is obtained when the helium
reaches outer, lower field turns. As soon as the
plasma burt stops, the hel{um flow can be reduced




to just maintain stable magnet operation. By
operating in this smanmer one can use a thin
shield and sti11] consume relatively little
pumping power.

It has also been found that by operating
the beltum at a Tower temperature and higher
pumping power, a magnet designed for a given
field can be extendad to higher fields while
mintaining the same stability margin —
assuwing, of course, that the structure has
been designed to withstand the higher mechan-
ical load.

5.1.4 LCP

The iLarge Coil Program (LCP) is a sepa-
rately funded project, the goals of which are to
provide tested designs for the TF ils of fu-
ture generations of tokamaks and to encourage
development of an industrial base for the manu-
facture of sech coils. The LCP is supported by
the technica: efforts of the Superconducting
Magnet Dewe:'noment Program (SOP). This effort
is supplied from a:v grow of the SCMDP as the
need arises; in 1976 it was equivilent to two
men full time. The SCMOP support of the LCP
occurred in four main areas: technical super-
vision of the ERDA contrac.s for EPR TF coil
studies; drafting of a Program Plan for LCP;
preparation of a Request for Proposal for the
LCP test coils; and preparation of a major
Project Proposal for the LCP test facility.

ERDA intended to fund three industrial
contracts for conceptual studies of TF magnets
for EPR, and more than three proposals were
reviewed. The SOP helped evaluate the pro-
posals, gave technical advice to the contrac-
tor selection committee, contributed to the
orientation meeting held for potential con-
tractors, and helped evaluate the three interim
and final reports.

The SODP assisted in the pr._paration of
the LCP Plan by proposing a testing configura-
tion and size-scaling relations. The Program
Plan, recommending testing at ORML in a compact
torus configuration, was approved by DMFE.

SCMDP also participated in the LCP workshop in
June.

To ensure wide infustrial participation and
a variety of candidate designs, the LCP re-
quested proposals from industry for the con-
ceptual design, detailed design, and construc-
tion of a test coil. The SCMDP assisted in
pregaring this Reques. for Proposal, particularly
the section on required design and performance
characteristics.

Work is under way to define the LCP test
facility and to prepare a major Project Proposcl
for submission to ERDA. SCMDP personnel are
participating in the effort, especially in set-
ting the testing requirements and schedul2 and
in matching the operation of the facility to the
preexisting SCMDP helium refrigerator.

5.1.5 EBIR

In support of the EBTR Reference Design,3.*
two versisas of the magnet system were designed.
One had 48 coils with a major radius of 60 m
(EBTR-48), and the other had 24 coils with 5
major radius of 24 m (EBTR-24). Aside from the
plasma constraints, the main goal was to design
cils which could be built with existing tech-
nology. The main features of the design are as
follows.

Conductor desi

Monolithic MTi superconductor was used.
The average current density in the winding is
1500 A/cm?; the peak field is 7.3 7. The con-
ductor is cryostatically stabilized by soldering
the MbTi-Cu composite to formed copper strips
with punched slots that facilitate cooling.

Magnet design

The magnets are circular, pancake wound, and
cooled by liquid helfum in natural convection.
As long as the ratio of major radius to the num-
ber of coils is fixed, the field strength pro-
duced by modular magnets of the same size is not
sensitive to the size of the reactor. Thus, an
important feature ar.d advantage of an EBTR is
that modular magnets may be used in reactors of
different sizes and power ratings.



Protection

To ensure adeguate protection by reducing
the terminal voltage durin~ discharge, a high
operating current (25 kA} is used and four
conductors (each carrying 6.25 kA) are con-
nected in parallel. To avoid problems of
uneven distribution of current, a spiral
windino technique has been adopted. Voltage
tars are used on each coil as the main quench
detection device. Pickup coils on the current
leads ot the power supplies are used to com-
pensate for the inductive voltage. External
dusp resisccrs are used as heat sinks.

5.1.6 EBT-II

Preliminary designs for a toroidal array
of superconducting magnets for the proposed
ELMO Bumpy Torus-I1 (£BT-II) plasma experiment
have been developed to meet the following
criteria provided by the High Seta Plasma
Section:

« maximm fleld on

torus ninor axis 6.0T
» minimm field on
torus minor axis 307
+ mirror ratfo 2.0
+ coll inner radius 15.2 om (6 in.)
+ x-ray heat load 1.0 W/coll.

The number of cofls was to be maximized and
the major radius minimized.

EBT-11 has a very large aspect ratio and
coil spacing compared to the TF cofls of
tokamaks, and the cofls have only a small
fleld asymwetry (about 23). Therefore, in
contrast to tokamak coils, the EBT-II cotls
can be axisymmetric and still have a favorable
(f.e., nonbending) stress distribution without
requiring spectal support precautions. The
cesign effor: also attempted to minimize the
current density and the peak field in the
windings. The following recults evolved:

+ windtng outside radfus 25.4 om (10 in.)
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+ length 18.2 em (7.2 ir.)
+ winding cavity

current density 10 kA/cw?
» maxisum field 87

- number of coils 36
- torus major radius 3.05 m (10.ft).

Several analytic studies of the behavior of
these magnets have been carried out, and it &o-
pears that the magnet system can be manufactured
without encountering severe development problems.
Some questions still remain about which design
will yield the most relfable magnet system.
Therefore, we intend to bulld four prototype
coils, each of a different design, and test them
to find the most reliable. The four magnets will
be of the following types:

1} po-ted:
pressure,

2} potted: hybrid WTi-%;5n in helium at
atmospheric pressure,

3) unpotted NbTH,

4) unpotted hybrid NbTi-NbSn.

NbT1 in heliun at subatmospheric

The thermal studies indicate tha. the potted hbTi
coils can operate ot the estimated x-ray heat
lcad; however, there is considerable doubt about
the size of this heat load and about the thermal
diffusivity of the coil, so the unpotted, venti-
lated prototypes are included. Potting was con-
sidered because of possible turn slippage due to
(1) the 2% field asymmetry and (2) the pnssible
addition of supplementary coils that would pro-
duce complicated stress patterms. The stress
analysfs systematicaily considered the problems
of winding tension, bobbin thickness, and thermal
contraction on cool-dowm, and it was concluded
that the m:.:fmum hoop Stress would be 90 MPa (12
ksi). The heat tnput to a coil due to super-
conductor hysteresis effects 1f its neighbor
were to quench wzs calculated to be 11.7 J totai,
with a peak value of 980 mJ/am3. The maximum
temperature reached in a quench was calculated to
be 75 K, a safe valye.
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5.2 SMALL SCALE EXPERIMENTS

5.2.1 Pulsed Parallel Field

A series of experiments was carried out to
exawine losses in twisted multifilamentary
composite superconductor when it is exposed to
transient magnetic fields applied parallel to
the longitudinal direction of the conductor.
The usual practice of twisting the filaments of
3 composite conductor about its axis to decowle
thems from iransient transerse magnetic fields
enhances cowling (and thus the losses) in the
presence of time-varying parallel fields. The
TF cofls of tokamak devices will be exposed to
both transverse and parallel components of
pulsed magnetic field over perts of their
windings.

The most recent experimental results were
reported by Miller and Shen a. the 1970 Applied
Superconductivity Conference in Palo Alto.

This work demonstrated the difficulty of sat-
urating the filaments of Targer conductors
when they carry no current and the ease >f
saturating the same conductors when Lhey carry
current near the critical value. Of course
the latter case is the important one because
any TF coil will be designed to operate at
some large fraction of the critica® current.

Because the interest of our program lies
naturally with larger conductors, apparatus
capable of examining larger conductors has
been desigred and 1s under construction. As in
previous apparatus, the test conductor will be
exposed to pulsed parallel fields by placing
it inside 2 torus. Previously, however, the
test conductor was wound into a thin solenoid
and the torus was wound around it. In the
apparatus befng constructed, the torus is
wound around a spool which can be rotated via
a chain and sprocket to pull the test con-
ductor in from the outside; thus, the tcrus
need not be destroyed every time the sample is
changed.

The torus windings of the new apparatus
will be suwperconducting to allow a ramp and
hold of the paralie! field. The maximwm parallel

field component should be about 1.5 T and the
maximum ramp rate shou.d be about 3 T/sec if we
use an avaiiable 30-¥, 500-A motor-generator set
to charge the torus. Controls for the set have
already been designed and are ready for construc-
tion. The torus will initiajly be operated in a
dewar inserted in 2 water-cooled copper solenoid
that will provide a 6-T transverse field at the
test conductor. Current to the test conductor
will be provided through 5063C-A, vapor-cooied
leads.

5.2.2 Propagaticn and Stability Tests

Condu-tors cooled by boiling helium

Last year, calculations of propagation
velocities that took fatc account current sharing
and the temperature variation of the material
properties of matrix and superconductor werc
carried out. These calculations were based on
the restrictive assumption of a constant heat
transfer ~oefficient. This year, this restric-
tion was dropped, and f.. . account is now taken
of the temperaturc variation of the heat trans-
fer at a copper-helium surface in the nucleate-
boiling, transition, and film-boiling ranges. A
new numerical method was developed to carry out
the calculations. Comparison of the calculations
with earlier measurements of Miller and Donald-
son> indicates the need to include the effects
of transient heat transfer in the calculations
in order to achieve agreement between theory
and experiment. An account of this work has
been published 1n Cryogenics.

Measurements we™e undertaken to determine
the stability of varfous composite conductors in
realistic coil environments. The velocity of
propagation or contraction of normal zones, the
full recovery current, and the winimum propagat-
ing current were measured. The dependence of
these quantities on background field, transport
current, electrical insulation, coolfng passage
size and orientation, and proximity of other
cnductors was examined. The measured velocities
of propagation were compared with those calcu-
lated with the theory mentioned above, and good
agreement was achieved once an allowance was
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made for transient heat transfer. This work
was described 1n a paper cfven at the 1976
Applied Superconductivity Conference.
Propagation ¢, Normal Zunes in Composite
Superconductors.¢ L. Dresner. This paper
describes calculations of propagation velocities
of normal rones fn composite superconductors.
Full account is taken of (1} current sharing,
(2) the varfation with tesmoerature of the thermal
conductfvity of the copper matrix and the specif-
ic heats of the matrix and the superconductor,
and (3) the varfation with tesperature of the
steady-stale heat transfer at & copper-helfum
interface in the nucleate-boiling, trancition,
The theory, which
contains no adjustable parameters, s c.mpared
with experiments on bare {uninsulated) con-
ductors. Agreement is not good. [c is con-
cluded that the effects of transient heat
tr-nsfer may need to be included in the theory
to improve agreement with experiment.
Investigatfon of Stability of Composite
Superconductors in Typical Coil Confiqurations.
J. R. Miller, J. N. Lue, and L. Dresner. The
stability of varfous composite ccnductor de-
signs in realistic cofl environments has been
examined. We measure the velocity of )ropa-
aation or contraction of a normal regfon, the
full recovery current, and the minimum propa-
gating current in a cofl segment. We examine
the dependence of these measurements on back-
ground field, transport current, electrical
fnsulation, cooling passage size and orfenta-
tion, and proximfty of other conductors. Com-
parison of experiment and calculatfon provides
indirect information about local heat transfer
to the helium bath and di.ect information
about safe operating currert limfis for par-
ticular coil designs.

and fil=-bofling ranges.

~

Forced-cooled conductors

A computer program was written last year
to calculate the temperature-time history of a
uniformly pulse-heated Nbi{-Cu conductor
cooled by supercritical hel{um {n forced con-
vection. Using this program, one could find
by tr{al and error the maximm sudden heat
addition (AH) that sti11 allowed recovery of
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the superconducting scate. This vear the
program was improved by eliminating tne trial
and error feature, which resulted in an order of
magnitude increase in the speed of the progras.
The faster running of the program allowe? sH
to be maximized by faltorial search with re-
spect to simultaneous variation of the helium
volume fraction and the copper-to-superconduc-
tor ratio. Conductors with iH so maximized
are called stability-optimized conductors;
the use of these conductors in magnet design
sninimizes puwping power and pressure drop for a
preassigned stability level AH. The design
method based on these consicerations was de-
scribed in a pape, glven at the 1976 Applied
Superconductivity Conference. Practical use of
the method has already been made in aiding selec-
tion of forced-cooled conductcrs for purchase by
the Magnetics ard Superconductivity Section.
Stability-Optimized, Forced-Cooled, Multi-
filamentary Superconductors.® L. Dresner. A
numerical progrem has been written to calculate
the temperature-time history of a uniforely
pulse-heated composite superconductor cooled by
supercritical helium in forced convection. The
program determines the maximum sudden tesperatuyre
rise from which the conductor can still recover
the superconducting state. The program includes
the effects of (1) current sharing, {2} the tem-
perature variation of the specific heat of both
the matrix and the superconductor, and 73} the
temperature variation of the heat transfer co-
efficient. Using this program, one may optimize
forced-cooled conductors with respect to sta-
bility by simultaneously varying the copper-to-
superconductor ratio and the metal-to-helium
ratio. Use of slability-optimized conductors
allows a given stability level to be maintained
for a particular field and bath temperature and
the pressure drop and pumping losses to be
reduced.

5.2.3 Conductor Design and Tests

Conductor des!gns

NbTi conductor. Early this year a study of

TF concuctors was undertacen. A set of pasic




criteria covaring operating current, ac losses,
stability, sechanical properties, and insulation
requirements was established. Several conductor
designs were proposed, and four of these — *hree
pool-boiling and one forced-flow — were analyzed
in detail and were shown to meet the projected
needs of tokamak machines.

Tnis study showed that the conductor ge-
ometry is strongly affected by ac loss require-
ments. They ca» be most easily met by using
same form of cabling technique. The question of
how this form of cond:-tor construction affects
stabil’ly was investigated by Fietz and Dresner,
wno e.amined current transfer between strands
in a cable which were coupled either inductively
or by a resistive matrix. Oresner studied the
effect of the resistive matrix on stability in
cables, some of the strands of which were com-
posite superconductors and the remainder of
which were pure copper.

As a result of these studies a specifica-
tion (ORML-7D-5P#192) detailing the perfor-
mance expected of TF conductars was prepared.
This specification formed the basis of a re-
quest for quotation (RFQ) that was submitted
for competitive bidding. The RFQ did not
specify conductor design, but asked the manu-
facturer to propose his own design, analyze
it, and bid on a fixed price basis. In order
to stimulate interest and innovative design,
it was ctated that ORML might purchase other
conductors in addition to the low bid if they
were of sufficient interest. To guide the
manufacturers, Fietz presented some conductor
designs and analyses at the 1976 Applied
Superconductivity Confarence.

After receipt of conductor proposals in
response to the RFQ, two pool-boiling conduc-
tors were ordered. Six hundred meters of each
conductor (rated at 10,000 A in a perpendicu-
lar magnetic field of 8 T} were requested.
Negotiations were also initiated for further
development work on two forced-flow conductors
and one additional pool-boiling conductor.

M350 conductor. A mechanical testing
prograe was carried out with the Metals aad

"o
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Ceramics (M&C) Division to characierize avail-
able myltifilamentary NbySn. This Drogram is
described under the mechanical testing section.

Material which had previously been pur-
chased in the form of a 7-strand cable was
heat treated to optimize its performance, and a
forced-flow Nb3Sn conductor was designed on
the basis of this cable. Initial experimental
work necessary for its “abrication was performed.

A length of 7ine, unreacted multifilamen-
tary Nb;Sn wire was purchased for evaluation
in pulsed coil operation. The preliminary de-
sign was completed for its use in a pool-boiling
hybrid coil with Nb7i cable in the low field 7e-
gions and Nb;5n cable in the high field regions.

Discussions were begun with vendors for
developmental work in the manufacture of Nb;Sn
forced-flow conductors for TF coils.

High Current Superconductars for Tokamak
Toroidal Field Coils.® W. A. Fietz. Conductors
rated at 10,000 A for 8 T and 4.2 K are being
purchased for the first Large Coil Segment tests
at ORNL. Requirements for these conducters, in
addition to the high current rating, are low

pulse losses, cryostatic stability, and accept-
able mechanica! properties. The conductors are
required to have losses less than 0.4 W/m under
pulsed fields of 0.5 T with a rise time of 1 sec
in an ambient 8-7 field. Methods of calculating
these losses and techniques for verifying the

performance by direct measurement are discussed.
Conductors stabilized by two different cooling

methods, pool-boiling and forced heli
have been proposed.

",
Analyses of these conductors
are presented, and proposed definitions and tests
of stability are discussed. Mechanical property
requirements (tensile and compressive) are de-
fined, and test methods are discussed.

Mechanical tests

The studies of multifilament superconduc-
tors under mechanical load which were begun last
year have continued through most of 1976. NbTi
superconductors with both copper and aluminum
matrixes have been studied, as well a< a number
of NbySn cables and monolithic conductors. The
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results of this work “rve been reported in the
literatare.

Evidence has also been found for thermo-
mechanical hezt generation in WT: composites.
Pretiminary resuilts and calculations indicate
that this heating may be comparable in magnitude
10 that dz» to magnetic hysteresis for a poloidal
il system.

The fclio-.ng are abstracts of papers pub-
lished during tle past year. (Other presentations
were also given.10-13)

Performance of Multifilamentary Mb;5n

Under Mechanical Load.!" D. S. Easton and K. E.
Schwall. The critica! current of a commer-
cial multifilamentary Nb3Sn conductor has beew
measured under tne application of uniaxial tem-
sion at 4.2 K and following bendirg at room
tesperature. Significant reductions in Jc

are ogbserved under uniaxial icading. Results
are preseated for a2 momolithic conductor sane-
factured dy the broaze-4iffusion technigee and
for cable conductors formed by the tin-dip
tromique.

Thermomechanical Heat Gemeration in
Copper and 2 W-7i Superconducting Composite.-°
B. S. Eastom, . M. Kroeger, and A. Moazed.
Heat gemeration via temsile stresses in both
pure copper and a2 superconducting W-Ti com-
posite was studied at 300 and 4.2 K. Linear
thermoelastic behavior was fownd at room tes-
perature Dut not at 4.2 K. At 4.2 K, stress
lewis on the order of 88 M3 and 0.1% strain
produced energy losses of 1-2 = 105 J/m’.

When stress-cycled under adiabatic conditions,
the composite shrwed a tewperature increase
with each cycie as a result of nonlinear
thysteretic) stress-strain behavior.

Stress-Induced Heating in Commercial
Conductors and Its Possible Inflyence on Magnet
Performance.}¢ D. M. Krceger, D. S. Easton,
and A. Moazed. Calorimetric measurements show
that ;ignificant amounts of heat are generated
when 2 mulitifilamentary composite conductor is
stressed in tension to lewvels expected to
occur in large, high field magnet systess.
When the stress on the conductor is repetitively

¢ycled between zevo and some maximum value,
the amount of heat produced per cycle is con-
stant afcer the first few cycles. Comparison
is cade between calorimetric determinations of
heat injections and the work done on the
specimen as indicated by stress-strain curves.
Stress-strain curves for 3 mmber of cosser-
cial conductors indicate that the most impor-
tant deterwinant of the magnitude of this
effect is the choice of matrix material.

Measurement facilities

A short sawple test facility comprising a
2000-A sample holder and a 7.9-T, 10--m-bore,
®Ti solenoid wac put into operation for routine
conductor testing. An additional SO00-A sample
twolder was constructed for testing conductor in
the 8-T, 16-om-bore, water-cooled copper sole-
ncid. Conductor was purchased and tested and
preliminary design completed for a 15-cm-bore,
5-com-9ap, split solenoid. The coil is designed
to produce a central field of 7.8 T with the help
of iron pole pieces. The maximum field in the
windings will be 7.3 7. C(Clear access of 1-7/8
in. diam will be sufficient for testing of all
conductors of LCS size.

5.2.4 Pylse (Poloidal) Ccils

Poloidal field coil development by the
SOMP has been initially directed toward those
aspects of the PF system which are device-
independent, i.e., those areas in which work can
be pursued independent of the detailed design of
TNS. Given the limited resources available
withir the SCMDP for PF coil work, we feel that
this approach hzs provided and will continue to
provide the most usable information from the
effort being expended.

Loss measurements

A pulse 10ss measurement system was complet-
ed. The system consists of fiberglass dewars,
rap power supply,. Rogowski cofls, and a POP-}2
computer. Test data are recorded and snalyzed
digitally. The method yields not only the total
energy 1oss but also the loss woltage waveform.
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Measurements have been perfeimed on three dif-
ferent pulse cofl systems 17

Discharging magnets may be a useful way nf
operating the poloidal coils in a tokamax fusion
reactor. A discharge test has been performed on
one pulse cofl. The results have shown that the
magnet can be discharged frcm 6.2 T at a rate of
10 T/sec without going normal. Filamentary
hysteresis losses, coupling losses, eddy current
losses in normal metal, and 1osses due ta con-
ductor motion have been individually identified
and measured.

Pulse Loss and Voltage Measurements on
Superconducting Magnets.!® S. S. Sherand H. T.
Yeh. This paper describes an electrical
method for measuring pulse losses and compensated
voltage in saperconducting magnets. Test resylts
from two pulsed solenoids were recorded and
analyzed digitally by computer. Oependence of
iass performance on B, and B is studied. The
cffacts of conductor motion and presence of
normal metal on the loss Derformance are also
discu-sed.

Experimental Simulation of Pulsed Field
Losses in Tokamak Toroidal Field Coils.!9
J. R. Miller and S. S. Sher. Experiments have
been carried out to measure loss in a twisted
multifilamentary composite superconductor when
exposed to a transient Jongitudinal fieid. Wue
investigated the variation of losses both as 2
function of transverse applied field and of
sample transport current. Losses are nrobed
miinly by measurement of the dynwwic resistivity
of the sample during the longitudinal pulse.
Experimental resylts are compared with theuries
for the zero transport current case. The
extension of theory to include transport current
ts also discussed, and the impact on tokamak
toroidal field coll desimn is considered.

Quench detection

A fault detection and protection Scheme
has beer suggested, based on measurements of
instantaneous Joss voitages. Such a scheme
has also been designed for the toroidal coil
system of the EPR.20

Loss calculations in coils

A computer code named PLASS has been
developed to calculate composite conducter
losses in pulsed poloidal systems of tokamak
machines.

A Computer Progrem to Calculate Composite
Conductor Losses in Puised Poloidal Coil
Systems .2l W. H. Gray and J. XK. Ballou. In
the desiyn of the cryogenic system and super-
conducting magnets for a poloidal field svstem
in a tokamak fusiom reactor, it is important
tc have an ac-uraie estimate cf the heat pro-
duced in the superconductirq magnets as a re-
sult of the rapidly changi.g magnetic fields.
Until recently, this estimate was obtained by
assuming that the field and the time rate of
change of the field were constant throughout
the coil windings. A more accurate method of
estimation involves integrating the losses
over the coil winaings, thus taking into account
the spatial variation of the magnetic field. A
computer code, PLASS (Puised Losses in Axisym-
metric Superronducting Solenoids), has been
written to perform this integration.

PLASS has been used to analyze the present
design for the poloidal coll system of the ORNL
Experimenta) Power Reactor (EPR). This design
requires that superconductor hysteresis losses,
superconductor coupling losses, stabilizing
mterial eddy cerrent losses, and structural
material eddy current losses be taken into con-
sideration in the calculation of conductor
losses. A tabulation of individual losses vs
variations in superconductor characteristics and
col1 current changes is presented to demonstrate
the parameters which significantly affect the
design. Results indicate that the total energy
release into the cryogenic system is less than
one-hal f of that predicted by the previously
oversimplified calculation.

An Estimate of Thermoelastic Heat Production
from Superconducting Composites in Pulsed
Poloidal Coil Systems.22 J, K. Ballou and W. H.
Gray. In the design of the cryogenic system and
superconducting magnets for che poloidal field
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system in a “ckamak, it is important to have an
accurate estiaie of the heat produced in super-
conducting magnets 3s a result of rapidly chang-
irg magretic fields. A computer code, PLASS
(Pulsed Losses in Axisymmetric Superconducting
Solenoids), was w-itten to estimate the contri-
buticns to the heat production froe superconduc-
tor hysteresis 19sses, superconductor coupling
losses, stabilizing material eddy current losses,
and structural material eddy current losses.

Recently, it has been shown that thermo-
elastic dissipation in superonnducting composites
can contribute as much to heat production as the
cther loss mechanisms mentioned above. We dis-
cuss a modification of PLASS which takes into
consideration thermoelastic dissipation in super-
conducting composites. A comparison betweer
superconductor thermoelastic dizsination and the
other superconductor loss mechanises is precented
in tems of the poloidal coil system of the ORNL
tExperimental Power Reactor Desian.

Pulse coils

Two new coils were constructed to achieve
maximm rate of rise in a design that would be
scalable to large sizes.

