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During 1976, OWL was a major contributor to the impressive pugrass of tat International effort 
of aany laboratories and many nations to harness fusion energy. Ike —lexeme™ of the OtM. program 
resides In the variety of its contributions, which lie 1n almost every area ef fusion research and 
development. The breadth of our program provides a necessary counterpoint to o«r deliberate efforts 
to focus on the essential steps that must be taken to build a viable fusion reactor. In order to 
provide this focus, we have used the Demonstration fcactor stagy (Bona) to define mar goal and tins 
design of The next Step (TNS) in the fusion program *o guide our urogram planning. In order to work 
toward our goal, we have attempted to combine the technological disciplines of our program with In­
dustrial engineering expertise. Finally, we have attempted to leaven Oris activity by unvnuinlng 
an environment of state-of-the-art experimental and theoretical plasma physics. I believe that these 
steps have multiplied the effectiveness of our resources in working toward practical fusion energy. 

Our program continues to concentrate the bulk of I ts resources on the advanced design* plasma 
physics, and technological developments specific to tokamaks. However, these activities provide a 
fertile environment for V e rapid development of alternate concepts. Increased electron cyclotron 
resonance heating power and diagnostic capability, especially the development of spatial potential 
measurements, on ELMO Bumpy Ton,., (Zai, ;.ave provided data which are In reasonable agreement with 
rapidly developed theoretical models partially derived from our tokamek program. In addition, a 
development program has been initiated to produce high power microwave tubes for future EST experi­
ments es well as for application to tokanaks. Thus, the EOT program is progressing rapidly in both 
plasma physics understanding and critical technological development, and EBT continues to be a very 
attractive 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 (S) "flux conserving tokaaak" (FCT) equi­
libria. Equilibria with ? of more than 20* have been found (both theoretically and from transport 
modeling) to be a natural consequence of auxiliary heating when the heating time Is such that the 
pololdal and toroidal magnetic fluxes are frozen In during the heating.. The marginal stability of 
FCT equilibria has been investigated in the ideal HKO limit. A nonoptlsttzed case has been found to 
be stable for F up to 51 as long as the safety factor (q) at the plasu center Is kept above about 
1.2. Neutral Injection, which has been pioneered at OWL, 1s used for the auxiliary heating source; 
the bean deposition and transport effects for these high ? FCT equilibria have also bean considered. 
The net prospect Is that the rexlmim f in tokamaks may readily reach - and perhaps even exceed - the 
5-1 OX economic viability range. Instead of being limited to less than 3J, as previously thought. 
This Is a significant development for the entire tokanak-based fusion program. 

One Indication of the significance of the high 6 developments Is the Impact on the 0M. tokanek 
advanced design programs. Combining the high ? concept and other plasma physics developments with 
advances In the materials, Injector, and coll technology has made I t possible to begin the design 
of an economically viable fusion reactor core for TNS. The minor radius of the TIC "core plasma" 
has been reduced to 1.25 a and the thermal power output Increased to 2 MM. The Daao program has 
simultaneously produced a plan for utilizing the TNS plasma core In a series of logical steps to 
conmerciallze tokamak fusion power. 

Based on the Increased understanding of the behavior of modified stainless steels developed in 
the OWL Fusion Reactor Technology Program, I t is possible to expect first wall lifetimes In excess 
of 10 rM-yr/m2 for TNS-type tokamak reactors. Simultaneously, Increased theoretical understanding 
of the required heating profiles and advanced concepts in beam handling technology makes i t possible 
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to achieve ignition in such a systea with conventional positive ion technology, thus lessening the 
need for uore efficient but more difficult negative ion technology. Relevant ignition experiments 
also require a pulse tine on the order of tens of seconds, which iaplies that superconducting coils 
are an essential ingredient on both economic and technological bases. During this year, ORM. has 
taken a major step in the development program; for these large, superconducting coils by the init ia­
tion i f three design and fabrication contracts with industry. 

This technological progress has been reinforced by a series of advances in tofcamafc plasma physics, 
both at OR*, and throughout the world. The OML experimental plasma physics program in 1976 was 
highlighted by the production of large increases in the plasma parameters in OMUC through the 
use of neutral injection heating. This included Increasing the ion temperature from 0.6 to 2.0 keV 
and demonstrating significant electron heating with neutral Injection for the f irst time. He were 
also able to produce a peak B of 3% and an average 6 of I I with neutral heating. Unfortunately, ORMMC 
operation terminated two months ahead of schedule. In December 1976, after a power supply accident 
which damaged some of the toroidal field coils. This final shutdown ended one of the most productive 
experimental programs in the history of fusion research. The OflMK 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 (PIT) class OPJIMC Upgrade neutral injectors to address high B plasmas after a year of Important 
noninjected plasma Impurity studies. Simultaneously, the OKMK 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 OR*. Plasma Heating and Fueling activities also cuapleted a mry productive year in 1976. 
The 150-keV test stand required for addressing high energy beam technology for the Tokamak Fusion Test 
Reactor (TFTR) and ThS was completed and successfully operated with a two-stage source. Initial oper­
ation was started with the f irst PLT beam line components. As expected, the quasi-steady-state ORN. 
1on sources were successfully scaled to the 60-A, 40-keV level required for PLT. Utilizing a hydrogen 
pellet fueling device developed at the university of I l l inois, the f irst significant fueling experi­
ments were conducted on ORMMt, and a good start was made on a more reactor-relevant mechanical pellet 
Injector. These new beam and fueling facilities can be expected to produce many more developments 
In 1977. 

These mijor achievements give us confidence that we are making progress toward our goal. However, 
we max recall that each successfully concluded project is made up of individual components, each 
basal on painstaking research and craftsmanship, while we were completing the major projects mentioned 
above, the all-important components for future successes were being crafted In our laboratories. 
Gonsfiuently, •*« bulk of this annual report Is devoted to those activities which lay the foundation 
for future progress. 

He end the yttr with many achievements. Ibre Importantly, we have facilities and ideas to sur­
pass these achievements in the new year. I can add only ay gratitude to the men and women of the ORHL 
Fusion Energy Program who have aade this possible. 

•won F. Clarke, Director 
Fusion Energy Division 
flay 1977 



••-._.»•»«-• * T M 

PART I. PLASMA FUSION 
ABSTRACTS 

(Chapters 1-3) 

1. HIGH BETA PLASMA SECTION 
An increased understanding of the plasma 

properties in the ELMO Bunpy Torus has 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. Our con­
fidence in the charge-exchange •easureaents has 
been increased by a separate experiment which 
has shown that the inpurity component in the 
neutral flux is negligible. 

Measurements in the ultraviolet spectral 
range have shown the absence of highly charged 
impurities. This observation, coupled with the 
electron temperature measurements, has led to 
the conclusion that the inpurity density Is wry 
low in the plasma core - that the 'natural diver-
tor" action prevents impurity penetration. Fur­
ther measurement and analysis «f the Ooppler 
width of neutral hydrogen light reaffirms the 
evidence that the hydroqen atoms In the plasma 
have a temperature 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 
in;luence the radial electric field has on con­
finement properties In a bumpy torus. Measure­
ments of the plasm dlamagnetlc field art 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 KM (cw). Higher powers at 
higher frequencies require that sources be 
developed; this development has begun. 

2. TOKAMAK EXPERIMENTAL SECTION 
The tokamak scheme of formation and con­

tainment of a toroidal plasm his shown consid­
erable promise, because 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 Oak Ridge Tokamak (OWMK) neutral 
beam heating experiments of this pest year are 
key elements. There has been significant neutral 
beam heating of plasma electrons, and high 
toroidal beta values have been attained. The 
useful operating range for plasma studies has 
been extended: (1) by injection to approximately 
500 KM neutral beam power, (2) with toroidal 
fields to 30 kG. and (3) with plasma currents to 
230 kA. Values of Z e f f were reduced to 2.S and 
the limiter safety factor to 2.5. 

Neutral beam heating of the plasaa attained 
a 1.8-keV central ion temperature at a density 
of 3 x 1 0 1 3 car 3 with 360 Hi of Injection power. 
The scaling of ion temperature with plasma 
density and injection power Implied neoclassical 
ion-thermal conductivity and classical beam-
plasma energy transfer. 

ORHAK experiments with 150 kM of ohmic heat­
ing power and 360 KM 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 keV at 70 kA 
plasma current. Similar electron temperature 
increases were also seen at higher plasma currents 
(175 kA). The scaling of electron temperature 
with power appeared to be the same for ohmic 
heating and neutral beam Injection. 

ORJMJC measurements indicated that toroidal 
rotation velocities were limited to low values 
and were not substantially increased by unidirec­
tional Injection, so that collection may be 
sufficient for plasm heating. Imparities and 
radiation losses Increased with Injection, but 
the addition of 360 kM of Injection power to 150 
kw of ohmic heating power did not change l ^ 
(*3) by n©re than one. This Is In contrast to 
the observed linear scaling of Z ^ with ohmic 
heating power on OftJMK. 
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Some additional beneficial effects of injec­
tion nere: 

1) Attainment of Mater unximum densites with 
•as puffing [i" e - 6 * 10 1 3 cm"3 and « e(0) 
» J « 1 0 n cur3 w » e < 4.5 « 10 1 3 en' 3 

without injection], 
2) operation at lower Halter safety factors 

[q(a) • 2.5 vs q(a) > 3.5 previously], and 
3) attaianent of higher toroidal beta [^(0) 

- 1.41 and average ^ * 0.41] and hlgher 
total toroidal beta [including stored bean 
energy - plasm energy. ^ (0 ) - 3* and 
average ft, - 0.8X]. 

Other contribwtions of interest are as 
follows. 

1) Solid hydrogen pellets, 210 m in diameter, 
injected with speed of » m/sec and path 
lengths in the plasma of 9 cm, approxl-
nntely danble the penetration distance 
obtained earlier. 

2) Plications OR the physics of swrface 
mechaiisas by which fanvrlties an fbmed 
and the forces which cause the iaaurities 
to enter the plasau are abstracted. 

3) A refined nodel for runaway electrons and 
seat departures from the model are noted. 

4) Internal node structures and sawtooth oscil­
lations are related to energy transport. 

5) A new diagnostic tool, the fast soft x-ray 
analyzer, is described. 

6) There an several improvements in the data 
handling system. 

7) The status of ISX and OMAK Upgrade is 
reviewed. 

In the mm of atonic physics, compilations 
and bulletins continue to bit published and 
distributed to the fusion community. Cooperation 
with the International Atonic Energy Ajency (IAEA) 
in the publication of a couprehens1*% h',\.l<---w^tf 
is In progress. Utilization of the OWL Tendon 
Van * Sraaff accelerator and the development of 
a dedicated 10-100 kef accelerator have made mm 
aetsuraaeuts of electron capture, ionization, 
and charge-exchange cross sections possible and 
have already given direction to the design of 
Injectors for developing tokaaaks. 

In the area of diagnostic developnent, 
a 1-W pulsed subnilllaeter laser system to be 
used for spatial ion temperature determinations 
using Thomson scattering techniques is described. 

3. PLASM THEORY SECTION 

The most significant development tills past 
year was the conception and Initial investigation 
of high volume average 8 flux conserving tot auk 
(Fa) equilibria. These high-? (up to 20S) equi­
libria were found (both theoretically and from 
transport simulation modeling) to be a natural 
consequance of auxiliary heating when the heating 
time is much shorter than the magnetic diffusion 
time - so that the pololdal and toroidal magnetic 
fluxes are frozen in during the heating. The 
marginal stability of FCT equilibria was investi­
gated in the ideal nmgnetohydrodynamic (WO) 
limit; a nonoptimized case was found to be stable 
for 8~ up to 51 as long as the safety factor (q) 
at the plasma center is kept above about 1.2. 
Neutral beam deposition and transport effects 
for these high-6 ftT equilibria were also 
considered. The net prospect is that the maxi­
mum volume average B In tutanaki nay readily 
attain and perhaps even exceed the 5-10X economic 
viability range instead of being limited to 1es< 
than 3 as was previously thought. This Is a 
significant development for the entire tokamak 
fusion program. 

Other notable developments In tokamak theory 
this past year are as follows. First, a nodel 
for the sawtooth oscillations in which the slow 
rise is Induced by ohmic heating and the abrupt 
drop Is brought about by an m * 1 tearing mode 
that has an accelerating growth rate seems to be 
In very good agreement with sawtooth oscillation 
data from the Oak Ridge Tokanak (OhvMX). Second, 
significant Improvements have bee* na<*< In the 
Colllslonal Plasma Nodel, in which the drift-
kinetic equation for tokaaaks Is solved numeri­
cally. Third, an Improved understanding of the 
basic Impurity transport processes In tokanmks 
has team reached. Fourth, an anomalous trans­
port model bused on strong turbulence theory and 
magnetic flutter effects of dlsslpatlve trapped 
electron Instabilities has been hypothesized. 



Instead of completely replacic* Neoclassical 
transport, these effects slaply add to f t . 

The aala threst of the EUO awapy Toms (FJT) 
theory efforts tills past yemr NBS the evolution 
froa zero-dfatasioaal, radially averaged para-
aetric studies to fully one-diaensional radial 
profile studies. This theory aevelopaeat 
parallels a similar one In the EST experfaent 
Mhere the eaphasis has beat shifting over the 
past year froa single point to radial profile 
aeasureaents. The theoretical profiles for the 
plasaa density and teaperatwre agree reasonably 
•e l l with those observed upti lama tally. A very 
taportaat part of this aark aas the foraulation 
of atthods for detenrfnlng the electrostatic 
potential in the plasaa. 

la the plasaa engineering area, ahere 
applied plasaa physics knowledge is developed 
Into aadels for iaaediate ase in the design of 
future tofcaaaks, the eajor develoaaenU this past 
year aere in: (1) plasaa start-up stadies, ahere 
a aero-diaeasional code has been developed to 

treat the Initial breakdoaa and ionization of 
hydiogen 9as with (for exaaple, oxygen iaparity 
ataes; and (2) investigation of poloidal field 
design for the coil dispositions leantred to 
contain, center, and actively shape the intrin­
sically O-sbaped. bigt-a FCT equilibria. In 
addition, the plasaa physics characteristics of 
The Next Step (TRS) device were developed. 
Finally a first cat EBT reactor stady. which 
confines the Initial proaise of this concept, 
was caapleted. 

In the coapatlng sapport area, a aajor devel-
opnent this past year was the initiation of the 
high speed link wttt the Rational Magnetic Fasloa 
Energy Conputer RetHOrk (MaTCR) at Lawrence 
Liveraore Laboratory. This developaent plas 
nwaeroas software iaproveaaits resulted in a 
audi higher level of reliability and function­
ality in oar use of the RMFECJI through our User 
Service Center. Finally, the data acquisition 
capabilities and use in the Division were 
faproved substantially this past year. 
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1. HIGH BETA PIASJ* SECTIOn 
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6. R. Haste 7. L. White 
R. L. Hick ok2 R. E. Wintenberg1 

H. Ikegani* W. L. aright* 
* . H. U » r 

i.i urmouaiOR 
The principal nodification tc the ELM) 

Bumpy Torus (EBT) during 1976 has been the 
installation of additional microwave power at 
18 Qfe. Two new tubes with 15 kW each have 
been added; the total paver at this frequency 
is now 60 kM. The power capability at 70.6 
Qiz remains 30 kU. Thus a total of 90 kH is 
available for electron cyclotron heating (ECH). 

The operating characteristics of EBT are 
such that three distinct nodes *rt evident. 
At high neutral pressure or low power, there 
is an unstable node (C-aode) with low ion and 
electron tenperatures. At lower neutral pres­
sures, a transition to a quiet node (T-mode) 
is observed; the bulk of the netsureaents is 
made in this node. At s t i l l lower pressures, 
there is another transition to an unstable 

1. Instrumentation and Controls Division. 
2. Consultant, Rensselaer Polytechnic 

Institute, Troy. New fork. 
3. Computer Sciences Division. 
4. Consultant. Institute of Plasma Physics, 

Raooya University. Reeoya. Japan. 
5. General Engineering Division. 
6. Consultant, Johns Hopkins u*1 varsity, 

Baltimore, Maryland. 

•ode (It-mode) with large fluctuations in the 
stored energy. The experimental program has con­
sisted of the addition of new diagnostic tech­
niques and of further development of older tech­
niques for determining the plasma characteristics 
in the various modes. 

Sections 1.2.1 and 1.2.2 describe measure­
ments of the charge-exchange flax leaving the 
plasma, with the result that the lorn temperature 
can be measured with confidence. Sections 1.2.3 
and 1.2.4 concern the evolution of previously 
described techniques In Thomson scattering and 
in the determination of the neutral hydrogen tem­
perature by line broadening measurements- Sec­
tion 1.2.5 describes the extension of the radial 
scanning technique into the ultraviolet (uv) 
spectral range, where both hydrogen light and 
light from the principal impurities can be 
scanned. X-ray mjai areata t i of the electron 
tempii-itare are described fa Sect. 1.2.6. In the 
same section a thick target braasstrmhlong calcu­
lation is applied to evaluate the resemase af aa 
ioaliatlem probe. Sectfea 1.2.7 rap art* the 
installation of aa fa* beam prate male* writ! be 
ate* t * drtatmtae the spatially resofwed poten­
t ia l within the plasma, ami Sectlea 1.2.f 

tfom to o u i f a a the i — l i j mf the hat 
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is the development of sources at higher power 
and frequency for future application. »o3 

-»o** 

1.2 IOH CHMKE-CXCWnGE KKutOCRTS 

The aeaswreaeats of escaping neutrals 
from EST have determined their energy spectra* 
and have shown a negligible impurity concen­
tration. 

to* 
t 

1.2.1 Charge-Exchange Spectral He. 

F. H. Baity 8. K. Qua 

The EBT charge-exchange neutral spectra 
usually contain several energy groups. I t has 
been show experimentally (see Sect. 1.2.2) 
that the neutral flax escaping the EBT plasma 
does not contain any significant fraction of 
inporities. The main probleas which nay affect 
the shapes of the neutral spectra are due to the 
sapratheraal ion tai l formation and the spatial 
profile effects. Thus, a local isotropic 
Ihnwellian bulk ion distribution with a 
supratheraal tail and appropriate profiles has 
been adopted in analyzing the charge-exchange 
data. Our results are sowaarized as follow. 

Figure 1.1 shots a typical spectra*. 
The shape of the charge-exchange neutral 
spectral Is Hamellian over three to 
five orders of nagnitwar and has a well 
defined slope over a aide energy range, 
2T1 < E < lflfTj. The typ'ca'. Ion temper­
ature Measured from the slope of the 
spectral corresponds to T { = 100 eV 
within ilOX experimental error. 
The value of n^n. using the aeasured 
ion teaperature and theoretical profiles, 
is in the range of 1-3 « 10 2 1 c*r«, with 
errors estimated as ^50X. This result Is 
caaparable with a recent calibrated 
visible spectroscopy measurement. The 
correspofdlng icn conflnenent tine is 
calculated to be 

1) 

2) 

T *V 1 
•'"ionization " 

10-30 

3) Large samratfteraal ion tails are mea-
•ar the high povar T-H i 

o r 

o Kf 
z o 

r 

F 

•o° «-
955 «9tO 

Fig. 1.1. Typical charge-exchange neutral 
spectroi escaping fron EBT olasma. Plasna con­
ditions: IB Wz power -*. 32 kW. 10.6 Oiz power 
y. 6 Ml, ? t 5.8 « 10"* torr, T-

transition. The relative population of 
these hot ions (>200 eV) is observed v* 
exceed 20X in some cases. 

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

The large (15-201) supratheraal ion tai l 
which was observed previously has been measured 
war the high power T-H mode transition. The 
formation of this fast ion group appears to he 
related to enhanced emission observed1 near the 
lower hybrid or the ion acoustic frequencies 
under this operating condition. 
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1.2.2 Velocity Analysis of Charge-Exchange 
neutrals on EBT 

F. H. Baity 8. K. Quon 

Analysis of the aass of energetic neutrals 
escaping from EBT has not bee* made possible by 
the installation of a M I charge-exchange neu­
tral spectrometer employing an E * B velocity 
f i l ter in addition to the parallel plate elec­
trostatic energy analyzer. The win reason for 
the installation of this analyzer is to elimi­
nate inpurity particles whose presence may 
strongly influence the charge-exchange measure­
ments. 

The analysis has been perform under 
typical high pone- <~-aode conditions: 56 km of 
18-Oiz (bulk plasM heating) and 8 km* of 10.6-
9iz (profile heating) microwave power, plasaa 
density -2 * i o I J cn"*» and bulk ion teaperature 
IIS eV. The analyzer samples a thin cylindrical 
volume along a minor dianeter of the plasaa. 

The electrostatic energy analyzer Mas set 
at 420 eV [420 eV lies in the riddle of the 
energy range used to determine the central ion 
teaperature in OT (250 eV-l keV)]. the magnetic 
field of the velocity f i l ter was set at 300 G, 
aad the aass spectrum was taken by sweeping the 
electric field on the velocity f i l ter . 

Under these conditions, the Mass resolu­
tion fia/a of the velocity f i l ter is 0.22 
(FINN), sufficient to separate H and Hj. 
Figure 1.2 shows a spectrua taken under tne 
conditions listed above. The signal-to-noise 
ratio of the peak is -vcOO- The single peak 
observed is Identified as I'ydrogen atoms. 
The counting rate at the center of the peak 
is 94S of the total neutral zaattlnq rate 
with the velocity f i l ter turned off (the 
width of the velocity f i l ter 'window* is con-
parable to the width of the energy analyzer 
"window* for hydrogen atom). There is no 
evidence of any aass species other than 
hydrogen atons in the spectrum at 420 eV. 
A «>«ss spectrua taken at 830 eV also showed 
only a hydrogen atan peak (witt a poorer 
signal-to-noise ratio). This extremely 

fortuitous result shows that the charge-
exchange neutral particle flux leering the 
EBT plasca does not contain a significant 
awount of inpurity neutrals and that aass 
selection is not necessary in the analysis of 
charge-exchange neutrals -

1.2.3 Kafcy Laser Scattering 

J. A. Cobble 

Following the advent of additional 18-Olz 
microwave tubes, a limitation on the existing 
Thomson scattering experiment was uncovered. 
An already poor signal-to-noise ratio wors­
ened by increased plasaa light under high 
power (30-60 Mi) operating conditions. The 
difficulty apparently is attributable to 
increased radiat'on from molecular hydrogen 
and to a smaller extent froa an aluminum ion 
nultiplet. AW 7049.2 

Steps were taken for obtaining a ruby 
laser amplifier to boost pulse energy from 3 
to over 14 J and faster integrators to cut 
sample tiaes to below 30 nsec. with the new 
equipment we anticipate a factor of fifteen 
enhancement in the signal-to-noise ratio. 

1.2.4 neutral Hydrogen Teaperature 

Fabry-Perot interferometer scans of inten­
sity versus wavelength for H at 6663 A have been 
taken at a wide variety of pressure and micro­
wave power operating points. I t was found that 
H a full width at half amxiaaa intensity was 040 
* .02 A (1 standard deviation). 

Possible line broadening mechanism* *r* 
Doppler effect, fine structure, aad Zeemam 
effect. Instrument width at 0.04 A is negligi­
ble. The summed Ooppler profiles of the seven 
H a components in a field-free region amy be used 
to find a amxiamm nemtra; temperature, without 
detailed knowledge of radial magnetic field 
strength and particle densities, the Influence 
of the Teaman effect Is uncertain; however, in a 
5-k6 field, some HQ components an split by over 
0.10 A, and no components are undisplace?1. The 
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aaxinun teaperatare. accoantiag fsr fine struc­
ture bat ieaoriaa aeaaetic field splitting, is 
M / 2 e f . 

1.2.5 lUdial Sets of Inpnrity <WK[ lyfc^yit 

• . K. lazu­
li. H. Haas 

E. S. 

The tethwiooe of scanning across the piasaa 
asfan a rotating mrror to detemine the spatial 
dfstrf nation of eaitted light has been exploited 
into the far a* (1150 A-lflSO A). For tkis 

detelopaent, cooperation with a gronp from Johns 
Hopkins University has been established. A 
spectraneter (originally designed by the Johns 
Hopkins oroap for satellite based astroaoaici? 
sudies) was ased with a newly designed, anti-
reflecting, cavity nodule ia the EST toras (see 
Fig. 1.3). Spectral line intensities fron A1II 
and A1IH, C I I . C IU . aad CIV. and Oe lyna Ĥ  
line ia hydtoyn were neasared with the calibrat­
ed spectraaeter. 

The asyanetry of the piasaa prevents «nan-
bigaoas enfolding of the piasaa light profiles 
and therefore p.nwts the determination of the 

ottm. xnaG is-u 

10 20 30 40 50 
VELOCITY FILTER ELECTRIC FIELD I v M 

Fig. 1.2. Mass spoctren of 420-eff aaatrals escaping froa E8T aader T-aewte 
operating coadltiaMS after sabtractloa of hatknroand coaatiag rat* of 30 coawts/ 
sac. Plana conditions: 5S kM at 18 Ob, 8 U at 10.6 CKz; density 2 * 10" 
o f ' ; Ian taaperatart I IS af. 
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SCANNING MIRROR 

TOROIDAL, 
AXIS TORUS MINOR \ 

AXIS 

ORNL-OWG 76-18496 
FOCUSING 

Y / \ MIRROR 

\fc METER UV 
SPECTROMETER 

6-«v LEAD WALL 

vA 
Fig. 1.3. weoaetry for optical scans of EIT plj 

spatial distribution of the pradnct of electron 
and neutral hydrogen or iupwrity densities. I f , 
however, a sinple aadel is adopted in which a 
syunetric surface plasna Sin rounds but is 
displaced from the central toroidal core, then 
the light emission due to the central core can 
be determined by subtracting the light due to 
the surface ptasna fron the total signal. 
This is shorn in Fig. 1.4. The light due to 
the central toroidal plasaa nay be conpered 
with theoretical estimates as described in 

Sect. 3.1.1. The results appear to give good 
quantitative agreement e m in this rough 
approxination. 