ORPUS-1. ORPIS-1 (Oak Ridge Pulsed
Solenoid), a reinforced, highly ventilated
solenoid wound from coprer-matrix, formvar-
insulated, NbT1 compacted cable. has been con-
structed and tested. The coil attained the
design field of 4 T and can be charged at a
rate of 2 T/sec (1imited by the power supply
only).

ORPUS-2. ORPUS-Z, with the same structure
as that of ORPUS-1, has been wound from solder-
filled NbT{ compacted cable. A number of
heaters and voltage taps are embedded in the
windings so that normal zone propagation can
be studied and the recovery current determined.

ORPUS-1 — A Pulsed Superconducting
Solenoid.23 R. E. Schwall. The tokamak fusion
reactors presently proposed require very
large, pulsed, superconducting magnets for
plasma breakdowm and ohmic heating. These
magnets are unique in their simultaneous re-
quirements of high maximum field (B =7 T),

high charging rate (B = 7 T/sec), and bipelar
operation. This paper Jescribes the first of
a series of magnets designed to develop the
needed pulsed magnet te-hnology.

ORPUS-1 is an 3-cm-bore, 25-cm-long
solenoid wound of 11-strand, copper-matrix
MTi cable. The coil 15 designed to operate
at 4.2 T at 2000 A and to be charged at & T/sec.

With the exception of cowocund stainless
steel rrinforcement, the structure is entirely
nonmetallic. The coil is not potted and more
than 50% of the conductor surface i< exposed
to helium. Data on dc and pulsed performance
and on heat generation during pulied operation
are presented.

5.2.5 Instrumentation

Instrumentation work has been directed
mostly toward mechanical and electrical mea-
surements and data acquisition. Accomplish-
ments include the development and evaluation
of necded transcucers that are not cosmercially
available «nd the design of systems around data
handling devices that are commercially available.

Mechanical measurements

Linear displacement transducers. Five
wmoving coil differential transformers (MCOT)
were fabricated and calibrated. Three of these
units were installed and operated satisfactorily
in the three-coil cluster test uf the Princeton
Large Torus TF coils at Princeton Plasma Physics
Laboratory. As previously reporte¢ (period
ending June 1, 1976) the MCDT exhibited a 1%
increase in output when it was axially aligned
parallel to a 6-T magnetic field and excited at
10 kHz by a commercial carrier amplifier-demodu-
lator having 3 4-Q carrier outnut. This was due
to vibrations of the transducer’'s windings
caused by Lorentz forces. More recent experi-
ments revealed that because of effective changes
in the reactance of ihe primary winding, this
error bezame larger and somewhat unpredictable
when the transducer was excited by a 600-2
source. The phase-angle dependence of this
error signal was then determined, and a method
was devised for reducing it to within 20.31 for




any field up to 7.5 T at either ambient temper-
ature or 4.2 K. A method was devised for cor-
recting the transducer's temperature coefficient
to within 135 for operation at either ambient
tesperature or 4.2 K.

fddy current displacement transducer.
eddy current displacement transducer (ECDT)
was developed to serve as a miniaturized
comparison to the MCDT. Its intended uses are
to measure ssall linear displacements in coils
and to serve as a sensing device for bellows
deflection in 1iquid helium pressure transducers.
It differs from the MCDT in that the sensitive
element is a copper (or other highly conductive
nonmagnetic metal) slug, movable withir two
opposing coils operating at 2.7 Miz. The
physical size of the first prototype is 0.95-cm
diam by 5.1-cm length, the gaging range is 7.5
s (¢+3.75 mm), linearity is t2.5%, and sensitiv-
ity is 400 nV/mm. The device has not yet been
tested in intense magnetic fields under liquid
helium.

Expendable eddy current proximity
transducer. An expendable eddy current
proximity transducer has been developed for
noncontacting measurements of small mechanical
displacements in very high magnetic fields at
It

An

abient as well as cryogenic tesperatures.
is intended for use in conductor motion
studies and as a sensing element for ciaphragm
deflection in 1iquid helium pressure trans-
ducers. It is basically a modification of an
earlier ORNL development {U.S5. Patent No. 3-
609-527) and differs from most of the commer-
cial proximity transducers by containing no
ferromagnetic material. It operates with the
same electronic module vsed for the ECOT. The
sensitivity (dc output) of the prototype was
150 mV/mm over a gaging range of 6.4 s with
a linearity of £7.31. 1t is suitable for use
with any high conductivity metal surface such
as copper or aluminum. It has not been tested
in high magnetic fields under 1iquid helium.
Strain gages and cements. Platinum-
tungsten gages were investigated for use in
magnet testing and were found to have a con-
siderably lower dR/dT at 4.2 K than Karma
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alloy gages. These gages need %0 be tested
for Tow magnetoresistance and mechanical
hysteresis before they are fully qualivied
for magnet use, however. Two strain gage ce-
ments, AE10 and AEIS, obtained ‘rom Micro-
Measurements Corporativn, were found to be
satisfactory for cryogenic use. They have the
advantage of not r-quiring a high temperature
cure, which is not feasibie «ith large test
pieces (e.g., large magnets).

Liquid helium pressure and flow. A

product search foir pressure and flow trans-
ducers suitable for use with 1iquid helium was
conducted. While a few commercial devices
appeared promising, none was found which
clearly met all the requirements. Therefore,
the development of a differential pressure
transducer for usc¢ in intense magnetic fields
was begun.

Electrical measurements

Coil current. A Rogowski coil with a novel
coaxial bus arrangement for measuring dI/d7 in a
magnet coil was developed. The current flows
through the center and back around the outside
of the Pogowski coil in the coaxial bus to cancel
the external field which would otherwise be
induced. The entire device is enclosed in a
heavy magnetic shield, the effectiveness of which
is maximized by the cancellation of the induced
external field. A prototype esbodying the con-
cept was fabricated and i3 in use in the pulsed
coil program, where the amplified output of the
Rogowski coil is subtracted from the magnet coil
terminal voltage in order to yield the in-phase
signal. The concept is also intended for use in
toroidal coil tests where a similar subtraction
will be made in order to detect the IR drop .n
normal zomes.

Coil voltage. A voltage tap signal con-
ditioning unit, quench detection circuit, and
dump control unit were designed and fabricated.
The voltage tap umit consists of a ten-channel,
high-voltage isolation amplifier system with
analog subtraction of dl/dT signals from
Rogowski coils. The quench detection circuit
produces 3 TTL logic signal when an IR signal
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either instantaneously exceeds a preset high
level or exceeds 2 preset lower level for a
nreset time. ‘lhe dump control circuit takes the
output of the quench detection circuit and the
output of tr= comparators or other quench indi-
cators (e.g_, pressure transducers}, and initi-
ates a Jump when given a TTL signal.

Data acquisition

A revised automatic data acquisition system
was designed after an earlier proposed system
was delayed by iack of capital funding. The
revised system is designed to allow expansion to
handle the LCP by addition of parallel processors
with buffer memory. The parallel processors are
microcomputers {LSi-11 or equivalent). An A/D
unit on each of the outboard processors accesses
the memory directly in order to achieve the
necessary throughput.

A Moving-Coil Linear Variable Differential

Transformer.2+ J. F_ Ellis and P. L.
Walstrom.

A moving coil linear variable differential
transformer with no ferromagnetic components
has been developed. The device retains all
the advantages of the cr:ventional moving
coil linear variable differential transformer
(high sensitivity and high output signal, in-
finite resolution, excellent linearity, and
wide dynamic range) but is virtually unaffect-
ed by ambient magnetic fields up to 7.5 7.

The sensitivity of the device was measured to
be 18 mV/mm/¥. Linearity was detemmined to
be £0.1% and 1% over l-om and 2-cm gaging
ranges. respectively, when the transducer was
excited by a commercial carrier amplifier unit
at an excitation level of 5 ¥ ms at 10 kHz.

Controlled Thermonuciear Fusion Reactors.2S
P. 1. Walstrom.

Controlled production of energy by fusion
of 1ight nuclei has been the goal of a large
portion of the physics commmity since the
1950's. In order for a fusion reaction to
take place, the fuel must be heated to a tem-
perature of 100 miilion °C. Av this tempera-
ture, matter can exist only in the form of an

almost fully ionized plasma. In order Yor the
reaction to produce net power, the product of
the density ans energy conifinement time must
exceed a minimum value of 1029 sec a~3, the
so-called Lawson criterion. Basically, two
approaches are being taken to meet thi: crite-
rion: inertial confinement and magnetic con-
finement. Inertial confinement is the basis
of the laser fusion approach; a fuel pellet,
imploded by intense laser beams from all sides,
ignites. Magnetic confinement devices, wiich
exist in a variety of geometries, rely upon
electromagnetic forces on the charged particles
of the plasma to keep the hot plasma from ex-
panding. Of these devices, the sost encouraging
results have been achieved with a class of de-
vices known as tokamaks. Recent successes with
these devices have yiven plasma physicists
confidence that scientific feasibility will be
demonstrated in the next generation of tokamaks;
however, an even larger effor: will te required
to make fusion power commercially feasible. As
a result, emphasis in the controlled thermonu-
clear research program is beginning to shift
from plasma physics to a new branch of nuclear
engineering which can be called fusion engineer-
ing, in which instrumentation and contrul
engineers will play a major role. Among the new
problem areas they will deal with are plasma
diagnostics and superconducting coil irnstrumenta-
tion.

Cryogenic Instrumentation Needs in the

Controlled Thermonuclear Research Program.Z26
P. L. Walstrom,

The magnet develogment effart for the con-
trolled therwonuclear research program will re-
quire extensive testing of superconducting coils
at varfous sizes from small-scale models to full-
size prototypes. Extensive use of diagnostic
instrumentation will be necessary to make de-
tailed comparisons of predicted and actual per-
formance in magnet tests and to monitor the test
facility for incipient failure modes. At later
stages of the program, cryogenic instrumentation
will be needed to moniior magnet system perfor-
mance in fusion power reactors. Measured




quantities my include tesperature, strain,
deflection, il resistance, helium coolant
pressure and flow, current, vol*iges, etc. The
test enviromment, which iacludes high magnetic
fields (up to 8-10 T) and low temperature,
mkes many cosmercial measuring devices in-
operative or at least inaccurate. In order to
ensure reliable measurements, careful screening
of commercial measuring devices for performance
in the test environment will be required. A
survey of potentially applicable instrumentation
is presented, along with available information
on operation in the test environment, based on
experimental data or on analysis of the physicail
characteristics of the device. Areas where fur-
ther development work is needed are delineated.

5.3 UARGE COIL EXPERIMENTS

5.3.1 LlLarge Cofl Segment Test

The Large Coi) Segmeni test was conceived
in 1976 as a test stand for the .CP-TNS genera-
tion of high current (10-20 kA) composite con-
ductors and for winding designs using these
conductors. It will provide essential data on
the limits of cryostability of these conduc-
tors on 3 physically meaningful scale and thus
will provide information Lhich cannot be
obtained by short sasple or 3mall magnet tests.

The facility is designed to accommndate test
coils up to 3 m in diameter of either modified-
D, oval, or circular shape, with a winding cross
section of up to 12 x 20 on with up to 60 tumns.
The test coil winding will be subjected to a

total field of ~7 T over a 0.6-m length, the back-

ground field being provided by 3 set of super-
conducting NbiSn tape cofls cbtained from the
old 1M plasma physics facility and rearranged
in ¢ new configuration. The coils were success-
fully tested in their old configuration to 95%
of short saple critical current with no damage.
A bell-jar vacuum will be provided by a vacuum
tank salvaged from the ORMAK facility and modi-
fied by addition of a 1.22-m-diam cylindrical
extension at the top hatch of the 1id. The
tank, along with test cofl, background coils,
and support structure, is sham in Fig. 5.1.

On October 1, 1976, a conceptual design and
proposal were completed by Design trgineering
and SCMDP personnel. The proposal was not sub-
mitted as a separate formal proposal because at
that time it was decided to include the LCS
facility in the overall LCP facility. The con-
ceptual design included field and force calcula-
tions, mechanical structure design, cryogenic
design, electrical system design, vacuum system
design, a facility instrumentation design. and
an overall layout.

On the basis of conductors which were
ordered (see Sect. 5.2.3) or under considera-
ation, winding schemes for five test coils were
laid out. Detail design of the coils and bob-
bins was initiated.

5.4 PROJECTS BASED ON DISCIPLINES

5.4.1 Protection Analysis and Eddy Current
Calculations

Protection analysis

Quench detection.2” An electrical method
for measurement of ac loss volitages has been
developed to compensate for the large :nductive
veltages caused by charging and discharging of
magnets. A pickup coil {s placed at the current
leads of each power supply. Liss voltages as
small as 0.1% of the inductive voitage have been
detected.

Cofl interactfon and protection. WNe have
studied the mutual interaction between toroidal
and poloidal coils during normal and fault con-
ditions and the effect of plasma d. charge on
the first wall as a result of coil quenches.
Temperature rise, induced voltage, and mechanical
1oad on coils due to their mutual interaction
have been computed. For the Oak Ridge EPR de-
sign, connecting symetrically located TF corls
in groups and isolating and discharging only
the faulty coils resuit in satisfactory dis-
charge voltages and temperature rises in the
cofl.

The Interaction and Protection of Super-
conducting Poloidal Field Coils and Torpidal
Field Cofls in a Tokamsk Experimental Power
Reactor.28 H. T. Yeh and 3. W, Lue. The
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protection problems of swpercomducting coils

8 a large tokamgk device are delineated.
Effects of the plasms discharge on the first
wall, the incuced woltage, and the temperature
rise during the guench of a supercomducting
c3il, as well as the mechanical load oa coils
dup to their mntual ‘ateraction under normal

or fault conditions, are discussed. Various
dasign choices and protection schemes are used
I enswre the integrity of the coils during
quanch. For the Oak Ridge EPR design, a scheme
of commecting symmetrically located toroidal
field cofls in growps and isolating and dis-
charging the faulty il caly gives satisfactory
resulss.

Eody curvent calculations

A 2-D cosputer code has been dewveloped to
solwe axfally symmetrical eddy curvent problems,
including those in which iron s present.

Rapid relaxation is achieved by cosbining
coarse and fine lattices in the transition re-
gion between air and iron. The progras can be
run interactively on a time sharing computer.

Eddy current codes have also been developed
for thin, nonmagnetic rectangular plates and
cylinders of finite length. The transient eddy
current was found dy solving the integro-
differential equation in the form of a perturba-
tion expansion with separated time dependence.
No reference to field values outside the con-
ductor is required. The tia.. variation of the
driving field is fitted by a polynomial in
time. The effects of the boundary charges in
wdifying the eddy current pattern are taken
into account.

A Two-Dimensional Relaxation Program for
Systess with Inhomogeneous Permeability.2°
W. E. Deeds and C. V. Dodd. A computer program
is presented and explained which will solve
axially symmetric eddy current problems, in-
cluding those with permeable media present. An
wusudl feature is the combination of coarse and
fine lattices, which permits rapid relaxation of
coarse lattices fn hamogeneous regions to be
combined with more accurate calculations usino a
fine lattice in the transition reglons where
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the permeahility varies. Although the actual
program listed is restricted to csils encircling
@ coaxial wetal rod, the program can be

modi fied to include any axially symmetric
configuration.

A Perturbation Expansion with Separated
Time Dependence for Eddy Current Calculations.:?
K. H. Carpenter and H. T. Yeh.
solutior. to the eddy current iategro-differential
equation is found in the form of a perturbation
expansion with separated time dependence. No
reference to field values outside the conductor
is required and a full three-dimensional treat-
ment is maintained. Transient behavior of the
eddy currents is obtained by this method through
a technique of fitting the time variation of the
driving field with a polynomial in time. As an
example, the case of a thin plate of constant
conductivity is studied. The eddy current
distribution is obtained as a function of time
for the external magnetic field of a dipole
having ramp time dependence and with the dipole
axis perpendicular to the plate. The effects of
the boundary charges in modifving the eddy cur-
rent pattern are jllustrated.

Eddy Current Calculations for Thin Cylinders
of Finite Lenqth with Driving Fields of Ramp
Time Dependence.3l K. H. Carpenter and H. T.
Yeh. Eddy current density for a thin cylinder of
finite length is calculated for the case of a
driving field of ramp time dependence and dipole
spatial dependence, the dipole being at the cen-
ter of the cylinder.

A particular

The calculations are made
by using a perturbation expansion of the eddy
current integral equations with a polynomial
approximation to the time factor of the driving
term. The steady-state solution, presented as
an arrow plot, shows the effects of edge
charges forcing currents to remain within the
conductor. The transient solutions show that
the entire geometrical pattern of the steady-
state eddy currents is approached uniformly in
the typical exponential manner of diffusion
equations. Typical transient curves are given.
All calculations are in normalized coordinates
to allow maximum flexibility in applications.




FORTRAN Prugrams for Transient Eddy
Current Calculations Using a Perturbatica-
Polynomial Expansion Technique.32 K. k.
Carpenter. & description is given of FORTRAN
programs for transiznt eddy current calculations
in thin, nonmagnetic conductors using a
perturpation-polynomial expansion technique.
Basic equations are presented as well as
fiow charts for the programs implementing them.
The imnlementation is in two Steps — a batch
program to produce an intermediate data file and
interactive programs to produce graphical autput.
FORTRAN source listings are included for all
program elements, and sample inputs and out-
puts are given for the major programs.

5.4.2 Structural Analysis and Material Tests

Structura)l analysis

The structural analysis portion of the
program concerns itself with analysis of mag-
netic fields, electromagnetic forces, and
structural response of electromagnetic devices.
Major accomplishments were achieved in five
areas:

1) the development and refinement of an
analytical solution for the mechanical
response of a transversely isotropic

solenoid;

2) the implementation of computer code
GFUN-30;

3) the completion of a photoelastic analysis
of TF coils;

4) the numerical approximation of supercon-
ducting losses in solenoids of the ORNL
EPR poloidal coil system by using the
finite element method; and

S) the implementation of the GIFTS-IV computer
code.

The details of these projects are discussed in-
dividually in the following sections.

W. H. Gray attended the GIFTS-1Y workshop at
the University of Arizona during the week of
June 9, 1976. Subsequently, the GIFTS-IV comput-
er program was implemented on the FED POP-10.

The GIFTS-1V system is a collection of program
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mndules operating on a unified data base (UDB)
designed to facilitate finite element analysis
using modern data management techniques. It is
a significant improvement over its predecessor,
GIFTS-I1.

ORNL participated in the meeting organized
by Brookhaven National Laboratory on structural
analysis needs in supercorducting magnets. Five
ORNL staff members from the Fusion Eneryy,
Metals and Ceramics, and Engineering Divisions
were present. W.C.T. Stoddart and W. H. 6ray
represented the Magnetics and Superconductivity
Section. Sessions were chaired by C. R, Brinkman
and W.C.T. Stoddart; Stoddart also presented an
overview of the ORNL magnet structural analysis
efforts.

The GFUN-3D computer program has been
acquired from the Rutherford High Energy Labora-
tory in England. This computer program will
perform 2 three-dimencional magnetostatic field
analysis including the nonlinear effects due to
ferromagnetic material. The code has beer con-
verted to account for the differences in the ORNL
and Rutherford computational environment. C. W.
Trowbridge and J. Simkin of Rutherford Laboratory
assisted W. D. Cain in the implementation and
check -out of this code. It is currently being
used to calculate the influence of iron on the
magnetic field of seve:ul electromechanical de-
vices under design at ORML.

D. L. Levine and K. H. Gray modified the
STANSOL-1133 computer program to augment the
output with a sequence of computer plots which
present the computed values in a concise form.
The augmerted version of the code is referred
to as STANSOL-IIP (LOT). To facilitate the
use of STANSOL-1IP (or -11), a preprocessor
code, STNDAT, was also developed. This code
interactively accepts input data about the
geometi'y, material properties, and electrical
chasacteristics of a solenoid and creates an
input daza file in a format acceptable to
STANSOL-TIP.

Thes2 codes were extensively used during
the EBT-11 design studies discussed elsewhere
in this report. Also, structural analysis and
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design guidance were provided for the LCS,
LCP, TNS, ISX, and QRMAK Lpgrade projects.

Our interest in graphical representation
cf the voluminous input and output data required
and produced during magnetic and structural
analysis has led to the modification of several
graphic software libraries. These libraries,
LSLTEK, LSLYEC, VECTEK, CALVEC, CALDD8, DISVEC,
and DISD08, are used routinely by users of the
FED POP-10. The last two programs represent
the most important contribution, as they are
the back end to the display graphics package.

Electromechanical Stress Analysis of
Transwirsely Isctropic Solenoids.3* W. H.
6ray and J. K. Ballou. The mechanical behavior
of superconducting magnets deviates from
isotropy duc to their construction techniques,
which involve layering superconductor, ‘nsula-
tion, and sametimes structural reinforceent
within the windings. Previous mechanical
analyses considered the windings of a magnet to
behave isotropically. This paper describes an
analytical solution for deflection, stress, and
strain of axisymetric, electromechanically
loaded, and rotationally transversely isotropic
solenoids. The results indicate that for magnets
with a large radial build compared to inner
radius, transverse isotropy has a dramatic
effect; for magnets with a small radial build
compared to inner radius, transverse isotropy
has a negligible effect.

Photoelastic Analysis of Stresses in
Toroidal Magnetic Field Coils.35 H. Pih.
Several two-dimensional photoelastic Stress
analyses were made on models of circular and oval
toroidal magnetic fieid coils for fusion re-
actors. The circumferential varfation of each
coil’s in-plane magnetic force has been sfmulated
by applying different pressures to 15 segmented
regions of the inner surface of the models. One
special l1oading fixture was used for the mode!l
of each shape and size. Birefringence and iso-
clinic angles were measured in a transmission
polariscope ac selected points on the loaded
mode]l. Boundary stresses in the cases cof known
boundary conditions were determined divrectly
from the isochromatics. Separate principal

stresses were cilcylated using the combination
of photoelastic information and isopachic data
obtained by the electrical analogy method from
the solution of Laplace's equation. Comparisons
were made between experisental resuits aid those
computed using the finite element method. The
theuretical and experimental stress distribu-
tions sgree very well, although the finite
element method yielded slightly higher stresses
than the photoelastic method; further work is
needed to resolve this difference. In this in-
vestigation several variations of coil geometry
and several methods of support were evaluated.
Sased on experimental results, optimm strucuural
designs of torvidal field coils were recommended.

Experience in the Use of Static S&P to
Structurally Analyze Electromechanical Systems. 36
W. D. Cain and W.C.T. Stoddart. A lerge-scale
effort is presently befng undertiken to desigr.
and construct large electromechanical systems for
use in controlied thermonuclear research

machines, energy sto—age devices, and related
systems. One of the major thrusts of this
effort is directed toward the evaluation of
stresses and deformations in toroidal field
coils which are induced by electromagnetic body
forces, differential temperatures, winding pre-
loads, and other forces. The purpose of this
paper is to describe some of the work which has
transpired in the Fusion Energy and Engineering
Divisions of Oak Ridge National Laboratory in
the area of structural analysis of toroidal
field coils. Basically, this paper describes
the tools which have been developed to aid in
the structural design analysis of electromechan-
ical systems (in particular, TF coils) and re-
lates some of the experiences encountered in
the utilization and implementation of these
tools.

Finite Element Calculation of Stress-
Induced Heating of Superconductors.3? J. €.
Akin and A. Moazed. This research is con-
cerned with the calculation of the amount of
heat generated due to the development of
mechanical stresses in superconducting cnm-
posites. An empirical equation is used to define
the amount of stress-induced heat ceneration per




wnit volyme. The ecuation relates the maximsm
applied stress and tue experimentally measured
hysteresis locp of the composite stress-strain
diagram. It is utilized in a finite element
program to calculate the total induced heat
generation for the supercondictor. An example
analysis of a soleroid indicates that the stress-
induced heating can be of the same order of

megnitude as edady current effects.

Materials evaluation

The materials evaluation portion of the
SCMDP concert,s itself with the properties of
all materials except the conductor. The bulk
of the effort has been directed at metallic
or'mary structural materials (design studies)
and at organics for both electrical insulatica
and potting applications (experimental work).

The primary structure work, which in-
volved extensive liaison with other parts of
the SCMDP, ORNL, and the ERDA fusion community,
has been sumnarized in a technical memorandum. ’®
C. J. Long was appointed secretary of an
ERDA-OMFE Task Group on Special Purpose Materials
for fusion reactors and continued as 3 wember of
ASTM-ASME -MPC Joint Committee J1.06, iLow-Tempera-
ture Effects on Materials Properties.

During 1976 a series of tests of mechanicy!
properties was condvzted at roos and cryogenic
temperatures on potential insulation systess and
potting compounds by 7.. J. Froelich {wha left
ORXL in Septesber) and C. K. Fitzpatrick. A
report on the results of tensile tests of in-
sulators is in preparatiom.

A program to measure the radiation resis-
tance of electrical imsulators in liquid helium
was formulated by C. J. Long (now Metals and
Ceramics Divisfon) and R. H. Kernchan (Solid
State Division). This program, which will be
conducted in the Low Temperature Irradiation
Facility at the Ock Ridge Bulk Shielding Reactor,
will measure degradation of both sechmical and
electrical properties begimning in 1977.

A final report entitied “A Reviaw of
Electrical Insulation in Superconducting Magnets
for Fusion Reactors” was prepared for ORML by
Magnetic Engincering Associates. The report

ro
~4

concludes that significant radiation damage
might be expected in organic insulators in a
fusion reactor during its lifetime. No appre-
ciable damage is expected in inorganic in-
sulators.

Structural Materials for Large ‘upercon-
ducting HMagnets for Tokamaks.?? C. J. Long.

The selection of siructural materials for

large superconducting magnets for tokamax fusion
reactors is concidered. The important criteria
are working stress, radiation resistance,
eleciromagnetic interaction, and general
feasibility. The most advantageous materials
appear to be face-centered-cubic alloys in the
Fe-Ki-Cr system, but high-modulus composites may
be necessary wher severe pulsed magnetic fields
are present. Special purpose structural mate-
rials are considered briefly,

Lap Shear Strenqth of Selected Adhesives
{Epoxy, Varnish, B-Stage Glass Clcth) in Liquid
Nitrogen and at Room Temperature.™ K. J.
froelich and C. M. Fitzpatrick, The lap shear
strengths of several adhesives were measured in
liquid nitrogen and at room temperature. The
adhesives included ceveral epoxy resins, a var-
nish, and 2 B-stage glass cloth (a partially
cured resin in a fidberglass cloth matrix).
Several parameters critical to bond strength
were varied:

adhesive and adherend differences,
surface preraration, coupling agents, epoxy
thickness, fillers, and bonding pressure and
temperature. The highest lap shear strengths
were obtained with B-stage glass cloth at both
liquid nitrogen and room temperatures with
values of approximately 20 MPa {3000 psi) and
25.5 WPa (3700 psi), respectively.

5.4.3 Fabrication Development

large coil winding facility was con-
structed in the Y-12 Plant Electric Shop.
Preliminary shakedown winding using a round
bobbin was carried out and the operating
cheracteristics of the winding equipment were
evaluated. Some additions and refinements
have since been made in the equipment. A
variable speed motor drive and controls have




been piocured for the winding table. Elevating
mechanisk: have been insialled on both the
tensioner and dereeler. Excensive alteration:
in the drive and controls of the dereeler have
been made. Also, a prototype automatic winding
clamp for keeping the windings cospressed is

in the shop and near completion. 8efore any
practice winding -ould be done with the re-
visod equipment it was necessary to relocate
from the Y-12 Plant Clectric Shop to Building
9201-4. An oval bobbin is now available for
practical winding; it will help identify prob-
lem 3reas associated with falLricating LCP
coils. The equipment will be used to wind

the large coil segments.

The coil fabricating laboratory in
Building 9204-1 now has equipment for winding
wils up to 1.5 m in diameter. A very accurate
tensioner (2%2) has been developed for maintaining
a conductor tension of up to 100 kg while
winding. Several small superconducting cuils
for the pulsed poloidal coil project have beer
wound using this equipment.

A novel method of wirding fat toroidal coils
was develcped for the pulsed parallel field ex-
periment. The winding is laced in and has no
splicec at all, a feature which is especially
important in winding superconductors. Also, the
major axis can be filled completely with con-
ductors, thus obtaining the maximum possible
number of ampere turns. These requirements car-
not be met with industrial equipment. This
method of lace winding may have applications in
remote winding and uminding (for example, of
radiation damaged PF coils in fusion reactors).
For the pulsed paralle]l field experiment, an
inner spool inside the torofidal coil can be
rotated for winding and uminding conductor
samples to be tested without disturbing the
torgpidal coil.

5.5 PROJECTS REQUIRING WORK BY SUBCONTRACTORS

5.5.1 Forced-Cooled Magnets

*Subcontract with the Francis 8itter Nationil
Magnet Latnoratory, MIT,

S
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A study“~®»~° was conducted that concluded
that economic cooling systems of forced-tooled
superconducting magnets must employ efficient
cold purg recirculators in which the fiow to the
magnets is corfined to the cold end of the re-
frigeration column. This holds true if the
liquid pump erficiency is 40% or greater.

Tests have been performed and results re-
ported*i~=5 measyring the stability of two types
of forced-flow-cooled NbTi filament conductors.
The tests were successful in that they demon-
strated experimental results to be equal to or
better thar theoretically predicted conductor
behavior during a recovery from a loczlized
Test measurements included voltage drop,
helium discharge temperature, and pressure
drop across the cail.

quench.

Triplex wire condu “or
proved supericr to grooved wire. Testing will
continue with a modified version of the triplex
wire cable.

A l-m-scale test nf a racetrack coil of
NbTi filamert superconcuctor has been designed
for operation late in 1977. CFive kilometers
of NbTi superconductor wire have Leen -eceived
and a contract for fabrication of the coil is
being negotiated. Construction of the in-
stallaticn site at the Francis Bitter National
Magnet Labcratory nas started and component
parts of the test loop have been ordered. All
components are expected for delivery by June
1977.

An additiona) contract to be supervised
by ORNL has been signed with ERDA to evaluate
the feasibility of Nb,Sn forced-flow conductors.

5.5.2 Helium Refrigerator and Handling System

Helium refrigerator and reiiquefier

A contract has been awarded to purchase
a helium reliquefier and refrigerator from
Cryogenic Technology, Incorporated, Waltham,
Massachusetts. The refrigerator has the
capacity to preduce 0.0045 kg/sec of liquid
helium and 866 W of refrigeration simultaneouslv
at 3.56 K and 0.5 atm. This refrigerator and
the 1iquid heljum system connected with it
should have the capacity to supply helium
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ccolant to the first phase of operation cf the
Lxrge Ccil Project.

The refrigerator has a twe-stage, oii-
The low
pressure stage is rated at 40C hp and can
operate with a 0_4-atm suctien (0.5 atm at

lubricated, rotary-screw compresssr.

tne return inlet to the coldbc«j. The high
pressure stage has a '000 hp motor. The
overall compress-on ratio is about 35 to 1
for the two stage<. Delivery is expected by

July 1, 1977 and operation by January 1, 1973,

Ligquid helium nandling system

The liquid helium system associated with the
refrigerator consists of an 18,000 titer (5000
gal) liquid helium storage dewar, a transfer lire
which will connec* to the experiment and to the
laboratory, helium ,is storage capacity for an
equivalent o7 7200 liters of 1iquid, and gas
Additional
storage ¢f sas, when required, will be supported
by portable helium tanks. Detailed design of
the liquid heiium handling system is being
carried out by the Engineering Qivision with the
assistance of a subcontract architect-engineer
chosen by ERDA.
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In terms c¢f the overall fusion design pro-
cess, the FY 75-76 Experimental Power Reactor
(EPR) studyl-? represents the most extensive
effort to date 1n advanced studies of early
power reactors, though it is still only the
present pni~* 01 the evolutionary scale of de-
sign for the first fusion "reactor.”™ The re-
sults of this study have been two-fold in nature.
On the detailed technical level many issues have
been investigated and more clearly appreciated;
work is now under way to address the problems

'Part-tine.

. Computer Sciences Division.

Magnetics and Supercondurtivity Section.
Consultant.

UCC-HD Engineering.

Burns and Roe, Inc., Paramus, New Jersey.
Westinghouse Electric Company, Pittsburg,
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9. Grumman Aerospace Corporation, Bethpage, New
York.

10. Exxon Nuclear Co., Inc., Bellewue,
Washington.

11. Metals and Ceramics Division.

12. Neutron Physics Division.

13. Plasma Heating and Fueling Section.

14. Chemical Technology Division.
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identified. On the broader programmatic level,
the need for an achievable, high power density
fusion plasma device which would be extrapo-
latable to an economically viable reactor has
been keenly made clear.!9,11 The present EPR
design does not satisfy the economic viabilicy
criterion, although it does fulfill the technical
requirements (as determined by a preliminary
design). The recognition of the pressing need
for operation at higher power density has led to
the development of The Mext Step (TNS) pro-
gram;i< The Next Step after Tokamak Fusion Test
Reactor (TFTR) is being pursued as an ignition
device whose characteristics do extrapolate to
an econamically viable fusion veactor.}!

6.1 EPR STUDY PRECEDING TNS

The principal activities in the EPR program
fall intr, th-ee major phases: a scoping study,2
development 2f a reference design,3 and evalua-
tion of the leference Design.*~9

The previous annual report described the
first two phases and the initiation of reference
design evaluation. In this report, the improve-
ments to the Reference Design and the technical
evaluation are summarized and the conclusions of
the EPR study summarized.

6.1.1 Improvement of the Reference Design

The bases on which the Reference Decign was
established varied widely from explicit calcula-
tions to technicai judgments. Consequently, the



a3jor thrust of the work in FY 76 was to perform
a technical evaluation of the Refererce Design
and to upgrade it where necessary. Figure 6.1
illustrates the Dak Ridge EPR design elevation
view. Figyre 6.2 presents a cosposite chart

of each of the key preparatory steps before
operation and the key events during an oper-
ating cycle. A tabulation of overall system
parazeters and their values for the EPR is
shoawn in Table 6.1. During tnis period a num-
ber of technical issues were addressed, and,
where possible, "solutions®™ were developed.
That is to say, in a number of critical areas,
those ideas which appeared to be feasible
design concepts have been proposed and examined.
In the current reference design, for example,
the following items have been added to the
original:

1) a fuller description of an ignited plasma;>

2) a new toroidal field (TF) magnet design
wore credible in termms of fabrication.®
Additional analytic tools have been devel-
oped and used to define more closely the
stability margin and the ac losses;

3) in-depth study of the otwmic heating (0H)
and electramagnetic shielding systems
driving the plasma current, protecting the
TF coils, and reducing the energy require-
ments.5,6 Critical questions have been
identified;?

4} a new mcdular, maintainable, workable
blanket design;’

5) establishment of the basis for the overall
structural system;8

6) a first pass at the balance of the plant.?

6.1.2 Evaluation of the Reference Design

In add:tion to reemphasizing the impor-
tance of resolving the key technical issues, the
conceptual development of some of the technical
probiems has identified some very difficult
Judgmental issues.

1) The benefit/cost for a low power, high
cost design must be assessed.
2) The mechanical system is extremely complex.

Even thouah 2 case car be made <ot the

duccedssul xecuticn oF any cre problom,

the successsul execatiom cf all somul-
recusly seey deubtiul.

3) Of the required extrapolations in plasma
physics parameters, it is the extrapola-
tion with pulse time that is the greatest
and hence the most uncertain.

4) fach of the compoment techmologies is
being pushed and extended significantly
beyond precent capabilities.

In each of these four issues, the risks,
though clearly visible, are mot quantifiable.
Considerable work is needed if these issues
are to be made more gquantitatively balanced
between gain and risk.

§.1.3 Principal Findings

On the basis of the tecmical evaluation,
2 nusber of key findings became cClear; these
findings are considered in this sectiom.
This consideration and an appreciation of the
difficult judgmental issues raised in Sect.
§.1.2 led to an examination of the fundamental
assumptions used in the study; this examina-
tion is made in Sect. 6.1.4. The principal
findings impacting the technical program can
be divided into three convenient categories.

Scientific

+ In the area of scaling, continually im-
proved models are available for performance
prediction,!3 but significant additions
to the experimental data base and improve-
ments to the analysis are nceded befcre
confidence can be generatea that, for
example, the scaling relations a:e appro-
priate and profile effects have been prop-
erly considered.

« In the area of dynamics, detailnd experi-
ments are needed to provide hard 1. forma-
tion on start-up/burn (fueling)/shutdown
for engineering criteria.

- Similarly, in impyrity effects and plasma
electromagnetics, experimental information

TN
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is sorely needed for guidance of design
efforts.

Technological

Cemonstrations at the appropriate scale
are required for each of the key techno-
logical components required in the EPR
design: TF and poloidal field (PF) coils,
tritium handling, heating techniques and
hardware, etc.

Nb3Sn superconductor development mus. be
emphasized and expanded if the critical
technological flexibility of higher mag-
netic field is to be availadle for any
next step.

EPR operating chart.

A dedicated PF coil design and deveiopment
effort is required to address this crucial
and newly appreciated avea.

Development of a nonconducting structural
material capable of meeting the stringent
thermal, mechanical, electrical, and
nuclear requirements of the OH coil sup-
port structure is essential to the fea-
sibility of a superconducting PF system.
Energy storage, transfer, and control as-
sociated with the PFf system require a
dedicated, intensive effort to make this
aspect feasible; cost reduction is a
secondary objective here.
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Table 6.1. Qverall system parameters for the EPR

A. General characteristics

V. Requirements

Device lifetime

Quty cycle

Availability — normal
Thermonuclear power {ignition)
Net electric power

2. Other features

Plasma radius

Major radius

Aspect ratic

Plasmz edge to winding distance
Plasma volume

Overall height

Overall diameter

B. Plasma parareters

Burn time
Current
Confinement measure
Plasma temperature
Ion temperature
tlectron temperature
Beta poloidal
Beta (total)
Safety factor
Electron density
fue) ion density
Impurity ievel
Injected deuteron power
Injected deuteron energy
Particle confinement time
Energy confinement time

C. Electroragnetic parameters

Maximum torofdal) field

TJoroida! field on axis

Number of toroidal coils

Magnetic field ripple at plasma edge
Conductoi configuration

Symbol
4
dc

P, (th)
Po(e)

» ~
O X < onD

o

z ™
N'ﬂ
m

—
-

Zz O W w
=T )

®

N
-

ff

L)

~ m O
o o

2.25m
6.75 m

1.40 =
675 m3
15m

233w

100 sec
7.2 ¥
2.7 < 1029 sec &”3

12.2 keV

13 keV

1.9

0.03

2.5

7.4 = 1019 p-3
7.0 x 1019 -3
1.34

50 W

200 keV

9.6 sec

3.7 sec

nrt
487
20
2.2%

composite cable in
a square aluminum
conduit

.




Table 6.1. (continued)

Superconduc tor
in the high field region

in the moderate and low field
region

Average poicidal field at plasma
edge

Poloidal field coil core type

Poloidal coil volt-seconds

D. Thermal

Maximum power rating of blanket
Blanket coolant

OQutlet temperature of blanket coolant
Blanket coolant pressure

<+-iald coolant

Coil coolant {superconducting)

E. Nuclear parameters

Neutron flux on first wall
{operating point)

Neutror wall loadirng {design point)
Neutron flux on first wall
{operating point)

Neutron flux on first wall
{design point)

Tritium breeding ratio {in one
experimental module)}

- Plasma heating requirements dsmand an
uncertain combination of ingenious plasma
operating scenarios to make use of the
available positive fon beam technology
and creative negative iom source develop-
wment for flexibility in the design.

» Exploitatfon of the indications of ex-
terded material )ifetimes under irradi-
ation is 3 fundamental necessity in the
drive for economical systems in which
replacement costs are a dominant factor
in the plant economics.

Engineering

Given that & number of significant engi-
neering issues have been addressed successfully

Smbol  Value

Mb;Sn in Cu-Sn
matrix conductor

MTi in Cu matrix

conductor
8 064 T
p
air
Vs 165 Wb
Pr 800 MW
helium
Tout 370°C
PHe 70 atm
borated water
helium
P
w 0.55 Mi/w?
P
w 1.07 Wi/m?
% 2.4 x 1019 n/m?/sec
*w 4.7 = 101? n/m?/sec
B8R 1.15

{e.g., workable design solutions in the blanket,
TF coil, and remote mainterance areas), the net
result is still an extraordinarily complex
device.

This complexity can be appreciated by
considering the following four areas of design
requirements:

- mechanical complexity of nested tori,
wide temperature ranges, large structural
loads on large elements, and intertwined
cotl sets,

> many operating pulses,

« high auxiliary power demands, and

- remote handling combined with high
tritium inventory.



The key finding here is not this list of
complexities but rather the appreciation of
means of reducing the complexity.

- Increasing the aspect ratio relieves the
first problem considerahly.

- Lengthening the burn time relieves the
second.

- Increasing the thermal power output
reduces the impact of the third.

- ingenuity and serious design can relieve
the fourth.

The finding here, then, is a set of require-
ments for both engineering and plasma physics
that can lead to an economically viatle power
plant.

6.1.4 Technical Considerations

Taking into account the key findings and
Jjudgmental issues, it i5 instructive to reexamine
the underlying scientific and technological con-
siderations that have ied to the present situa-
tion.

Size and cost

The size of the EPR plasma and its blanket
and shield determine the size of the supercon-
ducting coil which, ir. turn, is closely related
to the overall cost. The plasma size is deter-
mined by the scaling laws used to specify the
energy containment of the plasma. All of the
£PR designs have used the so-called trapped ion
mode scaling at densities of 0.7 x 1020 m~3 to
specify the energy containment time. This has
led to Targe plasma sizes, which are necessary
in order to attain an NeTE near the ignition
condition. This large plasma size, combined
with the necessity for a blanket and shield
between the plasma and the superconducting coils,
has resulted in EPR superconducting coils
roughly 7 m (ho-izontal) by 10 m (vertical) with
a weicht of several hundred tons each.

Low aspect ratio

The EPR designs are of low aspect ratio
machines. Once an aspect ratio has been chosen —
and Jow asnect ratios are favored in the ;. _sent
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regimes of the models — the magnetic field in the
plasma is determined by the maximum allowable
field at the conductor. There is thus strong
motivation to utilize the more expensive high
field supe.conductors. However, the use of
igh field superconducting magnets in a low
aspect ratio torus results in extreme asymmetric
forces on the coils; these forces must be mini-
mized by the fabrication of asymretric coils.
Unfortunateiy, the fabrication of such asym-
metric coils is camplicatad by the fact that
they must be of large size and in accord with
the EPR designs. Simultaneously, the general
design and assembly problems are made most
difficult by the cramped nature of a low

aspect ratio device.

High fusion power density

The fusion power density produced in a
magnetic confinement system varies as 32B%;
there®zie, the attainment of high beta and
hign maynetic Tieid has been emphasized in the
£EPR studies.

In the ORNL EPR studies, ap has been
limited to “A. As a result, the attainable
total beta in the EPR designs is <3%.

Elongation of the plasma may permit an
increase in the attainable value of beta, but
uncertainties exist about the equilibrium and
stability behavior to be expected in such cases,
and economic and engineering dif<iculties are
associated with producing a high degree of
elongation. The incentive for elongated
plasmas is clear, but the actual advantage
remains to be determined.

Although the fusion power varies as the
fourth power of the magnetic field, the impor-
tance of achieving the highest possible value
of beta follows from the difficulty of obtaining
high magnetic fields. The strength of the
magnetic field (B) which can be utilized in 2
magnetic confinement device is constrained by
technology. There is a limit on the magnetic
field for the two types of supercorductor,
WTi and Nb;ySn, which are available in com-
mercial quantities. In addition, practical
engineering considerations and economic



constraints may prevent the use of fields much
in excess of 12 T at the surface of the super-
conducting coil.

Many of the difficulties perceived to
exist in the technology and engineering areas
result from the plasma physics scaling laws
and beta relationships discussed above. If
the power density and the aspect ratio could
be increased, many of these problems would be
less severe. The concept of flux conservation
through intense neutral beam heating appears
to have potential as a way to comply with both
requirements.19,1% The exploration of the im-
plementation of this more attractive set of
conditions forms the basis for the positive tone
of the conclusions presented below.

6.1.5 Conclusionsis

+ EPR should produce a significant amount of
power.

The step in the fusion program that encompasses
thermonuclear power production at a high duty
cycle will be large, difficylt, and costly.
Because this step appears to be irherently very
expensive, it should be accompanied or charac-
terized by production of an amount of power that
represents a significant fraction of the output
of a commercial power plant.

« The assumption and requirements used in the
EFR study have resulted in a large device
and the need for major technology extrap-
olations.

The inherent difficulty and associated cost
follow directly from the need for a large de-
vice. The size is dictated by the plasma
scaling assumptions used in the study and by the
need for the blanket/shield to satisfy the
requirement for continuous, high duty cycle
operation at hundreds of thermal megawatts. The
TF magnet sfze compatidble with this system is
itself very Targe and s a2 major extrapolation
from current experience. Similarly, the neutral
beam power requirements and OH system character-
istics far exceed those of present devices.
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- The current EPR device is uncomfortably
large and the power output is uncomfort-
ably small.

For a device of the size and complexity of the
current EPR design, the cost appears to bz in
the range of $1-2 billion. The fusion power
density depends on a number of variables and
can potentially be improved by technical
advances. Therefore, effort must first be
directed toward developing improved performance
in a device of recduced size.

- EPR, as presently conceived, is not the
next logical step.

Because the magnitude of the EPR task is such
a large increment beyond the preseni state of
the art and the benefit is uncertain, the EPR
is not the next logical step to take in the
fusion program. Following the line of argument
above, efforts are needed to conceive, develop,
and demonstrate means of improving the fusion
power density before an EPR is undertaken.
These efforts are discussed in Sect. 6.2.

6.2 THE NEXT STEP

The outcame of tne EPR stucy indicates
that intermediate steps wil! be required to
support development of an EPR.10,16

TNS at ORNL (supported by the Westinghouse
Fusion Power Systems Department) has been ini-
tiated to develop the basis for a major experi-
“ent in the mid-1980's having teg principal
objectives: 1) achievement of a fusion reactor
core, i.e., deuterium-tritium (D-7) ignition
and burning, and (2) forcing function for
reactor technology. The ORNL TNS program is
based on the operation of high density, hot
plasma using technologies being developed in
the Division of Magnetic Fusion Energy {DMFE)
plan. Long pulse length uperation permitting
burn dynamics to be studied is plamned, where-
as continuous, high duty cycle operation {is
deferred until the EPR phase of the fusion
program., Preliminary calculations indicate a
therma) power output greater than 1500 MW in
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an n = 2 x 1023 m=Y plasma whose mincr radii are
1.25 m (horizontal) by 2.0 m {vertical).

Judging by these preliminarv indications, TXS
will have a benefit/cost considerably greater
than the EPR design discussed here | “our times
output power in half size); furthermore, the
extrapolation from TNS is to an economicai.y
viable fusion reactor. The technical basis for
NS appears verifiable in the next three to five
years in the experimental and theoretical pro-
nigh beta in O3k Ridge
Tokamak (ORMAK} Upgrade.!7 superconducting coil

grams now under way:

performance in the Large Coil Program (LCP),!®
and high power beams in the TFTR beam programs.1%

6.2.1 Peexamination of the EPR Objectives and

Basic Physics [xtrapolation

Examination of the EPR objectives indicates
that many of the cbjectives subordinate to the
ultimate EPR goal of net electric power can be
achieved in earlier, lessev facilities. Those
obiectives that can only be achieved in an EPR
are related to the high duty cycle and avail-
ability of the plant and to the full energy
conversion and tritium breeding in the blanket.
With the renewed assignmert of these most
advanced goals to the EPR, satisfaction of the
subordinate objectives can be achieved at a
benefit/cost ratio and cost level seen to be
acceptable.

The basic plasma engineering assumptions
concerning minimum size and field for ignition
play a dominant role in setting the overal: size
and difficuity of the EPR. Recent advances,
both experimental and conceptual, have led to a
rethinking of these basic assumptions.1C,15
These advances indicate that (1) it may be
possible to achieve higher beta values than
previously supposed and (2) operation at high
density shouid provide improved performance.

The key to improved benefit/cost for the next
major fusion step is the assumed value of plasma
density. Using a value of n < 1020 m~3 resulted
in both a plasma radius of >2 m (high cost) and
a wall loading of <1 MW/mZ (1ow benefit). 1In
setting up the basis for the next tokamak step,
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use will be made of the benefits of hign density
plasma operation and close a2ttention will be
given to a better undersianding of its achieve-
ment. "Making” r > 107~ m-2 does imgrove the
benefit/cost toth for TNS and for reactors.
Achieving this higher density of n . 2 « }192% p-2
clearly requires additional irnformation on
plasma stability at high beta equilibria and on
materials properties at higher wall loadings
(~2-4 Mi/m<). More data on the scientific and
technoiogical basis for the postylated high
density, high beta operation will be forthcoming
from the next generation of large experiments
and continued materials vesearch.

6.2.2 Initiation of TNS Studies

April 1976 TS nominal reference

On the basis of our previous EPR study, we
established an initial set of basic machine
parameters for the exploration of the TNS design
space. These parameters, which would produce a
reactor grade plasma, included the following:
noncircular plasma radii of 1.0 m x 1.6 m, major
radius of 4 m, magnetic field on axis of 4.5 7
{using MbTi conductor with 8 T at the winding),
TF nil bore of approximstely I m = S m, fusion
power output of 700 Md(t) and 100 W of 200-keV
neutral beam injection.