The unknown asyunetries in the iupurity 
distributions have prevented detailed, spa­
tially resolved interpretations of the ionic 
densities, although an inproved evaluation 
Of the injwrity lifetimes resulting fro* the 
ratio of carbon charge states could be obtained. 
These results are indicated in Table 1.1. In 
addition, a careful search was node for CV with 

Table 1.1. Values of the product-of electron density and inpwrity 
ion Hfetiaes at various viewing angles 

sec-

Viewing 
angle 

• eT(C1I!I) yfciv) NeT(A1III) 

0* 1.4 « 10« 0 64 > 10* 2.2 * 10» 
10* 1.3 0.83 2.5 
20* 1.1 0.5S 0.78 
JO* 1.2 0.46 1.1 
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^A 

VIEWING A*&.£ .4*V 

Fig. 1.4. Aeguiar distribution of hydrogen 
lyuaa l ight . The upper curve is the experiaea-
tally aaeasured quantity. The lower curve is the 
inferred contribution dye to the central toroidal 

».t. 

The ln> energy spectrun. due to the low 
energy electron caeponent, is s^eriaposed on 
a high energy continue-- Separating the two 
spectra ant calibrating the detector response at 
IOM energy are two essential tasks which allow 
the thermal spectnai to be determined. These 
tasks are accomplished by paraartric wariatior-. 
which aaxisize or ainiaize the r»la;-»e inten­
sity -jr the low a«d high i^ergy spec?'*. 

EBT is operated with : ie high ene~^y spec­
tra* "sphasized to calibrate the oetecisr at low 
energy, (deration with the high energy s p e r t o * 
ainisized allows tne combined spectrw to be 
aertwed. A graphical subtraction of the two 
gives the low eaer£ spectrun. figure ]_5 stows 
the results of this analysis. The peak in the 
spectrua et l .S keV is due to an aluainua ir-
pu»nty. The electron teaperature shewn in the 

no saccess, with the result that opper limits 
on tiw density of CV in the toroidal core aay 
be Bade- Further, the absence of CV l ight is 
consistent with the carbon ion l i fet ioes ^ t e d 
in Table 1 .1 . These la t te r observations bcth 
point to tint effectiveness of the plasaa surface 
layer as a "bui l t - in divertor* i s the EBT 

1.2.6 1-tLtf aiaonostics 

6. R. Kjste 

A new detector which has extended con­
tinual aeasureaents to the energy regior 
below 1 keV has been Installed. At the other 
end cf the energy scale sane calculations 
have been nade which help in the analysis of 
thick target breasstrahlung. 

Soft x-ray diagnostics 

AwiiwJowless Si (L i ) detector has been 
installed on EBT. A thin aluwinun fo i l (1000 
A) is used in front of the detector to atten­
uate the light f ro* the plasaa while trans­
mitting the low energy x-rays. A vacuun path 
connects the detector to EBT. 

«*«(.-Owe TTSOM 

r- w V 2 4 « t V 

a 
10' £_ \*V-"% ".-"'- - . - - * - " - - "" * ~'ZZ 

fr— \ ' - • "• . * „ * 1 

j - . . - . - • 

r— • : - • - *-. . . — 

K)° j_ : •- . ' - -
L . • 

-- w 

in-1 
— 

1.6 3.2 4 8 
K- RAT E»e€RGY (wtv) 

6 4 

Fig. 1.5. Soft x-ray spectra* fron EBT. 
This spectrun is the difference between the ex­
perimentally measured distribution (corrected 
for efficiency) and the calculated spectrua due 
to the high energy component. The points above 
2.4 keV m due to the scatter in the data, with 
no net contribution. The points below 2.4 keV 
give the spectrua due to th? torolde! electrons. 
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figure is 244 eif; 4ecendi<i9 on t*x experimental 
conditions tr.i> v*Iue can ran^e from 200-300 •>«. 

•mrrgeC'c ;-ray dia<jmostics 

As an a-£ in interpreting higher energy x-
rtj information, a computer code has been m-
•estt'Jtec to ca'"0?ate the bressstrahlung radi­
ation <fc.t to aonoe-ergetir electrons which 
strike a aaterial surface. Tse calculated 
spectra have eeen compared with e v e r s p e c m . 
both calculated and measured, with *eod agree-

z c z 

X 

y 
y 

/ 

/ 

/ 

This code has been used t.-» calculate the 
sensitivity of a probe used on EST. This probe 
consists of an enclosed copper tube *:th an air 
space at the tip. Electrons striking the probe 
produce i-rays, and the x-ra>s, in turn, caus* 
ionization in the air at the probe t ip . A wire 
collects the ionization current. The calculated 
sensitivity of the probe is sown in Fig. >.S. 

1.2.7 Heavy Ion Beam Probe 

P. L. Colestoe* 

In order to determine the aabipoU' electric 
field in EST. a heavy ion iea» probing experi­
ment has been installed. The system is designed 
to inject a heavy ion (singly charged) primary 
beam perpend'cular to the magnetic field in the 
midplane. Mhite traversing the plasma, a 
fraction c." the primary ions undergoes elec­
tron impact ionization collisions given by 
I 
r ' 2 \ l °eff. (1-1) 

where I is the secondary ion (doubly charged) 
current, * is the primary current, n i s the 
electron density. I is the observed beam length, 
and c: „ is the effective cross section for the 
interaction. Because such collisions involve 
l i t t l e change in momentu*. the secondary ions 
leave the plasma with the primary energy plus 
the space potential at whicn the interaction 
occurred. The space potential profile and hence 
the radial electric field tn determined by 
detecting the energy difference between primaries 
and secondaries at a series of radial positions. 

x o 
X 

20C *0C « C »3C '.z/y. •7CC 

Fig. 1.6. Calculated response of ioniza­
tion chamber probe. The incident electrons n-
sult in bremsstrahlung which in turn ionizes 
the j i r in the probe interior. 

To date, the beam line (including rubidiu* 
ion gun. b*am optics, and primar> and secondary 
detection) has been installed and i s operating 
(see Fig. 1.7). Secondary ion currents have 
been detected approximately consistent with 
values expected by Eq. (1 .1) . Measurements of 
space potential, however, have been hampered by 
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 plasma 
and the beam optics. Further refinements in 
noise filtering haw been accomplished through 
the use of a chopped beam with synchronous 
detection. 

Initial measurements of the space potential 
within the toroidal plasma indicate a positive 
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body potential on the order of a few hundred 
w i t s . Calibration of the detection analysis 
Is being carried out at the present time to 
allow radial potential profiles to be made. 

1.2.8 Modeling the Electron Annul us In EBT 
from Dia—qnetic Field and Flux 
fcesurJa ~ 

K. H. Carpenter 

A simple model *br the electron annulus in 
FJT has been developed to allow correlation 
between the values of diamegnetic fields and 
flux maaswred external to the plasma and the 
dlamofnetlc field within the annul us. Computer 
codes have been written to calculate the fields 
and flux valets derive J f ro* the annul us model 
and to f i t model parameters to experimental data. 
Preliminary experimental data have been taken, 
end examination of tnese data with the computer 
codes snews tt*» to be compatible with the model 

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

The annul us model needs to have as few pa­
rameters as possible while s t i l l retaining the 
essential magnetic effects due to the annul us. 
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, 
cylindrical current sheets of radi i Rj and 
R2, length L, and constant surface current 
densities J] and J 2 . The surface current 
densities are in opposite directions, but the 
ratio of Ji and J 2 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 Rj, R 2, 
and L are determined by cavity geometry and 
skikner probe sweep data. This model repre­
sents a constant density cylindrical shell of 
electrons with a d r i f t velocity about the 
cylinder axis. 

Calculation of the fields and flux at 
locations inside and outside the cylinders 
requires numerical integration over e l l ip t i c 
integrals. Analytic simplificationr. are not 
possible because the assumed geometry is not 
sufficiently short, long, t h in , etc. Limiting 
geometrical cases have been used to check the 
computer codes written to do the numerical 
calculations on the PDP-10. The dlamagnetlc 
fields calculated for the current sheet model 
with a hypothetical set of parameters are 
shown in F1g. 1.8. 

Measurements have been made of the axial 
components of the dlamagnetlc f ie ld at four 
points along the cavity length and at 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 f ix 
the model parameters. The dlamagnetlc flux 
loops wound about the cavity provide an Inde­
pendent measurement, and preliminary analysis 
of flux data along with the axial f ie ld data 
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Indicates that the aodel parameters c*n be 
fixed using diamagnetic flux loops combined 
with field Measurements external to the plasma. 

1.3 manumrc TECHNOLOGY 

H. C. Seeker ». U. HcGuffin 
R. A. Oandl T. L. White 
H. 0. Eason R. E. Wlntenberg 

1.3.1 £BT Hicrowave Systems 

Microwave power output capability of the EBT 
18-GHz primary ECH system has been increased 
from 30 tti (cw) to 60 kU (CM) by incorporating 
additional klystron amplifier tubes in conjunc­
tion with appropriate Modifications to the wave­
guide power distribution network. This In­
creased heating capability, in addition to the 
existing 30-kU {cw), lO.ii-GHz profile ECH system, 
has provided a much ..eeot-t increase in the avail­
able range cf EBT plasma parameter variation for 
diagnostic and scaling svudies. fcutine and 
reliable operation cf the expanded system has 
been attained since cospietion of system modi­
fications. 

The manner in which the Increased 18-GHz 
power capability was provided Is Indicated in 
the block diagm of Fig. l.C. Two type VA-934 
five cavity, liquid cooled klystron amplifiers, 
each having a power output capability of 15 Hi 
(cw> at 18 GHz, were installed in addition to 
the two similar devices incorporated in the 
previously existing 30-kW (cw), 16-GHz source. 
The 60-fcM source thus comprises a total of four 
output devices. The output of «sach device 1s fed 
through a ferrlte circulator, connected as a load 
isolator, to a six-way power divider network from 
which six equal outputs are obtained. In this 
way the four klystron amplifiers provide the 
required 24 equal-level power Inputs to the in­
dividual mirror regions of EBT. The four kly­
stron amplifiers are driven by the output of a 
single reflex klystron oscillator augmented by a 
traveling wave tube (TwT) amplifier and divided 
by a passive network to provide four equal-level 

drive signals. A single master level 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 of 
each klystron amplifier compensate: both for 
differences in power gair between tubes and 
for differences in attenuation due to unequal 
lengths of the input waveguides. The possi­
bilities are readily apparent for further 
system expansion, i f required, and for the 
similar attainment of much larger ECH systems 
at other frequencies. 

1.3.2 Advanced Microwave development 

Multimegawatt continuous wave ECH sys­
tems operating at 120 GHz are required by the 
EBT Progm. 3* 1* Because this power genera­
tion capability is clearly beyond the present 
state of the art for microwave active devices 
(tubes), a program has been undertake 
through subcontract with Varian Associates 
for development of the required devices. A 
simultaneous complementary program is -jnder 
way at OWL for development of complete ECh 
systems utilizing these devices. Such sys­
tems Include microwave transmission and 
plasma coupling networks, power supplies, 
controls, monitors, and supporting equipment. 

The Cyclotron Resonance ttaser (CW) has 
been identified as the approach holding the 
greatest promise for generation of 200 kW 
(cw) at 120 GHz from a single device. Mul­
tiple devices will be used to achieve mega­
watt systems. Encouragement for this device 
approach 1s provided by reported Soviet suc­
cess in using the gyrotron, an oscillator 
form of CW, for millimeter wave power genera­
tion. The Varian subcontract addresses de­
velopment of the gyroklystron, an amplifier 
form of CRM, preferred because of simplified 
power output control in large systems. Ini­
tial gyroklystron development Is being under­
taken on a 200-kU (en), 28-GHz device which 
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Is a low frequency scale prototype for later 
200-kW (cw), 120-GHz devices. Delivery of 
the f i r s t ?8-GHz gyroklystron is scheduled 
for the suMMer of 1977. 

Systems development has been ini t iated for 
employment of the 28-GHz gyroklystron in a 
plasma ECH system when i t is received. This 
system wi l l serve primary ECH requirements of 
the EBT-S fac i l i ty (a modification of the 
present f a c i l i t y ) . Existing 60-kW, 18-GHz and 
30-kW, 10.6-GHz systems wi l l be retained in 
present form to provide profi le ECH for EBT-S. 
The 28-GHz system Includes a power supply *.-6-
syste* consisting of a 100-kV, 10 A, dc >*m 
supply with crowbar, electron gun supply with 
crowbar, and heater supply. Procurement of this 
subsystem has been In i t iated. The 28-GHz, over­
sized waveguide circuitry employing low 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 
control, monitoring, and other functions is also 
being developed with the overall objective of 
timely operation of the EBT-S 200-kU (cw), 28-
GHz primary ECH system. 

Work in progress; M. Fujiwara (Nagoya 
University, Nagoya, Japan), private 
communication, 1976. 
D. H. McNeill, Bull . Aa. Phys. Soc. 21_, 
1117 (1976). 
R. A. Dandl et a l . . The ELMO Bumpy TOMU 
9wqim, ORNL/TH-5451, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee (April 
1976). 
R. A. Dandl e t a l . , SueoftcJi P>ug*m io\ 
Pttuma. Coitttxemcitt and Heating in ELMO Bumpy 
TomiA Vivizu, ORNL/TN-4941, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee 
(June 1975). 
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2.1 STUDIES OF ORMAX-PRODUCED PLASMS 

0. D. Bates R. C. Isler V. %.. Part 
L. A. Berry G. L. Jahns T. F. Raybum 
R. 0. Burris H. E. Ketterer U. J . RedMnd 
C. E. Bush P. U. King H. C. Sanderson 
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A. C. England H. Murakami J . B. Ullgen 
J. H. Harris R. V. Neidigh U. 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 Tokanak (ORMAK) 1» three general 
areas: (1) extension of the basic plas«a param­
eters (n*e, Tj, B T ) through Increased injection 
power and gas puffing, (2) increased under­
standing of the interaction of neutral beans with 
tokamak plasmas and the role of Impurities, and 
(3) refinement of the basic diagnostic measure­
ment and data analysis techniques. 

The most significant progress this year has 
been In the application of neutral beam heating 
to tokamak plasmas, Including ion heating to 
1.8 keV, doubling of the electron temperature by 
neutral beam heating, achievement of total 
(plasma • beam) peak 0j -v 3X, grossly stable 
•Deration with P < ( J. v 3 * P^, Increase of 
maxima* plasma density trith gas puffing to 
n"t - 6 x 1 0 " car' [^(0) - 9 x 1 0 " car*], and 

the observation that unidirectional injection 
does not lead to large toroidal rotation 
velocities. Some of these points are discussed 
in the following sections. 

Extension of operating range 
The useful operzting range for plasma 

studies in ORHAK has been extended during this 
report period by injection of up to ̂ 500 U of 
neutral beam power, toroidal field operation up 
to 30 KG, plasma currents up to 230 kA. reduction 
of Zeff to as low as 2, and reduction of the 
limiter 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 oxygen (followed by an hour of hydrogen 
discharge cleaning). However, some of the most 
interesting results to be discussed (electron 
heating, high By, 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 *rt 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 
ion 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 1n which 
tne injection power exceeds the ohmic heating (OH) 
power, resulting in significant electron heating. 
Section 2.1.4 describes attainment of high total 
(plasma • beam) toroidal beta [^(0) i » ] at low 
llmiter safety factor (q « 2.6} obtained with 
injection for grossly stable plasma conditions. 
The dynamics of the plasm behavior when the 
density is Increased with gas puffing 1s given in 
Sect. 2.1.5. 

The advances made 1n determining the concen­
tration of Impurities In ORKAK and their role in 
the radiative power loss are discussed in Sect. 
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Other advances are generally related u 
plasaa Modeling ami interpretation of specific 
diagnostic aeawreacnts. Section 2.1.1? de-
scribes iaproveaents aade in a tlonvindtpeMont 
data analysis code with inpurlty Modeling and 
in a tine-dependent one-diaensional transport 
code. Transport Modeling of the gas puff 
experiments and the role of an inward transport 
aechanisa are discussed in Sect. 2.1.IS. 
Section 2,1.10 discusses the internal nagaeto-
hydrodynanlc (MO) aode structure obtained 
froa correlation studies with Magnetic probes 
and col Heated soft x-ray detectors and the 
iaproveaents aade in both the data acquisition 
and analysis systeas. The Mechanisa of the 
soft x-ray sawtooth oscillation is discussed in 
Sect. 2.1.11 with reference to a tearing aode 
instability aodel. 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 line can be used to 
infer a toroidal ion rotation velocity. Section 
2.1.13 describes a procedure which closely artels 
the Measured charge-exchange flux in OPJMK, along 
with a comparison of the Ion teaperature profiles 
obtained with neutron Measurements and the H 
spectral line profiles. Finally, Sect. 2.1.17 
discusses the neutron tlae behavior due to 0° 
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phase. aaaa* 3D asac after heaa tarnan. the 
plasaa par—mri i1 etched a anasi-steady state. 
and so the aiiiwraajntr reported acre taken 
about 45 asec Into the discharge. In these 
studies the injection dominates the ion power 
n < w (plnj 1 * \ 0' ' 1 t l M w a R °* t o t a 1 <"itc-
tion power was less than the onaic power Input 
( P i f | j ^ 0.6 Pm). In this regie* the Ion tea­
perature is higher than the electron teapera­
ture, and the power flow between electrons and 
Ions (P. ,) Is reversed froa that for ohaic e»» 
heating alone. In addition, injection has 
aide i t possible to attain higher plasaa 
densities before disruption occurs, as discussed 
in Sect. 2.1.5. These observations underline the 
usefulness of injection in attaining plasaa 
physics reglaes not accessible by ohaic heating 
alone. 
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calculated fraa the* produce uncertainties'that 

are not indicated in the calculated T-(0) valves. 
The effect of the injection power on the ion 

and electron ttmuti itwres and on the plasaa power 
flows can be illustrated by comparing the two 
extreae cases in Fig. 2 .1 . Figure 2.2 shows the 
no injection case and Fig. 2.3 the XO-fcM H° 
injection case. The injected power transferred 
to the ions is 2.5 tiaes the collision*! heating 
by electrons without injection. The central and 
density-averaged ion temperatures essentially 
triple, indicating approximately constant ion 
energy confinement time. Because the electron 
temperature does not increase, T. > T over most 
of the plasma radius. One-third of the injected 
power transferred to the ions is lost to the 
electrons by collision*I cooling. Thus, the role 
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Fig. 2.1. Scaling ofjcentral Ion temperature with Injection power 
for fixed plasaa density (n -v 2.8 x io 1 3 cm- 3) and comparison with neo­
classical calculations. 
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Fig. 2.2. Power flow diagram for ohmic heating and for the ion and 
electron plasm components for a base case with no injection (I = 175 kA, 
ij = 25 kG, and n = 2.8 * 10 1 3 on" 3). 

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

The density-averaged electron temperature 
<T > remains unchanged although the total 
electron input power has increased by 75*. This 
implies 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 401), but the central electron 
temperature has fallen by a factor of two and 
T g(r) shows a tendency towards a hollow profile. 
The hollow electron temperature profile is 
apparently associated with impurity influx due 

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

Ion temperature scaling with density 

Figure 2.4 shows the scaling of central ion 
temperature with line-averaged electron density 
as injection power and other plasma parameters 
ire held approximately constant. The error bars 
on the ion temperature are larger than those In 
Fig. 2.1 because the charge-exchange dats cover 
a smaller range of energies. The decrease in 
Ion temperature with Increasing density is pri­
marily due to the rough constancy of the Ion 
energy confinement time and hence the same Input 
power being shared among an Increasing number 
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the ion and electron plasaa components with 360 kW of injection added tc 
the base case. 

of ions. Again, reasonable agreement is obtained 
between Measured values for T f (0) and those 
calculated from the one-dimensional transport 
code assuring neoclassical ion thermal conductiv­
ity. However, the evaluation of the theoretical 
value for 1^(0) nay be less certain than that in 
Fig. 2.1 because of the greater uncertainty in 
the n +/n values and in the beam deposition pro­
files for the higher density, high Z f t f f cases. 

Figure 2.5 shows the plasma power flows for 
the highest density case shown in Fig. 2.4, nf 

' 5.9 x lo 1 3 cm" 3, obtained with gas puffing and 
equal amunts of coinjection and counterinjection 

power. Injection power is necessary in addition 
to gas puffing to reach densities of n > 4.5 
x lo 1 3 o r 3 . The ion and electron temperatures 
*rt approximately the same (̂ 1.3 keV). and Tc 
' 15 iisec, B = 0.93, ^(0) » 1.21, and n e(0) T £ 

= 1.3 x 1 0 1 2 o r 3 sec. Compared with the no 
injection base case at n~ * 2.8 * 1 0 1 3 cm- 3 shown 
In Fig. 2.2, the total plasma energy content and 
B have increased by a factor of three. In addi­
tion, a larger fraction of the beam energy goes 
to the ions than in Fig. 2.3 because of the 
higher electron temperature. 
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Fig. 2.4. Scaling of central teaperature 
with plasma density for fixed injection power 
( P i n 1 * 240 kW) and comparison with neoclassical 
calculations. 

2.1.3 Electron Heating Experiments 
L. A. Berry S. L. Jahns PL Murakami 
C. E. Bush H. E. Ketterer A. Ravarro 
J. L. Dunlap P. M. King R. V. Reidigh 
6. R. Oyer J. F. Lyon fi. H. Neilson 
P. H. Edmonds D. H. NcReill ¥. K. Pare 
H. C. Howe J. T. Rihalczo J. B. Uilgen 
R. C. Isler 

Large increases in the teaperature of ions 
have been observed during injection of high 
energy neutral beans into tokamafcs, but little, 
if any, heating of electrons has been detected. 
A factor which contributes to the inability to 
Measure definite increases in electron tempera­
ture is the conditions under which experiments 
have been performed. In all cases, the otmric 
heating power has been considerably larger than 
the power which could be delivered t* the 
electrons by the neutral beam sources that are 
presently available; as * consequence, the 
expected changes of teaperature have been within 
the experimental uncertainties of the absolute 
measurements. 

In a recent experiment we attempted to 
obtain definitive results concerning the heatieg 
of electrons through the use of neutral beams by 
operating at low plasma currents, so that the 
ohmic heating power is comparable to or less 
than the power provided to the electrons by 
injection (-.180 Ut). The outcome of this 
successful experiment revealed 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) illustrates the typical 
operating conditions employed in the electron 
heating studies. The discharge is sustained for 
130 msec at a current of 70 kA [q(a) = 7] during 
the steady-state portion of the pulse. At 20 
•sec 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-
quently 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 a 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 beam current is in the same direction as the 
ohjric heating current. Calculations indicate 
that this power should be divided between elec­
trons and ions in the amounts illustrated by the 
curves labeled P < (^ and P i n j i respectively. 
The rise of the electron temperature during 
Injection Is reflected in the decrease of the 
loop voltage. 

Figure 2.7 illustrates the evolution of 
the electron teaperature, T e(r), and density, 
«(»*). as functions of the minor radius of the 
machine. These measurements are performed by 
analyzing the Thomson scattering of ruby laser 
light. The standard deviation of T (r) 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 
the ion and electron plasma components for the highest density case 
(n" = 5.9 x 1QU cm- 5)-

beam pulse, a slightly hollow profile of T e^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 last 
magnetic flux surface). After the beam is 
turned off, the temperature off axis decreases 
faster than the central temperature. 

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

(T ) , the density-averaced electron tempera­
ture, <T >, and the kinetic energy of t*ie 
electrcrs in the plasma, « e- The open circles 
indicate (T ) 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 of the discharge are primarily 
due to poor statistics of the soft x-ray signals. 
An important feature of (T_)_._ 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 electro*-. Seating experiaent with 340 kW of 
coinjeciio*! power: (a) toroidal current I , loop 
voltage V, a.-d duration af the gas psff and injec­
tion periods; (b) ohmic heating power P^ , neu­
tral beam power transferred to electrons P. . . 
and r . i t r a l bear power transferred to the ' - , e 

ions P i r . j . i ' 

after tne bean is switched off . The maximus of 
tMs signal corresponds to a rise of 200 eV in 
T Although <T > increases ratfer slowly during 
the neutral beam pulse, the growth of the 
electron energy content saturates after about 
10 esec, a period which is consistent with expec­
tations from the characteristic times involved 
( i . e . beam-plasma energy transfer time plus 
energy confinement time). However, the energy 
decay is much slower than expected from those 
tines. 

Previous failures to observe significant 
heating of electrons by neutral beam injection 
have o*ten been blamed on concurrent influxes of 
impurities aid enhanced radiative losses. I t is 
known that emissions from OPJWK are dominated by 
lines of oxygen and by narrow band continua in 
the region from about 20-100 A, and, as i l l u ^ r a t -
ed in Fig. 2.9, several of thest features have 
been examined during the present experiments. 
The lower stages of cxygen such as 0 V and 0 VI 

4 «•<»: 5* breakdown. a«d t*e ir-tensilies of tne 
lines are decreasing ay •*!**! t*ie gas puf* is 
init iated at 23 esec. Thereafter, **« inter.s--.,. 
tesis to 'allow trie sam* satter- as does f * 
e erage electron csneentratiar... r. [Fig. Z.c[z.',. 
The effects c? the a«s*t cf injection a** r-et 
obvious in lir.es fro* the low stage, of TO^:7* -
t5or, and the intensity bejir.s to decrease whe» 
t * * gas 9uff is terminated. T t * rate of excita­
tion 3f the 0 YI l ine at 1032 * should be 
r e i i t i v e l / independent c' terpens*, j re and should 
only reflect variations ir. the jroduct of the 
concentrations of electrons * -d Oxyger. "Ions. Tnu? 
the injection does not appear to significantly 
increase the total nuBbe«- of ox/gen ior.s :.-. the 
outer 2-3 cr. of t*e p'asra. 