Explicit calculational simulations of plasma
confinement using one-tenth trapped particle
scaling indicated that the plasma horizontzl
radius must be increased to 1.25 m to achieve
ignition for a 4.5-T magnetic field on axis. In
addition, our exploration of this design point
showed that approximately 0.6 m of device
shielding was required to \imit ¢he average TF
coil nuclear heating to acceptable values. These
considerations resulted in an increase of the TF
coil horizontal bore from 3 m to 4.5 m. An
evaluation of impurity control and gas through-
put concluded that an active control mechanism
should be included in the nominal design point.
A poloidal divertor was chosen as the primary
technique because it typifies the possible com-
plexity in design and cost, is compatible with a




high beta PF system, and fits inc<ide elongated
TF coils. Our evaluation of neutral beam,
uxiliary heating options indicated %hat new
injecticn approaches may be necessary. Above
200 kev, straightforward positive ion systems
appear unattractive because of significantly
recuced efficiency. However, alternate concepts
such as direct recovery. negative ion sources,
ripple injectior., and innovative start-up
scenarios exist ard were judged worthy of fiture
investigation for possible application to THS.

kegrading of planned major fusion devices

We completed an evaluation of the potertial
for upgrading various features (e.g., plasma size
and shape, plasma current, toroidal field, pulse
length, and neutral beam power) of existing and
planned fusion experiments to determine the po-
tential impact of these uparades on the defini-
tion of TNS design objectives and to further
clarify the role of TNS in the overail fusicn
power program. The fusion devices considered in
this evaluation were PLT, PDX, Doubiet III, ISX,
ORMAK Upgrade, and TFTR.

The basic ground rule ini*ially observed for
determining what constitutes an upgrade is that
only reasonable modifications, within the frame-
work of existing experimental cbjectives and
without construction of a totally new device,
were considered. In addition, the upgrades
considered were to have a minimum impact on the
scheduled initial operation of these devices.

Examination of the non-D-T devices {all but
TFTR) indicates that D-T operation cannot be
factored into a simple upgrade of these units.
Th- timely achievement of the established objec-
tives of these machines is very important to the
overall program, and the upgrading of selected
features may be justifiable in individual cases
that could provide special opportunities for
specific physics or engineering studies, to the
extent that the original experimental goals are
not compromised.

The feasibility of upgrading TFTR was con-
sidered in much greater detail th»n tre other
devices because this device has a greater poten-
tia) impact on the evolution of the TN5 concept
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than any other. TFTR is scheduled to demonstrate
D-T burning at reactor grade conditions and pro-
vide vital information in the areas of plasma
confinement scaling and neutrai beam injection.
In view of the large inveitment which will be
made in the TFTR facilit:, it is logical tc con-
sider ways to maximize tn> usetulness of the test
complex to the overall fusion orngram.

Four TFTR upgrade sce1a ios were postulated,
and desiga, cost, ard schedule implications were
eviiuated for each case. Tne principal parame-
ters which were upgraded were:

- toroidal fieid flat teop duration,
- torgidal field on axis, and
- plasma minor radius.

Variation of these guantities resulted in sig-
nificant changes %o tokamak support systems
such as power supplies and neutrcn beam inje:-
tors. An overall summary of the key features
of the four upo-ades is provided in Table 6.2.
The net cost data were developed on a System-
by~-system tasis by i1dentifying required hard-
ware changes and by scaling the appropriate
baseline TFTR cost estimate of October 1975.
Allowance for Engineering, Design, Inspection,
and Administration (EDIA) and contingency has
been provided; however, escalation was not
censidered. The resulting cost estimates
range from 548.8 million for TFTR U-1 to $201
million for TFTR U-4.

An important conclusion which was reached
was that none of the upgrades defined according
to the original set of ground rules was likely to
achieve ignitior. However, if the modifications
considered arc coupled with successful innova-
tions in plasma physics [i.e., high density (-4
« 1923 m-3), high beta (~15%), and Zeff ~ 1],
then curreat calculation models predict igrition.
Furthermore, in view of our perception of the
engineering requirements associated with an igni-
tion experiment, this capability appears to re-
quire a new machine and either a new facility or
3 substantially upgraded existing {or planned)
facility. A final consideration is that imple-
mentation of any of the upgrades would not
eliminate the need for a main-line, reactor
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Table £.2. Swurary 2f TFIR jpgrade octisng
e o5t
mitm ITA amd cortinzeny
Dotion features bt WIS RN
TFTR -1 immediate impliementation-delay base- 1582-31383 43.2
iine sckedule. Increase teroidal
fie'd by 17% [to 5.7 7 on axis;,
ext2nd TF fiat top from 1 0 4 sec.
TFTR y-2 mrediate implementation-delay base- 1982-1533 13z
line scedule. increase vacuus vessel
size to accommodate a plasce with
a 1.1 mat Ry = 2.8 m. Increase
tcroidal field by 107 /to 5.3 7T o=
axis} and extend iat top from 1 %o
4 sec.
TFTR -2 Complete baselire experimental progrem 1988-138% 152.3
in 1986, dismantie and modify device,
facilits, as in TFTR {-Z above.
TFTR U-4 Initiate new device ard facility moditi-  1986-1953 203
caticens in 1980, in paralle! with base-
line device completion. <(omplete base-
}ine cperation in 1986 and swiich over
shared eguipment. Same device faatures
as TFR U-2.
TFTR 11 Same ccenario as T+TR U-4, except that 1986-1953 230,32

TF bore is enlarged to reduce ripple
and cevice is designed to achiere igni-
tion {but not sustained burn}.

technclogy-oriented machine in the mid-i980°s to
provide the data dase for the design of ar
electric power producing device in the early
1990's.
physics could result in achievement of ignition
by these upgrades, we recommend that effort be
expended to pursue attainment of these inncva-
tions.

Because innovative advances in plasme

In the conrtext of the upgrade study
described in tris report, a large new machine
(designated TFTR-II because it is not really
ar upgrade) was considered as an alternative
to TFTR U-4 (see Table 6.2).
would focus primarily on ignition plasma
physics and presumably would correct the
deficiencies of U-4 (larger Tf bore, augment~d
cooling, shielding to handle ignition, and

This machine

some imourity control) and use the existing
(after completion of the baseline experivnental
program) TFTR facility. [t appe. . that the
maximum hardware savings whizh could be realized
by using portions of the existing TFTR facility
is about $9.-35 million. This savings, if it

could be acnieved, would be obtained at the price

of $lexibility and interference with the baselire

-y

aperstion of TFTR. Regardless of when TFIR-1] is
initiated, its availabiiily is tied to the basce-
lTine TFTR schedule, which currently calls for

3-T operations in 1385. At
point, facility and equipment medi fications
could be rompleted 2nd commor items Jf equipment
TFTR-11.

for at least a year of nor-2-T7 checkout ard

corpletion of this

switched over from TFT2 to AiTowing
experimental operation, the earliest that initia}
D-7 operation of “FTR-II could occur would be
1987-1988.
starting «ith new facilities, is one of the

it shouid be noted that this appreacy,

TNS options under consiieration (see Sect. 6.2.3;.
Te TFTR-I1 ipproach, which has only briefly
been examined here, certa’nly merits additicnral
study %o develop fully its advantages and dis-
advantaqes, and it is recormendei that consider-
ation be given to performing such a study. We
do feel, however, that there are a number of
pasic difficulties with this anproazh.

The applicability of baseline TFTR hardware
(neutral beam lines, ;uwer supplies, etc.)
must. be substantiated and quantified.
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» Overall program credibility requirec that
the baseline TFTR goals and schedule be
achieved with minimum compromise.

« Early curtatiment or baseline TFTR experi-
ments will be difficult to justify, in
view of the overali investment involved.

- The preaimity of existing labs and offices
to the TFTR site may not be compatible
with ignition level D-T operations.

6.2.3 Discussion of the July 1976 TNS Updated
Nominal Reference Point

Qur first studies, from April) through June
1976, resulted in an improved, self-consistent
reference point which included the following
parameters: noncircular plasma radius of 1.25 n
« 2.0 m, major radius of 5.0 m, magnetic field
en axis of 4.3 T, and a TF coil bore of 4.5 m
= 7.3 m. The plasma density assumed was 2 x 1029
w3 and the fusion power produced was 1900 M4(t).
The neutral beam power required was 100 MW, with
an accelerating voltage of 200 keV.

Physics evaluations

Our physics evaluations of this improved
reference point indicated that the plazma
characteristics were reactor-like and self-
consistent. High beta operation was judged
necessary for an economic reactor, and a
plasma density of 2 x 1029 m~3 seemed sufficient
for ignition. Achieving high beta operation
appeared credible based on 2nalytic investi-
gations of the flov _unserving tokamak (FCT)
concept. Attainment of high density is sup-
ported by Alcator results, which indicate both
high density and “om Zeff operation.

As shown in Fig. 6.3, the physics margin
for “"achievement" of fgnition for this reference
point ‘s minim1 for a field on axis of 4.3 T and
is incresced to more prudent values for fielcds of
50T or6.0T. Figure 6.4 emphasizes the im-
portance of effective impurity control, indicating
that calculatfonal simulations predict that ig-
nition 1s not “achievable" for Zeff > 1.2 in the
particular mode] conditions assumed.

Additional physircs margins may be included
in this referenc: point by using a heam heating
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Fig. 6.3. Nt required for ignition and sys-
tem Nt operating characteristics as a function of
temperature and various field strengths.

system with increased accelerating volt.ge.
However, for energies >200 keV, the at:ractive-
ness of current positive ion technology decreases
because of reduced neutralizatior efficiency,

and positive beam systems may not be adequate.
Tharefcre, the need for improved neutral beam
technology or innovative start-up scenario in-
creases in importance if operating flexibility
is to be included in the design.

For this reference point the poloidal diver-
tor requirements were not completely specified.
The coil current and position were compatible
with an FCT PF system, and a scrape-off region
was included in the TF cofl bore. However,
vacuum and gas handling considerations were
not fully factored in, and mechanica’ and
electrical evaluations were not com d.

Engineering studies

Our engineering studtes of this updated
reference poirt focused on the performance of
trade studies to serve as the basis for injti-
ating conceptual design studies. These trade
studies can be cateqorized as "global" and
"Tocal.” Glosal trade studies
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Fig. 6.4. Nt required for ignition and sys-
tem Nt operating characteristics as a funztion of
temperature and various impurity (iron) levels.

include an investigation of various machine
configurations and an evaluation of the refer-
ence point sensitivity to various operating
scenarios. Local trade studies consider system
and component options relative to the reference
design point.

Confiquration trades. Five alternate
approaches to the definition of TNS were ex-
amined on a common basis to develop data suit-
able for a comparison of respective costs,
cosplexity, risk, and availability.
nary sizing studies were completad for each
versfon of TNS, and emphasis was to be placed
on mode] refinement and improvement. The
versions of TNS which are under study consist
of:

Prelimi-

« TNS-1 ~ D-T fuel with copper TF coils,

+ TNS-2 - H, fuel with NbTi superconducting
TF co¥ls (included for compari-
son with D-T case),

+ TNS-3 ~ D-T fuel with NbTi superconducting
TF coils,

* TNS-4 - D-T fuel with Nb3Sn superconduc-
ting TF coils, and

» TNS-5 ~ D-T fuel with copper/NbT§ (hybrid)
TF cofls.
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A goal of this study was to determine the
smallest device in each category and presum-
ably the smallest cost possible, consistent
with achieving ignition (according to a spe-
cific plasma model} and with meeting the
engineering constraints. Sets of parameters
were determined for four of these options
(TNS-1 through TNS-4), and costing models
were under development before this effort was
generalized to consider a broader range of pos-
sible sizes along with technology options {see
Sect. €.2.4).

A< might be expected, the water-cooled
copper TF coil version of THS was found to be
the smallest device; however, the overall range
of major radii was from 4 m for the copper
version to 5 m for the reference point version
(TNS-3). Therefore this comparison of four
vCT TNS ignition option; indicated a size
variation in major radii of only :1G% about the
midpoint radius.

Operating scenario trades. A complementary
study was also performed on the relationship of
pulse length, duty factor, and relative cost.
The reference poirt (TNS-3) was selected and
components sized for combinations of 8, 16, 32,
and 62 sec and time intervals between pulses
of 1,2, 3,5, and 10 min. The principal con-
clusions from this preliminary study are sum-
marized in Fig. 6.5, which depicts the relative
hardware costs associated with various puise
lengths and intervals. Time-sensitive hardware
costs are judged to represent from 30 to 50% of
total plant costs. From Fig. 6.5 we conclude
that time-sensitive hardware costs increase by
approximately 10% (total cost equivalent of
5%) for a pulse length increase from 10 sec to
30 sec. Therefore, our interim conciusion is
that total cost is much more determined by the
requirement to achieve ignitfon than by the
req,uirement to sustain the burn.

System and component trades. Design trades
were performed for system and component options
for the interim reference point. Examples of
these studies include secondary vacuum enclosure
schemes and vacuum vessel materials choice.
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Fig. 6.5. Dependence of relative hardware
costs for various systems on pulse duration and
time interval between pulses, based on reference
TNS-3 configuration of 6/30/76. Systems included
are: field coil power, vacrum pumping, divertor,
facility shielding, heat transport and rejection,
refrigeration, fuel gas supply, and processing.

Four approaches to the vacuum system con-
figuration were identified and design issues
developed for analysis. Specific options consist
of:

1) a primary toroidal high vacuum erclosure
with individual varuum dewars about the
superconducting field coils. The cell
atmosphere would be maintained slightly
below ambient;

2) a primary toroidal high vacuum enclosure
with common TF coil dewars;

3) a secondary vacuum enclosure outside the
TF coils permitting reduced atmospheric
loading on the prirary toroidal vessel
and the cofl dewars;

4) evacuation of the entire test cell.

Therma) evaluation of the various enclosure
options was completed and vacuum pusping re-
quirements defined. A definitive recosmendat{on
was not miade at this time pending further
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definition of a specific TF coil option and
dewar design approach.
A comparison was made of four materials:

- AISI type 316 stainless steel,
= titanium alloys,
- aluminum alleys, and
- wmolybdenum alloy TZM.
The criteria used in the comparison were:
- mechanical-chemical properties,
~ thermophysical properties,
- religdbility,
- radiation and safety, and
- specific device factors.

The results of the evaluation favor type 316
stainless steel by a considerable margin.

Preliainary cost estimate

R scoping Plant and Capital Equipment (PACE)
cost estimaic was made supporting the preparation
of a preliminary version of a short form Schedule
44 Construction Data Sheet.

Because the design features of the reference
design point were not completely defined n many
cases , many estimates had to be made as to ap-
propriate sizes and ratings of the most cos -
sensitive components. These estimates were wade
at the second level of the reference work break-
dowm structure (i.e. major subsystems) and based
primarily on unit costs derived from the vendor
quotation evaluations prepared for the TFIR
conceptual design in October 1975.

Our scoping estimate indicated a cost
{excluding engineering and contingency costs})
in the range of $500 million. The tokamak
system and tokamak support systems account for
approximately half of the estimated costs and
the peripheral systems (power supplies, neutral
beam systems, etc.) account for the other half.

Conclusions

Three overall conclusions stand out from
this study:

« iJgnition is costly and difficult,
» d{gnition is a cost and technology threshold
to reactors, and
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primary focus should be on large umcertain
cost Ttexs (heating, fueling, impurity
contrcl).

The fnitial TRS studies of the April-Jume
1976 quarter resulted in the selection of an
updated July 1976 reference desigm point for
TNS. The subsequent, much larger effort in
the July-Septesber 1976 transition quarter was
designed to support the selection of feasible
technical goals for TNS. Operational trade
studies of pulse Tength, damtime and frequency.
considerations of materials, assemdiy techmiques,
and investigation of the July 1976 referemce
point made up much of the tramsition quarter’s
activity. The original objective of the tramsi-
tion quarter's activity was the definition of
2 comprehensive reference design based on the
selection of the July 1976 desigm point. As
a result of discussions between ONEL and DNFE,
this objective was changed to be 2 move broadly
based examination of altermative design routes
to an ignition device. This Droader study was
afoed at identifying the range of techmical
benefits and risks and total cost to support
recommendation of a design comcept for con-
tinued reference design investigations for TNS.

6.2.4 Exploratory Studies to Support Conceptual
1gn Point Decision in Mid-FY 77

The intent of this phase of the TNS program
is to come to a wel) conceived and supported
starting point for reference desigrn studies
by aid-FY 77. Achievement of this design
basis is being pursued in an integrated pro-
gram consisting of four main parts.

1)} Ve are specifically investigating the most
critical scientific problems, especially
impurity control and PF winding locatioms,
as well as detemmining the sensitivity
of plasma performance to variations in
key parameters.

2) We are performing a trade study evalua-
tion to support a plasma size and TF coil
technology decision.
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3) We are evaluating research and development
(RAD) programs to identify availabie
and required exoerimental support besis.

4) e will begin developing a comprehensive
construction schedule and pian to establish
proper sequencing of design tasks, RAD
tasks, and comstruction elements to support
the orderly preparation of a TNS device.

The findings in each of these four aress will be
synthesized into the reference design decision
process .

Our goal continues to be the definition of
the best mext tokamak step after TFIR, comn-
sidering abjectives, achievability, and reactor
viability. Our £ rary cbjective for TNS is
development of a fusion reactor core which can
be extrapolated to an econowicaly viable reactor
plant. Thic objective requires achievement of
ignition at a high power density that is effi-
ciently developed (2 . 5-15%2); hawever, this
abjective does not specify a particular path
of implementation considering both physics and
technology. The objectives of the TNS study
are wore immediate than a set of working draw-
ings; the TS design project is needed now to:

- initiate required RAD programs,

- focys experimental prograss,

» order technology needs,

« emphasize needs for ideas leading to
economically viable power plants,

- develop an appreciation for the schedule
and its implications, and

- alert the system required to act on TNS.

More explerstory work is needed before a
decision on a TNS reference design 1S made be-
cause fmplementation of a program estimated to
cost in the range of $500 million (or more) is
uncertain. Our effort during this period is
aimed at reducing tiiis uncertainty.

Physics evaluations

The continuing theoretical analysis and ex-
perimental results are supportive of basic TNS
physics assumptions. A parameter sensitivity




study identifying ignition requirements as a
function of operating paraseters has been com-
pleted. An analytic investigation of radial
profile effects indicates that the value of
beta required for ignition and burning is lower
by about one-third than previous estimates
using radially averayed values. A calcula-
tional simulation of plasma heating using neu-
tral beam injection and alpha heating indicates
that fusion alpha particle heating in the
central core region may considerably reduce
(to values on the order of 150 keV) beam eneryy
needed to achieve ignition. Magnetohydrodynamic
("MD) equilibrium and stability analyses have
provided encouraging results to support attain-
ment of high beta operation in a flux conserving
sanher.

dasic_assumptions and experimental results.
Two basic assumptions set tae bases for oJr
scientific work:

1) high density, high beta operation leads
to ignition in smaller, less costly
devices, and

2} high beta (»5%) is obtained in an FCT
by rapid heating and is maintained.

The correctness of these assumptions is subject
to some fundamental uncertainties in our
present knowledge, namely: plasme diffusion
at high temperature (low v* < 1)}, impurity evolu-
tion and diffusion, and upper stability limits
on beta. These issues form the direction for
much of the future theoretical and experimental
program. The present experimental resylts
demonstrate operation at high density and
favorable confinement and support the case

for positive projections during the period

of investigation of the fundamental uncertain-
ties. ORMAX has demonstrated ion and electron
heating by neutral beams and density increase
due to gas puffing and injection. Scaling
laws of nat ~ n%a2, Zo¢¢ ™~ 1/n have been
observed in ORMAX, Princeton Large Torus (PLT),
T-10, Alcator, and Pulsator. Flasma densities
such greater than 102° @3 have been observed
in Alcator and Pulsator.
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Performance prediction sensitivity. Con-
tinued work on understanding the sensitivity

of the model predictions 2o variations in key
parameters is required to determine the most
flexible operating scenario. Additional experi-
mental work is, of course, required to validate
the basic model assumptions.

A parameter survey was completed to deter-
mine the sensitivity of the nominal reference
point to variations in L BT’ Ti . @ (elongation),
Zeff' and confinement time. Also, variations of
the empirical scaling law were considered, as
well as various coefficients in the *=apped
particle scaling relationships. In scaling
from one device size to another, the product na
is held fixed to allow for a constant nt product
and a constant beam penetration depth.

In each variation, a plot of ignition re-
quirements and expected performance was developed
2s a function of the relevant parameters. In
this manner, a graphic depiction of the pctential
working margin is developed for each major design
parameter. An important part of this effort is
the inclusion of key physics factors that impact
a particular parameter variation.

We conclude from this study that semsitivi-
ties found in the predication of ignition are
less accurate than the basic foundations of the
model and, therefore, there is strong support
for developing flexible operating conditions to
account for known analytic predicative uncertain-
ties. This study has documented the presently
available data base which will be integrated
with engineering trade studies to define the bect
next step.

MHD equilibria with transport modifications.
Time-dependent modifications of MHD equilibria
by a large but finite conductivity of the plasma
are being studied to predict the access to high
beta and the Tong-time plasma behavior 2fter
reaching high beta evamination of steady-state,
FCT equilibria with the pressure profile deter-
mined by energy balance requirements has been
initiated. Energy transport calculational
simylations incorporating the alpha heating
from D-T reactions have been initiated to deter-
mine required beam heating profiles.




The one-dimensional, time-dependent OR™
transport code with uniform fueling, divertor
boundary, and one-tenth trapped particle iosses
has been used to demonsirate TNS burning
equilibrium. Assuming a spatially flat fueling,
centrally peaked profiles of plasma density and
tesperature are derived self-consistently and
indicate that ignition can be achieved at a
beta of <10% rather then at the previous estimate
of 8 = 152 using spatially averaged parameters.

A time-dependent, two-dimensional MHD equi-
librium code has been coupled to the ORNL trans-
port code to examine the physics of rapid
heating in high density plasmas. A calculational
similation (100 Mi at 120-keV beam injection
into a 0.85-m radius tokamak) provided an inde-
pendent demonstration of the existence of flux
conservation, namely alpha profile remains fixed
in a large, rapidly heated tokamak. While alpha
profile remains fixed, other plasma parameter
protiles (e.g., electron density) change
markedly during the intense heating. While
earlier calculations assumed that flux con-
servation was a constraint, this simulation
shows it to be a self-consistent result of
rapid heating.

We hare coupled an optimized MHD FCT
equilibrium with a simplified transport code
to determine the required beam heating profiles.
Peaked pressure profiles reveal low beta
values for ignition (7%) and burn (8.5%) at a
magnetic field on axis of 4.3 T. Heating to
ignition may be achieved by 150-keV beam
deposition with the contribution of alpha
heating concentrated at the plasma center.
Previous estimates without inclusion of the
alpha heating indicated beam energies of at
least 200 keV. This calculation was performed
assuming ideal impurity cornZitions (zeff 1),

Having discussed various transport
implications of higher beta equilibriz, the
stability question will now be considered.

At this stage of analysis of MHD stability
there ere still many uncertainties.

e Present estimates of ballooning instabili-
ties are based on linear ideal MHD codes.
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« Thus far, instabilities have been studied
for a narrow range of equilidria.

- Stability lisits can depend strongly on
shape and prefile effects.

In iight of these concerns we are engaged in an
extensive program of analysis.

- e are using our stability codes as well
as studying results from elsewhere, both
mumerical and analytical.

- With our linear, ideal, initial vaiuve MHD

. stability code, a marginal stability point

is found at & . 5%.
- This value (3 ~ 33) is near to ignition
requirements, which have been reduced

through inclusion of profile effects.

Coenclusions. rrom our studies so far,
having developed and used a wide variety of
powerful tools, the following important con-

clusions emerge.

1) Sensitivity studies support need for
flexibility in operating parameters.
Because of profile effects, a given

fusion power level can be achieved at

a 8 < 10% rather than 8  15% with
spatially averaged parameters.

Flux conservation emerges as a self-comsis-
tent feature in our calculations.

Alpha heating lowers beam energy and beam
power requirements to +150-ke¥ levels.

2)

3)

4)

In order to limit the set of distinctly
different options satisfying our objectives to
a reasonable size, we concluded that plasma size
and TF coil technoloqy are the most isportant
characteristics to investigate in our initial
trade studfes. Plasma size is judged to be the
most important characteristic because it directly
translates into machine and plant size and cost.
In adaition to the quantifiables of device size
and cost, plasma size is judged “o be a key
parameter in evalyating the fle'ibility of the
system to achieve our objectives. TF coil

technology 1s considered as one of our highest
priority parameters because available options
exhibit a discernible range of maximm magnetic’
field and a wide range of system complexities.
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In addition, a choice of TF coil technoiogy is
needed as soon as practicable to provide timely
input to our ongoing R&D programs.

Engineering evaluations

Our engineering evaluations are focused
on trade studies to define a conceptual design
point by mid-FY 77. We have completed all
tasks established for our first quarter FY 77
work plan. MNe have developed the trada study
framework, including:

- statement of TNS objectives,
« cetemination of design options,
- production of trade study logic and

tools for cost ana perforsance analysis,
- development of detailed ground rules, and
« initiation of trade studies.

Objectives. Our objectives of a fusion
reactor design define TNS trade studies:

- achieve ignition and demonstrate burning
dynaaics,

« provide for potential design solutions
for long pulse operation,

» extrapolate to a viable reactor, and

» be a technology forcing function.

When these technical objectives are coupled
to the requirement for sinimm time to com-
mercialization, we find that the total
nusber of major machines (and hence cost)
between TFTR and Demo wust be minikized.

Design options. Achievement of our
objectives 1s most sensitive (i.e., cost,
risk) to the choice of plasma size and TF
cofl technology. The versions of TNS under
consideration include:

* TF coil technology BT-max
TNS-1 water-cooled copper 127
TNS-3 superconducting NbTi 87T
TNS-4 superconducting NbySn 12 T
TNS-5 hybrid-NbTi/copper 8 T/12 T

+ Plasma physics considerations
plasma size, minor radius 1-2m

BT on axis 4-6 T.

Consideration of the previous TNS-2 option
(TNS-3 with hydrogen fuel) has been terminated
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because it is not consistent with our stated
objective of ignition.

After being used to dctermine these
highe<t priority choices (plasma size and TF
c2il type) the trade study methodology will
perwit sensitivity studies in other areas; for
example: pulse length arn? duty cycle, location
of PF windings, gas throughput-impyrity control,
and engineering design margin.

Trade study logic and tools. The TNS trade
study logic (see Fig. 6.6 and Table 6.3) is aimed
at developing information to support a plasma
size and coil technology decision by mid-FY 77.
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Fig. 6.6. TNS trade study logic.

Detailed system modeling is reguired to
ensure that a fim engineering basis for tech-
nical decisions is factored into our trade study.
The calculational model is a semiautomated design
procedure coupling known relationships and engi-
neering judgment. This procedure incorporates
the following steps:

1) sizes vessel, coil, and shield systems,

2} sizes plasma/magnet support systems
(neutral beams, vacuum, tritium, power
supplies, and cooling),

3) sizes facility support systems,

4) represents major system interactions,

| O
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Table 6.3. Summary of ground rules and assumptions — 'NS configuration trade studies

Operation
Design basis facility lifetime
Total number of pulsing cycles
Pulse repetition period
Pulse scenario
Pulse OH
Neutral beam injection
Ignition excursion
Burn
Quench
D-T cperation envelc e 7design basis)
Annual dose at site boundary
On-site restricted area annual dose
On-site restricted irea quarterly dose
On-site unrestricted area annual dose
Copper electrical insulation dose limit
Upper limits on nusber of D-T pulses
Lifetime limit
Annual lismit
Yacuum vessel

Vessel material
Construction

Vessei cross Zection
Segmentation

Wall thickness
Toroidal limiter

Diagnostic penetrations
Peak bulk wal] temperature
Vessel coclant

Toroidal fleld coils

Number of coils

Conductor type
TNS-1
TNS-3
TNS-4
TNS-5
Coil shape

Peak field at conductor

Cooling mode
Fault protection

10 years
106
300 sec

0-2 sec
2-8 sec
8-16 sec
16-32 sec
32-42 sec

Equivalent to 4000 full energy pulses
Equivalent to 1000 full energy pulses

AISI 316 SS

[-beam stiffened shells (w/o bellows)
Elliptical

Not factored into models

Variable

One or two tungsten segments
(radiation cooled)

Fixed number
400°C
Nater

Yariable

Copper (H,0-cooled)

NbTi (LHe-cooled)

Nb;Sn (LHe-cooled)
Copper/NbT1 (H,0-LHe-cooled)
Constant tension "0

12 T — copper
8 T — NbTH
12 T — Nb;ySn

Single phase forced flow
Electrical provisicns only
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Table 6.3. (continued)

Poloidal field system

Conductor material Oxygen free high conductivity copper

Location H windings outside TF
YF windings inside TF

OH flux swing Variable

Conductor current limit 20 KA

Conductor current density limit 1.5 kA/cm?

Conductor coolant Forced flow water

Impurity control technique Wall treatTent (Tow sputtering liner, Tow-2
wall, etc.

Note: It is recognized that a magnetic
divertor may be necessary. This will be

Yacuum pumping

Final pumping stage
Base pressure {prepulse)
Qutgassirg surface area

Tritium systess
On-<ite/in-process T, inventory
Tritium storage

Fuel recovery-recycling plant
Tritium cleanup systemss

Fueling

Neutral beam injection lines

Bean power, energy

Single am specifications
Sources
Dimensions
Number

Vessel aperture per line

Duct shielding

Heat dissipation systems

Final facility heat sink

Yacuum vessel coolant

Shield coolant

Buffer loop coolant

Cryogenic refrigeration systems
Facility air conditioning

Thermal loads

examined in a parallel study.

Cryosorption pumps
1 x 10-8 torr
Ten times smooth area of vessel

Yariable

Uranium chip deds

Variable capacity (cosmon approach)
Variable capacity {common appriach)
Prefill: gaseous D-T

Refueling: solid T and D-T pellets

Varies with plasma conditions

Three 100-A positive ion
10.4 m Tong x 4 m wide x 6 m high
Varies with plasma conditions
Duct 40 cm wide x 90 cm high

As required by coil type

Mechanical draft evaporative cooling
towers to atmosphere

Water — variable capacity

Barated water — variable capacity
Water — variable capacity
Variable capacity

Fixed base load, reactor cell air
conditioning variable

Variable — depending on option
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Table €.3. (continued)

Operational diagnostics

Nuster, type, penetrations

Electrical systems

Facility feed
Superconducting TF supplies

Cu TF supplies

Neutral beam supplies
Poloidai field power supplies
Electrical loads
Instrumentation and Control

Architectural and facility

Site
Reactor cell

Electrical power system buildings
Balance of plant buildings

5) checks for intermal consistency

(mechanical, structural, thermal, etc.),
and

6) provides cost estimates for all work

breakdown structure (W8S) and PACE items.

COAST, the TS system code, models all
mjor subsysteas and computes costs; a summry
of the COAST logic {s presented in Fig. 6.7.
An example of the level of detail incorporated
into the COAST code is summarized in Fig. 6.8.

cngineering judgment is factored into our
trade study methodology by interacting specific
component designs with the computer model.
Specific examples of areas of engineering
judgment include clearances for assesbly and
access, facility interfaces and impact, and
overall systems integration.

We conclude that this sewiautomated
methodology plus engineering judgment will per-
wit quantitative comparisons of TNS options at
2 level consistent with the depth and breadth
of our current knowledge.

Constant in al! studies

Fixed utility constraints

Line-driven rectifier supplies {except
for hybrid)

AC-MG storage-rectifier conversion
AC-MG storage-rectifier conversion
AC-M5 storage-rectifier conversion
Variable — depending on option
Fixed for all optioms

500 m radius site boundary "free-standing”

Reinforced ordinary onncrete

Fixed walls {~2.9 m), ceiling {*2.3 m),
vertical height fixed

Floor space, basement: variable

Variable
Fixed

Ground rules and assumptions. A critical”
consideration in the exploration of the
parameter space for TNS is the development of
ground rules and assumptions for the develop-
ment of models which are internally consistent
and, to the greatest extent possible, will not
prejudice the outcome in an unfair manner.

We have attempted to identify a set of
design ascumptions which will yield representa-
tive model solutions and represent the key size
and cost sensitivities which can bear on 3
final decision (see Table 6.3). No attempt is
made in the present study to provide d-otailed
design solutions or to represent optimum con-
figurations, in view of the time and effort
constraints which have been identified for the
work.

In order to reduce the number of variables
to a manageable level, engineering (and physics)
Jjudgment has been used to fix certain parameters
for initial studies. This does not preclude
the possibility of treating these items as

variables in later cost/size sensitivity studies.
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It is anticipated that all of the ground
rules will be the subject of continuing dis-
cussions and are subject to change as new in-
formation or modeling difficulties are encoun-
tered.

Our impurity and gas throughput control
strategy brackets potential solutions. He have
placed strong emphasis on materials selection,
treatment, quality contral. in situ cleaning, and
bakeout. We have assumed passive wall treatment
and plasma edge cortrol for our trade studies.
However, in conjunction with the trade studies,
alternate concepts are under investigation:
Magnetic divertors, gas bianket divertor, and
various particle collection approaches. We
judge that our choice for trade studies will not
prejudice our selection process and as detaiied
design analysis is initiated, altemate concepts
can readily be factored in if they are judged
necessary.

We conclude that these comsmon elements of
all INS options represent credible options and
ensure a fair and unbiased technology evaluation
and decision.

The following examples — vacuum vessel and
shield cooling systems and OH cofl power con-
Jitioning circuit — are illustrative of im-
portant subsystem design models. Our vacuum
vessel and shield cooling systems, depicted in
Fig. 6.9, use low pressure, low temperature
water with an intermediate toop including energy
storage facilities to dbuffer peak thermal loads.
The OH coil power conditioning circuit, Fig.
6.10, provides fuel contro! start-up and full
control shutdown at any time. These examples
of realistic representations are indicative of
the detail included in our model to ensure that
size variations are appropriately scaled and
the resulting cost impact deterwined.

Trade study initiation. A specific design
layout has been prepared for each TNS option
using the methodology and ground rules summarized
above. These schematic representations are
preliminary, self-consistent arrangements and
do not depict optimized configurations. Figure
6.17 presents an example of the design layouts
obtained from our trade study evaluation and,
Table 6.4 sumarizes the major characteristics of
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Fig. 6.9. Schematic of vacuum v2ssel and siield cooling systess.
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fFig. 6.10. Schematic of OH coil power conditioning circuit.

the TNS-3 options. Tablz 6.5 summarizes the TF
coil assembly logic as an example of the major
component modeling used to develop trade study
data.

Preliminary results have been obtained from
the COAST code; hawever, these results must be
thoroughly checked to verify results, and cost
models may require refinement. In addition,
preliminary subsystem optimization must be
completed, and after trends are determined the

seaich strategy will be aijusted to seek mini-
mm cost systems. As an example of the type of
cost information available from the COAST code,
Fig. 6.12 presents preliminary results from a
study of relative cost versus the number of TF
coils for the TNS-3 option.

Selection coiteria. A rating system is

being developed for TNS confiquration selection.

The major attributes to be considered follow.
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Fig. 6.11. Preliminary self-consistent (unoptimized) schematic arrangement of TNS-3.
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Tris rating yster Is essential because our
-zine:ring and cost assessments provide only
tie gquantirt able basis far a TNS recompendation.
Conclutions. Jur engineering and design
studies to Jate have led to the following con-

clusions.

11 Design gotians have been identified that
pracket physics urcertainties.

2} Trade study models have been developed in
detail witn consistent physics and engi-
neering rationale.

3j This tool is now operationa: for INS option
evaluation and selection.

4} Critical cost and schedule questions
remain.

R&S needs assessment

An assessment of TNS research and
deveiopment needs has been initiated. These

needs are similar to tFR with some changes in

R aion oot et

timing and emphasis. The assessrent is more
extensive than the EPR activity, upon which it

TF coil system

- TF cooling

» Centering force
restraint

« Peak current density
over winding slot

+ Peak field at
conductor

. ASIAc (area of structure/
area of conductor)
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arez.

These topice currentis unger investlizaticrn at
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this resors.

Jeveliopment of a Srogras pian

T tRIA-DMFE roguest we have initieted an
effcrt to develop an overall TNS crogra= Cler.
The objectives for this tctal assess~ent
established by SRDA-DMFE included:

Table 6.4. TNS-3 optior major characteristics
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establishing the proper sequencing of
design, R&D, and construction elements to
support the orderly design and constr. . ion
of NS,

identification of all critical research,
development, and demonstration tasks and
programs necessary to support operation of
TNS,

~n
B
(2]

3) identification of the necessary schedule
for TNS operation in 1986,

4) identification of modifications in the
schedule of activities as a function of
changes in scheduled operation, and

5) identification of the budget for each of

the two preceding objectives and comparison
with the current budget projection.

Example of major component modeling - TF coil assembly logic

Table 6.5.
«  Input
- Determine
= Check
+ Jterate

- Calculate

» TF coil type and number,
plasma specifications.

- Inner TF leg radial clearances
(plasma liner, vessel, nuclear
shielding, SF coils, thermal
shielding, dewar, structure,
assemblv and expansion, nose
ripple,.

» Quter leg radial ciearances
(space for components, or N8B
access or rippie).

- Radial build (ampere turns,
ripple, conducior-structure areas).

- Vertical bore corstant tension D.
+ To ensure that components fit.
» As needed for consistency.

« Material volumes and cost of all
assembly elements.
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The TNS concept used for the basis of this
assessment is the July 1976 reference point
including the four TF coil options. We are
scheduled to complete a first draft of the
program plan early rext year.

6.2.5 Conclusions

The Oak Ridge TNS program is establishing a
way to proceed toward the next step tokamak cen-
finement device beyond TFTR. TNS is a device
which Teads to an economically viable fusion
reactor and is being planned for mid-1980's
operation. The Experimental Power Reactor study
performed during FY 75 and FY 76 has led to an
intermediate step and rew design, TNS after TFIR,
having a higher benefit/cost than EPR.

The TNS program, now in the curlv design
stages, is focusing on providing bases for a
conceptual design point decision by mid-FY 77
by:

e conducting a physics parameter study
that provides theoretical framework,

= conducting an engine2ring trade study
that develops quantitative comparisons,

» identifying specific R&D requirements
that establish breadth of support needs
and availability, and

* initieting a thorough consideration of
an overall plan for the conduct of the
TNS program.
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7.1 MATERIALS COMPATIBILITY STUDIES

7.1.1 corrosion Studies of Two Austenitic
Stainless Steels in Liquid Lithiuml

J. F Seils

Thermal convection loops were fabricated of
types 304L and 321 stainless steel and vperated
with 1ithium for 3000 hr with a 600°C hot leg
temperature and a 200°C AT. Tabular specimens
were placed in the hot and cold legs so that mass
transfer effects around the loop could be studied.
Maxisum corrosion rates of about 0.55 mils/year
(3.7 mg/cm2) were obtained sor both loops.
Weight losses from the hot leg specimen were due
primarily to the solution of nickel and chromium
from the stainless steel. In the cold leg, the
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maximm deposition rate of chromium occurred at
a temperature considerably above that for nickel.
Metallography, electron microprobe analysis,
weight change measurements, x-ray fluorescence
analysis, x-ray diffraction, scaming electron
microscopy, and magnetic susceptibility measure-
sents were used to study the mass transfer
around the loops.

7.1.2 Compatibility Tests in Static Lithium

J. E. Selle

Mditions of various elements were made to
Tithium in static capsules for the purposes of
identifying adverse effects of potential impuri-
ties in lithiwm, studying the possibility of
inhibiting corrosion processes by in situ coating
of test specimens with a diffusion barrier, and
studying the effectiveness of potential impurity
gettering elements. Tests were conducted in
type 316 stainler; steel capsules at 500, 600,
and 700°C for times to 10,000 hr.

Stainless steel specimens gained weight
following respective additions of silicon,
manganese, cobalt, aluminum, and carbon. With
the possible exception of carbon, all of the
latter additfons show gotential for providing
a diffusion barrier to inhibit the migration of
alloying constituents froe the stainless steel.
Nitrogen has an adverse effect on corvosion by
Tithium under static conditions. Calcium and
yttrium appear to be erfective in removing nitro-
gen from 1ithium in static capsules.

7.1.3 The Reduction of A1,0, in Niobium-Lithium
Systems at 1000°C2
J. E. Selle J. H. Devan

Various grades of A1,0; were sealed inside
capsules of ¥b and Wb-1%1 Ir and exposed to liquid
Tithium for 3000 hr at 1000°C. Similar but
unsealed capsules were tested under vacuum. Re-
duction of the A1,0; occurred in the Tithium
wreated capsules, Sut not in the vacuum treated
capsules. Metallography and electron microprobe
analysis showed reaction products in the form of
compounds of nfobium, alwsinum, and zirconium.
Lithium actod as a sink for oxygen.
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7.1.4 Determina:i. _nf Oxygen in Lithiwm
J. E. Strain J. H. DeVan

In 1969 the Metais and Ceramics Division of
ORRL established a 14-MeV neutron activation
amalysis facility to determine oxygen in reactive
metals, especially lithium and potassium.” Using
this facility, we conducted a cooperative study
with R. M. Yonco and V. A. Maromi of Argonne
fational Laboratory (ANL) to seasure the solubil-
ity of lithium oxide in 1iquid 1ithiwm. Aliquots
of saturated lithium-oxygen solutions were drawm
into thin-walled nickel capsules by the ANL
workers, and the individual capsules were
analyzed for total oxygen content at ORML. A
total of 28 solubility determinations were made,
covering the temperature range 195-734°C.

7.1.5 The Corrosion Resistance of Type 316
Stainless Steel to LisBef,’

J. R. Keiser J. H. DeVan D. L. Manning

The corrosion rate of type 316 stainless
stee] in molten LiF-Bef, (66-34 mole Z) has
been measured in a thermal convection loop
operating with a maximum temperature of 650°C and
a AT of 160°C. The corrosion rate was correlated
with the concentration of impurities in the salt
22 loe tTivoride ion oxifation potential as
deternined by an on-line volt-ammeter.

A corrosion rate of 5.6 mg/ce?-yr was ob-
served initfally in the as-received salt. This
rate decreased as reactions with initial salt
fapurities went to completion. Direct addition
of beryllium metal to the salt further reduced
the corrosion rate.

7.1.6 The Effects of Helium Impurities
on_Superalioys®

J. €. Selle

A review of the *iterature on the effects
of helium impurities on superalloys at elevated
texperatures was undertaken. The actual effects
of these impurities vary depending on the alloy,
composition of the gas atmosphere, and tempera-
ture. In general, treatment in helium produces
significant but not catastrophic changes in the



structure and properties of these alloys. The
effects of these treatments on the structure,
creep, fatigue, and mechanical properties of
the various alloys a e reviewed and discussed.
Suggestions for future work are presented.

7.2 MECHAKICAL PROPERTIES OF STRUCTURAL
MATERIALS

K. C. Liu C. R. Brinkman

This is a new program which was initiated
at the beginning of the FY 76 transition quarter.
The objective of this program is to identify
materials engineering problem areas and needs as
well s to assess the adequacy and the extent
of validity in applying existing or proposed
structural design rules and criteria to the Je-
sign .7 power reactors by magnetic fusion energy
(MFE). Specific and basic materials data needs
will be defined and proposed for inclusion in a
materials development and engineering test plan
to provide essential information in support of
MFE reseaich and development effort.

The programmatic commitment has two specific
goals in mind. They are to establish: (1) a
set of unified structural design rules and guide-
lines that are acceptable to the MFE design
community for interim des.gn applications to
major MFE systems and components, and (2) a set
of comprehensive mechanical properties data of
MFE structural materials for us2 in the imple-
mentation of the design rules and criteia.

To achieve the first goal, 2 coordinated
effort is required in setting a national commit-
tee on structural design and materials enginreer-
ing represented by various laboratories and
industries that are conducting magnetic fusion
research and development. Technical liaison
with some MFE research laboratories has been
initiated. A national committee for structural
design of superconducting magnets comprised of
working groups in such areas as physical and
mechanicai properties, design methods, design
limits, fabrication and construction, nondestruc-
tive testing, safety, etc. was proposed at the
workshop on Structural Analysis Needs for Super-
conducting Magnets heid at Brookhaven Mational
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Laboratory (BNL) Septesber 8-10, 1976. The
proposal was generally accepted by the workshop
participants.

Aside from the plasma physics problems, much
of the long-term successful operation of the
magnetic fusion reactor will depend heavily upon
sound engineering judgment in design and selec-
tion of appropriate materials for the construc-
tion of the systems and components. During the
past months, we have conducted a comprehensive
review of the Experimental Power Reactor (EPR)
Reference Designs by ORNL and ANL; a study of the
counterpart by General Atamic Co. (GAC) will be
conducted when the report becomes available. The
effort will be extended to cover the designs of
The Next Step (TNS) and demonstration plants.

An analysis and assessaent of the strengths and
shortcomings of existing structural design codes
and standards that are used in design of nuclear
componerits for fission are being made on the

basis of current information on the EPR designs.
Presently, we are focusing our attention on the
design of first-wall/blanket/shield systems.

On the basis of current information on "ie
EPR Reference Designs, it has been illustrated
that the thermal stresses induced by temperature
gradients in the first wall and the radiation
shield wall may cause serious problemsS such
that alteration of the designs or the selection
of candidate materials may be required. A
detailed study of these problems is currently
under way.

7.3 NEUTROMICS

7.3.1 The Spatial Variation of the Damage
Ene and Gas Production in the
Exérinenta} go!m og a Eﬂgl;!

ation t

eutron age FacTlityé

R. G. Aismiller, Jr. J. Barish

Calculated results are presented of the
variation with position in the experimental vol-
ume of a Li(D,n) neutron radiation damage facil-
ity of the damage energy and helium and hydrogen
production in copper and in nicbium when this
volume is partially filled with experimental
samples. The neutron nonelastic cross-section
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data at the higher energies (>15-20 MeV) needed
to carry out the transport calculations were
obtained from the intranuclear-cascade model of
nuclear reactions.

7.3.2 Neutronics Calculations for the
Neutral Beam Injectors?

R. T. Santoro R. 6. Alsmiller, Jr.

Estimates, based entirely on one-dimensional
transport calculations, of some of the effects
of radiation on the operation and maintenance of
the neutral beam injector for the Tokamak Fusion
Test Reactor (TFTR) to be built at the Plasma
Physics Laboratory of Princeton University are
presented. Radiation effects due to 14-MeV
neutrons produced by D-T reactions in the plasma
and due to 2.6-MeV neutrons produced by D-D
reactions in the calorimeter and in the charged-
det;iteron beam dump are considered. The results
presented he: e are intended to indicate potential
radiation problems rather than to be an accurate
estimate of the magnitude of the actual radiation
effects that will exist in the vicinity of the
final injectors. This is particularly true since
the results presented here are based on early
injector design data, some of which are no longer
applicable,

For 14-MeV neutrons, estimates are given of

1) the heating and activation of the toroidal
field (TF) coils adjacent to the injector
norts,

activation of the tnjector superstructure,
and

heating in the cryopanel assemblies.

2)

3)
For 2.6-MeV neutrons, estimates are given of

1) activation of the calorimeter structure,
and
dose rates in the vicinity of the charged-

deuteron beam dump.

2)

It is to be noted that no estimate is given
here of the activation of the charged-Zz2uterun
bending magnet since at the time these calcula-
tions were performed no design for this magnet
was available.
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7.3.3 Neutronics and Photonics Calculations
for the Tokamak Experimental Power
Reactoré

R. T. Santoro ¥. C. Baker J. M. Barnes

The results of one-dimensional neutronic
and phatonic calct lations that compare the
nuclear performance of blanket and shield designs
proposed for use in the Tokamak Experimental
Power Reactor are presented. The nuciear analy-
sis was carried i1t for both nonbreeding and
tritium-breeding >lanket modules to compare the
spatial variations of the radiation flux and
energy distributions, nuclear heating, radiation
damage, and tritium breeding. Nonbreeding
blanket modules that contain potassium plus 316
stainless steel or potassium only as the energy-
absorbing medium and breeding blankets that use
naturai lithium as the fertile material were
evaluated as a function of the first-wall
cooling scheme.

7.4 RADIATION EFFECTS
7.4.1 Recent Progress in Bulk Radiation

Effects Studiess
F. W. Wiffen

J. 0. Stiegler

A review of recent experiments that
partially simulate fusion reactor structural
materials irradiations has helped develop our
understanding of effects that will be observed in
fusion reactors. At the high fluences and
elevated temperatures that will be characteris-
tic of reactor operation, experimental data have
shown that the high helium contents that result
from (n,a) reactions will be important in deter-
mining the irradiation response. In particular,
these high helium concentrations will result in
more restrictive 1imits on reactor response than
would be set based on results of fast spectrum
fission reactor experiments. Low fluence,
ambient temperature irradiations witl> 14-%V
neutrons have been compared to fission reactor
irradfations on tne basis of changes in several
physical procerties in a nuher of different
materials., These comparisons suggest that
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fission reactor neutrons provide an adeguate
simulation of the displacement damage component
of fusion neutron irradiation, and that differ-
ences between the two types of irradiation can
be understood. Since fission neutron irradia-
tions do not usually produce the same amount of
transmutation products as will fusion reactor
service, all simulation experiments must be
evaluated with amareness of this restriction,

7.4.2 Neutron-Irradiation Effects in
Molybdenum and Molybdenum Alloysi®

J. Bentley

F. W. Wiffen

Molybdenum, Mo-0.5% Ti and TZM alloys have
been yrradiated ‘n Experimental Breeder Reactor
I1 (EBR-II) at temperatures of 698 to 1273 K to
fluences of 2.5 » 102% neutrons - m-2 (E
> 0.1 MeV) or higher. The results of a transmis-
sion electron microscopy investigation of the
irradiated specimens are repcrted. Microstruc-
tures generally coarsen with increasing irradia-
tion temperature and there are no pronounced
effects of alloying. The suppression of void
formation in TZM observed at lower fluences
(~102* neutrons « m-2) was not observed at the
present higher fluences (>1026 neutrons - m~2)
wore typical of projected fusion reactor opera-
tion.