> ; behavior of the C VI I a.-.d C V I I I lir.es, 
which originate inside a radius of 1" CK, differs 
narkedly fro* the behavior of t i e lower stages. 
Figures 2.9(c) and 2.9(d) show tne evolution of 
the f i r s t resonance lines of C V I I and 0 V I I I ; 
Fig. 2.9(e) depicts the nearby conttmi-.e. These 
lines begin to appear above the background about 
6 rsec after breakdown, but the introduction 
of the gas puff quenches the signal, presumably 
by cooling the plasea. I t is believed that aost 
of the oxygen in the core of the plasma resides 
in the 0 VI I and 0 V I I I stages just before injec­
tion begins. When injection is in i t ia ted, the 
intensities of lines from these species increase 
as the temperature rises. However, the charac­
ter ist ic time for th.* ionization of 0 VI I in 
particular is short enough that lines of this 
species should burn through i f the concentrations 
remained constant; the observed increase through­
out the period of injection appears indicative of 
an increasing concentration of oxygen in the 
center of the plasma. This contention is 
supported by the rapid decrease of intensity in 
a period of 10-15 msec after injection while the 
plasma settles to a new equilibrium; calculations 
of the intensity of the 0 VI11 I in? from known 
rate coefficients and measured profiles of T^(r) 
and n ( r ) indicate that the emission should in ­
crease slightly between 60 and 115 msec i f the 

http://lir.es
http://lir.es
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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 

concentration of oxygen remains constant. The 
observed decrease of Intensity in the 0 VIII 
line Implies a drop of a factor of three to four 
in the concentration of this species. However, 
we find that the 0 VII and 0 VIII lines do not 
contribute more than 8 kH of radiated power, so 
that electron heating 1n the core of the plastr,; 
should not be seriously affected by the varia­
tions of the concentrations of oxygen. 

Integration over the low wavelength region 
of the spectrum Indicates that most of the 
radiated power appears In the narrow band con-
ttnaa. The strong correlation of signals from 
the region of 20-100 A with the temporal behavior 
of signals from the pyroelectric radiometer [Fig. 
2.«{f)] confines this result, and within the 
experimental uncertainty of a factor of two, 
the absolute Intensity of radiated power from 
spectroscopic measurements agrees with the radio­
meter measurement 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 experimen­
tal1* and theoretical5 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 = 0 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 be caused solely by the 
modest decrease 1n temperature after 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 1s 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. Teaperatures and densities mea­
sured as a function of tiae during electron heat­
ing experiments, (a) Peak teaperature, ( T . 1 : 
density-weighted teaperature <T >; energy content 
of electron, U . The maximum teaperatures were 
Measured from the soft x-ray spectra {•) as well 
as from the laser Thomson scattering (o). 
(b) Central electron density, n (0); line-
averaged density, n ; volume-averaged density. 
<ne>. 

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

Although the spectroscopic results indicate 
fhat the concentrations of impurities and the 
radiation Increase during injection, the beam 
power is sufficient to overwhelm the loss mech­
anisms so that the electrons can be significantly 
heated. 

The quantity ltff is often used as an 
Indicator of the concentration of Impurities, 

1 1 ! 1 1 1 I 1 
w ^ CONT. (20.1 i t 

! 

rr W7XT7A 1 | T 1 > 
le) 

,(n 
80 120 
/ (msec) 

Fig. 2.9. Temporal dependence of: (a) a PIN 
diode signal from the central chord; (b)-(e) the 
intensities of oxygen lines and continuum; and 
(f) the pyroelcctric radiometer signal. 
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and it is useful to examine its behavior as cal­
culated fro* 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 ̂ -205 of the 
total toroidal current with a significant peaking 
near the center over the average value. This 
nonresistive current raised Z _, by ̂ O S and 
Z ..(0) to 5 under the assumption of q(0) = 1. 
Estimates of Z f f ( 0 ) 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 
Z - , is due to oxygen, which exists in 
concentrations of 1-4 x 10 l 2/cm 3, but that most 
of the radiated power is due to tungsten, which 
is present in much smaller amounts. An average 
concentration of tungsten of 2 * 10 1 0 cm 3 with 
n~e = 2 x 10 1 3/cm 3 may indicate 110 Mi at a 
temperature of 300 eV while contributing only 
0.9 to Z e f f.« 

Another concern which arises when studying 
energy losses during injection is that the heat 
conduction of electrons may be enhanced. In 

particular, when 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 plasms instabilities by 
the energetic ion population may further increase 
the anomalous heat conduction. Figure 2.11 shows 
the evolution of the gross energy confinement 
time. 

lEe OH 
e (2-1) 

inj.e 

The value of T E at 95 msec is significantly 
higher than the rest of the values. This sharp 
increase may reflect on the sudden increase of 
(T ) in the soft x-ray PIN diode measurement at 
the instant of the beam tumoff. Although the 
previously discussed rapid fall of the radiative 
power appears to be responsible for the discon­
tinuity of T E e(t), the possibility of plasma in­
stabilities caused by the injection calls for a 
more refined definition of energy confinement 
time. 

l£e 
P0H * P i n j , e ~ Me " Prad " P e i 

(2.2) 

4 -

I " 
2 -

ORNL-DWG 77-7339R 

1 = 70 kA, B T = 15kG 
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GAS PUFF 
INJECTION 

Z.W <»> 
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Fig. 2.10. Evolution of Z \ f f estimated from the resistance in the 
electron heating experiment. 
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Fig. 2.11. Evolution of the gross electron energy confinement time, 
TEe &1- l2-')3» a n d t n e electron energy confineMent tine, T E

 # [Eq. (2.2)], 
in the electron heating experiment. 

Mhere P • is the electron-ion heat transfer. The ei 
quantity TV ' 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 
P .. we show the evolution of T, ' in Fig. 2.11. 
This indicates that there is no discrete jump 
such as seen in T E e ( t ) , implying that t E e' during 
the injection pulse is no worse than that after 
the turnoff. We observe that T E e ' tends to in­
crease with rising T . 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 T E e ' ( T e ) . 

Me 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 temperature with 

injection power. Figure 2.12 illustrates 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 tumoff 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. Nonetheless, we 
observe that electron temperature Increases 
monotonically with injection power. 

Three other experiments related to electron 
heating are noteworthy. 

1) Injection into a discharge at a higher 
density (n"e * 3.3 * 10 1 3/cm 3) with other 
conditions fixed produces an increase of 
<T > similar to the lower density case, 
implying that energy confinement improves 
with Increased density during Injection. 

2) When the toroidal field Is lowered to 10.5 
kG [q(a) • 5 Instead of 7], relatively weak 
sartooth oscillations are present In the 
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Fig. 2.12. Scaling of electron teaperatures 
with injection power to electrons. Two electron 
teaperatures *n shown for no injection, corre­
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 seea to 
affect electron heating significantly. 

3) Siailar increases of electron teaperature 
are observed with 310-KH injection into a 
higher current discharge [I « 175 kA, By 
- 26 k6. n ( - 2.2 x 1 0 1 J /ca 3, T e(0) « 0.85 
• 1.3 keV, <T e> « 0.55 * 0.7 keV]. 
In conclusion, we observe that there is 

significant electron heating with the condition 
f* , > fnu «»"• that the electron teaperature inj,e un 
Increases with Injection power. The aost signif­
icant power loss Is caused by enhanced radiation 
due to a concurrent Influx of hlgh-Z lapurities. 
The power loss due to other aechanlsms (es­
pecially heat conduction) is not worse than the 
losses with ohalc heating alone. 

L. ft. Berry P. w. King H. Murakami 

J . L. Dunlap J . F. Lyon 6. H. Neilson 

P. H. Edmonds D. H. McNeill V- K. Part 
G. L. Jahns J . T. Kihalczo J . B. Uilgen 
H. E. Ketterer 

Attainment of high toroidal beta (3y 
-v 5-101) is vital for realizing an econoaical 
fusion reactor. Intensive theoretical efforts 
have recently focused on stability properties of 
plasaas based on the flux conserving tokaaak 
(FCT) concept, which is a proaising route to the 
achieveaent of such 9y values. Experimental ob­
servations of equilibrium and stability proper­
ties of plasaas with high 8^ attainable on 
present tokaaaks are useful for verifying theo­
retical results. 

A recent OMtAK experiaent with neutral beaa 
injection at a low safety factor [q(a £) - 2.6} 
achieved a relatively high Sy (frj •»» ! * ) • T h « 
discharge was grossly stable, and the behavior 
of the internal KHD activities was noraal. 

Figure 2,13 shows tiae-dependent discharge 
paraaeters in the experiaent. A aild gas puffinq 
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 ft. value. The H° 
Injection power (-v340 kU) froa two coinjectors 
exceeded the ohaic heating power (^260 kw). The 
discharge was grossly stable and reproducible, 
which was not the case without beaa injection. 
Figure 2.14 illustrates the electron teaperature 
and density profiles aeasured froa the Thoason 
scattering. The T (r) profile is significantly 
broader than those obtained with higher q(a t) 
values. These profiles are realniscent of those 
in the U.S.S.R.'s T-3A tokaaak. A preliminary 
estimate of the central ion teaperature froa 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, [^(0)] , being equal to 0.4. Using the 
electron density profile for the ion temperature 
profile, we calculate ( 6 ) » 0.30 and 0^) 
« 1.45. 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 (r f) 
equal to 1. Therefore, the total beta, (Ir'rib» 
is estimated to be M X . Assuming the spatial 
distribution of the stored fast ion to be that 
of the bulk plasma energy, we estimate ^jWD^. 
^ 31. 

These 8 values with the beam and plasma 
energies are not far from the 6 thresholds for 
m o 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 

exhibited strong sawtooth oscillations, and 
fewer shots showed strongly growing high frequen­
cy oscillations (presumably m = 1) superposed on 
the sawtooth oscillations. The high frequency 
oscillations appeared also in the B„ and loop 
voltage signals at the instant of the internal 
disruptions. The m = 1 mode rational radius (q t) 
as deduced from the soft x-ray signals is 
9 ± 1 cm. The q(r) profile inferred from the 
T (r) profile indicates that r x = 11 cm, r 2 « 20 
cm, and q(0) * 0.65. Although r, is somewhat 
larger than a typical value, the overall behavior 
of the internal MHO activities is similar to 
that for discharges at a higher safety factor. 

In conclusion, Jji. II was obtained with 
injection at q(a) » 2.6. The discharge did not 
exhibit significantly abnormal behavior cf MHO 
activities. 

2.1.5. 6as Puff Experiments 
C. E. Bush P. H. King 
P. H. Edmonds J. F. Lyon 
C. A. Foster 0. H. McNeill 
H. C. Howe 

N. Murakami 
R. V. Neidigh 
0. L. Shaeffer 

The empirical scaling laws obtained from the 
previous series of scaling experiments7 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
sities in tokamak plasmas.8 

Time evolution of plasma parameters In a 
typical gas puff experiment In ORMAK without 
neutral beam Injection Is shown In Fig. 2.16. 
Gas puffing with the throughput of 10 torr 
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Fig. 2.14. Electron temperature and density profiles Measured fro« 
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Fig. 2.15. External and internal M O 
oscillations as Measured by a Magnetic loop and 
PIN diodes. 
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Fig. 2.16. Evolution of plasma parameters -> a typical discharge with delayed gas puffing without 
neutral beam injection. 

liters/sec was applied at 25 msec into the dis­
charge, resulting In an increase of the line-
averaged density, n~e, from 2 « 1 0 n cm"3 to 4.5 
x 1 0 1 3 cm'3. The increase In the total number 
of electrons at 60 msec corresponds to roughly 
60% of the total number of Injected atoms. 

Figure 2.17(b) shows the evolution of the 
electron density profiles, n e(r). Although the 
wide time and space resolutions and uncertainties 
in the Thomson scattering measurements do not 
allow the observation of fine structures of n e(r. 

t), the electron density tends to Increase uni­
formly without prolonged Inverted density 
profiles. This Is seen as the Increase of the 
central density, n e(0). In parallel with that of 
n , as shown in Fig. 2.16(b). 

The rapid rise of n (0) observed here and in 
other experiments Is an Intriguing phenomenon for 
the particle transport simulation, which will be 
discussed In Sect. 2.1.IS. The charge-exchanqe 
analysis provides an estimate of the central 
neutral density, n o(0), [F1g. 2.16(c)] on the 
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Fig. 2.17. Evolution of electron temperature and density profiles with 
gas puffing. Other experimental data are for the same discharges shown in 
Fig. 2.16. 

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 chorda1 Integration of H 0 line intensity in 
that the edge neutral density, n Q(a), 1s parallel 
with the H- 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 fn n e(0) - a contradiction 
with the experiment. Section 2.1.15 discusses 
the necessity of Including a density pinch (such 
as the Mare 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 MHD oscillation 
characteristics from the m - 2 modes to the 
m - 1 modes (with strong Internal disruptions). 
In other discharges in which the m - 2 modes 

continued to dominate, f»e(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 lower maximum 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 internal dis­
ruptions to prevent current channel shrinkage 
which otherwise would lead to disruptive insta­
bilities. 

The particle-averaged electron temperature 
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 Artslmovich scaling. At high 
density, electron- and Ion-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 I and 0««.-0«c H-tMOr 

ep V 1 " 7 3 * ne ' 

Zeff *" I / n e * 1 / 5 e • 

<Te> A. i^/3 ̂  const., and 

^(0) % ( n ^ J i / 3 >«. (ne)i/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 ohmically heated tofcamaks. 

<"e>max * V R o * J ( 0 ) 

He 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 tokamks. In Fig. 
2.18 is plotted the maxim* density (without 
disruptive instabilities) obtained with gas 
puffing at q(a) = 5 in ORMAK, superposed on the 
data from other tokamaks. The maxima 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 B|./R 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 KM) 
level, the attained density does scale to the 
Alcator and Pulsator values. 

With ohmic heating alone at I * 170 kA, 
densities up to 4.S * 10 1 3 o r 3 can be obtained 
with gas puffing. Added injection power is 
necessary to reach the maximum density, n~ 
• 6 * 10 1 3 cm-3. In this discharge, a signifi­
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 
internal disruptions were observed in the soft 
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Fig. 2.18. Scalings of maximum line-
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 ORNAK. 

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 ion temperatures 
are approximately equal (il.3 keV), and their 
profiles a.e broad. These favorable features, 
in addition to good overall confinement { T £ 

- 15 msec, ( B p ) p « 0.93, fyiO)lp * 1.2X. and 
n e(0)T £ » 1.3 x io 1 2 cm' 3 sec}, suggest that 
the combination of neutral beam injection and 
gas puffing is a viable operational mode of 
tokamak devices. 

2.1.6 Beam Trapping by Impurities 
During the past year the role of neutral 

beam trapping by charge transfer to impurities 
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has been recognized as being aore significant 
than previously thought. This change is the 
result of Measurements by Phaneuf et al. (see 
Sect. 2.10) of tfce cross sections for charge 
exchange between H° and various light (C,0) and 
heavy (Fe) ionized impurities present in 
tokamaks and of calculations and bean trapping 
Measurements on the Tokaaak Fontenay-aux-Roses 
(TFR) by Horiette.* lie report two studies re­
lated to this impurity trapping: (1) spectro­
scopic evidence for this process in ORMAK, and 
(2) calculation of the effect of this process 
on the bean Doner distribution for the highest 
density case in ORMAK. 

Spectroscopic evidence for iapurity 
charge exchange 

R. C. Isler 
Direct evidence for the charge transfer 

reaction, H° • Q** * H* + (0 7*) , has been ob­
served during injection experiments on ORMAK. 
In these experiments the ohnic heating current 
is maintained at 70 kA until the plasma 
reaches a *ell established equilibrium; injection 
begins at 38 msec after breakdown. The sequence 
of shots analyzed here Mas obtained subsequent 
to discharge cleaning overnight with oxygen. 

Both normal- and grazing-incidence monochro-
mators are used to monitor radiation fro* the 
plasma. The acceptance cones of these instru­
ments encompass sections of the plasaa which H e 
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 11ne ex­
hibits a sudden change In slope as the Intensity 

ORNL-0«iO T6-«9406 

Fig. 2.19. Temporal dependences of the 
radiation of several spectral lines: (a) is 
characteristic of shots without Injection; (b) 
and (c) are representative o* the behavior ob­
tained with neutral beam injection. 

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

But in Fig. ?.19(c), which illustrates the 
temporal behavior of the radiation from the 
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falser 3 line, we see an evolution which differs 
markedly fnai that of the LyMn a line. There 
is a sudden, sharp increase in tne intensity as 
soon as the injector is turned on. This prompt 
signal in the Balaer 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 fro* 
six different shots all show that the intensity 
of the Balaer a of the 0 VIII line increases by 
a factor of four within 4 msec after injection 
begins, whereas the intensities of the Lyaan a. 
S, and Y lines and of the Balwr S 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 
plasaa, and these data represent the first direct 
observation of bean trapping by impurities. 

Effect of impurity charge exchange on 
bean power deposition 
H. C. Howe J. F. Lyon N. Murakami 
Attenuation of injected neutral betas by 

impurity ion collisions can prevent beaa pene­
tration to the plasaa core at sufficiently high 
impurity densities. This effect was previously 
evaluated for ORMAK rases by neglecting iapurity 
charge-exchange collisions, which were thought to 
be less important, and by assuming that the Im­
purity ionization cross section for an ion of 
charge Z was Z 2a ,, where a . is the proton 
Ionization cross section. The additional neutral 
beaa attenuation per unit length by both proton 
and iapurity Ionization was thus taken to be 
n Z f f a y Because this term is less than that 
for resonant charge exchange on protons, 
iapurity trapping of the injected beams was 
thought to be unimportant for typical OfMAK 
cases. Recently, iapurity charge exchange was 
incorporated into the beaa deposition calcula­
tions using the empirical fit a^Z) - 1*0^ (H*) 
(E/67 keV) suggested by Sheffield.10 The 
additional impurity charge-exchange contribution 
to the beaa attenuation per unit length then 
becomes n e ( Z e f f - 1) a c x {E/67 keV). 

Figure 2.20 illustrates the importance of 
this term on the beam power deposition profile 
for the highest density OfNUC case. The ohaic 
heating power deposition profile is also given 
for reference. The power per unit volume P is 
peaked on axis for both ohaic heating and in­
jection if iapurity charge exchange is neglected. 
Taking this term into account shifts the injec­
tion peak out to 15-16 cm. Figure 2.20 shows 
instead the power deposited per unit radius, 
2»rP, so that the area under each curve repre­
sents the total power deposited. These powers 
are 425, 230, and 185 kH for ohmic heating, beaa 
injection neglecting impurity charge-exchange 

i \ j£C* :% •CAS f-jf ft\Z 
=*'•-. •5 ; »•'. f . 'Ci 9 1">0'' cm"5 

1 mj* 9 . • 2« « i . P o. '«?5 k* 
?*$ »* „• » £ i v *•* »=.4SVA 

T£G»AL-«» « * 

12 16 
RADIUS (cm! 

Fig. 2.20. Calculated radial power deposition 
profiles for: (a) Injection neglecting iapur'ty 
charge-exc^rtge trapping, (b) Injection Including 
iapurity charge-exchange trapping, and (c) ohmic 
heating. The power deposited per unit radius, 2»rp, 
1s plotted so that the area under each curve gives 
the total power deposition. 
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trapping, and injection including this tern, 
respectively. The fraction of this power de-
nosited within half the plasaa radius (r,.: * 11 
cm) is 62. 71, and I K , respectively, for the 
three terss. For this highest density case 
(n e * 5.9 " 10 1 3 cw- 5), the bean power deposition 
is greater than the ohmic power for r > 14 cm. 
This additional power input in the periphery of 
the plasaa permits attainment of higher plasma 
density before disruption occurs, probably by 
heating the plasma edge and thus forestalling 
shrinkage of the current channel. 

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 beam components and the effect 
of including the impurity charge-exchange term. 
The coinjected power deposition is relatively 
unaffected by this effect. However, the fraction 
of the counterinjected beam lost to the wall by 
initially bad orbits increases from 0.4 to 381 
when impurity charge exchange is included. In 
addition, counterinjected ions, once trapped, 
can pitch-angle scatter into unccnfined 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 not 
occurred becomes 753 when this term is included. 
The corresponding fractions are more dramatic for 
the plasma core (r < 11 cm), 66 vs 9.4X. 

For the case discussed above, n~ 1 f f 

* 6.5 x lO 1* cm-3. The impurity trapping effect 
is considerably reduced at lower Z ,* or lower 
plasma density and is not usually dominant for 
most ORHAK conditions, for example, for the 
highest ion temperature case [T^O) * 1.8 keV, 
n"e = 2.8 x 10 1 3 cm - 3, Z^ff = 10] discussed in 
Sect. 2.1.2, 81* of the beam power is trapped in 
the plasma if impurity charge exchange Is ignored 
and 83X if it is included in the calculation. 
The corresponding fractions for r < 11 cm are 62 
and 37%, respectively. 

2.1.7 Counterinjection Studies 
C. E. Bush R. C. Isler .1. Murakami 
J. L. Dunlap J. F. Lyon G. H. Neilson 
P. H. Edmonds J. T. Nihalczo J. B. Hilgen 
H. C. Howe 

injection antiparallel 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 
access and because of the assumed need to balance 
the momentum input celculated for coinjection 
(see Sect. 2.1.14). Here we compare the effects 
of coinjection and ccunterinjection on plasma 
behavior for the same nominal plasma conditions 
(I » 170 M , Bj = 25 kG, and iTe = 2 ^ 1 0 i 3 cm' 3) 
for 125-W H° 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 coinjection plus counter-
injection. The main differences occur after 
the beam turnoff at 65 msec and the cases will 
be compared at 4S msec, the equilibrium portion 
of the discharge. Figure 2.23 shows the elec­
tron density and temperature profiles obtained 
from laser Thomson scattering measurements at 
45 msec into the discharge for these cases. The 
density profiles are similar except for a 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 T (r) profiles 
and the values for T ( 0 ) , the density-averaged 
electron temperatures, <T >, are essentially 
Identical for the four cases. 

The addition of counterinjection produces 
increases in the impurity radiation losses and 
in the resulting total energy flux to the wall 
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Fig. 2.21. Calculated beam power distribution for coinjected and counterinjected neutral beans 
for the highest density case in ORMAK, both (a) including and (b) excluding the heas; trapping by 
impurity charge exchange. 

(radiation + charge exchange). Relative to the 
no injection case, the fraction of the total 
power input to the plasma (ohnic plus beam 
heating) detected by the radiometer wall power 
neasurenents decreases by 20% for coinjection but 
increases by 40% with counterinjection. Figure 
2.24(a) shows the tine 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). 

However, the depression of the central 
electron temperature with counterinjection is 
thought to be more related to higher I impurity 
radiation (believed to be due to tungsten from 
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Fig. 2.22. Similarity of discharge pa­
rameters (current, voltage, and centra' chord-
averaged density) for the cases compared: no 
injection, coinjectlon, counterinjectlon, and 
coInjection plus ccunterinjection. 
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Fig. 2.23. Electron density and temper­
ature profiles at 45 msec for the cases 
compared: no injection, coinjection, counter-
injection, and coinjection plus ccunterin-
jection. The main difference occurs in the 
electron temperature profile for these 170-kA, 
26-kG, n e = 2 x io 1 3 cm" J hydrogen discharges 
with 120-kW H° beams. 

the Hmlter). Figure 2.24(b) shows the correla­
tion between the presence of counterinjectlon 
and a heavy Impurity line, in this case Fe XVI 
(360.8 A ) . The top traces are for counterinjec-
tloB alone and coinjection plus courterinjection, 
while the bottom traces are 'or no Injection and 
coinjection alone. Heavy impurities released by 
unconfined, counterlnjected Ions can cause 
radiation cooling of the plasma. In fact, dis­
charges without Injection but with a contaminated 
wall produced r »n more pronounced hollow T (r) 
profiles than that shown in Fig. 2.22. The only 

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 deleterious effect of counter-
injection should become less significant at 
higher discharge currents because the width of 
the unconfined, counter!njected banana orbit 
scales as the pololdal ion gyroradius. Pre­
viously,11 similar deleterious effects with 
less counterinjectlon power were observed to 1n-
prove rapidly with plasma current. 
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Fig. 2.2*. Effect of Injection on (a) 
total energy flux to *'»e wall and (b) a spe­
cific heavy impurity line (FeXVI - 360.8 A) 
for the four cases considered. The increase! 
radiation loss is correlated with counter-
injection. 

Figures 2.25 and 2.26 contrast the power 
flows and plasma parameters obtained with coin-
jection vs counterinjection. for the collection 
case, roughly twice as much power goes to the 
ions as for counterlnjection. The beam ion 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 
lost 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 
Ion acceleration by the applied electric field 
(vs deceleration for counterlnjection). 

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 and electron 
temperature profile shapes are much less 
important than the actual magnitude of the 
electron temperature. 