7.4.3 Swelling and Microstructural Changes

inT 316 Stainless Steel Irradiated
Under SimuTated Fusion Conditionsl!

P. J. Maziasz F. M. Wiffen E. €. Bloom

Tensile specimens of tyvpe 316 stainless
steel were irradiated in tie High Fluyx Isotope
Reactor (HFIR) to displacement Jamage ievels of
42-60 dpa (displacements/atom) and helium con-
tents of 3000-4300 appm at temperatures from 380
to 680°C. The samples were ir-adiated in both
the annealed condition (1 hr at 1050°C) and the
20% cold worked condition. The microstructures
of these samples were examined by transmission
electron microscopy (TEM). The results were
compared with specimens of the same heat of stee)
irradiated in EBR-1I to approximately the same
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conditions with the exception of helium content,
which was ~15 appm. Swelling in annealed and
cold worked samples with high helium content was
approximately constant with temperature from 380
to 550°C ane increased rapidly from 550 to 680°C.
Swelling in coid worked samples was less than in
the annealed samples for all temperatures except
680°C. Sweiling was larger at all temperatures
for samples containing large helium concentra-
tions than for the same material with small
helium concentrations, Recrystallization at
600°C destroyed the cold work swelling resistance.
Cold work increased the cavity concentrations,
decreased the cavity zizes, and reduced the
swelling, compared with annealed material con-
taining equivalent high helium concentrations.
Swelling was greatly increased at irradiation
temperatures above 600°C in both the annealed
and cold work samples; the increase was due to
the formation of very large cavities at the
grain boundaries. Calculations to compare the
amount of helium measured in the samples with the
amount necessary to stabilize equilibrium bubbles
have shown most of the cavities to be equilibrium
helium bubbles.

7.4.4 Mechanisms of Ductility Loss in
Fusion First-Wall Structural Materials!?

F. W. Wiffen

The major irradiation-produced problem in
metal structural components in the high-flux
regions of fusion reactors will be loss of duc-
tility. Available conceptual reactor designs and
existing radiation effects data are combined to
illustrate the mechanisms of ductility loss in
materials and operating conditions of potential
fusion interest. In the very large and complex
fusion compnnents, stresses will be imposed
directly by coolant temperature gradients,
imposed cyclically by the duty cycle of the
reactor, and developed over long time perijods by
jrradiation-produced swelling. Accommodation of
these stresses will require some plastic defor-
mation, although the required levels of duc-
tility cannot yet be specified.




Several ductility reduction processes are
possible, depending on the choice of structural
material and the temperature-flux parameters of
reactor operation. In some body-cantered cubic
{bcc) metals, the DBTT can be raised by irradia-
tion to well above room temperature, and perhaps
to the reactor operating temperature.
in this case are predominantly by a cleavage
mode, with some component of grain boundary
separation. In metals and ioading conditions
where failures are ductile and transgramular,
elongation to fracture can be severely reduced,
although the local ductility as measured by
reduction in area at the fracture may be very
high. The failure mode in this case occurs by
the onset of plastic instability at yielding.

Al deformation is rrstricted to the necked
region. Ductility is also reduced by the pres-
ence of insoluble gas in the grain boundaries.
This allows grain separation to occur at stresses
well below those required to deform the matrix.

A general loss of ductility usually accompanies
the l1attice hardening resulting from irradiation-
produced defects. This is of importance mainly
as it relates to the other ductility loss
mechanisms mentioned here.

Three types of behavior have been estab-
1ished in bcc metals with potential for fusion
application.l? In the case of molybdenum alloys,
the DBTT can be raised toc at least 550°C by
neutron irradiation. While the ranges of irradi-
ation and test conditions examined are too
restricted to rule out molybdenum alloys for
fusion use, the data do demonstrate the need for
further testing to evaluate the ability of
solybdenum structures to withstand the stresses
generated during shutdown cycles of a reactor.
Ductility loss by the onset of plasti. instabil-
ity is important under some conditions in
njobium and tantalum alloys; where uniform
elongation in irradiated samples has been
measured as low as 0.1%. In service this could
result in the situation in which any component
overloaded to its yield stress will deform to
fracture under constant or decreasing load.

Failures
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Under other irradiation and test conditions,
niobium and tantalum 2llcys exhibit a general
ductility loss while sti'1 retaining appreciable
uniform elongation. Vanadium alloys exhibit a
similar behavior. Ductility reductions are
cbserved, but the uniform elongaticn remains
adequate for structural application.

In austenitic stainless steels, the leading
candidate material for first-generation fusion
reactors, high helium generation rates promote
grain boundary decchesion at low stresses. This
intergranular failure mode will limit the appli-
cation of type 316 stainless steel to tempera-
tures below 600°C (Refs. 14 and 15). The
importance of helium-enhanced intergranular
failure in 1imiting the fusion application of
other classes of alloys has not generally been
established, although limited evidence suggests
it is important in some other alloys.!® Stain-
less steel irradiated under simulated fusion
conditions at lower temperatures also shows re-
duced tensile ductilities, but the failure mode
has not been established.

Proposed fusion reactor operating conditions
will lead to 2verely reduced ductility of the
reactor struc ural materials. Conditions have
been identified where ductility limitations are
set by the intergranular fracture mode, by the
onset of plastic instability at yielding, and by
the shift of the DBTT into the operating tempera-
ture range of the reactor. The avajlable data
establish that very careful reactor design will
be required to keep stresses developed during
operation compatible with the material properties
and that future detailed experimentation will be
required to define the temperature-fluence-
strain-rate dependence of ductility reduction in
proposed fields of reactor operating parameters.

7.4.5 The Use of ORR in Simulating Fusion
Reactor Irradiations

J. A. Horak

The continuing evaluation of the facilities
that can satisfy the criteria for simulation of
fusion reactor irradiation conditions has focused



our attention on the unique advantages of the
Oak Ridge Research Reactor (ORR) for the Radia-
tion Effects Program. For an irradiation
facility to be useful in the development of
first wall materials it must:

1) produce dpa and helium at actual and
accelerated rates (for a fusion reactor
at 1 Mi/a2 these values are 13 dpa and
175 appm He per year for type 316 stain-
less steel);

2) allow active temperature and stress
control during frradiation;

3) have the capability for in situ stress
and strain measurement;

4) allow control of the irradiation environ-
went; and

5) provide adequate experimental volume to
accommodate large numbers of specimens.

An evaluation of the ORR against these
criteria reveals the following facts.

1) It produces dpa and He at rates equivalent
to real time up to ~2 Mi/e2 in alloys
containing nickel.

2) Instrumentation is available for active
control of irradiation temperature,
stresses, and enviromments.

3) It is adaptable for conducting in situ
measurements.

4) Large experimental volumes are available
to accommodate the required test matrix.

S) The high duty factor results in high
reactor availability.

The 1fabilities of the ORR as a simulation
facility for fusion reactor {rradiations are that
it does not match the fusion reactor neutron
energy spectrum and that it camnot produce rele-
vant helium concentrations in materials that do
not contain nickel. Because helium production

in the ORR or any other thermal reactor proceeds
by the two-step thermal neutron capture sequence

Son4 (n,y)5SMi
59§ (n,a)5%Fe,

the ratio of the thermal neutron flux to fast
neutron flux must be periodically adjusted to
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match fusion reactor conditions. This neutron
spectrum tailoring requires that fuel management,
neutron absorbers, and/or neutron multipliers be
used. In the ORR the thermal neutron flux can
be increased by placing additfonal moderators
between the fuel and the test specimens. This
is usually accomplished by placing a beryllium
sleeve around the experimental assembly and/or
increasing the thickness of water between the
fuel elements and the test specimens. The fast
neutron flux can be increased while the thermal
neutron flux {s decreased, by placing a sleeve
of aluminum containing from 5-15 at. T 235
around the experimental assembly. In principle
it is possible, without difficulty, tc have any
thermal and fast neutron fluxes desired over the
ranje frow about 1-6 x 1012 neutrons m ’ <ec-!,
The two initial fusion reactor materiz’s
irradiation experiments in the ORR will emphasize
type 316 stainless steel but will include
lesser amourss of modified stainless steels,
PE-16, other nickel-base alloys, and develop-
mental alloys. The specimens (loaded in 24
individually controllable positions in each
experiment) will cover a range of irradiation
temperatures from 250-650°C. Limited irradia-
tion creep rate determinations will be accom-
plished with statically and dynam: ~ally
pressurized tubes. Postirradiation examination
of other samples will yield swelling, tensile,
creep-rupture, and fatigue properties. Support-
ing examination will develop the jrradiation
effects on micmstructure, fracture mode, and
phase stability as functions of initial micro-
structure and irradfation parameters.

7.4.6 Irradiation Experiments in Progress

M. L. Grossbeck J. A. Horak P. J. Maziasz
F. W. Wiffen J. M. Woods

The lack of irradfation facilities that
have the flux and spectrum of fusion reactors
requires that all irradiations designed to
evaluate the effect of fusion reactor operation
on first-wall and structural materials sust be
accomplished using simulation techniques. In
the ORNL irradiation effects program, the
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emphasis is on similation using fission reactors.
The rate of the atom displacement component of
fusfon reactor irradiation can be achieved in a
mamber of high flux fission reactors. The
transmutation-produced helium is simulated in
alloys containing nickel as discussed in Sect.
7.4.5.

The Radiation Effects Program makes con-
tinwous use of the six peripheral target
positions at the outer zone of the HFIR flux
trap region. In these experiments accelerated
production of dpa and He, reiative to fusion
reactors, provides rapid simulation of fusion
reactor exposures. Experiments in each position
contain 10 or 11 tensile specimens with cylin-
drical geometry for irradiation at temperatures
between 55 and 900°C. The six experimerts

currently under irradiation cover the temperature

range 280-700°C and contain specimens of PE-16,
type 316 stainless steel, and a titanium
modified type 316 stainless steel. These will
be evaluated for swelling, tensile properties,
creep-rupture properties, phase stability,
fracture mode, and microstructural effects.
Irradiation of samples for postirradiation
fatigue property measurements will begin with
the next experiment.

Irradiation experiments in the EBR-1I are
used to reach high displacement damage levels on
a large number of specimens. While the helium
component of fusion reactor damage is not simu-
lated in these irradiations, the partial
simulation will set limits on the fusion reactor
application of materials. Later experiments
may further refine these 1imits. In EBR-II
experiments, irradiation temperatures in the
range of 370 to >1000°C can be achieved by
passive control, either through gas gap rontrol
of heat flow or through the use of heat pipes.
Two experiments are currently in the reactor,
one each in row 7 and row 8. The range of tem-
peratures in these two experiments is 400-800°C,
and the maximum goal fluence is 2 x 1022 pey-
trons/cm? in the row 8 experiment and 4 x 1022
neutrons/cm? in the row 7 subassembly. Specimens

of a number of alloys have been included and after

irradiation will be evaluated for swelling,
microstructural effects, and irradiation effects
on mechanical properties. In addition, some
pressurized tubes have been included to evaluate
irradiation creep through measurement of tube
swelling. Rase wmetal and weld metal have been
included, and samples preinjected with helium
either by alpha implantation gr tritium decay
are included for evaluation of the effectiveress
of preirradiation helium in simulating fusion
reactor conditions. A limited number of type
316 stainless steel and Nimonic PE-i6 samples
are included to supplement the irradiations in
the mixed spectrum thermal reactors. A greater
emphasis is placed on the refractcry metals in
these experiments because the thermal reactor
helium production in nickel-containing ailoys
does not appiy in these materials. The refrac-
tory metals included are Nb, Nb-1 Zr, D-43, Mo,
TZM, V-20 Ti, and V-10 Cr-5 7i. Irradiation of
the row 8 experiment will be completed early in
1977; the row 7 experiment will remain in the
reactor until mid-1979.

7.4.7 Deve]oggnt of Fatique Testing
Lapabilities

M. .. Grossbeck

K. C. Liu

The pulsed operation of tokamak machines
causes cyclic stresses in structural components.
In addition to these cyclic stresses, frradiation
will produce helium as well as displacement
damage.
an experimental program to evaluate the effect

it is, therefore, essential to conduct

of cyclic stresses on materials irradiated under
simulated fusion reactor conditions.

Previous experiments on irradiated materials
Ted to contradictory conclusions. The effaect of
cyclic loading appears to be very sensitive to
temperature, environment, and other test param-
eters.

The importance assigned to the understanding
of fatigue properties of structural materials in
fusion reactors requires the development of
fatigue testing equipment and a test program to
develop an understanding of {rradiation effects
on fatigue properties. We have initiated




fatigue testing with the following goals:

1} development of equipment and techniques
suitable for testing samples irradiated
to high fluence levels in fission reactors.
This requires testing in a hot cell;

2) determination of the effects of cyclic
operation at various temperatures (with
respect both to direction and magnitude).
A sufficiently high fluence and helium
content must be employed in order to
clearly establish the effect of irradia-
tion and make an unambiquous determination
of iis direction;

3} determination of the mechanisms of inter-
actior of displacement damage and helium
on the fatigue deformation and fracture
processes. Before intelligent suggestions
for improvement of fusion reactor first
wall materials can be made, the mechanisms
of fajlure must be understocd; and

4) use of the results from the fatigue testing
for development of improved alloys for
fusion reactor service.

A servohydraulic fatigue testing system for
a radiation hot cell has been dociznzd and pur-
chased. The system is undergoing assembly and
preliminary testing. It is capable of simulating
the stress conditions of typical tokamak duty
cycles and can also be used to perform conven-
tional stress-controlled and strain-controlled
tests. The system will be capable of air, inert
gas, or high vacuum environments in the tempera-
ture range of 25-700°C.

The constraints imposed on specimen size by
the requirements of the irradiation experiment
have necessitated the development of a new speci-
men geometry, A miniature hourglass type fatigue
specimen has been tested. Appropriate redesign
of reactor irradiation experiments to accommodate
these specimens has been accomplished.

This facility will be the only high vacuum
fatigue testing system in the United States
capable of performing unfiaxial tests on highly
irradiated specimens.
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7.4.8 Evaluation of Nickel Alloy Response to
Similated Fusion Reactor Irradiation

F. W. Wiffen

Among the alloys that have been considered
as candidate structural materials for the first
wall and other structural components in the high
flux regions of a fusion reactor are a number
of nickel-base alloys. Previous ORNL work on
type 316 stainless steel showed that swelling
under irradiation that closely simulates fusion
reactor conditicns can be gquite different from
swelling under fast reactor irradiation. The
differences are due to the greater helium pro-
duction rates under fusion reactor conditions
ard require that :sults from the Liquid-Metal
Fast Breeder Reactor (LMFBR) programs be used
with caution in the fusion program. Simulated
fusion reactor conditions are, however, achieved
in HFIR irradiations, and nickel-base alloys
being investigated are PE-16 (typical of precipi-
tation-strengthened nickel alloys) and Inconel
600 (typical of solid solution-strengthened nickel
alloys). Both alloys are reported to be swelling
resistant under limited ion bombardment condi-
tions. The goals of these exneriments are (1) to
investigate swelling under conditions of concur-
rent displacement damage and transmutation helium
production and (2) to examine tensile properties
of these materials as a function of irradiation
and test temperatures. Irradiation at tempera-
tures from 300-700°C gave helium contents from
300;2000 1ppn and displacement levels of 4-9 dpa.

The results of swelling measurements for
irradiations which produced 4-9 dpa and He levels
of 360-1030 appm in PE-16, 630-1780 appm in
Inconel 600 can be summarized as follows:

1) 1Inconel 600 swells throughout the tempera-
ture range of 300-700°C; PE-16 Shows
appreciable swelling only at T > 600°C.

2} Swelling values much larger than expected
from fast reactor and ion bombardment re-
sults were found for several irradiation
temperatures .

3) Densification in PE-16 is observed at Tow

1
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irradiation temperatures.

4) Solution-annealed PE-16 exhibits little
difference in swelling behavior from the
solution-annealed and aged material.

5) Swelling of Inconel 600 is only weakly
temperature-dependent between 300 and
600°C but increases at higher temperatures.

6) Swelling increases with increased helium
content in the Inconel 600.

7) Cold work was not effective in suppressing
swelling of Inconel 600.

Tensile property measurements on the same samples
led to the following conclusions

1) Strength values are increased for irradia-
tion at 300-400°C.

2) Strength values decreased below univredi-
ated values for irradiations at 600-700°C.

3) Elongation values are lowest at the
temperature extremes, with values at 400
a.d 500°C greater than at 300 or 700°C.

4} Helium clearly determines the fracture
wode at 700°C.

On the basis of these results a decision
has been made to focus future efforts an the
PE-16 alloy. New jrradiation experiments will
expand the matrix of irradiation conditions
to higher and Tower fluences. In additfon to
ismersion density and tensile tests, examinatior
by electron microscopy, fractography, and metal-
Tography will be used to identify irradiation
effects mechanisms. When all results are avail-
able, they will be evaluated in the framework
of fusion reactor conceptual designs that specify
nickel-base alloys as structural materials.
Limitations imposed on reactor design by property
changes will be considered, and future experi-
ments necessary to evaluate the potential of
these alloys ir , 'sion reactors will be designed.

7.5 RADIATIIN SHIELDING INFORMATION
CENTER
B. F. Maskewitz R. W. Roussin 0. K. Trubey

The Radiation Shielding Information Center
(RSIC), established in 1962, serves the radia-
tion transport and shielding community by
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collecting, organizing, processiag, evaluating,
packaging, and disseminating information related
mainly to reactor and weapons radiation. The
scope of this information includes the physics
of interaction of radiation with matter, radia-
tion production and transport, radiation de-
tectors and measurements, engineering design
techniques, shielding materials properties,
camputer codes useful in research and design,

and nuclear data compilations. Originally es-
tablished to support research related to fission,
RSIC is now also being used to support fusion
reactor technology. The major activities include
{1) operating a computer-based information sys-
tem and answering inquiries on radiation analy-
sis; (2) collecting, testing, packaging, and
distributing computer codes; and (3) *hose activ-
ities associated with evaluated and pricessed
nuclear data libraries.

A1l of the RSIC services contritute to the
fusion technalogy program, but perhass most
significant is the service offered tnrough the
MFE Evaluated Cross-Section Library and the WFE
Processed Data Library.

Both data activities are of special impor-
tance because ROIC i3 vesponsible for the
generation, packaging, and distribution of a
general purpose neutron cross-section library
to be used for radjation transport and neutronics
studies by Division of Magnetic Fusion Energy
contractors. The goal is to provide a multigroup
cross~section library based on the best evaluated
data available which can be applied to a wide
range of prodlems. As the goal is achieved, a
substantial savings results because each user
avoids the cost of maintaining his own capability
to generate cross sections for his particular
applicatims.

During the last year a validation program
for this 171-neutron, 36-gamma-r.y group pro-
cessed 1ibrary was undertaken and completed with
the cooperation of several MFE contractors
throughout the country. A 36-materfal version
has been announced Jor general release and de-
signated DLC~41/VITAMIN-C. This is now being
updated with 25 addition»1 materials.
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Some of the materials needed were nct part
of the current U.S. standard evaluated library,
ENDF/E-IV, which was issued in 1974, The missing
ones were acquired from the Livermore Evaluated
Nuclear Data Library (LENDL) modified as neces-
sary to conform to proper format, and processed.
The next update of ENDF/B will not be made until
1973, although additionai evaluated data impor-
tant for #FE studies will be available soom.
These will be added to the DMFE Evaluated Library
and also processed into multigroup form as part
of DLC-41/VITAMIN-C so that they are available
in timely fashion for use by MFE contractors.

7.6 SURFACE STUDIES

7.6.1 MWall Conditioning Studies
for ORMAK and I3X17

L. C. Emerson
L. Heatherly

R. E. Clausing
R. J. Colchin

Laboratory studies of various discharge
cleaning techniques and the resulting surface
trapping of hydrogen have been carried out in
an attempt to explain conditions existing in
the 0ak Ridge Tokamak (ORMAK). Gold and stain-
less steei sampies nave been both directly and
indirectly exposed to oxygen and hydrogen glow
discharges, Sampies exposed either directly
or indirectly to oxygen discharges experienced
a more rapid remova! of carbon (hydrocarbons)
than samples exposed in a simi. r manner to
hydrogen discharges, and similar results have
been obtained during discharge cleaning in QRMAK.
Samples directly bombarded as the cathode
of a giow discharge were more rapidiy cleaned
than those indirectly exposed, i.e., facing
away fram and not immersed in the discharge.
The oxygen concentration was found to increase
on the surfaces of those samples which were
oxygen discharge cleaned. Similarly, an in-
crease in the oxygen impurity in ORMAK dis-
charges is sometimes noted after oxygen
discharge cleaning; however, the hydrogen
discharge cleaning cycle which always precedes
the initiation of normal tokamak plasmas tends
to mask this effect. The presence of impurities
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(CH, and “,0) in the cleaning discharge in-
fluences the composition of the surface in
equilibrium with the discharge; thus it is impor-
tant to remove impurities (reaction products)

as efficiently as possible during the cizaning
operation.

Direct hydrogen ion bombardment of stain-
less steel surfaces and subsequent thermal
desorption demonstrated that 20-50 monclayers of
H, were presert in the surface oxide layer.
Similar bombardment of nickei and gold surfaces
showed little hydrogen loading. Hydrogen de-
sorption from oxidized stainless steel surfaces
is significant at room temperature and increases
rapidly with even a few degrees rise in tempera-
ture, thus suggesting that thermal desorption
may be an important mechanism of hydrogen re-
lease from tokamak walls.

7.6.2 Surface Impurities and "Clean-Up™
Techniquesis

R. £. Clausing
R. J. Colchin

L. C. Emerson
L. Heatherly

The detrimenial role played by impurities
in thermonuclear devices is now well kiown.
Experimental studies to identify those impurities
residing on the liner, or first wall, of ORMAX
have been carried out ;n the laboratory using
Auger Electron (AES) and X-ray Photoelectron
(XPS) spectroscopic techniques. Additionally,
Tiner measurements have been made in situ using
a small soft x-ray appearance potential spectro-
meter (SXAPS). Oxygen, iron, and carbon were
found to be the major surface impurities and, as
confirmed by plasma diagnostics, also the major
plasma impurities. Glow discharge cleaning of
gold and stainless steel surfaces has been
studied using various gases and gas mixtures.
Oxygen discharges are very effective and hydrogen
moderately effective in removing carbon and
hydrocarbon deposits from both types of surfaces.
Other parameters involved in the contamination-
decontamination process, such as pressure and
temperature, have been studied using techniques
to controllabiy contaminate surfaces with hydro-
carbons.

S etiein i e o .




7.6.3 Hydrogen Loading and Clean-Up of
okamak Wall Materials during

Glow Discharge Cleaningl®

R. E. Clausging L. €. Emerson

Most of the impurities in the plasmas of
today's tokamaks get into the plasma “rom the
wall as the result of plasma-wall interac“ions.
Re~cnt cxperiments suggest that much of the
hydrogen in the discharge may also come fron the
wall, Curing glow discharge cleaning, oxidiz~d
surfaces can be loaded with hydrogen eguivalent
to many monolayers. This hydrogen is weakly
bonded and easily desorbed by a small increase
in temperatL.e. The results of evpiviments
being carried ou’ both in the Impurity Study
Experiment {ISX) tokamak and in the laboratory
concerning effects of ion energy, ion flux, and
plasm. impurity levels on both the surface
composi.ion and the hydrogen loading phenomena
dre described. Tokamak discharge characteriscics
will be -orrelated to wall conditioning in tne

next phase of ISX operations.