Me conclude that even at higher plasma 
current, counterinjection has deleterious effects 
on plasma behavior. Although in the above com­
parison oxygen 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 losses 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 limit beam 
penetration to the plasma core. In addition, at 
higher densities T, and T approach each other, 
and an increasea radiation loss limiting T 
also limits T. both directly through electron-ion 
heat transfer and indirectly through reduced 
beam-ion energy transfer. The supposed need for 
counterlnjection 1s 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. 1 2 Most progress resulted from Improvements 
1n 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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Fig. 2.2S. Power flew diagram for ohmic beating, neutral beam, and 
ion and electron plasna components for the coinjection case. 

holographically produced grating has oeen substi­
tuted .or 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 1n last year's report the resonance lines 
of 0 VII and 0 VII I 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 
lines from np + Is transitions of 0 VII and 
0 VII I are observed clearly, and Many An • 1 
transitions of Iron are also apparent. Intense 
lines of An » 0 transitions of Fe XVIII-Fe XX 
also appear at longer wavelengths (MOO A). The 
identification 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 OffWC-
prodveed 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 coronal 
equilibrium"* indicate that the stages M XIII 
through M XLVI should be present in a plasma In 
which the temperature ranges from 40-1000 eV and 
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Fig. 2.26. Power flow diagram for ofcmic heating, neutral beam, ami 
Ion and electron plasm components for the counterlnjection case. 

that many spectral lines nay be excited in the 
region from 10-400 A. Elements having almost 
the same ataric number as tungsten should snow 
similar spectral features, and indeed there is 
a striking resemblance between laser-produced 
spectra"' from tantalum (Z » 73) and the narrow 
band contimia from OPJMK. Some of the radiation 
m y also be due to gold or platinum from the 
plating on the liner, but at the present time we 
assign all of it to tungsten because several 
discrete, unidentified lines in the region around 
SO A correspond closely to wavelengths calculat­
ed for this Impurity.15 

As an example of our present understanding 
o* Impurities in OMMC, we present an analysis 
from a sequence of shots taken after discharge 
cleaning in oxygen. The results have been ob­
tained by correlating time-dependent signals of 

lines from 0 III-O VI with simultaneously ac­
quired spectroscopic plates of the short wave­
length region (15-100 A). The normal-incidence 
spectrometer is used to examine the behavior of 
the low stages of ionization of oxygen. It is 
calibrated by a modified branching ratio tech­
nique, and the uncertainty of absolute calibra­
tion below 1200 A 1s 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 excitation 
rates. 1 6 It is assumed that 0 VI ions have a 
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Tig. 2.27. Densitometer tracing of plate from about 10 A to 22 A. 

maximum concentration at T e * 40 eV; this temper-
ature is slightly higher than that calculated by 
coronal Models 1 7 (27 eV) in accordance with 
expeilintal measurements18 and the knowledge 
that transport of impurities does not pentit theai 
to settle into complete coronal equilibrium. The 
aosoiute inien»il'.:: i r r s r . i 2C A «r* then deter-
•ined by comparison of the Balmer and Lyaan 
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 dominant sources of vacuum ultraviolet radia­
tion. Because both spectrometers accept radia­
tion only fro* 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
librium model has been used with a modeled 
profile of the temperature In order to obtain 
these factors for iron and the light elements. 
The distribution of continuum radiators (tungsten) 
has been assumed to be uniform throughout the 
plasma because a more detailed analysis is not 
possible at the present time. 

Approximately 201 of the ohmlc 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 501 
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 ohmic heating 
power of 575 kU (data taken subsequent 

to discharge cleaning in oxygen) 
Radiated power 

Source Rate (kM) 

0 IV 4 
0 V 15 
0 VI 36 
0 VII 7 
0 VIII 5 
N V-N VII 1 
C IV-C VI 1 
Fe XV-Fe XX 1 
Continuum (tungsten) 

24-70 A 41 

Total 111 



47 

The same set of data has been analyzed to 
obtain densities and an average value of Z f t . 
The results are shorn in Table 2.2. Several 
features concerning these results are north 
noting. Oxygen has by far the largest concentra­
tion of the inpurity ions and nates the dominant 
contribution to 2 ^ . This concentration appears 
to decline only slowly towards the edge of the 
plasma and the outer regions nay be almost all 
oxygen in experiments performed after discharge 
cleaning in oxygen. The proton defect of almost 
80S at the center of the plasma is consistent 
with the dau from the neutral particle detectors. 
The power radiated in the oxygen 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 Z»ff 
subsequent to oxygen discharge cleaning with 

n e(0) « 3 « 10»/cm 3 

Species Concentrations Contribution 
to Z e f f(0) 

oxygen 
iron 
tungsten 
hydrogen 

2.9 « 101 2/cm3 

3.0 » lO'/cm3 

1.0 » lO^/cm3 

6.4 x 10 I 2/cm 3 

6.21 
0.03 
0.41 
0.22 

Total * 6.9 

The concentrations of iron are very small, 
and this element appears to have little effect on 
radiated power or on l f f f . Similarly, the concen­
trations of tungsten appear to be small, but the 
calculations of Jensen and Post 2 0 which were used 
to infer the concentrations imply that the power 
radiated could be as large as 68 * 10' 2 6 ryi e M/cm3 

in the temperature range from 300-1000 eV. 
Thus, even though the contribution to Z e f f is 
small, the radiative rates may be quite high. In 
fact, a concentration of tungsten of the order 
of 2-3 x 10 1 0/cm 3 could account for all of the 
power detected by the radiometer In most circum­
stances, yet make a contribution of less than two 

to Z f f . As long as concentrations of iron and 
other elements of intermediate charge remain 
small, it should be unusual to produce values 
of Z -. which are greater than 8 or 9. 

2.1.? Balmer a Line Profile Measurement 
The suggestion that tofcamak plasmas may 

execute toroidal rotation during the constant 
current portion of their ohmic heating cycle 
was first made by Rosenbluth et al. 2 1 The 
plasmas' toroidal rotational velocity was theo­
retically shown by Signar et al. 2 2 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 0RHAK shots with 
an improved detection and collection system and 
substantiated that there is, indeed, a systematic 
distortion of the Balmer a line profile and that 
it appears to be related to ion temperature and 
Z e f f T h' s r e p o r t describes the carponents in 
the improved detection system, unfolds the Balmer 
a line profile, and relates the line shape to 
ion temperature and Z e f f . 

Our method incorporated a Czerny-Turner 
spectrometer with the associated optics for the 
selection of the radiation band; a time gated 
vfdicon 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 1t to the sum of several Gaussians, 
each with a different width and shift. Usually 
three Gaussians will reduce the remaining misfit 
to less than the measurement errors. Or the 
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OPTICAL MULTICHANNEL ANALYSER > 
| POP-8E DATA STORAGE ANO ANALYSIS i 
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DOWNSTREAM ' vf ' 
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mm UPSTREAM 
SLIT POSITION 
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Fig. 2.28. Data collection systeai schematized. The insert depicts the projection of the OflHAK-
produced plasma by the wide angle lens systea. The spectroaeter Mas positioned so that its entrance 
slit selected the desired portion of the projection. 

line profile aay be unfolded, as Mas done in the 
following examples, into the sua of its even and 
odd components. The even components can then be 
related to average ion energies and the odd 
components to an average drift velocity. (Note 
that the odd uayonent aay be caused by a pure 
shift and/or a distortion in the Uii. He refer 
to the total effect as the average drift veloc­
ity.) 

There is am>le evidence for the distortion 
of the Salter a (6563 A) line shape. A contrast 
between observation upstream and downstream 
(with respect to the otarfc heating current) is 

negative (blue shift) If the view Is upstream 
and positive (red shift) If the view is down­
stream. The lint shape Intensity (1^) is a 
direct Image of the proton velocity distribution 
function. 

The width of the Balaer a profile at a 
given intensity 1'vel is associated with an 
average ion energy and is related to the 
magnitude of the average drift velocity. It can 
be seen in Fig. 2.30 that the relationship 
appears to be snail but consistent. All the 
data shown were collected during the constant 
current portion of many OWMK shots at 30-60 
msec. Z ~ was calculated from the plasms 
current and the line density at 45 msec. The 
distortion of the line seems to be altered by 
impurity levels and average Ion energy. It 
appears that (1) the slope is related to Z^ f f, 
(?) »K- Urtfi velocity increases with power 
Input from either ohwlc heating or injection, 
(3) that impurity effects on the line shape are 
not changed by injection, and (4) hydrogen 
discharge cleaning permits a cleaner plasma than 
oxygen. 
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Al i l l 

Fig. 2.29. Spectral line profiles of H a (6563 A). The two Urge 
amplitude curves are profiles of H a and show the total line shape. The smaller amplitude curves shot* 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 arrows indicate the intensity levels fro* which 
the average ion energy and drift velocity were obtained. 

2.1.10 Internal Mode Structure frow 
Correlation Studies 

9. 0. fturris J. L. Dunlap 
J, H. Harris V. K. Par* 

The previous annual report 2 1 described 
studies of internal mode structure in OMMC 
using colligated soft x-ray detectors and Magnet­
ic probes as the principal diagnostics. Signif­
icant improvements in both the data acquisition 
and analysis systems were made during this 
present report period. These improvements are 
described below. Results from the study of one 
particular discharge are also presented. 

1) Adding other x-ray detectors. Earlier work 
used a nine-detector array (the top one in 
Fig. 2.31) which Halted a (the poloidal 
aode number) assignments to near the center 
of the plasna. Four additional detectors 

in a side-mounted array in the saae toroi­
dal section allow phase comparisons with 
the four corresponding detectors of the top 
array in order to define a values at r * 6, 
8, 10. and 12 ca. 

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

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

4) Using Fast Fourier Transform (FFT) process­
ing to calculate the amplitudes, frequen­
cies, and phases (relative to an arbitrarily 
chosen reference channel) of the signals. 
The poloidal and toroidal mode numbers can 
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Fig. 2.30. Drift velocity 
energy lapurities. Energy and velocity thresh­
olds of 10 eV and 5 x 10* on sec-1 are deter­
mined by the resolution, dispersion, and noise 
levels of the system. 

then be determined from plots of electri­
cal phase versus mechanical angle. This 
analysis was &*» by playing the analog 
tape at 1/64 the recording speed into a 
computer-based Fourier analyzer, which 
jeserxicd the aats. asd cross-power spectra 
of the signals. Referenced to real 
(discharge) time the digitization rate 
was 128 kHz, and the spectra were developed 
through 32 kHz using time blocks of '-msec 
duration. 

5) Developing procedures for measuring the 
transfer functions of tNe x-ray detectors, 
the amplifiers, and the tape recorder It­
self. The Fourier analyzer was used to 
measure these transfer functions and to 

correct the spectra of the data appropri­
ately. 

6) Acquiring the ability to obtain plots of 
broadband, time domain data (waveforms) at 
arbitnry intervals in the 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 shown 
in Fig. 2.31. we have no corresponding detectors 
at other locations around the torus and thus do 
not determine n, the toroidal mode number, of X. 

In systematic data acquisition, we deal 
with the 13 x-ray detectors and 20 §fl magnetic 
loop probes. Eight of the latter are at the same 
poloidal angle but displaced at 4S* intervals 
around the torus; these yieli the n values of the 
current perturbation, I. The remaining 12 are 
at the sane toroidal location but displaced at 
30* intervals in poloidal angle; they yield the 
m value of I. Because the detectors total 33, 
we require three reproducible shots to determine 
the mode history of a particular discharge. 

This diagnostic system became operational in 
October 1976, and the emphasis titroughuti In* 
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 ohmically 
heated discharge. 

lp - 175 kA 
No injection, no gas puffing 
Parameters at 50 msec: 

Te(0) - 1480 eV 

T^O) - 650 eV 

» e(0) - 3.5 x 10" cm"1 

n e(0) - 2.0 x 10" a r 3 

8 » 19.« 

Br - 0.07S 

8 , * 25. 5 fc6 

<Te> * 610 eV 

<T,> » 390 eV 
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Fig. 2.31. The PIN diode soft x-ray diagnostic. 

Figure 2.32 shows one of the Magnetic loop 
signals and traces froa several of the x-ray 
detectors. The detail available for computer 
analysis is illustrated In Fig. 2.33. 

At any given time, the major oscillatory 
component in the x-ray signal (aside from saw­
teeth) Is the same frequency as the 4 f t signal. 
All of the phase Measurements and comparisons we 
Introduce below are for this dominant frequency 
coaponent (apprtnlMately 5 kHz during the con­
stant current phase of the discharge). 

Periodic I first appear at 5 Msec Into the 
discharge. The toroidal Mode nuMber, n, is 1 
at this tlMe and ranlns at that value (Fig. 
2.34). The • nuaber Is initially 4 and pro­
gresses to 3 and then 2. An exaaple of the 

poloidal phase plot for each M value is given 
in Fig. 2.35. 

Periodic X first appear at about 8 usee. 
The • values for these perturbations are de­
duced froM the relative phases of the signals 
across the top array (Fig. 2.36) and fro* the 
relative phases between side and corresponding 
top detectors (Fig. 2.37). 

In Fig. 2.36. the 180* phase shift at larger 
radius seeas to represent the approximate lo­
cation of the singular surface for q « 2. The 
sawtooth oscillation in these discharges begins 
at about 25 asec and persists well Into the 
rundown. Jurlng that period. It Is reasonable 
to associate the large phase shift at smaller 
radius with the center of an a * 1 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 beginning of the discharge 
(t = 0). Rundown of the plasaa current starts 
at t * 60 asec. 

center is also the center of the discharge, as 
indicated by the plasaa shift signals. At 
earlier tiaes we make the saae association, sup­
ported by shift signals which show the plasaa 
initially forming scaewhat outside the r * 0 
equilibriia) position and then drifting inward. 
This assignment of a » 1 at the earlier tiaes is 
less certain. Because the detector array does 
not probe equally far toward negative ainor radi­
us, the possibility that the Inner phase shift 
Is the interior phase reversal associated rlth 
the a » 2 aode alone cannot be excluded. 

The data In Fig. 2.37 show that the X at 
r • 6, 8, and 10 en are a * 2 throughout aost 
of the discharge. 

Table 2.3 details the tlae history of the 
aode structures observed in this discharge} 

different combinations of nodes are present at 
different tiaes. 

Table 2.3. Mode structures 
Tiae a: m~ n? 
(asec) ^ l 1 

6-8 No signal 4 1 8.8-6.4 
8-12 1,: 4 1 6.4-4.8 
12-20 1,2 3 1 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
lutely between poloidal as opposed to toroidal 
drift of the aode structures, but the fact that 
the frequencies in the saae aakes toroidal drift 
the stapler alternative. For toroidal drift, 
u = n v /R, anJ all the observed frequencies are 
the saae if v (r) is uniform and the n values 
are the sane (n = 1 in agreement with the I 
measurements). But with poloidal drift, 
u = • Vg/r, and a very precisely structured 
v 9(r) profile is required to give the saae « for 
different a values. 

An additional point is that frequency 
locking of the nodes iaplies a phase locking. 
This phase locking is such that the perturbations 
observed (I and X, the latter assumed to be Tg) 
have a constant phase along an outward directed 
ainor radius. A reinforcing phase alignment 
along the outward directed radius results for 
harmonic structures even in the linear MHO 
theory.*" 

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

1) at one location around the torus arranging 
whatever a valued modes are present with 
perturbation phases aligned as Indicated 
1n Fig. 2.38, 

2) assigning n * 1 to all nodes, and 
3) applying a uniform toroidal drift velocity. 

The magnitude required during the constant 
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Fig. 2.33. This is the x-ray signal from the detector at *2 cm for the same shot shown in Fig. 
2.32. The signal Mas passed through a 100-Hz high pass f i l ter , recorded, and later digitized. The 
digitized for* is shown here; there are 6.4 data points per saallest grid interval of the tine scale. 

current phase of the discharge is v » 5 
« 10* at/sec, and the direction is that of 
the electron component of the plasaa 
current. 

Mode coupling such as we have described has 
beep observed on the Pulsator" and TFR 2 6* 2 7 

experiments in the form of a coup!ing of • • 1 
and m » 2 perturbations after the perturbations 
build up to critical amplitudes near thresholds 
for disruption. The Puis*tor observations also 
included phase relations consistent with node 
structure possessing the outward directed line 
of phase reinforcement and drifting toroidally 
in the direction of the electron component of 
plasma current. 

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

levels were far below disruption. The coupling 
appears to have been a consistent feature of the 
OAMMC plasma throughout the parameter space 
investigated during the scaling studies reported 
last year. 2 8 The lower aspect ratio of ORHWC 
(3.5) should enhance the toroidal coupling and 
may account in part for the difference, l^^ 
may also be involved. The discharge illustrated 
and those of the scaling studies were character­
ized by our typically high values of Z - f 

(-t$-10). In the y/try recent work after prolonged 
hydrogen discharge cleaning, Z - . was signifi­
cantly lower.2 9 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 number determina­
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. 

He are grateful for the cooperation of aany 
of our colleagues in this work. G. R. Oyer and 
0. 0. Matlock contributed in the areas of elec­
tronic and mechanical design. G. L. Jahns, 
N. Murakami, and A. Navarro assisted in data 
acquisition. Discussions with R. G. Bateaan, Jr., 
Y-K. M. Peng, and B. V. Uaddell have been help­
ful. That pure toroidal rotation Might provide 
the siapler explanation of soae features of 
early frequency observations was suggested to 
us by Bateaan. The FFT processing was aade 
possible by the equipment loaned to us by 
Instrumentation and Controls Division. Finally, 
as always, we are indebted to the members of the 
ORHAK operating crew. 

2.1.11 Sawtooth Oscillations and Plasma 
Transport 

G. L. Jahns 
Sawtooth 

0. D. Callen 
Ism 

B. V. Haddell 

Since their discovery In 1974,3° sawtooth 
oscillations, sometimes referred to as minor or 
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Fig. 2.3S. Poloidal mode number determina­
tions from magnetic loop signals. 

internal disruptions, have remained one of the 
intriguing properties of tokamak discharges. 
Their occurrence in (MNMC was described in last 
year's annual repor t . " This year, sawtooth data 
froa a large, representative set of discharges 
were compared with a tearing mode instabi l i ty 
model, 3 2 briefly 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 f luctu­
a t i o n . 3 0 . 3 3 In our model, i t is assumed that 
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Fig. 2.36. Relative phases of the x-ray 
signals fro* the top detector array. 

Mhen a given sawtooth begins to rise, the temper­
ature and safety factor profiles inside a radius. 
r , are nearly flat due to the preceding disrup-o 
tion; here r is some radius greater than the 
radius r , of the q • 1 singular surface. Then, 
the excess heat between r and r diffuses away, 
producing the heat pulse analyzed at the end of 
this section. Simultaneously, tne electrons 
inside r oegin to reheat resistively because 
the flat temperature profile has a very small 
gradient and hence little outward heat conduction. 

s :* - s " • » . 

X 
< 

> 
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.roc 

K 55 *C 40 «C 

Fig. 2.37. Relative phases of x-ray signals 
to side and top detectors at minor radii of 6, 3 , 
and 10 cm. and the poloidal mode number of the 
magnetic loop signal. 

As explained \f Ref. 32, our comparisons with 
experiment show that the resistive heating and 
electron-ion equilibration terms are sufficient 
to explain the positive slope of the wavefon.. 

As resistive heating continues, the increase 
in the electron temperature produces a decrease 
in resist iv i ty; 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 
m = 1 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 f lat ten the temperature, current den­
s i ty , and safety factor profiles as magnetic 
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 adequate 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 
•ode calculation of Haddell et a l . 3 " The radial 
profile of the amplitude of the m * 1 precursor 
oscillations agrees well with the observed pro­
f i l e . Furthermore, once the temperature has 
become f lat , the radial profile of the dominant 
m • 0 component of the temperature obtained 
numerically agrees well with the radial profile 
of the observed sawtooth amplitude, Including 
the phase reversal at the q * 1 singular surface. 
However, I f dlamagnetlc drifts were Included 
In the numerical algorithm, the structure of the 
temperature perturbation near the singular 
surface might change sonewhat. 

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 estimated32 to be o • o 0 • a t 2 . 
The time-dependent linear growth rate (Y) of the 
tearing mode Including dlamagnetic dri f ts 3 2 is 

proportional to a 2 , so the time dependence of the 
x-ray fluctuation amplitude is 

In A <* A-itJdt « a 2 t + | a Q at 3 

• ^ ? t 5 . (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 t 5. As shown in Fig. 2.39, our 
measurements of the time dependence of the ampli­
tude of the precursor oscillations show that some 

OIWH.-OWS 7C-<T9*« 
T 1 1 \~Zi 

(l/l,,) OR (l/l,,)* 

Fig. 2.39. Normal1zed amplitude of the 
m « 1 oscillations for the chord nearest the 
singular surface vs t/tM and ( t / t ^ ) 5 , where ' 
Is the largest tin* for whl.h the amplitude 
was measured. 
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discharges exhibit clearly either t or t 5 depen­
dence while others show what can be interpreted 
as a transition fro» t to t 5. Furthermore, for 
the individual pulse examined in ORHAK discharge 
11141, which clearly shows t dependence, the the­
oretical proportionality constant compares well 
with the experimental value (9 and S usee" 1, 
respectively). Similarly, for the example from 
discharge 13477, which clearly exhibits t 5 depen­
dence, the theoretical proportionality constant 
is 0.09 Msec - 1 compared to an experimental value 
of 0.06 msec' 1. 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 5 

dependence for the growth rate of the m = 1 os­
cillations. Furthermore, for purely resistively 
heated discharges the growth exhibits some t s 

dependence, at least for large t. Thus, we expect 
In A to be always proportional to t s just before 
disruption. 

Of fundamental interest is a prediction of 
the sawtooth repetition time (t ) 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 
2r . The resulting expression is of the form 

t 0 - Dt , (2.4) 

where 0 and 7 are defineo in Ref. 32. For the 
present discussion, we simply note that Eq. (2.4) 
provides a good estimate of t , 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 observation. This model compares 
favorably with data from 0RMAK 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 repetition tine of the sawteeth. 

OM.-INS K-fTW* 

O 0.5 1.0 1.5 2.0 2-5 3X1 3.5 

Fig. 2.40. Experimental sawtooth repetition 
time compared with the theoretical predictions 
given by Eq. (2.4). 

Heat pulse propagation 
He have also carefully examined the space-

time evolution of the pulse 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
cribed previously, the sawtooth shape changes at 
r $: inside sawteeth have the slow, linear rise 
and sharp fall analyzed above; the outside saw-
Moth'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 1n 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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Fig. 2.41. Composite oscillogram of soft x-ray signals for two 
discharges. For both cases, the top trace gives the signal fro* one 
detector over the full tine of the discharge; the rest of the signals are 
on an expanded ttaescale starting at 45 Msec, Mhlch falls in the aiddle 
of the full-tine trace. Amplification factors are different for purposes 
of display. The teaporal variation in the signal (sharp fall Insiae, 
sharp rise outside) shows that r s is 5 a for shot 11389 and 8 en for 
shot 13477. The signals labeled 9. *n pololdal nagnetic field fluctua­
tions froa pickup loops. 

As detailed by Callen and Jahns,35 the 
electron heat balance equation for the electron 
tenperature perturbation (ATe) of the heat pulse 
can be nodeled as a slaple diffusion equation: 

k(K) " r S r - r - 5 r - (2.5) 

where ) ^ , assuned constant, 1s the conduction 
coefficient associated with the heat pulse. The 
pulse boundary condition suggested by observation 
gives, for a single Isolated pulse (t 0 > 3^/8x^)1 
the solution 

8 r A f l / t \ ., 
e -tp/t t - 3 r 2 (2.6) 

7!^ iaoortant points to note »h~;t this heat 
diffusion solution are: (1) the peak of AT 
occurs at t • t , which Is proportional to r2 and 
Inversely proportional to j r ; (2) at a given r, 
&T e(t) Increases saoothly to its peak in a tine 
(t ) and then decays roughly as t /t thereafter; 
(3) the aaxina of AT £(t) vary Inversely with 
r 2 - a nanifestatlon of energy conservation in 
the cylindrical expansion of the heat pulse. 

The experimental data are coapared with the 
diffusive aodel In Fig. 2.42. The first point, 
deaonstrated In Figs. 2.42(a) and 2.42(b), Is 
that t_ agrees with the predicted asyaptotlc r 2 

dependence. Second, the pulse shapes follow 
calculated curves [see F1g. 2.42(c)]. Finally, 
Fig. 2.42(d) shows that the aaxiaua AT decreases 
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W;f 

FI9. 2.42. Comparison of data with the diffusion model, (a) Peak 
arrival time vs radial position. The slope of the asymptote Is 3 / ( 8 J X*P and thus gives a measurement of x-.. (b) t vs r 2 1n normalized units 
for a representative set of discharges (a^ = r $ ) . Each symbol corresponds 
to one discharge, for which v has been obtained from a plot such as 
Fig 2.42(a). Solid syabols are discharges with neutral beaa Injection, 
and open symbols are for no Injection, (c) Graphical reconstruction of one 
set of pulses (third from left In Fig. 2.41. shot 11389) compared with 
not»al1 zed computer-generated pulse shapes, (d) Naxlawi &T e (normalized) 
Inferred from x-ray signal level as a function of radius. 

.wanly as 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 OWVUC by a diffusive process, at least 
on length scales longer than the spatial resolu­
tion of the detector array, which Is about 2 cm. 

Next, we compare the rate of this process 
with the gross electron energy transport. A 
conduction coefficient can be estimated from 

TEe 5 **'% (2.7) 

where t £ e Is the electron energy containment time 
obtained by the usual method of dividing the 

stored energy by the power Input (ohmlc, plus the 
fraction of Injection power transferred to the 
electrons, minus the power to the Ions). The 
* determined from heat pulse propagation f; 
compared with the x» determined from Eq. (5) 1n 
Ref. 35. The comparison shows that: (1) there 
Is little correlation between x ^ *"d x^t »•"-
(2) Xj. exceeds x c by factors ranging from ;.'.* 
to 15. This disagreement between X^, a n d Xj 1 n 

both magnitude and scaling Is significant and 
Is surprising because one expects the heat pulse 
propagation to reflect the gross plasma behavior. 

We do not yet understand the reason for this 
disagreement, but experimental correlations dis­
c a r d In Ref. 35 suggest two hypotheses. First, 
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there 1s evidence that Y depends on the energy 
of electrons producing the x-ray signal; these 
electrons are in the tall of the distribution. 
This suggests that v _ Is characteristic of high 
energy electrons in a non-Maxwellian distribution. 
Second, tie observe a correlation between v and 
r , the disruption radius. Empirically, the size 
of r $ Is related to the strength of the internal 
disruption, so the suggestion here is that the 
pulse propagation is significantly affected by 
the driving force of the sawteeth - a feature 
not included in our aodel. 

In conclusion, the electron temperature 
perturbations produced by Internal 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 

2.1.12 0»mt Plasm Modeling 
H. C. Howe M. Murakami D. L. Shaeffer 
Modeling MHMC plasmas is 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 transport models 
against experiments. In this report period, 
significant improvements were made on each code. 

Improvements of the data analysis code 
The code (ZOROIC) used to analyze 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 
varlour 'utsport coefficients. The 
injectU routines used in the transport 
code were Incorporated with this code. 

3) Ion power balance 1s calculated 1n this 
code with the Ion temperature profiles 
T,(r) - T,(0) • [1 - (r/a)*]" • T Q is 

determined from the charge-exchange 
analysis. 

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

Three different models for the Z £ f f 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 
Z,, model, the Zg 
Z. 

1, and the Z. model. The 
1 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 Q model utilizes the mode rational radii 
r, and rf 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 

j(r) = j(0) • [1 - (r/a)°] . 

where the free parameters, j(0), a, and B are 
used to satisfy the constraints q(rf x) * 1 and 
q(r| x) » 2 with proper total current. This 
current density with the usual small neoclas­
sical resistivity correction yields a space-
dependent Z f f ( ' ! . The Z c model assumes that 
Z ~ is constant across the plasma cross section. 
This model determines the I f f value by account­
ing for the total neoclassical resistance, 
whereas the Z Q model obtains Z e f f(r) by account­
ing for the neoclassical resistance anomaly at 
each point along the plasma radius. 

Comparisons were made between these models. 3 6 

Considering the accuracy of the measurements 
involved and the model dependence, determination 
of a specific I f f profile Is beyond the present 
capability. However, the results of the compari­
sons do appear to eliminate the possibility of 
an extreme central peaking of the l^ profile. 
For consistency, we usually use Z e f^(r) values 
resulting from the Z model. Knowing Z e f f ( r ) , 
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and assuning a single impurity species (usually 
Iron). «e infer impurity density, n (r), based 
on the average ionization state, Z(r), corre­
sponding to the Measured T e profile with a 
coronal equilibriua. The proton density, H|(r), 
is obtained fron charge neutrality. (In the Z £ 

model, the Z e f f very near the plasaa edge is 
al lowed to deviite fron the constant Z e f f valve 
in order not to violate charge neutrality.) 
The various quantities related to plasaa energy 
(such as 8 and T^) are based on the ion energy 
content with n^(r) calculated in that fashion. 

The Z ^ values determined from the 
resistance are generally in qualitative agreeaent 
with those estimated fron other aeasureaents. 
For example, as reported earlier, 3 7 the absolute 
intensity of the soft x-ray continual gives an 
estiaate of Z £ f f which is consistent with the 
Zeff ' n f e r r e d f r m t h e resistance aeasurenents. 
Therefore, it is believed that aost of the plasaa 
resistance Is accounted for by iapurities in the 
plasna. 

However, accuracies of each aeasureaent and 
its interpretation are far fron being satisfacto­
ry for quantitative comparison between the aea-
sureaents. For Instance, the resistance 
aeasureaent needs a aore coaplete theory of 
plasaa resistance in the presence of iapuiities 
with nultiple ionization states. Along this line, 
new theoretical efforts were aade by Kirillov et 
al. 3 8 to include unstrlpped high-Z iapurity in 
the resistance fomul a. 

They atteapted to explain the observed 
tofcaaak resistance anoaalies, which lie in the 
range of 2-50 for U.S.S.R.'s TM J, by the 
presence of ionized heavy lapurities such as 
iron, aolybdenua, and tungsten. However, the 
larger anoaalies required lapurity ion densities 
larger than night reasonably occur experimentally. 
In an atteapt to reduce the required lapurity Ion 
densities, they considered the effect of the 
re-ldual electron core on the aoaentua transfer 
cross section for electron-iapurity collisions. 
This effect was evaluated for typical ORMAK dis­
charge data by Shaeffer.39 Results indicated 
thar only eleatnts of high atonic nunber (such 
as gold) will reduce Z f, significantly (about 

15X), whereas Z f f for a species of an inter-
aediate atonic matter (such as iron) is reduced 
only about 5S. This is contrary to their analy­
sis of TR-3 data, which were taken early in the 
discharge when the iapurity stripping was still 
in progress. Because the core effect varies 
roughly as Z j 2 [I, being the aierage charge 
state of the impurity), a wore pranoanctd re­
duction in Z e f f occurs early in the discharge 
when the iapurity stripping is incoaplete. 

Iapro»iat»Ts of the transport code 
The transport c d e used prlaarfly to aodel 

OMMC was improved this year. Major changes in­
clude the following. 

1) The neutral particle routine calculates 
the neutral teaperature and thus gives an 
iaproved estiaate of the charge-exchange 
energy loss. 

2) A new neutral routine includes the effect 
of wall reflection of fast neutrals. 

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

4) An interactive version of the transport 
code with real tine graphics display was 
lapleaented 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 probleas Including gas puffing and 
radlatlon-doalnated transport aodels. 

5) A routine to slaulate electron-cyclotron 
resonance heating (ECRU) was added and used 
to predict the performance of the Iapurity 
Study Experiment (ISX). 

6) A wall refluxing aodel and a Hare pinch 
tera were added and found to lead to aore 
realistic reproduction of the density 
behavior in ORMAK. 

7) More realistic lapurity stripping and 
radiation aodels were added. 

8) The beaa penetration routine now includes 
lapurity Ionization by charge exchange. 

9) Finally, completely documented 



laterality, end several routines 
modularized for export. 

2.1.13 Interpretation of Charge-Exchange 
NeasMranenls 

fully 

A. C. England 
J. F. lyon 
R. M. NcGaffey 

J. T. Mhalczo 
R. V. eeidigb 

6. H. Reilsan 
J. B. bilge* 

The previous annual report M discussed the 
difficulty of determining a central Ion tcmpera-
ture from the energy distribution of charge-
exchange neutrals leaving the plasma and 
indicated the need for a better solution than the 
approxiaate correction Method outlined. A better 
procedure has been developed which closely models 
the Measured charge-exchange energy distribution. 
It also perarits evaluation of the uncertainty in 
the calculated T {(r) due to different assunptions 
In the calculation as uell as statistical uncer­
tainties in the data. 

In addition, the comparison of charge-
exchange estimates of the ion temperature with 
those Inferred from absolute neutron measurements 
has been extended and a modeling of the measured 
H a (6563 A) spectral line profile Is In progress. 

Tit problem: Interpretation of 
charge-exchange flux* 
The central Ion temperature Is usually 

Inferred from the high energy slope of the Ion 
distribution function determined fro* chordal 
measurements of the charge-exchange flux. Figure 
2.43 shows two such ion distribution functions 
obtained for no Injection and 360-W H° Injection 
Into hydrogen plasmas with I - 175 kA, t j - 26 
to*, and n e > 2.8 x i o " or*. The slope is not 
constant with charge-exchange neutral energy 
primarily because of the chordal integration 
over temperature and density profiles and, to a 
lesser 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 slope at energies E/T^O) > 7 Is needed to 
obtain a central temperature estimate within 10X 
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Fig. 2.43. Comparison of perpendicular 
charge-exchange data with the modeled Ion energy 
distribution for no injection and 360 kW of in­
jection into 175-kA. n « 2.8 * 1 0 " cm-3 dis­
charges. 

accuracy. However, at these higher energies 
the charge-exchange distribution may be distorted 
by poor counting statistics and noise, by non-
Maxwell ian components of the ion distribution 
function, and (with Injection) by beam Ions 
which have lost most of their Initial energy. 

Procedure for interpretation of charge-
exchange spectrum 
Previously,*0 charge-exchange modeling 

studies Indicated that the main effect of the 
plasma profiles was to produce a modified Maxwel-
llan distribution E* e ^ 1 * 0 ' for charge-
exchange neutral energies E > T^O) where 
B - 1/2, the exact value depending on tke plasma 
parameters. This rough correction has been re­
placed by another procedure In which T^(r) 1s 
obulned by minimizing the difference between the 
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•easvred charge-exchange flux and a model calcu­
lation of the flux utilizing data for energies up 
to -v3 1^(0) (with injection) and for different 
radial chords. 

To determine the oest fit for the charge-
exchange data to that calculated, a form for 
T^r) is assuned. usually T^r) » [^(0) - ̂ .(a)] 
* [1 - (r/a)p]*1 + T,(a). An rm error e w is 
defined, c* * 1/" t e* 2, "here 

Cj * In M- - In • 
calc 

and the sun i * 1 to H extends over the desired 
range of energies and radial chords. 

The fitting parameters for T^(r) are then 
Iterated [typically p > 2 Is chosen and T^O) and 
q are varied] to nrlninrize c ; this form for 
T { ( r ) Is the noninal best f i t to the data. 

Figure 2.43 shots examples of the data and 
the best f i t calculations for two cases - one for 
no injection a«rf •»- ««-» *zz 2SMH H° injec­
tion. Typically, e _ , * 5-10X and q « 1.5-2 for 
a wide range of cases. I f data above 7 keV in 
Fig. 2.43 are used In this procedure, audi larger 
values for c art obtained. This Is not unex-

ras 
pected because solution of the Fokker-Planck 
equation for the fast Ion distribution In OPJMK 
indicates that this distribution should join the 
background Ion distribution at an energy ratio 
E/T^O) -v 4-5, or E <x. 8 keV for this case. 
Additionally, the fast Ions Interact preferen­
tially with the faster Ions in the background 
plasaa, distorting the background Ion distribu­
tion froa a Maxwell Ian. as discussed by Cordey.11' 
This effect becoaes significant for this case for 
E/Tt(0) -v 3-4. or E * 6.5 keV. 

The effect of statistical errors on this 
fitting procedure 1s expressed In two ways: 
(1) the error bars on the fitting parameters 
[TjfO), q. etc.] due to counting statistics, and 
(2) the c* expected due to statistics alone 

FTPS 
If the exact temperature and density profiles 
were known. 

The advantages of this procedure are that 
It allows use of the aore representative inter­
mediate energy range data [E/Tj(0) s 3] and 

permits evaluation of the effect of different 
assumptions and of statistics on the data analy­
sis. In addition, the analysis gives an ion 
temperature profile. T ^ r ) , that best fits data 
at all energies and radial chords analyzed and 
also gives an estimate of n Q(0) n +(0) from the 
absolute count rate. The real test of the pro­
cedure U h n i t K T i(r} ^tS^i'.MM - ••-••— ?*•*•_ 
that calculated from other ion temperature diag­
nostics such as the neutron measurements and the 
H spectral line profiles discussed below. 

neutron its of ion timmntui* 
In last year's annual report, we reported 

first comparisons between central dewier on 
temperatures obtained from charge-exchange analy­
sis and neutron measurements. Further analysis 
of the data has shown good agiieamt 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 temperstiir* p r o f i l a , i 
deuteron defect ("n/O obtained from laser 
scattering. Interferometer measurements of a~e, 
and an empirical fit for the D-0 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 
obtained tt 50 msec into 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 one of 
these sets (the one-Injector set) as a function 
of tine during the discharge. The squares are at 
5 msec intervals froa 5 to 55 msec. 

The line of 45* slope Indicates the expected 
agreement and Is not a fit to the data. In all 
cases, there *rt periods of good agreement 
between the two kinds of measurements. 

Comparison with H a spectral line profiles 

Another measure of the Ion temperature 
profile, especially near the plasaa edge. Is 
the Doppler broadening of the H a (6563 A) 
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FI9. 2.44. /ujiceatnt between neutron estiaates and charge-exchange 
estiaates of the central Ion teaperatwre for deuterfuo plasaas with 
hydrogen bean 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 prof11ts of neutral 
density, n 0, and taaperature, T a (aean energy), 
art obtained froa a one-oiaanslonal neutral 
transport code using Thoason scattering data to 
obtain n c(r), T c(r), n f(r), and an assaaed fona 
for Tf(r). Froa these quantities the spectral 
Intensity, lu^X), H calculated by Integrating 
over the viewing volant. The calculated Inten­
sity Is given by the convolution of the spectro-
aeter resolution function with the expected 
Intensity 

If, (X) • C // n e(r) n 0(r) ̂ exV 

exp W ft 
X. • 6663 A and the rate coefficient o 

<e v > for electron excitation froa the n - 1 ex e 
to n - 3 level was taken to be constant In this 
preliainary calculation. The fora for T^r) Is 
then Iterated to get the best fit between the 
Measured spectral Intensity (squares) and the 
calculated Intensity (circles), as shown in 
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Fig. 2.45. Although the agreeaent is good, 
further wtrk needs to be done to refine the 
calculation and to farther integrate i t into 
the charge-exchange interpretation procedure. 
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Fig. 2.45. Comparison between Measured 
(solid cu-ve) spectral line profile of H, (6563 A) 
and that calculated (dashed curve normal u*d at 
line center) from the procedure described in the 
text. 

2.1.14 Effects of Injection on Plasma 
EojHUbriiw 

J. L. Dunlap N. Murakami 
J. F. Iyon R. V. Neidigh 

In the last three years, the effect of 
neutral beam injection on ine C£££ ;.!.«*« has 
grown fro* a saall perturbation ( P ^ -v 45 fcW, 
^i^lo * ° 2 5* t 0 a M i o r " o d 1 f 1 c* t 1 o n o f t h e 

plasna (P l f l j ̂  350 kW, A ^ / T ^ -v 2). In 
cases injection has become the major power Input 
to the plasma (for I • 75 kA, P^J/PQJ, * 3 and 
6 T / T , -v 1.5). These higher power levels have e eo 
led to extensive Ion heating (Sect. 2.1.2), 
electron heating (Sect. 2.1.3). high (^ (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 counteriajection that 
depresses the central electron temperature (Sect. 
2.1.7), as well as the beneficial effect of 
being able to have grossly stable discharges for 
lower limiter safety factors [q(a) * 2.5 vs q(a) 
> 3.5 without injection] as discussed in Sect. 
2.1.4. Here we discuss two other effects of high 
power injection (? 1 . > PQ,,): changes in the 
plasma equilibrium (which are observed), and 
large bulk ion toroidal rotation (which does not 
occur). 

Modification of pi 
injection 

equilibrium by 

For the high power (P i nj > PQ,,), low density 
(n"e t 2 « 1 0 1 3 cm- 3) injection experiments, the 
beam slowing down time is considerably longer 
than the plasma energy confinement time, and we 
should expect the beam stored energy 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 Meld providri 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 

«; e„ • r * ( * • * ) 

for plasmas with and without injection. Because 
the diriv?*<on of tft involves n^zn". uncertain 
parameters (e.g., stray field from the iron core 
and the gap constant), the difference 

6 « l • «*i>1nj - <**i>no inj 

between the values for the injection and no 
Injection cases 1s a more reliable quantity 
than are the individual values. Taking into 
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Fig. 2.46. Plasma equilibrium measurement 
Indicates that the beam stored energy Is 
»p?mximatelv eqsal to the plasaa stored energy 
for 360 kU of injection into a B - " . » c » 1.7 x 1 0 1 3 o r 3 hydrogen discharge. 

account differences in B p, and assuring 
J *«• T e

3 / 2 , tie estiMte 

A* (WW( 8p * ••» 

In order to translate this ratio to the 
ratio (r f) of the stored fast Ion energy to the 
plasaa energy, a Multiplicative constant has to 
be detemlned, depending on the anlsotropy of the 
fast Ion distribution function. This Multipli­
cative constant ranges between 1.5 and 1.2; 
therefore, the value of Yf fro* this measurement 
gives an estimate ranging froa 1.3 to 1.1. This 
value 1s somewhat smaller than the value (1.9) 
calculated fraa the numerical calculation of the 
beam slowing down and pitch-angle scattering. 

The internal modes explored by soft x-ray 
diagnostics are also affected by injection. 
Figure 2.47 illustrates the observations usually 
obtained with collection. The x-ray data are 
for a central chord. As indicated, 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 turnoff 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 n , radius r for sawtooth 
phase reversal, sawtooth period T , and sawtooth 
amplitude 4A for 350 V* of H° colnjection into 
a 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 nonresls-
tive plasma current contribution from the slowing 
down beam Ions, although the magnitude of this 
current Is theoretically not small. For example, 
for the plasma parameters shown In Fig. 2.46, 
this calculated current perturbation Is 21 kA, or 
30% of the total plasma current, t t could be an 
even larger fraction of the oh»1c current density 
on the axis because of the calculated beam 
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peaking on axis. However, no direct evidence for 
this current has been obtained, and other effects 
expected - such as the large toroidal rotation 
discussed below - definitely do not occur. 

Absence of bean-Induced toroidal rotation 

Despite the reduced Ion heating efficiency 
"i increased input ny radiation losses associat­
ed with counterinjectlon, there has been a 
supposed need for counterinjected beans 'JO bal­
ance the toroidal aoaentun Input expected from 
coinjected neutral beans. The average Ion toroi­
dal flow velocity, V. , , can be obtained from a 
toroidal aoauitua balance equation:1'2 

or 

dV, l i . V i IT'' "f Vbo 0 0 5 eo { Re * V 

"l n 1 v l i / T 

with the fast ion density input rate, 

. (I b/e) h(r) 
V (2R0Ka2) 

(2.8) 

(2.9) 

The first term on the right-hand side of Eq. 
(2.8) is the bean aonentua Input, where 6 Q 1 
the injection angle to the field and the 
•onentua transfer fraction K| • tg * 1 . In 
these e«mat4.cr.s =̂  » • V ^ is tne initial beam 
velocity, t Is a toroidal maannaa damping tine, 
and h(r) Is the spatial shape factor*2 for the 
bean deposition. Solving Eq. (2.8) gives 

( y e ) h ( r ) Vaca te , 
(Ml0J («*) 

XT (1 e - t / t , (2.10) 

Because the shortest classical damping tine, 
-r * T > 60 asec, 1s longer than the bean p 
length, £ < 50 nsec, Eq. (2.10) gives 

2 ID(A)h(r)At 
v l 1^bo" In7TTuTraFlT (2.11) 

v ^ * ̂  vt» * 7 x 1 Q 7 h ( r ) a ^ 5 ^ 

for the parameters of Fig. 2.46. Since h{0) Is 
calculated to be -14 for this case, V | {(0) 
~ 4.5 « t e * 10' an/sec, an iapossibly large value. 
Equation (2.10) is not correct for Vf. > V ^ , 
and there is reason to believe that V. { sight 
be limited to audi lower velocities (*̂ cs, the ion 
sound velocity) due to the onset of shocks in the 
plas 
x lo 7 ca/sec, is quite large. 

Estimates of the experiaental values for 
froa two sources, the Ooppler shift of 

Even this velocity, Vj. ̂  / k T ^ ^ -v 2.8 

the H a line profile described In Sect. 2.1.9 and 
froa coaparlson of the parallel and perpendicular 
charge-exchange energy distributions. The former 
measurement is weighted toward the plasaa outside 
while the latter aeasureaent is acre representa­
tive of the plasaa interior. H aeasureaents 
siallar to those discussed in Sect. 2.1.9 indi­
cate that the toroidal velocity In the plasma 
Interior is -v6 x 10* ca/sec with oxygen discharge 
conditioning, and Moreover there Is no signifi­
cant change in this velocity with injection. 
Even the change froa oxygen discharge cleaning 
with no InJectiaR to hydrogen discharge clean-
lag with injection produces a change in Interior 
rotation velocity of <2 * 10* ca/sec. The charge-
exchange estlaates are less certain, but they 
also give coaparably saall changes in Interior 
rotation velocity. 

Taking AV.| <v 2 x 10 ca/sec gives [froa Eq. 
(2.11)1, a damping time T * At -v 1.4/h(r) asec 
or -vlOO usee for the plasaa interior, auch faster 
than any classical process. It Is also not 
plausible for this aoaentua to be transferred by 
collisions to plasaa Ions at the plasaa edge 
where It Is then lost either by charge exchange 
to the wall or directly to the Halter. 
Balancing the bean aoaentua input rate against 
the calculated ion loss rate requires each 1on 
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to carry out audi •ore additional aoauitwn with 
injection than is observed. It is probably a 
field interaction rather than a direct particle 
loss that carries the aoaentun to the wall. but 
we do not yet understand the aechanisa for this 
loss. 

2.1.15 Transport Modeling of Gas Puff 
Experiments 

H. C. Hone 

The density in a tokanak discharge is 
sustained against diffusive loss by a flux of 
cold neutral hydrogen froa the wall. In a gas 
puff experiment, the flux is increased 10 torr 
liters/sec by bleeding in gas froa an external 
source. Because the cold Mall flux penetrates 
only several centiaeters into the plasaa, aost 
of the additional plasaa source is near the wall. 
The subsequent evolution of the density is 
aodeled using a transport code where the calcu­
lated neutral density includes neutrals generat­
ed by charge exchange within the plasaa as well 
as ->11-reflected neutrals. Because the plasaa 
source is near the wall, the aodel density 
rapidly peaks off axis (Fig. 2.48). Experiaen-
**".',', "~ ;CBCI«I aensity increases rapidly due 
to gas puffing. Indicating the presence of a 
aechanisa to carry plasa* Inward. 

One candidate for an Inward transport force 
on the plasaa density Is the Mare pinch, when 
this effect Is included in the transport aodel, 
the central density Is governed by a balance 
between the pinch and diffusion. The density 
near the wall (In the bulk of the discharge) re­
sults froa 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 aodel. 

Two effects predicted by the gas puff aodel 
*n not present experimentally. In the model, 
the density Increase due to the puff cools the 
peripheral regions and shrinks the current 
channel. The resulting voltage Increase which 
1s predicted 1s not observed experimentally; 
current channel shrinkage Is, therefore, probably 

onwL-oac 7«-ts»09 
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Fig. 2.48. The observed and modeled l;ne 
density time behavior with and without a gas puff 
in OfBMK. The evolution of the profile is aodeled 
without and with a pinch. Comparison with the 
measured profile shows the improvement in the 
aodel due to the ware pinch. 

not the cause of the disruption Halt of density 
in gas puff experiments. Also, due to the pinch 
the density profile in the aodel 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 Hall Power Measurements 
C. E. Bush J. F. Lyon 

The preceding annual report 1* 3 discussed 

time-resolved measurements J1 energy transport to 
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the MMK l'ner aade using a radially Movable 
pyroeie^ti ic detector. These aeasureaents 
indicated t V l a large (-^60-752), relatively 
constant fraction of the input ohaic power Mas 
lost to the liner, rather Uan to the 1 writer, 
over a 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 plasaas where the injected 
power exceeded the ohKic heating power. In 
addition, these data were correlated with 
vacuua ultraviolet spectroscopic observations 
which were not available during the preceding 
period. The result was a better understanding 
of the inpurity radiation losses in ORMK. 

The use of gas puffing to increase the 
plasma density in (MMK 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 plasaa behavior obtained for the higher 
plasma densities (n > 4 * 10*3 o r * ) obtained 
ft higher plasma current ( I i 175 kA). Except 
for the early discharge behavior (t < 15 asec) 
and for disruptions occurring late in the dis­
charge (t > 85 msec), the radiometer (wal1 power) 
signal is nearly constant in tine as the plasaa 
density sore than doubles. The power loss per 
plasma particle (alnost entirely radiation in 
this ohiically heated discharge) decreases as the 
density increases, although the electron teapera-
ture reaains relatively unchanged. This aay 
indicate a reduction in the iapurity density at 
the highest plasaa densities. 

For lower density (n~e < 4 * 10 I J or3) 
discharges obtained with gas puffing, the plasaa 
behavior is as shown in Fig. 2.49(b). After a 
delay of MO asec, the radioneter signal closely 
follows the plasaa density behavior. In this 
case the plasaa current and voltage are approxi­
mately constant (and hence the ohalc power Input), 
as is the electron temperature. The proportiona­
l i ty of the radiometer signal (again essentially 
entirely due to iapurity radiation) to the plasaa 
density aay Indicate a relatively constant 
iapurity density. 

0 2 i 50 75 fOO I2J i30 
TIME [KUCI 

Fig. 2.49. Discharge tine behavior (plasaa 
current I, loop voltage V, central line-averaged 
density n e, and radioneter signal P) with gas 
puffinc A high density (n e = 2.5 * 1 0 n o r 1 ) , 
high current (I * 175 kA) case is shown in (a) and 
a lower density (n. » 2.5 x i o 1 3 e n - 3 ) , lower 
current (I * lOOkAJ case is shown in (b). 

The variation of the wall power flux with 
tcul input power (ohalc plus bean heating) up 
to 1 Mi is shown in Fig. 2.50 for plasaas with 
both hydrogen discharge cleaning and oxygen dis­
charge cleaning preceding the experimental run 
*nd for no injection, colnjectlon, counterinjec-
tlon, and colnjectlon plus counterinjectlon 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 
"\40X of the input power goes to the walls with 
hydrogen discharge cleaning and a much higher 
fraction (-*-60X) 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 obtained from 
the radior cer signal using the calculated 
detection geometry and the 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 1n Fig. 2.50 is thought to be accurate. 
The remainder of the power presumably goes to 
the Hmiter. 

The distinction between the results obtained 
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 (i.350 kw) larger than ohmic heating 
power (-v.150 kW), as discussed In Sect. 2.1.3. 

The interpretation of the radiometer signal as 
being mainly due to impurity radiation may not 
hold for these cases, in which the ion power 
input is not small cor pared 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 cleaning. In this case 
I ' 75 kA, n*e = 2 x To 1 3 cm" 3, and significant 
electron heating occurs (doubling of the electron 
temperature). The radiometer signal rises 
rapidly in the 15 msec following beam turoon and 
then has a more gradual and often small Increase 
for the beam duration, similar to the behavior 
seen In the plasma-stored energy (see Sect. 
2.1.3). The radiometer signal falls quickly In 
the 15 msec following beam tumoff, unlike the 
plasma-stored energy, and by 95 msec (<20 msec 
a'ter beam tumoff) has the same value as that 
obtained In cases without injection. 

In all cases the radiometer signals are well 
correlated with the narrow band continua in the 
range of 20-70 A, which account for most of the 
Impurity radiation wen spectroscopics Ily. Good 
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Fig. 2.51. Correlation of radiometer signal 
(a) with discharge parameters and (b) with speci­
fic Impurity lines when the neutral beam injection 
power (-350 kW) exceeds the ohmic heating power 
(<150 kK). 

correlation with the 0 VII and 0 V I I ! line Inten­
sities is also seen, as shown in Fig. 2.51(b), 
but the correlation is much weaker for the 0 VI 
line (150 A) originating at a larger radius 
(maximum for T ^ 40 eV). No correlation is seen 
with other impurity radiation, such as the 0 VI 
(1032 A), 0 V (629 A), 0 IV (790 A), and Fe XVI 
(360.8 A) lines. 