7.6.4 Surface Characterization: Hydrogen
?rofijj:ﬁ
0. D. Alired 8. R. Appleton
G. J. Clar¥ C. W. White

Tons ars reutral atoms of hydrogen bom-
barding the interiar surfaces ot present-day
fusion reactors .nitiate a series of complex
reactions which adversely affect the plasma and
materials properties of the first wall. Some
of tie bombarding hydrogen is reflected with
ioss of energy and/or change of charge bac: in-
to the plasma, same penetrates the wall cdusing
rodiation damege, sputtering, desorption, gas
bubtle formatinn, and blistering; some beccmes
implanted, alterc many of tne above reactions,
and causes chemical reactions or alterations
of metallurgica’ properties. Tt is essential
for evaluating most of these effects tn know
the concentrations and depth .istributions
of the hydragen in “he material. In anticipa-
tion of our need for such information :n the
current program, a techniqu~ was developed for
determining the hydrogen concentration in solids
and was tested on a variety of materials.
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The ‘echnigue exploits eiiher of two
resgrant nuclear
IH(13F,y) 150 or
ing hydrogen are

reactions for hydrogen,
(15K, v )13C. Samples ccntain-
hombarded with energetic beams
of either ‘%F or !N obtained frum the GRNL
Tandem Van de Graaff accelerator. At the reso-
16.44 MeV. E(i°N)

= 6.38 MeV], these iuns interact with ‘#, giving

nant energies [F(if) =
off monoenergetic gamma rays. Rv varying the
energy of the incidenst jon beam, the resonance
can be made to occur at the surface or iaside
the solid as desired. The known o+ measured
energy loss of the jons can be coniverted to

depth, ard the yield of garma rays is orope.~
ticnal to the hydrogen concentratica at that

depth.
a variety of specimens ranging from conerol

In our initial experiments we nrofiled

samples %G test the depth resolution and sensi-
tiviity of the technigue, to sampies actually
exposed to ORMAK, to a variety of insulators.
The techrique was easily sensitive to 0.1 at. %
hydrogen, and more refin~d measurement technigues
The +7F
reaction had a depth resolution 75 A near the

could improve this substantially.

surface and could probe to ~2200 A be-ore the
rext resonance interferea. The !°N reaction,
though down in yield, had comparable sensitivity,
a denth resolution ~30 A near the surface, and
could probe to depths 20,000 A.

These preliminary results demonsirate the
teasioility of this detection method for hydro-
gen and indicate that it has considerable
potential for future applications. For example,
a2 control sample and one that had been cleaned
in a hydrogen discharge were given to us for
analysis by the Surface Radiation tffects grovp
Although

equipment fa‘lure prevented uys from obtaining a

of the Metals and Ceramics Division.

quantitative analysis of the samples, we easily
detected differences in the surface concuatra-
3light
‘mprovements in the experimentai equipment
(provisions for in situ discharge cieaning,
heating, eic.) could be applied to determine the
dynamic behavior (desurption, diffusion, etc.)

ticns of hydrogen in the two samples.

of this and a number of other proolems relevant

to MFE. Similarly, studies of a number of
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different kinds of quartz samples containing
hidrogen seemed tc show that hydrogen in crystal-
line quartz was gquite mobile under beam irradia-
tion, while in amorphous or highly disordered
sam~lcs the hydrogen appeared to remain trapped.
This could be an important line of study for a
number of insulating materials being considered
for use in fusion reactors. Because of the im-
portance of hydrogen for understanding so many
of the materials problems in MFE and because
hydrogen is extremely difficult to dotect by
other methods, this promises to be a useful
technique for future materials characterization,

7.6.5 Photon Emission Produced by Particle-
Surface Collisions20

C. W. White N. H. Tolk

Visible, ultraviolet, and infrared optical
emission results from low-energy {20 eV-10 keV)
partic..-surface collisions. Several distinct
kinds of collision induced optical radiation
are discussed which provide fundamental infor-
mation on particle-solid cellision processes.
Line radiation ariss from e.cited states of
sputtered surface cZastituents and backscattered
beam pairticles. This radiation uniquely identi-
fies the guantum stute of sputtered cr reflected
particles, provides a method for identifving
neutral atoms sputtered from the surface, and
serves 2s the basis for a sensitive surface anal-
ysis technique. B8roadband radiation from the
bulk of the solid is attributed to the transfer
of projectile energy to the electrons in the
solid. Continuum emission observed well in
front of transition metal *targets is believed to
arise from excited atom cluste=s (diatom.c, tri-
atumic, etc.) ejected from the solid in the sput-
tering process. Application of sputterec atom
optical radiation for surface and depth prifile
analysis is demonstra.ed for the case of submono-
Tayer quantities of cnromium on sflicon and
aluminum impianted in Si0,.
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7.6.6 Sputtering Calculations with the
Discrete Ordinates Method

T. J. Hoffman

H. L. Nodds M. T. Robinsor

Sputtering of the first-wall material in a
fusion device is partly caused by light ion (H
and He, bombardment. Sigmund?! had developed a
Boltzmann transport equation modei for the
calculation of sputtering yields, but the tech-
niq he used to solve this equation, the moments
method,22 is only valid for infirite medium
problems and, therefore, is not appropriate to
sputtering by light ions.

The most widely used zid highly developed
method for numerical solution of the Boltzmann
equation in finite regions is the discrete or-
dinates method.23 Although the usual application
of this method has been to neutron and gamma-ray
shielding problems, many of the computational
techniques that have been developed to acceler-
ate convergence of these problems are applicable
to sputtering problems. The current work is
directed toward the adaptation of the discrete
ordinates shie'ding code, ARISN,2% to the
calculation of sputtering yields by iigh* ions.

Several modifications of ANISN are required
to treat sputtering problems. A contimuous
slowing down term has been incicoded to account
for erergy losses due to electronic interactions
and small angle elastic scattering. Methods for
treating the surface binding energy have also
been iGcorporated into the AMISH calculations.
The major development effort ha: been to process
power agproximations of Thomas-Fermi type and
Born-Mayer type differential cross sections into
multigroup cross-section sets for discrete
ordinates computation.

Praliminary caiculations with the modified
program have been encouraging. Computation times
are reasonabre. Comparisons are being made with
the analytical theory?! and with experiment for
heavy, rare gas ion (Ne, Ar, Kr, Xe) sputtering
as a confirmation of the numerical technfque.
Applications to H and He sputtering will follow,
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7.6.7 Hydrogen Recycle in Fusion Devices
S. Datz F. F. Dittrer S. Overbury

A system has been constructed for the study
of energy exchange, chemical reactivity, and
chemical sputtering of first-wall materials with
charge-exchanged hydrogen from the plasma.

The initial study is on pyrolytic carbon inter-
acting with 10-1000-eV be»ws of hydrogen and
deuterium. The system — consisting of mass
analyzed ion beam, heatable sample, mass filter,
and electrostatic analyzer, all contained in a
10-10_torr vacuum — has been complzted. A low
erergy ion backscattering system for surface
analysis has been developed and used to measure
surface composition of high purity pyrolytic
graphite., Significant concentrations of 0 ard S
are measured which decrease with Ar sputter
cleaning and are reestablished, presumably by
diffusion, upon heating to ~1500°C. The mass
spectrometer system has been installed, and
background pressures of CH, of ~10°12 torr are
found in the vacuum system. This should allow
detection of A1071% to 10-!5-torr CH, from
chemical sputtering. A pu2zling finding arose
from 2 measurement in which carbon bombarded by
3 10-ke¥ proton beam was treated with an extrac-
tion solvent which dissolved the hydrocirbon
component. Nuclear magnetic resonance (NMR)
analysis indicated the presence of aramatic
hydrocarbons, in spite of the fact that only
CH, has been reported as the result of chemical
sputtering.

For the Tow energy {<200-eV H®) anticipated
from the plasma, a considerable amount of re-
flection is anticipated. The electrostatic
analyzer system has been employed for initial
measurements of the energy spectra of H' and H~
backscaitered from the carbon target and checked
as a function of surface impurity composition
for both surface condftions. A scheme has bdeen
devised (but not tested) for absolute determina-
tion of the neutral H® component in the re-
flected beam, which will allow a complete
determinat ion of the reflected energy spectrum
which cin then be compared with results of the
MARLOWE computer program for this systern.
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7.7 SYSTEMS STUDIES

0. Steiner E. S. Bettis T. J. Huxford
H. E. McCoy A. T. Mense R. L. Reid

J. L. Scott T. E. Shanron N.C.T. Stoddart
H. L. Matts W. M. Wells R. N. Werner

The emphasis of the system studies during
the past year has been directed to the fusion
Power Demonstration (Demo) Study.25 The purpose
of this study is to develog a plan for demonstrat-
ing, in this century, the commercial feasibility
of fusion power based on the tokamak concept. In
order to demonstrate comme:cial feasibility, the
technical and economic feasibility of the tokamak
concept foi- power generation must be clearly
established through successful operation of
demonstration facilities under practical utility
conditions. A plan for demonstrating cosmercial
feasibility must be based on technological direc-
tions, design approaches, and plasma characteris-
tics which ensure the econoric competitiveness
of the tokamak concept. Not only must tokamak
fusion power be perceived as a desirable goal,
but also the cost and risk of achieving this goal
must be viewed as acceptable. If commercial
feasibility is to be realized in this century,
the number of new technologies and facilities
required for demonstration must be minimized,

In the Demo Study, the application of current and
near-term technologies has been exphasized.

Such an approach should enhance the acceptability
of the plan for demonstrating commercial feasi-
bility without compromising the economic poten-
tial of fusion power systems.

The principa) results of the Demo Study
during the past year are as follows. We
envision a commercial tokamak fusion power plant
consisting of multiple (2-5) tokamak reactor
unite sharing a number of common elements. Two
key shared elements would be the power supplies
for driving the plasma current and the power
supplies which provide the plasma auxiliary
heating. Each reactor unit would produce about
500-1000 Mi(e) of output power. The precise
value of the electrical output of each unit would
be determined both by plasma physics considera-
tions and by cost optimization considerations.
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The following points are noted with regard to
the commercial tokamak fusion power plant.

1) The plasma characteristics required for
the cammercial units are essentially the
same as those required for an ignition
demons tration device. Thus, many of the
components developed for ignition demon-
stration will be prototypical of compo-
nents required for commercial power. This
is important because it contributes to the
possibility of minimizing the number of
facilities required for demonstrating
commercial feasibility.

2) The motivation for pursuing a power plant
consisting of multiple reactor rnits with
common elements is based on our cost
studies, which show that the pulsed equip-
ment required to initiate the plasma
current and achieve plasma heating repre-
sents ~20% of the total plant costs. It
appears that this pulsed equipment could
be economically and conveniently shared
among several units.

3) The plant cost studies indicate that
neutron wall loadings in the vicinity of
2-4 Mi/m? will result in nearly optimum
plant costs. Moreover, we have reached
the preliminary conclusion that a wall
lifetime of five years and greater will
not significantly impact plant availabil-
ity. Therefore, it appears that integral
wall loadings of ~10-20 MW-yr/m? shoyld
be acceptable for the structural material
performance.

On the basis of these studies, the following
plan is recommended for demonstrating, in this
century, the commercial feasibility of fusion
power based on the tokamak concept.

Commercial feasibility demonstration would
involve three phases beyond the TFTR: (1) an
ignition demonstration phase, (2) a power tech-
nology demo.stration phase, and (3) a commercial
prototype demonstration phase. The primary
theme of the recommended plan i« that a given
site and facility should be developed to demon-
strate sequentially the ignition, power
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technology, and commercial prototype phases.
Thus, initially the program would be directed to
the construction of an electromagnetic facility
which wouid serve all phases of the demonstration
program. During the first phase, a single toka-
mak unit would be constructed. The purpose of
this first phase would be to examine ignition
operation; it would not be concerned with power
conversion and tritium breeding technology. in
the seconc phase, power technology is the main
goal; tritium breeding and power conversion
components would be added to the basic facility.
Following successful operation of this phase,
additional tokamak power units would be added at
the same site and tied into the common elements
of the plant. During this phase, the facility
would be demonstrating commercial prototype
operation,

7.8 TRITIUM BEHAVIOR

G. M. Begun J. T. Bell S. D. Clinton
P. W. Fisher J. F. Land J. D. Redman
F. L. Rogers F. J. Smith  J. B. Talbot
J. S. Watson

Cooperative and closely coordinated studies
in the Chemical Technology and Chemistry Divi-
siors are investigating tritium behavior and
tritium processing techniques as an integral
part of thx Fusion Reactor Technology Program.
Many of the.e studies are funded by the ERDA
Division of Physical Research.

7.8.1 VYacuum Pumping Studies

Fusfon reactors will require vacuum systems
to remove leaking or diverted plasma during the
reactor pulses (burns) and to remove unburned
fuel and ash from the reactor between burns.
Cryosorption numps operating at 4.2 K could, in
principle, + : all fusion reactor requirements
in a single pu.), but experimental results2
have shown that vacuum pumps based on type 5A
molecular sieve may not be able to pump hydrogen
jsotopes and helium on a single panel becaise
condensed deiiterium and tritiw: w!1l block the
adsorbent surface. This pruiiem can be allevi-
sted either by developing now cryosorption pumps
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hased on different adsorbents or by developing
compound pusps employing separate panels for
pusping hydrogen isotopes and for pusping helium.
Cryosorption pumos at 4.2 K remain, perhaps,

the only choice for helium pumping.

The pumping speed of hydrogen on an
Excalibur Model 1106 cryosorption pusp has been
measured?® as a function of pressure and loading
at 4.2 K. The initial pumping spced shown in
the upper curve on Fig. 7.1 is about 4.0
liters/sec/cm? from 10-% to 10~ torr where it
begins to increase, becoming 5.6 liters/sec/cm?
at 3 x 1073 torr. However, after a short period
of puspinc in the range from 4 < 10°¢ to
4 x J0°" torr, the speed is reduced by the
buildup of solid hydrogen. This is shown in
the lower curve of Fig. 7.1. The minimm
steady-state speed is found to be 1.9 liters/
sec/m2 (less than half the initial pumping
speed) at 70°% torr. The pumping speed is
also found to vary periodically with time for
a constant loading rate near 10-5 torr. The

spead decays from the initial hich speed to the
lower spesd, where it isveis out and appears to
r2ach a sieady state. tHowever, a‘ler some iime
the pump undergoes rapid transition and reverts
back to the initial high pusping speed. During
this time there is a momentary pressure rise,
and material condensed on the surface becomes
adsorbed in the adsorbent. The rate at which
the pump recuced the pressure in the test cham-
ber after termination of the feed gas was
dependent on both the previous pumping pressure
and pump loading.

Pumping speeds of helium have also been
measured.2?7 The initial helium pumping speed
was found to be 2.2 liters/sec/cm? from 10-8
to 3 x 10°5 torr. The speed, however, decreases
with loading to 2 minimum near 0.3 liter:/sec/
am?. The pumping speed decreases monotonically
with loading at feed rates below 6.3 x 107%
torr-Titers/sec/cm?, but above this point it
varies periodically with loading, undergoing
rapid transitions to initial high pumping speeds
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at the end of each cycle. Cycle lengths are
related to loading rates, and minims periods
occurred at the highest achievable feed rates.
These minimum cycle periods were approximately
1.7 torr-liter/gram adsorbent.
occurs at about 10°* torr.

The experimental cest stand has been modi-
fied to allow operation at higher tempcratures
(near 15 K). Measurement of deuterium and
hydrogen pumping speeds at these temperatures
is in progress. Studies of pump behavior for
mixed gases and pulsed feed rates are also
planned.

Thermal runaway

7.8.2 Tritium Sorption Studies

Molten lithium appears to be the most
promising blanket material for breeding tritium
in fusion reactors.

Three techniques are
currently being considered for tritium recovery
from liquid lithium: (1) extraction with a
molten salt, (2) permeation through a nicbium
window, and (3) sorption on a hydrogen gettering
metal. Tritium sorption from Jiquid metals has
been studied in a batch contactor at 300-400°C,
using metal sorbent samples of yttrium and
zirconium. Recent results on tritiun removal
from relatively high purity lithium using an
yttrium sorbent demonstrated the feasibility
of such a blanket-recovery process system.
Twenty-one sorption runs were made at 300°C
with the same yttrium metal sample (weight
2.45 g and geometric surface area 13.1 om?} and
lithium containing 840 ppb tritium. The con-
tacting time for each run ranged from 5 min to
90 hr. A lithium contro! sample was removed
with each sorption run to confirm the initiatl
concentration of tritium in the 1ithium. The
resylts of these runs are shown in Fig. 7.2,
in which the tritium concentration remaining in
the Tithium divided by the original concentra-
tion is plotted as a function of the contact
time. N.glecting the first run, the tritium
concentration can be reduced by a factor of two

*This work was funded by ERDA Division of
Physical Research — Molecular Science.
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Fig. 7.2. Normalized tritium concentration
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in 24 min; this corresoonds to a mass transfer
coefficient of 6 x 10°* rm/sec. The controlling
mass transfer resistance appears to be in the
Tiquid film, and consequently the mass transfer
rate could be increased perhap: by an order of
magnitude with fused convection.

At the end of run 21, the yttrium metal
sample was analyzed for tritium content by
dissolving the metal in diiute hydrochloric acid.
ODuring the sorption experiments, the estimated
tritium accumulation in the yttrium was 0.78 Ci.
The tritium found during dissolution was 0.90 Ci
(115 percent recovery).
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7.8.3 Recovery of Tritium from Solid
»
B8lanket Materials

Tritium release rates from irradiated
aluminum and sintered aluminum product (SAP)
containing small concentrations of lithium have
been studied. Solid Li-Al alloy has been
suggested as a potential tritium breeding mate-
rial for fusion reactors, and SAP has been
suggested as a blanket or structural material.2®
This study differs from current studies?? of
solid aluminum alloy blanket material at other
laboratories because of the low (ppm) lithium
concentration, the incorporation of oxygen
within some of the samples (SAP), and the use of
large (about 1-in.-long wafers) samples rather
than powders.

A series of four runs was made to measure
tritium release from irradiated SAP samples.
The objective of the first run was to determine
the temperature at which a significant tritium
release rate was observed; this took place at
about 250°C. The temperature of sample No. 7
was steadily increased to 450°C over a 30-hr
period. The next run (sample Mo. 1} was to be
made at a constant temperature of 400°C. There
was difficulty in controlling the sample
temperature, which decreased to 340°C after 10 hr
and then increased to 420°C after 15 hr. The
temperature controller was adjusted, and the 400°C
experiment was repeated with sample No. 3.
Firally, a sample (No. 2) was heated “or a 450°C
run. Figure 7.3 compaves the percent tritium
release of all four experiments.

Preliminary analysis of the data in Fig.
7.3 shows that the release rates follow the
pattern expected for bulk diffusion in the solid.
Solid diffusion is indicated because the slope
of the curves at a constant temperature interval
in Fig. 7.3 is approximately one-half. The
diffusion coefficients at 400°C and 450°C are
approximately 2 x 10710 cm2/sec and 8 x 1010
cm?/sec, respectively. The release rates ob-
served by Wiswall and Wirsing?© for Li-Al powder

*This work was funded by ERDA Division of
Physical Research — Molecular Science.
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fcm did not follow a slope of one-half, and
2 tempts to interpret their results were not
successful. Powder samples probably do not
follow this pattern because surface resistance
to tritium release is more significant. Also,
in their experiwent, the sizes of the Li-Al,
LiA10,, and Li,S$i0; particles were not known
precisely (materials were crushed and screened)
for determination of diffusion coefficients.
Experiments have been made heating an SAP
sample {No. 5) to 450°C for about 100 hr and
another (Mo. 6) to 500°C for about 30 hr.
Analyses of the results are not compiete. Three
additional runs will be made at other tempera-
tures of interest. The cdata will be analyzed to
predict diffusion coefficients at the tempera-
tures studied.

7.8.4 Materials Chemistry Related to
Fusion Reactor Systems®

Tritium permeabilities of clean Incoloy 800,
clean type 316 stainless steel, and tungsten-
3.52 nicke!-1.5% iron alloy were determined over
the 500-1100 K range. The data can be expressed
as DK = 6.77 exp(-19700/RT)} for Incoloy 800,

DK = 0.533 exp(-16260/RT) for type 316 stainless
steel, and 0K = 0.00788 exp(-74930/RT) for the
termary alloy. Permeation rates for tritium
through Incoloy 800, type 316 stainless steel,
and the ternary alloy were determined at various
feed-gas pressures from 35-782 torr, with HT
pressures from 1.5 x 10~* to 33.1 x 10~ torr
(cor-esponding to T, pressures from 1.67 x 10°10
to 37.2 x 1010 torr). With each material, the
permeation rates were dependent on the square
root of the tritium pressure.

Studies on the effects of in situ steam
oxidatfon at 660°C to impede tritfum permeation
through Incoioy 800 were also cortinued. The
»o a.’on of oxide layers by the oxidation with
s*..a at partial pressures of 0.32, G.70, and
0.94 atm for 150 days decreased permeabiliiy by
factors of 250, 304, and 492, respectively. The

TThis work was funded by ERDA Division of
Physical Pesearch — Matevfals Science.
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0.94-atm results are shown in Fig. 7.4. Cal-
culations tased on various fusion reactor designs
indicate that permezticn rates through the heat
exchanger into the steam system must be 102 to
103 times less than the rates for the bare
constructior materials.

Severe thermal shock affected the physicai
character of the oxide layers such that the
permeability increased to within a factor of ten
of the clean Incolony 800; however, the defects
in the oxide in three experiments were annealed
Ly continuea oxidation at stable temperatures.
Mild temperature cycles, :20°C/30 min, did not
affect the permeabflities. Ion microprobe

technicues for the chemical analysis of the
oxides on the permeation samples have been
evaluated. These techniques give the oxygen
profile through the oxide layer and the relative
amoynts of the difverent metals in the oxide
layer. Such analyses have now become an integral
part of che permeation studies.

Tne mutual solubilities of isotopic exchange
of hydrogen and deuterium in 1ithifum have been
reassred for the plateau region (two-phase co-
existence region) at 700, 800, and BSJ°C., Both
the total pressure and the individual partial
pressures of H,, HD, and D, have been determined
as a function of the mole fracticn LiH and LD in
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the 1iquid phases with varying hydrogen-to--
deuterium ratios. The plateau boundaries of the
two-phase region for the mixed hydrogen-deuterium-
Tithium system are identical to those for the
sing’e isotopes, and the boundaries are indepen-
dent uf the hydrogen-to-deuterium ratio. At
800°C the boundaries are given by the sum of
mole fraction relationships, "LiH + ”Lio = 0.33
and "Liu + "LiD 2 0,96, The equilibrium pres-
sures depended only on the relative amounts of
isotopes present. The total pressure and the
partial pressures of hydrogen and deuterium in
the plateav region at 800°C may be expressed as

Plotar (89rr) = =3 W5/ (N 5y + W 40) + 15.9,

k -
PH2 {torr) = 12.9 NLiH/(N and

Lin * Mio)»

io/ Mein * Mo

Pg (torr) = 15.9 N
2

Simflar reiationships arc observes at 700 and

850°C. The equilibrium isotope effect, K,

erpressed by
4 ook
Po,/P, * KN ip/N iy}

is 1.28, 1.23, and 1.17 at 700, 800, and 850°C,

respectively,
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8. LARGE COIL PROGRAM

P. N. Hawenreich, Manager

1
J. N. LUth
L. W, Nelms
P. B. Thompson

8.1 OBJECTIVES AND PLAN

The Large Coil Program (LCP) was organized
early in 1976 to accomplish the national fusion
program objectives of fabricating, testing, and
demonstrating the reliable operation of super-
conductino coils large enough to prove the de-
sign principles, materials, and fabrication
techniques proposed for the toroidal magnet
of a tokamak fusion reactor. The program will
move as quickly as practicable into fabrication
of several different large toroidal field (TF)
coils in order to identify, to confront realis-
tically, and to solve the spectrum of new and/or
greater problems involved in design and fab-
rication of large superconducting tokamak mag-
nets.

The long-range focus of the LCP 3t {ts5
jnception was the Experimental Power keactor
(EPR) that was being considered. The focus
later shifted to the needs of The Next Step
(TS). Preliminary studies to define TNS ref-
erence designs indicate that the TF coils must
be superconducting, have an opening about 5
x 7 m, and produce a peak field of 8-12 7. Pro-
posed designs for TNS reactor coils differ sig-
nificantly in coolant conditions, conductor,
and structural configuration; without fabri-
cation and test results it is not certain which
is best for TNS or even which are technically
and economically feasible. Testing and extend-
ed operation of different coils in the LCP
will permit a choice to be msde so that de-
tafled criteria can be prepared for full-sceie
TNS coils that are optimal from the standpoints

1. Magnetics and Superconductivity Sectjon,
2. UCC-ND Engineering,

of fabricability, performance, cost, and depend-
abiiity.

Achievement of the broad objective of the
LCP involves the following accomplishments:

« resolution of reactor magnet require-
ments,

- origination of coil concepts meeting these
requirements,

» application of technology and engineering
to produce detailed designs of test coils
capable of proving the most promising
concepts,

» fabrication of test coils of these de-
signs,

- thorough testirg of these coils,

- demonstration of reliable operation of
coiis and supporting systems under simu-
jated reactor conditions, and

« recommendation of design criteria for TNS
coils.