2.1.17 Neutron Tim 
Neutral Bea 
Plasma 

Behavior Que to Deuterium 
Injection Into a Hydrogen 

A. C. England 
R. H. Fowler 

H. C. 
J. T. Kihalczo 

Neutrons were produced by 0-0 reactions when 
28-keV deuterium beams were colnjected into a 
hydrogen plasma in 0OMK ( I ' 110 kA, ^ « 18 k6, 
n"e = 2 * 10 1 3 , T e(0) » 1 keV, 2 < f f •*. 5 ) . Compar­
ison of Fokker-Plancfc calculations (which followed 
the evolution of the fast ion distribution at the 
plasma center) with results of the measurements 
indicates that the majority of the neutrons are 
from the injected particles Interacting with 
daiterons that have scattered through large 
angles before they have slowed down (beam-beam 
neutrons), as first suggested by ^sby. 1*" The 
neutron flux was calculated by performing the 
appropriate integrals over the distribution 
function. There 1s 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 shown 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 levels because 
an absolute calibration of the neutron detectors 
was not available for these measurements. The 
delay of **6 msec 1n the rise of the neutron pro­
duction rate Indicates that neutron production 
from beam Interaction with deuterium already In 
the plasma is small. Saturation levels varying 
as the square of the beam current indicate that 
the beam is producing Its own target. Quick 
saturation and agreement of the time dependence 
of the measured and calculated neutron flux from 
beam-bear reactions support the conclusion that 
almost all of the neutrons in these experiments 
were from beam-beam Interactions. 
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Fig. 2.S2. Comparison of experimental neutron time behavior and the 
Fokker-Planck calculation of the neutron production from beam-beam (B8) 
and beam-plasma (BP) reactions. The parameter in the lower two curves 
(BP) is the deuteron particle containment in the plasma. 

2.2 MALL IMPURITIES IN ORMAK 
E. T. Arakawa R. ™. H3MR M. Murakami 
R. 0. Blrkhoff L. Heatherly R. V. Neidigh 
C. E. Bush R. C. Isler D. L. Shaeffer 
R. E. Clausing C. L. Jahns J. C. Twlchell 
R. J. Colchln J. F. Lyon M. W. Mil Hans 
L. C. Emerson 

2.2.1 Introduction 

It 1s generally acknowledged that tokamak 
plasma Impurities originate on the walls and 
llmlters. 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 1n the 
abstracts which follow. 

2.2.2 Impurity and Surface Studies in ( W W C 5 

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 spectroscoplcally 
In plasma discharges, although numerous other 
elements are present in lesser amounts. Spec­
troscopy, x-ray measurements, plasma resistance, 
and fast ion scattering have been used in an 
effort to determine Z „ , the effective nuclear 
charge of plasma ions. All four measurements 
have practical difficulties leading to relatively 
large experimental error limits. Oxygen dis­
charge pre-cleaning has allowed ORMAK discharges 
to reach higher currents and correspondingly 
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higher ion and electron teaperature; spectro­
scopic studies reveal a later level of contami-
nants, particularly C and K. Power aeasureaents 
indicate that aost of the inout power strikes 
the walls. Mostly as radiation. By varying 
operating parameters it is found that Z ~~ 

2.2.3 Surface and lapurity Studies in 
WHUlC and i s x 3 r ^ 

The ORMAK vacuum liner is constructed of 
stainless steel, overcoated with a thin platinua 
diffusion barrier and a final layer of gold. 
Gold was selected as the vacuua surface because 
it is cheaically inert to the adsorption of 
common gases. However, gold surfaces do adsorb 
hydrocarbons, and carbon (along with oxygen) was 
the principal plasaa contaainant during the first 
two years of ORHAK operation. Upon switching 
discharge cleaning gases from hydrogen to oxygen, 
carbon levels dropped until carbon is no longer 
a significant contaainant. Residual hydrocarbons 
can now be controlled by either hydrogen or 
oxygen discharge cleaning. The principal 
Measured plasaa contaainant in ORRV is now 
oxygen. Saaples taken froa the ORHAK liner and 
analyzed by Auger electron spectroscopy reveal 
the presence of iron and oxygen. There is evi­
dence froa a SXAPS (Soft X-ray Appearance Po­
tential Spectroscopy) probe of iron and chroaiua 
diffusion froa the stainless steel through the 
gold surface in spite of the platinua diffusion 
barrier. The Fe and Cr provide surface oxida­
tion sites, and SXAPS analysis shows that these 
aetals exist as oxides. 

In order to Investigate tokaaak lapurity 
probleas further, the ISX (IapuHty Study 
Experiment) tokaaak 1s presently under construc­
tion. It will provide a cleaner and aore flexi­
ble vacuun system in which to conduct studies of 
surfaces and plasma 1apur1t1es. The operating 
characteristics will be much the saae as those 
of OflMAK (with ohaic heating) 1n terms of size, 
plasma current, and plasma teaperature. 

2.2.4 Surface Impurities and "Clean-up" 
Techniques^ 

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 wall, of the 
Oak Ridge Tokamak (ORHAK) have been carried out 
in the laboratory using Auger Electron (AES) and 
X-ray Photoelectron (XPS) spectroscopic 
techniques. Additionally, liner aeasureaents 
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 
plasaa diagnostics, also the major plasaa impuri­
ties. Glow discharge cleaning of gold and 
stainless steel surfaces has been studied using 
various gases and gas mixtures. Oxygen dis­
charges are very effective and hydrogen moderate­
ly effective in removing carbon and hydrocarbon 
deposits from both types of surfaces. Other 
parameters involved in the contamination-
decontamination process, such as pressure and 
teaperature, have been studied using techniques 
to control1ably contaminate surfaces with hydro­
carbons. 

2.2.5 A Laser Reflection Tr^hnique for Studying 
Contamination Bulldt > on a Fusion Reactor 
Oner** 

Calculations and measurements of optical 
reflectance of a gold substrate for various 
carbon overlayers suggested monitoring a tokaaak 
liner optically for contamination. A He-He laser 
beam directed at the inner surface of the OWAK 
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 directed a portion 
through a chopper to a photomultiplier and 
oscilloscope, this acting as a reference signal. 
The remainder struck the liner and photomultl-
plier without being chopped. The reflectance 
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decreased during the first ̂ 200 shots and re­
turned to its original value at about shot 500. 
Separate reflectance curves Mere found after 
clockwise and countercloclorise discharge. Strong 
teaperature effects were seen froa liner expan­
sion or gas condensation. Reflectances became 
erratic after neutral particle Injection, lie 
conclude the Method is feasible and may have use 
in plasma diagnostics. 

2.2.6 Mall Conditioning Studies for 
QMAK and i a ^ 

Laboratory studies of various discharge 
cleaning techniques and the resulting surface 
trapping of hydrogen have been carried out 1n 
an attempt to explain conditions existing In the 
ORMAJC tokaaak. Gold and stainless steel saaples 
have been both directly and Indirectly exposed 
to oxygen and hydrogen glow discharges. Saaples 
exposed either directly or indirectly to oxygen 
discharges experienced a aore rapid reaoval of 
carbon (hydrocarbons) than saaples exposed In a 
siallar maimer to hydrogen discharges, and 
siallar results have been obtained during dis­
charge cleaning in OffMK. Saaples directly 
boabarded as the cathode of a glow discharge 
were aore rapidly cleaned than those Indirectly 
exposed, I.e., facing away froa and not iaaersed 
in the discharge. The oxygen concentration was 
found to increase on the surfaces of those 
saaples which were oxygen discharge cleaned. 
Similarly, an Increase In the oxygen iapurity in 
ORMAK discharges is soaetlaes noted after oxygen 
discharge cleaning; however, the hydrogen dis­
charge cleaning cycle which always precedes the 
Initiation of noraal tokaaak plasaas tends to 
aask this effect. The presence of Impurities 
(CHi, and H 20) In the cleaning discharge Influences 
the composition of the surface 1n equilibrium 
with the discharge; thus it is Important to 
remove Impurities (reaction products) as effi­
ciently as possible during the cleaning operation. 

Direct hydrogen ion bombardment of stainless 
steel surfaces and subsequent thermal desorptlon 
demonstrated that 20-50 monolayers of H 2 were 
present In the surface oxide layer. Similar 
bombardment of nickel and gold surfaces showed 

little hydrogen loading. Hydrogen desorption 
froa oxidized stainless steel surfaces is 
significant at room teaperature and Increases 
rapidly with even a few degrees rise in teapera­
ture, thus suggesting that thermal desorption aay 
be an important mechanism of hydrogen release 
froa tokaaak walls. 

2.3 SOLID HYDROGEN PELLET INJECTION IN THE 
ORHMC T0K*«M 5 0 

R. J. Col chin K. Km C. A. Foster 
S. L. Hi lor a R. J. Tumbull 

Solid hydrogen spheres have been Injected 
into the ORMAK tokaaak as a test of pellet re­
fueling for tokaaak fusion reactors. Pellets 
70 \m and 210 \m in diameter were injected with 
speeds of 91 a/sec and 100 a/sec, respectively. 
Each of the 210-tai pellets added about IX to the 
number of particles contained in the plasaa. 
Excited neutrals, ablated from these hydrogen 
spheres, emitted Ugh" which was monitored by 
either a photoaultlplier or by a high speed 
framing camera. Froa these light signals 1t was 
possible to measure pellet lifetiaes, ablation 
rates, and the spatial distribution of hydrogen 
atoms in the ablation clouds. The measured 
lifetime of the 70-ua pellets was 422 usee, and 
the 210-yn spheres lasted 880 psec under bombard­
ment by the plasma. These lifetimes and the 
measured ablation rates are in good agreement 
with a theoretical model, which takes Into 
account shielding of plasaa electrons by neutrals 
ablated froa spherical hydrogen ice. 

2.4 RELATIVISTIC ELECTRON STUDIES 
A. Cooper D. H. Swain S. J. Zweben 

2.4.1 Introduction 
The last annual report presented results 

indicating that the n.iaway electron confinement 
1n ORMAK could be described by i simple orbit 
shift model, to lowest order. The work of the 
past year has been to refine the experimental 
measurements and to measure departures from this 
model. We have observed a saull diffusion of 
runaway electrons 1P qule'cent discharges, and 
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occasionally an increased radial transport of 
runaways associated with MHO activity and sawtooth 
oscillation, we have also observed a change in 
runaway loss rate correlated with rf and Micro­
wave emission from the plasaa, apparently indi­
cative of an instability involving the runaways. 

More experiments have been performed on the 
runaway-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 runaway-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 
ORMAK implies that the particle confinement is 
very good. I t has been our goal to find out 
under what circumstances the confinement Is 
classical ( i . e . , given by the runaway orbit 
model described in last year's annual report). 
Any systematic deviation from this classical 
behavior can provide clues about the internal 
field structure of the plasma which would give 
rise to anomalous runaway-electron transport. 

We have measured the movement of high energy 
runaways across a known distance and have in­
ferred from the results that there is a small 
diffusion (D * 100 cm /̂sec) characteristic of 
runaways near the outside of a normal, low 
density ORMAK discharge. He have also observed 
in more unstable discharges that runaway loss 
can be correlated with MHO behavior or with the 
internal disruption. In general, however, we 
believe that the orbit model Is necessary and 
usually sufficient to explain the confinement of 
the high energy runaways In ORMAK.51 

The following experiment was done In orur 
to test the confinement of the high energy 
runaways: during the steady state of a normal, 
low density ORMAK discharge the plasma was moved 
inward suddenly while the runaways striking the 
outer llmlter were monitored 1n the usual way.5 2 

He expected, on the basis of th» orbit model, 
that the runaway flux at the outer llmlter would 
drop as the orbits were pulled inward by the 

shifting plasma current. Furthermore, we expected 
that as the runaways gained energy the orbits 
would move back outward until they relntersected 
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 Inward 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 
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Fig. 2.53. Effect of shifting the 
plasma on the hard x-rays from the llmlter. 
Top graph of each set shows pulses from 
Nal vs time; lower graph is plasma position 
vs time, (a) No shift; (b) 1.75-cm shift; 
(c) 3.5-cm shift. Arrows show hard x-ray 
gaps expected from theory. 
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with that calculated on the basis of the orbit 
model. In addition, however, we see that there 
are a few runaways which cone out well before 
the time expected on the basis of the classical 
aodel. 

This result has been analyzed In tents of 
a diffusion process which allows the orbit minor 
radius to change randomly due to sow* unknown 
aechanlsa. In Fig. 2.54 we show that the data 
can be fairly well fitted by assuring 0 * 100 
orVsec for these particles. He are presently 
attempting to understand this saall but anomalous 
transport on the basis of possible field pertur­
bations within the plasma. 

In other circumstances we nave seen evidence 
for larger diffusion rates apparently associated 
with an Increased level of Instability In the 
discharge. That such an Influence 1s possible 
Is clearly shown In several cases In which a 
correlation between runaway loss and plasaa 
Instability was observed. 

0KNL-DW6 76-18473A 
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rig. 2.54. t-r*y flux to I miter vs time 
for 3.5-aa shift case, divided by the flux for 
the zero shift case. Points show experimental 
data, solid lines show predictions of the orbit 
shift plus diffusion model for different values 
of diffusion coefficient. 

For example, In the presence of large 
amplitude • • 2 oscillations, there were occa­
sionally corresponding oscillations in the 
hard x-ray flux. This correlation persisted 
over tens of Billiseconds and can evidently 
produce an enhanced transport of runaways out 
from the plasma interior. This phenomenon 1s 
being investigated In terms of magnetic Island 
structures which distort the runaway drift 
surfaces and, when rotating, can explain the 
periodic loss of runaways at the Hmiter. S 3 

Also, when the q - 1 surface was at an 
unusually large radius we have seen a correlation 
between sawtooth oscillations and the runaway 
ccr.firtessent; 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 

He have performed experiments on ORMAK 
discharges In which a large fraction of the 
toroidal current was carried by runaway electrons 
of 1-5 MeV energy. The discharges were made to 
go Into the runaway-dominated mode by doping the 
low pressure H2 plasma with 5-20S 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 mor' >red during runaway 
beam discharges. Results are indicated In Fig. 
2.55, which snows data for a shot with very few 
runaways (on the left) and for a runaway-dominat­
ed shot. In each case, the top trace Is current, 
the thin) trace 1s hard x-ray Intensity generated 
by electrons hitting the llmlter, I x ( t ) , and the 
second trace Is the Integral of the (Inverted) 
x-ray intensity, ' ^ ^ ( t ) «"*• Characteristics 
of the runaway discharges are: (1) e large 
value of I x compared to nonrunaway discharges; 
(2) the periodic x-rays bursts, which are associ­
ated with steps In the toroidal current (note 
the close similarity between / I x and the toroi­
dal current decay In the runaway shot); (3) the 
hump (or sometimes p1at«au) In the current at 
t - 2-3 msec from the start of the Hscharge; 
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Fig. 2.55. Comparison of rf and microwave emission for runaway and nonrunaway cases. 
B T = 10.5 kG, f<. = 30 GHz, f < f c. 

and (4) a large increase in 8. over a nonrunaway 
discharge (B_ is calculated from vertical field 
and plasm shift measurements). 

The other traces of Fig. 2.55 are: (4) 
microwave emission at 140 GHz M . 8 f c e ) , 
(5) average electron density, (6) rf Intensity 
In the range 1-1500 W z (which contains the Ion 
plasm and lower hybrid frequencies), and 
(7) microwave ralsslon In the 33-40 GHz range 
(slightly larjer than f on the axis). As 
expected, the yclotron harmonic radiation is 
much larger 1n the presence of runaways, but 
the low frequency radiation Is much lower during 
the runaway-dominated current decay. Furthennore, 
the mlcnjwave 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 
microlnstabilities that change the distribution 
function (i.e., pitch-angle scattering). 
Furthermore, the beam Is stable to macroinsta-
bi11ties, as can be seen from the >20 msec Jecay 
time of the beam current. 

Work Is under way on the dynamics of the 
runaway beam discharge, including .he production 
mechanisms and equilibrium of such a discharge. 
A theory of equilibrium has been developed in 
which the runaways drift on angular momentum 
surfaces, not constant • surfaces, which will 
then give agreement with the orbit model in 
the low runaway current limit. The studies of 
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production Indicate that runaways aay be created 
throughout the voltage pulse In substantial 
quantities due to the Increase In the plasma 
resistance caused by the argon impurity. 

w* OMNL-oat TT-TWS 

2.4.4 Theory of 
andOnfl 

of Runaway Production 

Theoretical and numerical studies on the 
production of runaway electrons In QJMAK and the 
proposed next step (TRS) were carried out In the 
last year. For this purpose the tokamtk start­
up problem was addressed using a zero-dimensional 
model In which the circuit equations were 
aodlfled to Include a runaway current component. 
These equations were solved In conjunction with 
a simple set of coupled rate equations. 

Under the assumption that runaways wove at 
close to the speed of light, the rate of change 
of runaway current 1s proportional to the 
creation rate 5 5 alius the loss rate of runaways. 

As runaways gain energy, their orbits shift 
outward according to the orbit shift model. The 
•agnltude of the shift Is proportional to the 
mcmuilum 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 half the Minor radius, 
1t could be considered to be lost. Hence, an 
expression 1s obtained for the aaxlaui momentun 
a runaway can have and still be contained, » 
that In essence the runaway loss rate at any 
given time Is the runaway creation rate at sow 
earlier tnme, starting from which any runaway 
created has free-fallen to the aaxlaui allowable 
wumuHuM 1t can have and still be contained. 

The numerical solution of the coupled rate 
and circuit equations for ORMAK parameters and 
Initial conditions yields a runaway discharge 
with virtually no plasaa breakdown. In order to 
recreate cxperlaental ORMAK discharges, an 
additional loss mechanism mist be Included. 
Me have chosen to use one In which all runaways 
created early in the discharge nay be lost on 
the Hart M r due to error fields. In Fig. 2.56, 
the calculated electron density Is shown as a 
function of tin*. The T • 0 curve represents 

1 r-230 230.«Mpac. 
T'23/tMf 

eafttr CONFINEMENT OF 
RlfNMMYS OELATS BULK 

IONIZATION 

20 40 ( 0 SO KX> 120 
TIME ( a n d 

Fig. 2.56. Calculated electron density vs 
tine froM ORMAK Modeling code. 

the plasaa evolution, assuring no runaways are 
lost other than by orbit shifts to the walls. 
The T * 250 us curve represents the plaswa evolu­
tion, assuming that all runaways created in the 
first 250 us are Instantaneously dumped on the 
walls. Figure 2.57 shows the runaway current in 
ORMAK (assuming that all runaways 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 runaways in the low density case 
are generated after the plasma has been Ionized, 
while In the high density case almost all run­
aways » n generated prior to the plasm* break-

FAST X-RAY ENERGY ANALYZER FOR THE 
1-10 keV RANGE 

6. R. Dyer 

2.5.1 Introduction 

An energy-dispersive spectrometer for 
low energy x-rays has been built using a lithium-
compensated silicon detector, electronics spe­
cifically designed for good performance at high 
count rates, and a fast multichannel analyzer. 

2.5 
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Fig. 2.57. Calculated runaway current. 

The apparatus can acquire a usable breasstrahlung 
spectra* In less than 10 asec, so an electron 
temperature vs tlac plot with 10-asec tlae reso­
lution can be obtained for a single plasaa shot. 
The device has been used on ORMMC, and data for 
seven 1 experiaental sequences are available. 
Data are still being evaluated, but there 
appears to be reasonable agreement with Thomson 
scattering values for T . 

2.5.2 Objectives 
Me proposed an x-ray diagnostic tool that 

could acquire a brensstrahlung spectrin In a 
short tiae compared with an experimental shot 
t1«e for ORHMC, Thus, several sequential breas-
strahlung spectra could be collected during a 
single shot; fro* these, an electron temperature, 
T e > vs tine plot could be derived. Because the 
spectra contain intensity inforwtlon which is 
dependent on electron density and effective 
charge of the constituent ions as well as on 
electron temperature, other useful plasm param­
eters might also be obtained fio» tha>. 

Evaluation of the available equipment and 
techniques for fast energy analysis led us to 
conclude that we could attain a count rate of the 

order of 105/sec with reasonable energy resolu­
tion and without excessive pulse pileup, system 
deadtiae, or external interference. Under these 
conditions, a spectnai containing 10 3 counts 
could be acquired in 10 Msec, allowing a plasaa 
shot history to be resolved into 10-15 tiae 
segments. 

2.5.3 System Requirements 
A spectrometer with the capability of pro­

cessing wore than 10 s events per second is 
required to aeet the objectives outlined above. 
It should have better than 500-eV energy resolu­
tion, low deadtiae, and freedoa froa jamming due 
to high count rates or overload pulses froa high 
energy events. Stability over a long operating 
tlae, 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 aass data 
storage system and access to computer data 
reduction. 

2.5.4 Hardware 
The spectrometer system comprises an OKTEC 

cryogenic x-ray detector and preamplifier, a 
linear pulse shaping amplifier, a pulse processor 
for peak detection and pileup rejection, a multi­
channel pulse height analyzer with buffered 
storage registers, and a data transfer Interface 
to a PDP-8 computer. 

The ORTEC detector Is a Hthlum-compensated 
silicon diode 4 am 1n diameter by 3 am thick. 
Mounted in a llquld-nltrogen-cooled cryostat with 
a 0.0125-mm-thlck beryllium x-ray window. The 
associated charge-sensitive preamplifier incor­
porates resistive feedback to avoid latchup and 
deadtiae problems inherent In optical feedback 
systems. The preamplifier remains functional at 
count rates exceeding lu*/sec at 5-keV average 
photon energy. Energy resolution of the detector 
1s 430 eV at 5.9 keV photon energy, using a delay-
line-shaped linear amplifier with a 250-nsec 
shaping time constant. 

The linear amplifier has been designed 
specifically for this application. It operates 
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at a fixed gain and with fixed tine 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 collected 
to date, gives a pulse width of approximately 
1.1 us. Count rates in excess of 2 x lo 5 can be 
tolerated without loss of baseline reference. 

The pulse processor and Multichannel 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 output pulse. 
Thus, Multichannel processing time Is not a con­
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 pulse height analyzer. Twenty energy 
channels are sufficient for 500-eV resolution, so 
the Multichannel 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 fro* accumulator to buffer takes less 
than a Microsecond, so count rate is limited 
Mainly to pulse plleup of the linear amplifier 
output. Trailing edge plleup rejection 1s Incor­
porated In the pulse processor circuitry to 
minimize plleup effects on spectral ;hape. 

The system hardware described so far can be 
used as a stand-alone Instrument to collect two 
spectra per 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 1s Interfaced with a 
bulk data storage device. With the help of D. R. 
Overbey and R. V. Neldlgh, we completed a PDP-8 
interface capable of storing 20 x-ray spectra, 
each of 10-asec time duration, per plasma shot. 
The computer-interfaced system collected all 
the data of relevance to this report. 

2.5.5 Machine Tests and Data Collection 

Kith considerable encouragement from P. H. 
Edaonds and considerable help from S. M. OeCaap 
and Y-12 craftsmen, the fast x-ray analyzer was 
installed on ORWUC on November 5. 1976. The 
detector was mounted on port C-18 just over the 
personnel access door, looking horizontally 
through the central chord of the liner. Initial 
detector-to-plasma distance was approximately 
124 cm. The initial count rate proved much too 
high, so i t 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 a17 data collected so far: 217 CM from 
detector to centerllne of the liner, viewing 
angle of 1 * 10~6 steradians, viewing along the 
central chord of the liner. In the future an 
adjustable geometry would definitely be an asset, 
because our geometry 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. He experienced no 
difficulty with ground loops or excessive noise 
pickup. The detector proved to be quite insen­
sitive to hard x-ray flux. Preliminary data 
agreed within statistical uncertainties with T 
(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 OfWAK shots were 
being collected on magnetic tape. Me have some 
data for most experimental sequences from 
December 8 until shutdown of OWMK. 

2.5.6 Preliminary Data Analysis 
To the present time, data analysis has been 

directed towards T determinations by slope mea­
surements of in (Intensity) vs energy. 

Overbey has written FORTRAN codes for the 
PDP-8 which perform weighted and unweighted 
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straight line fits to in I vs E data. These 
codes calculate integral intensity, T , I(E * 0 ) , 
a deviation figure for the slope calculation, and 
provide for averaging T ( t ) over several shots 
in a sequence. Data for injection heating ex­
periments are included elsewhere in this report. 
Preliminary analysis indicates that x-ray plots 
of T vs time agree reasonably well with laser 
data. There are st i l l some questions as to the 
best aethod for calculating T . 

2.5.7 future Plans 

Analysis of ORHAK data wil 1 continue with the 
intention of obtaining plots of T vs tiae for 
all sequences with x-ray and laser data in co—on. 
In addition, we plan to try to correlate integral 
intensity from the fast x-ray analyzer with 
current traces froa the PIN diode array. Finally, 
we want to try to extract inforaatlon on effec­
tive Z vs tiae behavior froa the fast x-ray 
(FXR) analyzer data, using profile and den­
sity infonatlon froa other diagnostics. 

Tests on ORMAK show that the basic hardware 
works. Prelialnary data analysis is encouraging, 
and the aachlnery 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 programing appears to be far 
enough along now to give an on-line diagnostic 
capability of T £ vs tiae aeasureaents with 5- or 
10-msec resolution as a routine operating 
instrument on ISX. Agreement with laser data 
is good enough to lend credibility to the x-ray 
aeasureaent, and Installation and operation of 
the FXR analyzer are quite straightforward. 

2.6 ELECTRON CYCLOTRON HEATING 

A. C. England F. 8. Marcus J. B. Milgen 
0. C. Eldrldge J. C. Sprott W. haakung 

2.6.1 High Power Electron Cyclotron Heating 
\nllX and MHAk upgrade * 

A phased program of the electron cyc'otron 
heating (ECU) of tokanak-produced plasmas Is pro­
posed for ISX and ORHAK Upgrade. Past programs 

of ECH at MM. in airror geometry and in the 
ELMO Bumpy Torus have been successful. The 
physics of wave propagation and particle heating 
are f i i r ly well understood. Recent experiments 
in the U.S.S.R. on small tokamaks have shown that 
ECH is 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 aicrowave tube looks prom­
ising at this t iae. and current engineering 
practice suggests that the new developments are 
adaptable to the heating technique. 

2.7 ORMAK DATA SYSTEM 

N. A. Betz J . E. Francis D. R. Overbey 
K. H. Carpenter C. E. Hamaons H. R. Ming 
D. N. Clark C. 0. Kemper J. H. wooten 
B. A. Clark R. H. NcSaffey 0. C. Yonts 

Work during 1976 on the ORMAK data system 
progressed along two essentially independent 
paths: consolidating and Improving the systea 
by building on changes implemented in 1975," 
and planning for and starting purchase of the 
components of the data systea expansions 
necessary for ISX and ORPMK upgrade. 

Several of the improvements are worth 
noting. At level one, the spectroscopy PDP-8/e 
was extended to handle data froa the fast soft 
x-ray pulse height analysis systea developed 
by G. R. Dyer. The neutral particle W-8 /e 
was likewise extended by the addition of an 
interface to handle the data froa the pulse 
height analyzer purchased by the Runaway 
Electron project. The teletype on the laser 
PDP-8/e was replaced by a faster output device 
to remove a bottleneck, and I t was In turn 
replaced by a Tektronix 4006 graphic display. 
This display unit was installed just before 
ORMAK was shut down, so work had barely started 
on providing a set of FORTRAN-caVable graphic 
routines for the laser dav.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 level 
two, an automatic spooler to keep a day f i le of 

file:///nllX
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the 80 most recent shots was added to the PDP-
11/45. Several of the level two data analysis 
routines from the POP-10 Mere down-loaded to the 
11/45 and Mere Modified to run under its operating 
system. The •edifications consisted of breaking 
the programs up so that they could overlay thea-
selves. In every case it turned out that the 
program Mere larger tnan Digital Equipment 
Company's operating system could handle. Finally, 
at level three, the ODDBALL program Mas cleaned up 
and distributed to Lawrence Liveraore 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 
ORHAK data base for analysis. 

At the same time that these improvements 
were being added to the ORMAK system, the con­
ceptual design 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 siauiate OMAK 
data analysis was written and run on all the 
available 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 biased for test and evaluation. Finally, 
software specifications were written for the 
major components of the ORMAK Upgrade software. 

2.8 IMPURITY STUD* EXPERIMENT 
R. J. Col chin T. C. Jernigan N. W. Ourfee 

0. C. Lousteau M. J. Saltaarsh 
The Impurity Study Experiment is a new 

tokaaak experiment 5 7> s 8 under construction at 
ORNL. Final assembly has begun, and completion 
of the tokamik itself is scheduled for February 
1977. Curing 1976, design and major fabricator 
we<"e completed. The only major change in the 
device during this year was the discovery '.hat 
the plasms was in unstable equilibria* vertically. 

To overcome this apparently general effect in 
shell-less iron core tokamaks,** windings have 
been provided to produce a small (-̂ 20 G) radial 
magnetic field with acti-. 'eedback for vertical 
positioning of the plasma. 

2.9 ORMAK UPGRADE 
L. A. Berry J. D. Callen R. W. Ourfee 

H. C. McCurdy T. E. Smith 

2.9.1 Introduction 
ORMAK Upgrade is a new research tokaaak 

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

A Request for Directive to construct ORMAK 
Upgrade with 2 Nf of injection capability was 
submitted to EROA February 4, 1976, end 
authorization to proceed was provioed by EROA 
Directive No. Y-12-528, dated March 10, 1976. 
The target date for completion is October 1978, 
and the estimated cost is $7.3 aillion. 

2.9.2 Design Description 
GSMAK Upgrade will be located near the 

Impurity Study Experiment in Building 9201-2 in 
the Y-12 area of Oak Ridge National Laboratory. 
It will be operated in conjunction with ISX an-J 
will time-share the 72-MW toroidal field power 
supply with that device. 

Design features of ORMAX Upgrade include: 
major radius of 100 cm, ainor radius of 30 cm, 
water-cooled coppr>- coils, air-core olwic heating 
transformer, co -Hal magnetic field of 4.0 T, 
plasma currents up to 700 kA, and four large (IS 
x 25 cm) injection ports. Two Princnon Large 
Torus (PLT)-type beaa lines in the in'tiai 
installation give a capability for 2 MM or 



83 

injected power; later addition of two pore beaa 
lines can increase this to < W . The general 
arrangement with four injectors is shown in Fig. 
2.58. Physical characteristics, performance 
goals. and predicted physics parameters are 
given in Table 2.4. 

2.9.3 Progress in 1976 

Principal efforts were concerned with 
detailed design and in i t ia t ing procurement of 
long-lead components. 

Tofcamafc systems 

Design of che toroidal f ie ld (TF) coils was 
completed. A purchase order for the COC-102 
copper conductor was placed with the Anaconda 

Company; delivery is scheduled for January 1977. 
Separate bids were received in December 1976 for 
fabricating the sta.nless steel coil cases and 
for winding and potting the rails into the stain­
less steel cases; the bids »rt being evaluated. 

Several iterations were required to f i x the 
size and locations of the ohmic heating and 
vertical f i e ld (VF) coi ls . 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 to 100 cm 
permitted the required volt-seconds capability 
to be achieved. Detailed design of the poloidtl 
coils was in i t ia ted. Magnetic Engineering 

ORMAK 
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Fig. 2.S8. General arr-ingcaent of ORHAK Upgrade with four neutral befl» injectors. 
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Table 2.4 (continued) 

Diagnostic access ports 
Standard (1-5 In. diaa) 
Special 

127 
15 

Neutral beam Injectors 

Injector design 

of Injection lines 
of Injectors ( toul ) 

PIT type, 20-ca-diaa grid, 
40-kV accel, 60-A drain 

2 
2 

Electrical power systens 

Toroidal field 
Vertical field (new systea) 
Ohnrfc heating 
Injector accel 
Injector decel 
Discharge cleaning (new system) 

Discharge voltage 
Pulse duration 
Pulse frequency 

Existing ORMAK systea 
1000 V. 5000 A 
Existing KG sets 
New supplies - 60 kV, 60 A 
Existing 0WMK systea 

60-40 kV 
1-5 asec 
1 Hz 

Vofcaaak 

Magnetic field at plasat axis 
Volt-seconds 
P1as«a current (aax) 
TF flat-top length 

at full field 
at naif field 

Ripple 
at plasaa surface 
at plasaa center 

Torus design base pressure 

PERF0IWAMCE GOALS 

Neutral bean heating 
4.0 T Injection energy 40 keV 
1.9 
700 kA 

Injected power (full plus 
half-energy neutrals) 2MM 

Injection pulse duration 100 asec 
200 asec Design base pressure <2 x la** 

torr 
TBD Gas loading to torus (per 

shot) 1 torr 
4.5* 
0.16* 
3 x lo-» 
torr 
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Tabic 2.4 (continued) 

Ohmfcally heated pla 

PHYSICS MMUWETERS 

( for I « 400 kA. n e - 7 x 10"/cm 3 ) 

Electron taeee ratwre, T e(0) 
Ion fmjerafr e. 1,(0) 
•eta pelolda!. V Energy confi that , T . 
Impurity charge. Z % f f 

M a x i m plasma paraaeters with 2 - M Injection (a t I - 200 kA) 

Beta pololdal, <0 > 
Injection power/OH power, P ^ / P ^ 

energy/plasma energy, r 

900 eV 
800 eV 

0.3 
23 

4 

2.9 
24 
0.39 

Associates was engaged to perfora the detailed 
design of the solenoid c o l l . 

Detailed design of the vacuus vessel 
approicheJ coapletlon. The conceptual design 
and asseably procedare were nodi f led to Incorpo­
rate special sections with large diagnostic ports 
at fear locations, and the total neater of 
diagnostic ports was Increased froa approximately 
50 to 142. The required baking teaperature was 
evaluated and was reduced from 400 to 200*C. 
A ranote welding aachlne developed by Oil has 
Laboratory was selected for asking the f inal 
closure welds on the vacuum vessel during tofcmaak 
asserbly- Preliminary drawings and specifica­
tions of the vacuwa vessel were provided to UCC-
ND shops, which began planning and scheduling of 
the fabrication; the shop estimate of fabrication 
cost Is approximately $400 K. 

Continued study of torus vacuum pumping re -
oulresent* and of commercially available puaolng 
equlpaent led to selection of a combination of 
cryosorptlon puno* and o i l less, air-bearing 
turbomolecular pumps for the torus vacuum pumping 
system. The turbomolecular pumps have desirable 
characteristics for pumping "trash" gases and 
can be used alone for vacuum maintenance during 

periods of standby operation, thereby reducing 
loading of the cryosorptlon pumps. Tentative 
plans based on estimates of gas loads from vacuum 
vessel wal ls, diagnostics, and Injectors cal l 
for three 6O00-t/sec cryosorptlon pumps supple­
mented by three 500-f/sec turbonolecular pumps. 

Specifications were prepared for the VF 
power supply (5 MM, 1000-2000 V) and an order 
was placed with the Roblcon Corporation. The 
purchase price 1s approximately $73 K and 
expected delivery date 1s July 1977. This power 
supply w i l l be Installed In the same enclosure 
as the existing 72-m solid-state TF power supply. 

An engineering study of the OH switch c i r ­
cuit was performed by Mestlnghouse under subcon­
tract to OWL. Mestlnghouse 1s also assisting 1n 
the design of this syste.*. A reference circui t 
was selected, and tests were defined which wi l l 
be performed at Los Alamos Scientif ic Laboratory 
to assist and confine the design. A procurement 
specification was prepared for purchasing the 
vacuit Circuit breaker. 

r *11m1nary studies were performed to define 
Instrumentation and control requirements for the 
Able-fteady-Co sequence of machine operation. 
In i t i a l versions of an operational block diagram 
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and a timing diagram were developed, and a con­
cept of the Machine control console Mas proposed. 
Plans to use the existing M P (Injection Into 
Microwave Plasma) control room enclosure for 
OMWK Upgrade were abandoned because the IMP 
control roam does not ncet current fire protec­
tion requirements; alternative control roon 
locations are being Investigated. An engineering 
study showed that the least costly method of 
controlling the TF and VF power supplies Is to 
expand the PDP-11-based control system used for 
the existing TF supply. 

Meutral beam systems 
The PLT neutral beam line design 1s being 

Modified to adapt It for OMMC Upgrade. The 
principal modification Is to shorten the bean 
line by relocating the calorineter to the region 
between the bending magnet pole pieces. Other 
changes include use of Inertlal targets for beam 
dumps and modifications to simplify the beam-
defining plates. Design studies were made of Vst 
Interface duct between the beam line and the 
torus vessel, and a reference design was selected 
for detailing. 

The neutral beam accel power supply that was 
planned 1n the conceptual design was based on 
installing an existing capacitor bank, while 
this power supply system would suffice for a 
100-msec beam pulse at 2 Mi, a change was made 
to high voltage power supplies because of strong 
Interest In proceeding immediately to 4 MM of 
Injection. A specification for the accel power 
supplies was prepared and a purchase request 
Initiated. Each Injector will have a 60-fcV. 60-A 
power supply module. The modules will be stack-
able to 120 kV In order to provide • backup for 
the 150-kV beam development test stand and 
flexibility for future OPJWC Upgrade experiments. 
Proposals were requested for two supplies (for 
2 Ml of injection) with an option for two more. 

Source and modulator tables for OPJMK Upgrade 
are to be essentially Identical to those for the 
PLT beam test stand. However, the latter were 
built as a development effort, and documentation 
for reproducing them was not prepared. To facil­
itate documentation, one source table and one 

modulator table for OPJWK Upgrade J I C being built 
by the beam development team. Additional tables 
will be purchased or shop-fabricated. 

2.10 ATOMIC PHYSICS. PLASM DIAflBSTICS. AMD THE 
COnTROUED FUSION ATONIC DATA CENTER 

C. F. Barnett J. E. Bayfield D. A. Brisson 
D. H. Crandall L. D. Gardner D. P. Hutchinson 
H. J. Kim R. K. KcKnlght F. H. Meyer 
T. J. Morgan R. A. Phaneuf J. A. Ray 
P. A. Staats D. PJ. Thomas D. PJ. Toodle 

K. L. Vender Sluls H. I. Wlker 

2.10.1 Introduction 
During the past year electron capture colli' 

sloes have been measured for C** (1 < q < 4), •** 
(1 < q < 5). and 0** (1 < q < 5) Ions Incident on 
both atomic and molecular hydrogen gas targets 
over the energy range 5 < E^ < 150 ke¥. Also, 
using the ORAL Tandem Hmt de Graaff. the electron 
capture cross sections of Fa*** (6 < q < 14) over 
the energy range 30 < E K < 290 have been measured 
In atomic and molecular hydrogen. For the low 
mass Ions In atomic H MO neve found that: (1) the 
electron capture cross sections are greater than 
10- 1 5 cm 2 for E„ < 50 keV; (2) fcr E„ > 50~ke¥ the 
cross sections scale approximately as q 2; and 
(3) the energy at which the maximum cress section 
occurred shifts upward with Increasing q. For 
Fe 9* the electron capture cross sections scaled as 
q 1- 5 at low values of q and E up to q 3* 0 for high 
values of q and E. Additional investigations 
Included the electron capture cross section of 
He* and He** in H. the study of high Rydberg H? 
states, and the blistering of stainless steel by 
energy-dispersed neutral He beams. 

The main emphasis of the diagnostic develop­
ments has bean on the design, fabrication, and 
testing of a M M submlllftoeter laser to be 
used for spatial Ion temperature measurements via 
Thomson scattering. An unstable resonator 
oscillator has produced approximately 10 kk) of 
447-un power using CHjI as the laser medium. 
Use of CH,I rather than CH,F or D,0 has resulted 
1n large improvements 1n spectral line purity. 
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The system amplifier has been constructed utiliz­
ing b e — expanding optics to provide a large 
volume to absorb the 150-J COj pump laser power. 
A 40-nH at CM3I laser has been operated success-
felly. This laser trill be wsed to act both as a 
local oscillator for a heterodyne detector and 
as a source for multichannel electron density 
Interferometer. Improvements have been made In 
nentrnl particle spectrometers by the develop­
ment of an energy-velocity analyzer and the use 
of a Cs heat pipe to convert the H atoms to H~, 
thereby Increasing the spectrometer efficiency 
by two orders of magnitude. 

Operation of the Controlled Fusion Atonic 
Data Center his cmtiMed with publication of 
the two-volume conpilation Atomic Data, Fo* 
Contxotltd ThumowaUoA. RCACMCA; publication of 
a bimonthly bulletin "Atonic Data for Fusion"; 
and the searching, evaluating, and entering of 
bibliographical data Into the coaputer file. 

1.10.2 Charge Transfer Collisions of_HjU1-
"charged Ions with Atonic and HDlecwlar 
Hydrogen 

The study of electron transfer In collisions 
between aultlply charged ions and atonic hydrogen 
Is fundamental to the understanding (due to the 
relatively saall number of electrons comprising 
the Ion-atom system) of charge transfer Mecha­
nises. In addition, such studies are of practi­
cal Interest because of potential applications In 
various areas of technology, such as the problem 
of neutral beam Injection heating of fusion 
plaanms. 

Experiments to measure charge transfer cross 
sections for aultlply charged Ions of helium, 
carbon, nitrogen, and oxygen Incident on atonic 
and Molecular hjdrogon gas targets were Initiated 
in June 197S utilizing the 600-fcV accelerator 
located In the Fusion Energy Division,60 

Charge and mass analyzed beess of up to 
triply Ionized C, N, and 0. as well as "He* and 
'He** were produced 1n an electron impact Ion 
source with a staple hot filaaent and accelerat­
ed through voltages ranging from 10-600 *V. 
Charge states greater then +3 were produced by 
stripping fast 2* and 3* Ions on thin forever 

foils or. in a few cases, on residual gas. The 
desired charge state was selected by electrostat­
ic deflection and passed through a tungsten 
oven in which hydrogen could be thermally disso­
ciated. The primary and charge transfer compo­
nents in the emergent beam were separated by a 
second stage of electrostatic deflection and 
counted using a channel electron Multiplier. 

The directly heated tungsten hydrogen oven 
is essentially the same as that prevously used 
and described by NcClore.61 The degree of disso­
ciation of hydrogen was determined by Monitoring 
the variation with oven temperature of double 
electron capture by 30-keV protons th H2 and 
AT flowing alternately through the oven.' 2' 6 3 

For a heating current of 130 A, which resulted 
In an estimated oven temperature of 2350 K, 
the dissociation fraction was determined to be 
95X. The target thicknesses were determined 
by normalizing to well-known cross sections for 
single electron capture by 20-keV protons In­
cident on H and Hj targets. 

The results of the electron capture cross-
section measurements for the various Ions 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 
notion 1s comparable to that of the outer atomic 
electrons ( w 2 x 10* cm/sec), the collision 
cross sections are determined by the detailed 
behavior of the potential curves of the quasi-
molecule formed during the collision, which can 
differ considerably from systec to system. At 
lower velocities no general trends are apparent 
in the data. The capture cross sections for 
C * \ •**, and 0* 3 Ions Incident on H* are In very 
good agreement with the measurements of Crandall 
et al. 6* over the range of velocities where the 
measurements overlap (5 x 10 7 < v < 1 x 10* cm/ 
sec). 

At higher velocities (v > *2 x !©• cm/sec), 
however, noaantum transfer becomes the dominant 
nechanlsa for charge transfer. In this velocity 
region, the cross sections for C * \ •**, and 0 4 * 
projectiles are similar In magnitude for 4 > 2, 
fall off similarly with velocity, and scale 
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approxiaately as q 2, as predicted by the Bom 
approxleation. At the highest velocities, the 
cross sections for electron capture fro* H* 
targets * n roughly double those for atonic 
hydrogen targets In all cases. 

Recent classical "onto Carlo calculations*' 
of cross sections for electron capture at these 
velocities by Multiply charged C, R, and 0 Ions 
in atomic hydrogen are 1n very good quantitative 
agreement with the present data. 

In the case of He** ions incident on eelec-
ular hydrogen, our ueasureaents of ©ai end o 2o 
are in good agreeaent with previous •easure-
eents.""' 9 For atonic hydrogen, the present 
data are in excellent agreeaent with the aaasura-
rnnts of Shah and Sllbody," and with those of 
F1U at al. 7 0 as reaoraallzed by Shah and 
GHbody." but disagree substantially with those 
of Bayfield and Khayrallah." For collisions of 

He* Ions with atonic nydregnn, the p r m a t o I ( 

cross sections are believed to he the first 
reported u p » hutntal values for total electron 
capture. 

2.10.3 Electron Capture Cress Sections for 

Utilizing energetic Fe fen beans free the 
Tandea van dt firaaff and a thereally dissociated 
atonic hydrogen target, ue have aeasured the 
electron capture crass sections, a |, for Fe 5* 
ions on a hydrogen target. The incident Ion 
charge ranged free q • 4-13, and the energy 
ranged from 1.50-16.30 HrV. This energy range 
is equivalent to 27-291-fceV hydrogen energy E^ 
(or incident energy per nucleon) and enconpasses 
the Tokaaak Fusion Test Reactor (TFTR) Injection 

f H • (0 keV. The Measured cross sections 
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are given In Fig. 2.64. The proton hydrejen ataa 
charge transfer cross sections, o H , are riven for 
coopaiison. 

a Q _ 1 decreases rapidly and monotrinlcally 
with energy in a rnwnir similar to o H , ilthough 
Its values are mdi greater and Its d1s:ern1b1e 
"knee" occurs at a higher energy than a^. A 
linear translation of the ô  curw* tOMrd north-
north-east direction in Fig. 2.64 would let «„ 
represent the energy dependence of present re­
sults reasonably well. At a given Incident 
energy the cross section Increases wltn Incident 
charge, q, for all energies: a slnple expression 

"WW) «««) 

represents the data accurately. The values of 
a obtained by a least-square analysis as a func­
tion of Incident velocity, v, are shown In F1g. 
2.6S. Classically, a - 2, Indeaweint of v. 
Present results give a -v 1.5 for q • 4-10 
the TFTR Injection energy. 

2.10.4 Variable Energy Atonic Hydrogen 
" Apparatus 

An apparatus which provides high quality 
atomic hydrogen beans suitable for the forthcom­
ing experiments In which an H° beam Is crossed 
with a multlcharged bean has been designed, fabri­
cated, assembled, and tested. 4 schematic dla-
grai of the apparatus Is shown In Fig. 2.66. 
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Fig. 2.61. Experimental electron capture 
cross sections for 0** • H - C***1 • H+ (solid 
polrts and curves), and for 0*°- • H, - Q*Vl • 
H 2+ (open points and dashed curves): The solid 
curves are labeled by the Incident Ionic charge 
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It consists of a proton accelerator camprlTid of 
a duemlasfimtron Ion source and extraction and 
acceleration gaps, a doable focusing 45* analyzing 
— p e t , and a 20-c*-1ong high pressure water 
vapor charge neutralization cell. The apparatus 
Is constructed so that It nay be readily trans­
ported to different experimental sites. Its 
relevant characteristics are: energy range $-100 
kef with 0.11 regulation, analyzed proton beea 
currant In excess of 10 u* through a 1 * 3-m»-
bean defining aperture, good neutralization 
efficiency (<4» for 60-fceV protons), and « 
vacuum* of better than 3 * 10'* ton- at the end 
of the bean line. This apparatus will provide 
energy variable atomic hydrogen beans which will 
*e crossed with heavy ion beans such as C** and 
0** to determine charge transfer and Ionization 
cross sections of Interest for controlled therao-
nuclaar research. 

2.10.5 Rydberg States of Hydrogen Molecules 
Measurements have continued In an effort to 

understand the electron capture of Hj into Kj 
Rydberg states when passed through hydrogen gas. 
Theoretical predictions Indicated that high 
Rydberg states (n > 10) of rfc any be populated 
from lower valence levels (n » 4) by nonadlabatlc 
coupling of the vibrational states. To confirm 
this prediction, an H 2 beam was passed through 
an electric field to remove or Ionize all states 
of n > 10. During transit of the rfe beam through 
a 30-cm drift region, the n > 10 levels should be 
repopulated by the nonadlabatlc coupling. Pas­
sage through a second Ionizing electric field 
indicated a repopulatlon of the higher levels by 
as much as 5S. Performing the same experiment 
with H atoms In which nonadlabatlc coupling is 
absent gave essentially the sane results, except 
that the fraction of repopulatlon was less for H 
atoms by a factor of two and the dependence of 
the fraction on the second ionizing electric 
field strength showed a sharp cutoff for H atoms. 
This behavior for H atoms Is believed to result 
from Stork mixing of the n states In the ionizing 
field. Measurements with Oj* failed to. confirm 
the expectation that the fraction of repqpulated 
states would be greater than that for H* due to 
the Increased number of vibrational levels 
(xiff) of Dj. 

2.10.6 glistering of Stainless Steel by 
Eneray-Oispersed we •earns 

lllstering of stainless steel by an energy-
dispersed (0-40 kef) neutral beam has been 
studied. The energy-dispersed beam was formed by 
passing a 40-*e¥ He* beam through an accelerator 
type structure gas cell In which a decelerating 
potential was placed across the electrodes. By 
knowing the electron capture and stripping cross 
sections of He* and He 0 In He gas. the computed 
He* energy distribution was a maximum at low 
energies (TOO eV) and decreased approximately 
I B , reaching a sharp cutoff at 40 keV. Figure 
2.67 stews two electron microscope photographs 
for two stainless steel specimens bombarded by 
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A flDMO0MT9CttC# 40*MV ! • 
dispersed He bee* of 0-40 kef to a esse of 
1.9 x 10 s p/ca2 ami 2.6 x 1 0 " p/oa 2, 
respectively. Tea dosage or density of sur.«ce 
blisters M M less set clearly praiant for the 
energy disparted been. However, on a second ran 
no blistering free an energy-dispersed been MI S 
found. Electron Microscopic exaeinatlon revealed 
evidence of surface oxidation, work Is continu­
ing to try to understand this discrepancy. 

2.10.7 Sotortlllantor User Plasnt Diagnostics 
Daring the post year, we have continued the 

dmlopeant of a high power, swba1111e*ter laser 
systa* to neaiura the Ion teaperatu/e In therno-
nwcleer pleases via coherent Thonson scattering. 

In addition to the laprovenents 1n the CH 3F laser. 
Me have developed both a cw and a pulsed sutmHH-
aeter laser based on the 447-ya CH 3I line for use 
In this aeasvrwnent. The cw CN 3I laser, optically 
pwped by the r(18) lO.o-vev-CQj line, exhibited 
better power conversion efficiency and amplitude 
stability than did the CH 3F operating In the sane 
laser cavity. The amplitude stability Is greater 
because the CH 3I Molecule 1s punped by a 00 2 laser 
operating at line center, as opposed to the CH 3F 
•olecele which nwst be punped approxlnately 20 
Pita off line center, thus allowing greater drift 
and frequency Jitter. Most lasers exhibit lower 
drift and less frequency jitter when operated at 
line center. 



§3 

'H» ENERGY (k«V) 
90 200 

— » — 

OMtLOMC 77«J0i 

SCO 400 900 

© O r 

• 

•*!>HJ* O I S WCHXHt CM MOLCCULAM MVIMW^if* 

• »WIS£'»T 0*TA 
• SM*n M O G>tOOO* -19M, 
• »*<•-* LC A * O «>«aviUM.LAM titTV — 
• *v;>«A» IT AL I«W- J 

. • 0**A&«XA * * 0 MCWMOVSKV 1073. * 
»v^ • 0*»* fTT A*0 S T * * < « • » « 

»Or 

oir 

•CDENT ON VELOCITY ( a * cay*) 

Fig. 2.62. Fjejerteentel electron caetwre cross sections, c l t . for "He* • H2 

collisions, os well as Steele eW 
electron capture cress sett ions. o „ . for **V" r • «, collisions. Data of other 
investigators 

•el l as single electron net we cross sections. o 2 1 . ana doable 
re cress sett ions. o 2 . . for %e** • H 2 collisions. Goto of other 
for o 2 ! and o « ere else plotted. 