The general program outline shown in Fig.
8.1 was laid out to accomplish the LCP objec-
tive, The program is managed by an ORML team
with magnet technology, design engineering,
project engineering, and management skills,
The capabilities of U.S. industry will be uti-
1ized, and the results of research and deveico-
ment (R&D) in the Superconducting Magnet Devel-
opment Program (SCMOP) will be disseminated by
contracting for the conceptual design, detailed
design, and fabrication of the large coils.
Guidance, technical input, and evaluation are
provided by ORNL, with reviews and approvals by
the Division of Magnetic Fusion Energy (DMFE).
The SCMDP performs the basic R&D and in addition
performs coil design and developmental fabri-
cation concurrently with the industrial work in
the LCP. ORML is responsible for designing and
constructing a test facility and conducting the
tests.
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3.2 EPR TOPCIGAL MAGNET STUDIES

An eariy activity of the LCP, whicn sup-
plied input for selection of test ccil design
criteria, was the generation of concepts for
the toroidal magnet of tre EPR tckamak.,

The LCP, in cooperation with *he three EPR
desiy.. .eams at Argonne National Laboratory,
General Atomic Company, and ORNL, extracted
from the preliminary conceptual studies of the
EPR tokamak the principal requirements placed
on the magnet systems. The LCP staff reduced
these requirements to a consistent set of guida-
iines, conceptual criteria, and design data.
Contracts were then awarded to three industrial
organizations [Westinghouse, Magnetic Corpora-
tion of Arerica (MCA), and a team from Gereral
Electric (GE) and Intermagnetics General Corpo-
ration {IGC)] with experience and capability
in superconducting magnets to produce conceptual
designs of TF coils meeting these EPR reguire-
ments.

Each contractor waz required to produce
two concepts: one with a peak field of 8 T, the
other with a peak field as high as practicable.
An important conside.ation was the reliability
of magnet system operation, which requires ceils
that are thermally stable and protected agdinst
disabling damage in any credible event. At the
completion of the conceptual study, each con-
tractor was required to describe his corcepts,
to identify major uncertainties, and to recom-
mend R&D to minimize the uncertainties.

The principal features of the cortractors’
concepts are described in Tables 8.1 and £.2,
tach of the three contractors independently
settled upon 12 T as the maximum practicable
field, In the case of the MCA concept, this
represented tre upper limit cn the applicability
of niobium-titanium superconductor alloy. The
other two concepts used Nb,Sn, a material capa-
ble of superconductivity at higher temperatures
and fields. The maximum practicable field for
the EPR TF coils using Nb;Sr was determined by
the rapidly increasing amount of conductor and
structural material {and hence cost and space)
required to at'ain higher fields.
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8.3 TEST COIL ZiZz AMD SHAPE

Ideally, test csiis should be icentical with
those intended for reactor use. In view of the
costs, however, it is a practi.al nececsity to
carey oyt the program of evaluatirng alternative
concepts by testing smalier coils.

Analyses by ORNL and the EPK 7F study ccn-
tractors indicated that the test ccil should be
at least half size in crder t0 redice exirapo-
lation yncertainties to an acceptable level.
Conceptual studies of tokamax reactors generally
find that the TF coils should be eiomnated ir
the veitical direction to fit the encloced com-
pcnents in the most economical and practicai
manner; the ccil shape favored on the tasis of
structyral and fabrication considerations is a
pure-tension D or ~ome variation from it. The
decision was ther-fore made that LCP test coils
should nave a shape approximat ng a pure-tension
0 with tore dimensions 2.5 < 3.5 m,

8.4 TEST CONDITIONS AND ARRANGEMENT

in order for the results of the LLP testing
to be most directly applicabie to TN3, it was
decided that the ccils and testing arrangement
should duplicate TNS in:

« maxirum field,

+ averadie current density,

* conductor and winding, and
« heat flow geomeiry,

To the extent that is practical in a reasonaovie
test arranjement involving only a few coils,
the foliming TNS conditions should be approxi-
mated.

+ coolant conditions,

- ragnetic field distribution,
* pulsed fields,

« stresses and strains, and

» specific stored energy.

An impcrtant effect that will be encountered ir
superconducting r.gnets for the first time in
TNS is the heating due to neutrons from the ig-
nited plasra. LLP *est coils w*)l have embedded
heaters o simylate this effect.

U T | '
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Table 8.1. Comparison of coil characteristics

of comtractors® EPR TF 8-T concepts

GE-16C LA Westinghouse
Coil profile
Oowl D-shape D~-shape
Winding
Pancake Layer Pancake
( segmented) (in plates)
Einding cross
sectgon shape
Rectangular Trapezoid Trapeznid
Current density
over wirding 2 2 2
1930 A/am 2100 A/Jcm 2700 A/cm
Cofl
structure
Conductor core, Central structural Pancake plates
coil case skeleton, coil case (segmented, bolted),
spokes to dewar wall
Conductor
material
Multifilament Multifilament Muitifilament
[ 4] wTi T
Conductor
Jorm
Cable around stainless Cable around strip Cabie in rectangular
steel core inside Cu between Cu plates channe)
Jacket
Current

Heat transfer
to )

Hel jum inlet

10 KA

Pool-boiiing on outside
of conductor jacket

4.2K, 1 atm

10.6 kA

Pool-boiling around
cable and plate

4.2K, 1 atm

10 kA

Forced convection
to supercritical
helium flowing
through cable in
channel

4K, 15 atm
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Table 8.2. Comparison of conductor characteristics

of contractors’ FPR TF 12-T concepts

GE-16C A Mestinghouse
Coll profile
Oval D-shape D-shape
Winding
‘ayer Layer Pancake
(segmented) (in plates)
Nindian cross
section <hape
Rectangular Trapezoid Trapezoid
Current density
over win nq 2 2 2
2100 A/cm 24500 A/cm 2100 A/ m

Coil

structure

Conductor
material

Conductor

Current

Heat_tramsfer
“to hellum

Heljum inlet

Conductor jacket,
il case

Mol tifilanent
;5

Compacted cable
detween Cu chamnels
in stainless steel
Jacket

15 kA

Forced convection to
supercritical helium
in channels beside
conductor

<6 K

Central structural
skeleton, coil case

Mt filament
T

Cable around strip
between Cu plates

10 kA

Pool-boiling around

brafd and plates

2.5K

Pancake plates
(segmesited, bolted),
spokes to dewar wall,

Multifilasznt
Nb;3Sn

Cable in rectangular
channel

10 kA

Forced convection to
supercritical helium
flowing through cable
in chanmel

4.5K, B ata
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The first test coils will be operable at
a peak field of 8 T. This value was chosen on
the basis of TS studies and available magnet
technology. (The LCP test facility will be ca-
pable of modificaticn to perwmit testing of coils
w to 12 1,)

Severvl different testing arrangemerts were
proposed for the LCP. A methodical comparison
was made of the warious possibilities, using a
set of detailed criteria for evaluation of rela-
tive benefits, risks, and costs. The chosen
arrangement is a compact torus of six coils in
which the peak field is reached in a single coil
when it operates at design current while each
of the other five operates at 0.8 of the ampere
turns in the test coil. After consideration of
the relative benefits of a fitted dewar and sin-
gle vacuum tank, it was decided to locate the
torus in & single large vessel,

8.5 TEST COIL SPECIFICATIONS

A detailed rechnical specification was pre-
pared for inclusion in a Request for Proposal
which could be sent to industrial firms inter-
ester, in performing design and fabrication for
a test coil, The specification was designed
to ensure that a cofl from any supplier would
interface properly with the test facility and
with the other coils, would reliadbly perform
to certain standards while in the given envi-
ronment, would not be damiged when subjected
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to particular fault simulations, and would be
scalable to larger sizes and higher fields.

The darkened areas of Fig. 8.2 indicate
areas which were specified precisely to ensure
that the coil wouid fit other structures. Dashed
lines do nct define the actual coil boundaries,
but the envelope within which the coil must lie.
The specification alsc censtrained coil weight
(4G tons), current (10-15 kA) --~d refrigeration
required so that the ratings of the test facil-
ity’s cranes, power supplies, and 1iquid helium
system would not be exceeded,

The performance characteristics required
of tne first LCF coil and the parameters describ-
ing their environment are listed in Table 8.3.
Trey were derived from an analysis of the TNS
coiceptual designs and LCP testing scemarios.

In addition to operating reliably at de-
sign cond.tions, the test coil would be re-
quired to survive certain extended test envi-
romeen's. In this regime the coil need not
be capable of recovering to the superconduc-
ting state if driven normal, but must suffer
no permanent damage as 2 result of the test,
The extended conditions included a doubling
of artificial heat inputs, a 502 increase in
the applied pulse field magnitude and rate,
and nine different sets of currents in the
six coils of the toroidal array which cover
fault conditions and possible overcurrent
testing of partial arrays.
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ORNL-DWG 77-7531

COOLANT INTERFACE
(FOR FORCED FLOW COIL)

COOLANT RESEAVOiIR
INTERFACE
(FOR POOL BOLILING COIL)

CURRENT LEAD
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INTERFACE
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TORQUE RING
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BUCKING
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FOR DIMENSIONS SEE
DWG. X2€ 14700001

Fig. 8.2. Interface features.
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Tdle 8.3, Selected LCP test coil requirements

feximm field at the windings

Design curremt

Stability

Design life

Cool-down time

Marm-wp time

Superconductor

Internal heatsrs

8 T (when in standard array)

10-15 kA

(a) vrecover from all credible events
(b) recover from a half-turm mormal zone

10 years, including qcles: 50 thermml;
S00 charging: 20 charging in each of the
9 altermative mode conditions; 3 willion
field puises; 3 willion heating pulses

120 hr

60 hr

BT or MbySn

s required to sisulate neutron heating
and initiate norme] zones




PART 1II. MANAGEMENT SERVICES SECTION

ABSTRACT
(Chapter 9)

9. MAMAGEMENT SERVICES SECTION

In 1976, a ner section was formed which
incorporated the existing fisancial, administra-
tive, purchasing, library, safety, and engineering
services functions. Several new functions were
added, including manacrement information Systess,
reports office, coordinator for foreign exchange,
persomne] recruiting, and technology commerciali-
zation. The Managesent Services Section is
responsible for providing timely and relevant
infcrmation to support the operation, control,
and msnagement functions of the Division.

This organizational change was required to
respond to the increasing requiresents associated
with an expanding program., It is the contiming
goa! ~f the Menagement Services Section to reduce
the psperwork requived of the section heads and
prograa managers, to provide better and sore
timely information, and to reduce the time span
between program needs and resolutions. During
the year each group mede progress toward the
overall qgoal, ‘ighlights of this progress are
described, and emphasis is placed on those
activities which were not performed in the past
or have some wnigue new features.
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One of the organizational changes in the
Fusion Energy Ofvision (FED) this year has
been the formation of a Management Services
Section. This section will incorporate es-
sential financiai, administrative, and project
asctivities required to provide timely and rel-
evant information to support the operation,
control, and esnagement functions of the
Division. Menagesent Services perscrnel work
closely with the Division staff to aeet com-
mitsents and to ensure that 2] relevant
information is communicated to the appropriate
research sections. The present organization
of the section is shown in the FED organiza-
tional chart (Fig. 9.1).

The rapid growth of the Fusion Energy
Program at ORNL, indicated by activity (Table
9.1) and by total funding (Fig. 9.2), re-
quires refnforcement as well as advancesent
in the essential financial, sdwinistrative,
and project information required to manage the
Division’s programs, sections, and projects.

'Partotiu.
1. Information Division.
2. Finance and Materials Division.

traditional administrative and finencial services,
purchasing, safety, quality assurance, liprary,
and engineering services activities that have
been provided in the past as staff functioms.
These ac.ivities continue to be essentfal to
the program, and in many aress they have been
reinforced by adding new staff mambers or
facilities. Simulitaneously, several new activi-
ties have heen added, or formily recognized.
within the Division to respond to the increased
obligations and needs corresponding to the
expanding program goals. These additions include
the Reports O0ffice, a Management Informstion
Systes, a coordinator for Foreign Exchange and
Persomnel Recruiting, and a Techrology Comrercial-
fzation Officer.

Highlights of the activities of the Yanage-
went Services Section follow.

9.2 PURCHASING, EXPEDITING, AMD CONTROL

In 1975 the Procursment Office processed
1725 requisitions for materiais, capita] equip-
ment, and miscellanecus services, representing 2
doliar volume of over $8 million. The Pur-
chasing, Expediting, and Control activity has
added staff members and a new computerized pro-
curement mpdule {computer program) developed by
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Table 9.i. FED activity funding
Jollars in thousands
FY 77 FY 77 FY 78
FY 76 Funding as Expected Presidential
Activity Actual of Feb. 1977 funding Budget
Confinement systems ~ closed
confinement systems — research
operations 5,19 6,600 7,8%0 9.65C
Corfinement systems — closed
confinement systems — ma or
device fabrication 3,100 5,500 5,500 6,950
Development and technolcgy —
mgnetic systems 3,400 5,475 5,575 9,400
Development and technology --
plasm engineering 5,29 6,250 6,725 6,150
Development and technclogy —
materials 1,040 1,590 1,590 3,045
Development and technology —
fusion systems engineering 1,405 2,140 2,390 2,920
Applied plasma physics —
fusion plasma theory 1,910 2,075 2,075 2,200
Applied plasma physics —
experimental plasas researct 640 870 870 920
Applied plasma physics —
national CTR computer
network 50 75 225 275
Total ORML funding $22,026 0,775 $32,750 $40,510

the recently created Hanagement Information
Systea (MIS).

The procurement module is & computer-
based system which provides obligated cost
and status information on all vendor procure-
ment actions. Deta for each order include
identification numbers, de’ivery date, cost,
asccount number, vendor, requzstor, and status.
The module runs on-1ine and 1is easy to use
because 1t prompts the user on the required
sction. An individual can use the module to
deterwming the current status of an order. A
project menager can quickly determina the
smount of funds committed to outside procure-
ment for the project or a specific task. The
Procurement Officer can 1ist orders due (or
overdus) by a given cats so that critical
items ca.t be expedited. The Division Director

can quickly determine the total funds obligated
for outside procurement, incluging an estimate
of when the charges will occur.

9.3 ENGINEERING SERVICES, SAFETY, AND QUALITY
ASSURANCE

9.3.1 Engineering Services

The Engineering Services personnel continue
to be responsible for or helping to coordinate
all of the engineering services of the Ofvision
that are not specific to a project or experiment.
The group is also responsivle for buflding and
maintaining facilities and equipment, which
include approximately $40 million of general
program equipment. Basically this group provides
those functions necessary for the smooth operatfon
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Fig. 9.2. FED funding projection.

of all vivision work, including coordination of
machine-shop work, maintenance craft work,
inventory and storage of equipment and materials,
and development of plans and job scopes of new
projects which are needed to improve operations
or provide new space for facilities.

During the past year nine expense type
construction projects were completed using
CPFF contractors. Seven new projects were
started and are in various stages of compietion.
These projects provide improved distribution
of utilities, repair of motor generator sets,
renovation of rest rooms, improvement of lunch

roge d edting facilities. removal! o’ obsolete
enpe. tapnts and contamingted sress, relocation
of equipment, and resrraagampat of the Ccyclotrom
ares.

Three large SPP prcjects were completed
by comtractors.

1) A mew duilding was completed on 3 fixec
price comtract to provide space for 36
engineering persomme!l .

2} hew office space was provided for 30
additional cenple in Betlging S204-1.

3J) Taree new latoratories were completed in
Building S204-1.

Prelimingry design amd cost estimates were
prepared tO Support requests for future GPP
funds. These projects include:

1) additiomal office and laboratory space
in Building RC1-7,

2} supporting facilities for the Impurity
Study Experiment (ISX) and the Oak Ridge
Tokamak [ORMAK) Upgrade. and

3) ceolirg water s;stesm (phase 11) to support
supzrconducting mpgret experiments.

In 2 continuing program of improving work-
ing conditions amd providing adequate facili-
ties, studies and cost estimstes have been made
on the electrical distribution system, bytld-
ing ventilation system, office and ladhoratcry
space availadble, and utility requiremr .ts.

PP, OPt, and line item funding have been
requested to iwplement those areas which camno?
be funded from expense funds. A $10 ®i1lion
Tine item request has been submitted for FY 79
to wpgrade same of the major facilities required
for the fusion Energy Program. Efforts to
increase the services from the ORML overhead
account require documentation of needs and costs
assocfated with these services.

In addition, the Engineering Services growp
has :

1) scheduled and coordinated 93,600 hours of
machine-shop work,

2) been responsible for mintaining bufldings
and utilities,



3) osordimated office moves, telephone require-
agnts, and procuresent of office furniture,

4) corrected OSHA violations, and

S) conducted an emergy conservation program.

9.3.2 Safety

& safaty progras which includes both safety
and fire inspections and six formal training
sessions for ali FED persomnel hac continued at
the Division and section levei. An extens.v:
defensive driver training program was also
conducted.

9.3.3 Orality Assurance

A top level quality assurance (QA) program
is cperated by this groun and is beir; requested
by the Emergy Research and Oevelopment Adminis-
tration (ERDA) for use as a model of a viable
research and development QA approach by other
groups in fusion emergy work under ERDA. Quality
assurance is a part of every job, whether it is
shop work, field assesbly, or enginecring. This
progrem Mas proven to oe effective in providing
wore relfable experimental equipment at a reduced
cost.

9.4 FINANCE CFFICE

The Finance Officer provides assistance to
the section hesds and Project menagers in pre-
paring budgets and determining the finmancial
position of the projects and the Division.
Throughout the year costs are compared to
~udgets and projections are made of the year-end
tudget status. *Yans have been mede to meet the
increasing demands vor additional financial
plamning and comtrols associated with growing
projects. The Finence Office will expand to
provide the section heal® and program managers
with financiel assistants who will hendle two
or three sections or programs with the goal of
being able to hendle most of the routine finan-
cial and administrative work. This shoyld in-
crease the effectivemess and efficiency of the
saction heads and program end project menagers
ond perwit logical propram and project deci-
sions to be ende besed on the correct informa-
tion.
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A study has been completed on how the
Division is using work orders to maintain cost
control. The result was a new procedure for
utilizing work orders consistently throughout
the Division. The new procedure is directed
towards providing data on the type of expense
incurred as well as on cost.

Considerable financial work has also been
done in preparation for changing from the
previous accounting system used at ORNL to a
uniform accounting system. The problems
created by this changeover are still heing
resolved. New methods were established to
assist in accounting for an overall budget of
operating and capital funds of approximately
$35 million in the Fusion Energy Program.

9.5 MANAGEMENT INFORMATIOM SYSTEM

The Management Information System activity
was started in September 1976 and is another
key addition for the FED goal of providing
section, program, or project managers with
timely and relevant informaticn for their
review. This system will also indicate poten-
tial problem areas which require attention and
will provide detailed backup information for
prcblem areas upon request. Another goal fis
to reduce the effort and time required to
assemble and maintain the data.

The first step was to determine what could
be done in terms of improving the snformation
orocess on functions related to planning and
control1ing buagets and schedules. A survey
was made of the management staff's requirements,
especially those which were not being adequately
satisfied by existing data. A list of feasible
concepts was developed which could be implemented
to provide better information. The result ~f
the survey was to set as the first majr: goal the
abflity to make budget projections basec on cur-
rent costs and obligations. This czpability
requires that several sources of information on
costs and obligations be readily accessible.

The approach being taken is to develop a separate
module (computer program) for each major source.
This {s advantageous because individual modules
are usable before the entire capability is oper-
ational. It also gives management the option
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of reviewing each step before makirg a commitment
to the next step. If the decision is not to
continue, each module already developed can still
provide a useful function.

The first activity developed was the cur-
rently operational procurement module,’ which
provides obligated cost and status information
on all vendor procurement actions. Classes
were given on using the procurement module, and
after a one-hour class secretaries were able to
get information on procurement obligations. Also
the data base is now maintained by a clerk with
no previous computer experience. An improved
version of the module, which allows the user
more flexibility in specifying the grouping of
orders which are of interest, is almost ready
for production. The major improvement is that
it uses data directly from the financial systems
to determine when payments are made and adds to
the data base any orders which were not entered
at the initiation of the procurement request.
This el-ainates a large portion of the manual
effort required to maintain the data base. A
draft of a revised user’'s manual for the improved
module was completed, and a more comprehensive
manual for data base maintenance and programmers
is under way. A major benefit of the procurement
module wil) be realized when it provides the
obligated procurement cost to the end-of-year
budget projection module.

Preliminary work has begun on other modules
to provide cost-to-date information and non-
division labor performance and cost information.

Assistance was provided to Project Engi-
neering in assembling the capabilities required
fcr a Project Performance Measurement System
(PPMS). Documentation on several Program
Evaluation and Review Techniques (PERT) computer
programs was reviewed and two have been re-
quested from the National Aeronautics and Space
Administration. Using a work breakdown
structure, the PPMS and PERT models can be
supported by the MIS being developed. This
will give a project manager visibility of the
entire integrated schedule and cost and project
the fmpact of a "what if" situation.
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9.6 ADMINISTRATOR'S OFFICE

This office provides a variety of services
required to kcep the Divisioun functioning in an
efficient and effective mamner. Some highlights
follow.

9.6.1 Personnel Recruiting

Over 100 applicants for positions were
interviewed in 1976. 0r those interviewed and
offered positions, 34 accepted. Major hiring
was to provide scientific staff for the beaa
program, ELMO Bumpy Torus (EBT), ISX, and 'JAMAK
operations and to staff the Reports Office
The Administrator's Office was also used to
coordinate the U.S.5.R. and Spanish exchanges;
three Spanish scientists are now working in the
Division and a fourth is expected during CY 77.

9.6.2 Visitors

Visits were arranged for approximately
1200 visitors including 175 noncitizens.

9.6.3 Subcontracts

Calendar year 1976 was the first year
involving a major industrial participation in
ORNL's fusion effort. Interaction with industry
through subcontracts totaled approximately
$2.3 million, distributed among 14 subcontrac-
tors. WestirJjhouse [participating in The
Next Step (Th5) studies] and Varian Associates
(developing microwave sources) were the
largest of the subcontractors. Greater partici-
pation is expected in CY 77 and CY 78, partic-
ularly in the Large Coil Program (LCP) and TNS.

9.6.4 FED Reports Office

A critical element in any rapidly progres-
sing and expanding international program is the
published material which characterizes the work
being done. This material must be made avail-
able in a timely and understandable manner. The
FED Reports Office provides a documentation
service which includes editorial review and
coordinating typing, drafting, photography, and




reproduction. During 1976, 57 mmbered reports,
99 jourmal articles, and 135 abstracts and
meeting papers were published.

9.6.5 Administrative Guidelines

The rapid growth of the Fusion Emergy
Division created a need for administrative
guidelines. These guicelines were prepared in
the early part of CY 76 to cover adwinistrative
situations unique to the Fusion Energy Division.
The Adwinistrative Guidelines are used as a
supplement to the Nuclear Division 0ffice Guide,
the ORRL Style Guide, and the Standard Practice
Procedures Binual. Fourteen sections have been
cospleted, and more will be added as the need
arises.

9.7 TECHNOLOGY COMMERCIALIZATION OFFICER

A new position was created with the respon-
sibility of ensuring that technology developed
by the Fusion Energy Program is transferred to
commercia) organizations. During the past year
this goal was accomplished using severa)l dif-
ferent methods. First, subcontracts were
awarded to commercial firms to support the LCP
and the TNS projects. In addition, industrial
subcontracts were aarded for high techmology
jtems such as superconducting materfals, a
1iquid helium refrigerator, power supplies, and
beam cryopanels. On-site support was obtained
from several firms having commercis! interest.
Finally, a2 very isportant method of technology

dissemination is via tecnical reports, journal
articles, scientific talks, and the Division's
Anmnual Information Neeting. These external
program involvements are expected to continue
to grow in 1977 with a contirued theme of
including interested commercial industries in
the program when possible.

9.8 FED LIBRARY

The FED library maintains a specialized
collection of books and scientific journals
in plasma physics and fusion tecmology. It
also receives reports from the world’'s plasma
physics lTaboratories which reflect current
research in these specialized fields.

An expanding and isportant service pro-
vided by the 1ibrary is automated literature
searching. Offered are retrieval services
through ERDA RECON, Lockheed’'s DIALOG, SOC's
ORBIT, New Yoak Times' Information Bank, and
EPRI. In addition a vist number of data
bases are available which are particularly
appropriate to the Fusion Energy Division
(Nuclear Science, ERDA Emergy Data Base,
Physics Abstracts, etc.).

1. J. K. Lovin and B. A. Clark, Procurement
Nodule for a MIS: User's Mamual, ORNL/
T™-5693, Oak Ridge Nationa) Laboratory,
Oak Ridge, Tennessee (December 1976).
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