A MOM. poised, fer-tefrered e«c1llater 
oi ea unstable niuwatoi eeaaetry has eat 
od using CN)I (447 ya). Oh* ( * * ! • ) •" • M> 
(385 and X I m)- *ewer output varied free 
apprmleately 10 kM trim « , ! mi O V to 20-30 
kM for M - Unlike C«,F and D A CN,I skews 
l i t t l e tendency for seperradfeace. while deaan-
strating conversion efficiency coeairofcle to 
CH3F. The longer Heveleogtk of Wj l compered to 
0 20 rakes ths detector problem easier for tlw 
scattering experiment. I f the 447-ui CM3I line 
continues to exhibit these attractive character­
istics as the laser is scaled to Meter power 
levels, this User aedlue will becoae the gas 
for Thoeson scattering. 

The unstable resonator was developed to 
serve as an oscillator in a 1-Pai oscillator* 
npl l f ter systae for the Ion teaperature 
•easurewent experlnent. A schematic d1agr» of 

the systea Is shown in Fig. 2.68. The oscillator 
will be excited by a TEA CO; laser at 15 J , while 
the amplifier f i l l be driven by a TEA C02 laser 
at ISO J . The wavelength tuning of the C02 

lasers will be achieved by an injection tuning 
technique which we developed last year. 7 1 The 
suhel11 hotter amplifier utilizes parabolic beaa-
expandlng optics, producing a large volune to 
absorb the 150-J puns pulse. At the saae tie* i t 
has a short length to inhibit superredlance: the 
overall length of the amplifier Is 1 u, with a 
diaaeter of 0.64 m. This geonetry yields an 
active volume of 230 liters. 

based on our work with CH3I, a high power 
(40 W), cw suballliaeter laser, has been built 
to serve as a local oscillator for both the ion 
Thonson scattering receiver and a narrow band 
synchrotron Mission detector. 
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Fig. 2.65. Least square values of paraneter 
a and standard deviations, where a. „ , • <f. 
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Fig, 2.66. Schewtlc layout of the atonic hydrogen bean apparatus. 
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Fig. 2.68. Schematic dlagrw of the 1-MM 
(Hj l smMllfmeter laser iystem for ion temper­
ature measurements. 

Studies have been undertaken during the 
past year to develop: (1) a fast scanning 
Fourier transfora spectrometer to measure the 

synchrotron (Mission f ro* high temper-
plftSMS and (2) a method of measuring the 

current density profi le In a tokamak discharge 
by Faraday rotation. 

2.10.8 Start Measurements of Electric Fields 
In OHWK 

Previous analysis of l ine profile measure­
ments of the Balmer a, B, y, and 6 radiation of 
hydrogen In OPJMK 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 
Hometlon recording with Individual treatment. 
There mere two weaknesses In the computer 
routines: (1) the averaging process, which 
tended to mask obvious noise, and (2) the 
sampling method, which ignored a slight variation 
In wavelength dispersion as a periodic function 
of time. 

The llomatlon recorded approximately 100 
samples of the line intensity In 100 msec. Each 
data metal represented a 10-vsec average of the 
photoemltlpller currant. In this time Interval 
the rotating plate w i l l change the wavelength by 

0.032 A. This 1/20 of the band pass of the 
s i l t of the spectrometer which, for the 40-u s l i t 
used, 1s 0.65 K. This technique provided a dis­
tinguishing feature to separate qualitatively 
real wavelength variations from random time 
events. Examination of the raw Biomatlon data 
shows many single events which have a rise and de­
cay time of over a few channels, typically three 
to f ive, A plasma current variation of this time 
characteristic cannot represent a wavelength char­
acter because the s l i t function of the spectro­
meter covers 20 channels. However, I t 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 1s d i f f i cu l t to distinguish fiom the real 
20-chaiwiel wavelength information. 

This analysis provides evidence of why 
variations of the order of 0.25 A in the posi­
tions of real peaks occur. I t also confirms that 
the signals are too close to the noise level to 
provide meaningful measurements of weak satel­
l i t es . Finally, the major features of the 
profiles correspond to the basic Balmer emissions 
and to known Impurity spectra. 

2.10.9 H Neutral Particle Spectrometers 

A parallel plate 1on energy analyzer and 
a W1en type ion velocity f i l t e r analyzer using 
an N2 gas cell to st r ip energetic H atoms have 
been fabricated, calibrated, and placed Into 
operation on the ELMO Bumpy Torus (EBT) plasma 
to determine the plasma 1on temperature. Mea­
surements made by the EBT group have confirmed 
previously measured ion temperatures. Indicating 
that previous measurements we-.* not distorted by 
the presence Of Impurity neutrals 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 .:1ng an N2 gas cell to 
str ip H to H+- This e l l w i l l be placed on EBT 



I 
t 
I ! 
j to Measure both Ion taaperatures and density 
j fluctuations. 

j 
j 2.10.10 Controlled Fusion Atonic Data Center 

j After nuaeroes delays In editing and 
j printing, the compilation Atomic VaXa. iox 

CoKUoUed fusion. KtitMck has been distributed 
to the fusion research coaaunity. Since parts 
of the coapllatlon are two years out-of-date, 
data revisions are being made with emphasis on 
those atonic collisions Involving Impurities 
found in high teaperature plasaas. To sake the 
data more compatible with the needs of plasaa 

I modeling, a program has been coapleted to con­
vert the cross section data to reaction rates 
and analytical expressions for the case of beam-
Maxwellian distributions. 

In cooperation with the Atoaic Transition 
' Probabilities Data Center at the National Bureau 

of Standards, the bimonthly publication of the 
"Atoaic Data for Fusion" bulletin has continued. 
Froa an initial nailing of 57, the number has 
grown to 330 at the beginning of 1977. The 
bulletin has proven to be a nry effective aeans 
of transferring recently acquired data to the 
fusion coaaunity several months before the data 
appear in laboratory records or open literature. 

Searching, evaluating, and entering 
bibliographical data Into the enputer f i le have 
continued. Work is proceeding to evaluate 
critically the completeness of the f i l e . After 
references that had been omitted have been added 
in, an index bibliography for specific colllslon-
al processes will be published. 

During 1976 talks were continued with the 
International Atomic Energy Agency to determine 
the role the agency would undertake In their new 
program to provide the international fusion 
coaaunity with atomic data pertinent to fusion 
research. Their initial effort will be con-
fined to the publication of a comprehensive 
bibliography compiled from inputs from the United 
States, the United Kingdom, the Federal Republic 
of Germany, the U.S.S.R., France, and Japan. 
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INTRODUCTION 
The principal goals of the Plasma Theory 

Section are to: (1) develop the theory of 
plasm equilibrium, stability (macroscopic and 
•Icroscoplc). transport, and heating to the 
level where It can be Meaningfully applied to 
relevant fusion plasaa experiments; and 
(2) apply this theory to understanding and 
improving present and future thermonuclear fusion 
experiments and devices. In addition, the 
conputing 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 tr<d the sections in which their 
work Is summarized are: iiagnetohydrodynamric 
(HHD) theory (3.2), kinetic theory (3.3), and 
transport simulation (3.4). The ELMO Bumpy 
Torus (EBT) theory work (3.1) has its own 
research projects on HMO 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), EST ignition test, etc. 
Specific plasma engineering projects on providing 
the TNS physics basis and the development of 
the EBT reactor (EBTR) study are discussed in 
Sects. 3.6 and 3.7. Finally, 1n Sect. 3.8 the 
computing support activities during the past 
year are summarized. 

3.1 EBT THEORY 
D. B. Batcbelor C. L. Hedrlck, Jr. L. H. Owen 
R. A. Dory E. F. Jaeger J. F. Roberts 
E. fi. Harris D. B. Nelson D. A. Spong 

O T theory supports the EBT experimental 
program as well as the EBT reactor study program. 
The mmmfctsls Is on those elements of the theory 
wJHch arm critical and unique to EBT. 

Group Leader. 

3.1.1 Neoclassical Transport Simulation for EBT 
E. F. Jaeger 

Two different approaches to the problem of 
particle and energy transport in EBT are current­
ly being pursued. First, fluid models have been 
developed by taking velocity moments 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. Alternatively, 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 equivalently, 
transport rates as a function of position. 

Fluid models 
Using analytic fits to neoclassical trans­

port coefficients for ions and assuming equal 
rates for electrons with an ad hoc ambipolar 
field, a one-dimensional, radial fluid transport 
code has been developed1*2 and the results com­
pared to experiment. Results for spatial 
profiles of the product of charged and neutral 
particle density show good qualitative agreement 
with measurements of Lyman a radiation,3 while 
ion temperatures* are typically SOX lower than 
temperatures indicated by charge-exchange 
measurements. 

Next, assuming Uiat electron and ion trans­
port rates have different magnitudes, but the 
same functional form a one-dimensional, radial 
fluid transport code has been developed «*1th 
a self-consistent ambipolar electric field. 
Preliminary calculations given In Fig. 3.1(a) 
show successive profiles of plasma density, 
electron temperature. Ion temperature, and 
amblpolar field at 4-asec tine Intervals. At 
40 msec m equilibrium is reached, as shown In 
Fig. 3.1(b). For this calculation, we assume 
an edge source of cold neutrals with density 
3 x lo' car 3 and energy 0.3 eV, and a fraction 
of microwave power absorbed by the bulk plasms 
electrons which 1s 201 of the total power 
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available (60 kV). Equilibrium ion temperatures 
of 80 eV on axis are In better agreement tilth 
charge-exchange aeasui imuits than results of the 
simplified aodel with an ad hoc aabipolar field. 

Kinetic aodel 
Alternating-Direction Iaplicit (MI) naneri-

cal techniqaes have been applied to solve the 
bounce averaged, drift-kinetic equation directly 
In one velocity and one spatial coordinate. The 
aethod has so far been tested In the case of zero 
particle nobility and constant neutral density.5 

Transport rates for ions are 1n substantial 
agreeaent with results obtained froa solutions In 
velocity space alone.6 Sock a kinetic transport 
aodel will be necessary to study effects of 
alcrowave heating terms, which produce a spatial­
ly localized high energy tail on the electron 
distribution function. 

3.1.2 Neoclassical Transport Coefficients 
?5rnnr 

D. A. Spong E. 6. Harris 
Estimates of 1on neoclassical transport 

rates for energy and particles are an laportant 
Ingredient in aodel Ing the toroidal core plasma 
in the present EST experiment as well as in 
larger future devices. In contrast to totaaaks, 
particle transport in a bumpy torus aay occur 
as a result of like particle collisions, and 
loss rates for electrons and ions arc not auto­
matically equal. Earlier work by KOvrlzhnykh7 

dealt only with the case where the aabipolar 
electric potential Is large relative to the 
plasma thermal energy. Calculations done over 
the past year have extended this to the case 
where ed/kT i 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: 

S-particle n u x . - ^ [ D B (I £ • IT £ ) 

• rap 

•rfl 

* * * « » 0 • v t h ( p L / R ) 

p, » Larmor radius 

R » Major radius 

Q * poloidal drift frequency at airror aid-
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 a bounce-averaged poloidal drift 
frequency. An aspect ratio evasion was em­
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
nomials In |v| and Legendre polynomials in pitch 
angle). This method is convergent as long as the 
t « t and drifts due to the burnt'ness 1n the 
field do not cancel each other at velocities in 
the thermal range (such as is the case for 
electrons when e*/kT < 0) . Hhen 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 I t cannot reflect 
the structure In the distribution function which 
forms near the loss region without going to a 
very large number of functions. In order to 
treat this case, a finite difference code has 
been developed for solving the kinetic equation 
using the AOI method. Besides providing trans­
port rates for et/kT < 0, this code Is also being 
used as an Independent check of the earlier 
results obtained for e*/kT > 0. 
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3.1.3 Magnetic Equilibria and Particle 
Orbits fortir^ 

C. L. Hedrick L. U. Owen J. F. Roberts 
As part of the design studies for EBT and 

EBT-II M C have examined single particle orbits 
In various finite 0 and anblpolar fields. From 
these calculations It became apparent that an 
alternate Inner M i l design was desirable for 
the reactor study. This suggested wall design8 

has been adopted for the following year's itera­
tion in the EST reactor study. 

These numerical studies confined previous 
calculations with the tbree-dlaenslonal equilib­
rium code 9 that high energy passing particles 
are the nost poorly confined. Me have eunrfned 
several supplementary coil systems which can 
leprotic conflneaent of this class of particles 
and tentatively conclude that it Is not possible 
to inprove the orbits of high energy particles 
(without degrading the conflneaent of s o w other 
class of particles) with a coll systan that Is 
attractive from economic and engineering points 
of view. Because this lossy region of velocity 
space Is expected to be sparsely populated even 
without these losses. It seeas unlikely that 
such supplementary coil systeas are warranted. 

3.1.4 Microwave Heating in EBT 
D. B. Batchelor 

Because the plasm in EBT Is produced and 
heated by Microwaves anJ mac notability Is 
diptneant on microwaves through formation of 
the annul1, an understanding of microwave 
propagation and energy deposition Is a crucial 
clamant In EBT theory. He have begun an inves­
tigation of microwave heating In EBT In which 
the propagation 1s treated by geometrical optics. 
The organization of the method we are developing 
is as follows. 
1) The source microwave field (at the wave­

guide mouth) 1s expanded as a superposi­
tion of plane waves or rays. 

2) The rays art traced through the plasma and 
allowed to reflect, split (by 1inter mode 
conversion), and be absorbed. 

3) The rays (or trees of rays generated by 
mode conversion) are followed until all, 
or a certain fraction, of their energy is 
deposited in the plasma. 

4) The energy deposition and nicroweve fields 
are coherently sunned for a representative 
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 plasma 
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 magnetic field lines (dotted curves} for 
extraordinary mode rays injected at the midplane 
of a simple mirror equilibrium. It can be seen 
that in this cold plasma 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 
tunneling, linear mode conversion, and wall re­
flection within the model. Research is pro­
ceeding on techniques to handle these processes 
in the geometrical optics code. 

He have alsr t'jne a preliminary investiga­
tion on the effects of nonlinear processes such 
as parametric decay and fllanentatlon due to the 
presence of a large-amplitude electromagnetic 
wave. The microwave 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 Utt Modes Jn~fbT 

D. B. Nelson 
Although the MM) or guiding center equations 

predict fast y rowing flutelike Instabilities In 
the EBT for any plasma 8, no such instabilities 
are observed 1n the presence of a sufficiently 
large (but not too large) hot electron population. 
The failure of the HMD equations Is not surprising 
because the drift velocity and gyroradll of the 
hot electrons »rt too large for the assumed 
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Fig. 3.3. Ray trajectories and Magnetic field lines (dotted curves 
for extraordinary node rays Injected at tiie mtdplane of a simple mirror 
• B U I I I D H M B . 

scaling In M O . To understand tke stability of 
the three-component EST plasma (composed of 
wars electrons, w a n Ions, and hot electrons), 
M C have used the Vlasov equations, Modeling the 
EST geometry by an inhoaoojeneous, arbitrary 0 
slab with gravity. Previous analyses of this 
geometry using tit* N O equations showed that 1f 
gp* < 0 where g 1s acceleration due to gravity 
and ff is the derivative of density In the In-
homogeneous direction, localized elect row an Hie 
•odes with £ • B « 0 are unstable (with a growth 
rate Y * - V V / P ) . 1 0 For the Vlasov analysis we 
denote the ratio of hot electron density to Ion 
density by 6 and for « • 0 recover substantially 
the M D growth rates. As 4 Increases the equi­
librium Is modified, but 1f 6 < ka f (a, Is tm> 
1on gyroradlus) and « < 6,^/B,^ e 1 t c t r w i . the 
fora of the dispersion relation Is unchanged. 

The growth rates * r t nodi fled because the coef­
ficients depend on the equilibrium, and the plasaw 
cm be stabilized to these Bodes if S R O t * * p

p/ r
c. 

where r is the hot electron characteristic 
P length and r 1s the average radius of curvature. 

In the annular plasma, r_ t» 1 cm, whereas r 
•v 20 cm, leading to a 0 ^ for stability of 201. 
Given the simplifications of the Model, this 1s 
in good agreement with the experimentally ob­
served value of 10-15%. 

In this range of 6, the hot electrons can 
be considered .as rigid because they do not par­
ticipate directly In the low frequency W D In­
stability. Their only effect Is to modify the 
equilibrium magnetic fields through their 
plasma currents. This conclusion from the 
Vlasov equations provides considerable Justifi­
cation for our earlier ad hoc procedure uslnc. 
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the W D variational principle to determine the 6 
limits for stability of the ion plasM, consider­
ing the hot electrons as a rigid external 
current. 

Ve have also considered the effect of 
increasing 6 beyond these Halts and find that 
M 2 then becomes complex. Re* approaches the hot 
electron drift frequency, and the -Hi equations 
are no longer appropriate. This change of be­
havior aay be reflected in the experiment by the 
transition from the T-mode of operation to the 
•••ode with increasing hot electron density. 

3.1.6 W O Analysis of Large-Scale Instabilities 
la the EBT Hot Electron Plasma 

• G. 0. Spies 0. B. Nelson 
Although the HMD equations are generally 

invalid for a plasma conposed of particles with 
large gyroredli, for rigid displacements the 
finite gyroradlus effects (due to the particle 
encountering a nonconstant perturbed field over 
Its gyro-orbit) are eliminated. In a cylindrical 
geometry these displacements are the e = 1 modes, 
which In fact are observed in theta pinch experi­
ments and are well described by the N O equations. 
In contrast, » * 2 and higher modes are not ob­
served, presumably stabilized by finite gyroradlus 
effects. 

No • • 1 Instabilities are observed In EBT 
in Its quiescent mode of operation. If this fact 
could be explained by the MM) equations on the 
bases of line tying, hollow pressure profile, 
wall proximity, or cold plasma effects, the much 
•ore difficult Vlasov theory of nonlocallzed 
perturbations could be avoided. Accordingly, we 
have calculated the growth rates and elgeimnde 
structure of m » 1 modes In a periodic bumpy 
cylinder modeling 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 

Max Planck Institute for Plasma Physics, Garchlng 
bel MBncnen, Federal Republic of Germany. 

of plasma width to coil spacing (long 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 eigenvalue 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. 1 1 

Three constant pressure regions were used, and 
very good agreement was found for the growth 
rates of modes having zero or one radial mode. 
(These are the fastest growing modes.) 

Mien applied to hollow profiles typical of 
the EBT hot electron plasma, the model predicts 
an • * 1, radially nonlocalized instability 
with an e-folding time less than 0.1 usee for 
any combination of wall proximity, external 
ccld plasma, or line tying which is consistent 
with the experiment. He conclude that the be­
havior of the hot electron plasma in EBT cannot 
adequately be described by the W O equations 
even for large-scale m * 1 modes. 

3.2 W D TOKMWK THEORY 
R. G. Bateman. Jr. 8. Carreras D. N. Clark 
R. A. Dory* H. R. Hicks J. A. Holmes 
J. R. Moore 0. B. Nelson Y-K. H. Peng 

R. 0. Sayer D. J. Strlckler B. V. Waddell 
J. H. Uooten 

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 1n 
verifying t... analytical calculations by Clarke 
and Signer" of equilibria at high 0. The nu­
merical procedures verified that flux conserving 
tokamak (Fa) equilibria were valid at a finite 
aspect ratio and that the equilibria existed 
even when the basic assumption (circular flux 

Group Leader. 
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surfaces} of the analytical theory was badly 
violated. Related to this work Mere the timely 
contributions in the magnetic field design area 
to the Icpurity Study Experiment (ISX) and 
Oak ilidge Tokamak (0RHU0 Upgrade machine de­
signs and to the studies aiaed toward tokaaak 
experimental power reactors and TKS. 

Codes for investigating (within a very 
simple aodel. of course) the ideal "HO insta­
te iity regimes again were available after an 
extended develcpmenta! period for application 
to the new equilibrium conditions. These were 
used to show that the tofcamak equilibria with a 
D-shaped cross section emphasized here at OWN. 
have significantly higher S limits than were 
found in an analogous study of the Tokaaak Fusion 
Test Reactor (TFTRJ 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 tokaaaks. 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 ORHAK experimental data 
gives needed guidance to those attempting design 
of advanced W O Instability codes, as in 
Sect. 3.2.4. 

3v2.1 High Pressure FCT Equilibria 
R. A. Oory Y-K. H. Peng 

W D tokaaak equilibria are found with values 
of 8 up to 20% and realistic PMO safety factor 
values [e.g., q(axls) « 1 and q(edge) * 4.8] for 
tokaaaks with an aspect ratio A * 4 and a D-
shapeii cross section (Fig. 3.4). If such equilib­
ria can be attained experimentally, they will 
be very attractive for decreasing the projected 
costs of tokamak power reactors. In the FCT 
model, where rapid heating is applied to an al­
ready relatively hot plasma, these high-6 
equilibria »n ach1#v»M* «• strfy »•« ^m1.-
static evolution of FCT equilibria as 6 increases. 

An operating window is found in the pressure pro­
file width, w , at the half-height: for high t 
the values of w lie between 0.40 and G.5S times 
the plasma minor diameter. Within this window, 
plasma current and poloidal = increase with ~. 
For fixed plasma boundary, significant polcidal 
surface currents are inducel. but these can be 
eliminated by small increases in the plasma minor 
radius, the pressure profile width, or the 
vacuus toroidal fieid. Detailed studies of other 
properties of high-5 equilibria are in progress. 

Free boundary FCT equilibria 

Y-K. K. Peng R. A. Dory 
D. J. Strickler J. R. Moore 

High-- (--5-30?) tokaaak equilibria have been 
found and the external magnetic field structures 
required to attain and hold them have been 
studied. The high-i equilibria can be a natural 
consequence of intense heating by an auxiliary 
power source such as neutral beams, if the 
heating is rapif compared to the magnetic diffu­
sion time scale. Because aagnetic fluxes are 
frozen in for such equilibria, they in called 
FCT equilibria. FCT equilibria are shown to 
exist and satisfy the local (Mercier) stability 
criterion with S values ranging up to 28%. For 
slightly D-shaped cross sections, we describe 
siaple and efficient poloidal field (Pf) systems 
which properly control and shape the plasma and 
admit poloidal divertors at the apexes of the 
natural 0-shaped cross sections (Figs. 3.5 and 
3.6). The PF syste* aay also have the property 
(STATIC concept) of shielding (by a factor of 
about six). 

Energy balance evaluation for D-shaped FCT 
Y-K. M. Peng J. A. Holats 

Based on the peaked pressure profiles of 
the high-6 equilibria in a 0-shaped FCT. 1 1 the 
a power of de-jteriua-trittua (D-T) fusion froa 
the TNS tokaaak with Bj * 43 K Is calculated. 
Assuming that the averaged density, n. Increases 
linearly with e* froa 0.6 * 10"* o r ' at 8 • 0.69S. 
the a power, p„, is shown to be 200 W (Ignition) 
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Fig. 3.6. (a) Optimized EF coll locations 
for a D-shaped FCT with A « 4 and a natural 
dlrartor. Colls connected with dots are In 
series; the " - " sign Indicates current In .the 
sane direction as In. The centers of the colls 
art at a distance from the plasna edge of half 
the plasma horizontal minor radius, (b) A typi­
cal Mgh-B (*15S), free boundary FCT equilibrium 
using the sane profile functions p(*) and F(*) 
as the equilibrium of Fig. 3.5 confined by these 
colls. 

and 300 Ml (bum) at I - 7.0S and 8.SK with n 
• 1.7 « 1 0 " car> and 1.9 « 10 1* car 3 , respec­
tively. These values are substantially lower 
than previews estimates of Ignition (6 - US) 
and bum ( 7 - l t t ) . » 

Peaked profiles also concentrate a-heatlng 
power near the plasaa center. I t is found that 
at F - 3.1S and n » 1.0 « 10Ia> o r 3 , p a reaches 
40 MH due to central Ignition and 
parable to the net heating power, p^, one 
expects fron neutral Injection. By assuming 
that i j i - 1 sec In a one-dimensional, one-fluid 
energy balance nodal, the value of p̂  required 
to maintain df/dt - 0.023 sec'1 stays below 
50 MM. By assuming a profile of heat conduction 

coefficient typical of present observations,15 

central Ignition at B~ • 3.IS permits reduction In 
the required depth of neutral bean penetration 
by a factor of two to three. This indicates that 
with proper density buildup during heating. D° 
beams of 150 keV can be sufficient for heating a 
Z eff " * ' * * 3 - 2 " T , e Pl**ma to Ignition. 

3.2.2 Analytic Approximation to numerical 
toBmnx Equilibria near the Magnetic Axis 

0. 8. Nelson R. 0. Sayer 

I t Is often desirable to have a detailed 
knowledge of the solution to the MHO equilibrium 
equation near the magnetic axis. For example, 
the Nercler criterion for local sabi l i ty Is 
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usually hardest to satisfy there, yet numerical 
evaluation of the contour integrals becomes 
Inaccurate in this region because of the few grid 
points available. He have found it helpful to 
use a weighted least squares polynomial fit to 
the numerical equilibria* in the vicinity of the 
•agnetic axis and then to evaluate analytically 
the relevant quantities. There are several 
equivalent polynomial expansions for *, the 
poloidal flux function, about the Magnetic axis, 
r g. if (r, z) are the cylindrical coordinates in 
which the equilibrium is determined numerically, 
then v can be expanded in (r - r , z) , or in 
(r 2 - r 0

2 , z), or after introducing the polar 
coordinates (p, 0) centered at the magnetic axis, 
in a polynomial in p and a Fourier series in e. 
Because * satisfies an elliptic equation it Is 
an analytic function; therefore. If the coeffi­
cients of one expansion are given, those of t..i 
others can be found algebraically. An example of 
such an equation is: 

i .k E *i t (r " r J z 

i.k 
r1k 

If r 1s the magnetic axis (where Vj » 0), then 
#io vanishes. If * is symmetric in z, then only 
even powers of z appear. He 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 rff until *i 0 vanishes. The 
relative error between the computed and the 
fitted » Is typically less than 10- s. 

The coefficients * 1 k are not all indepen­
dent being constrained by the equilibrium equa­
tion and the source terms. The constraint 
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. If * Is symmetric in z, then only 
four coefficients (e.g., too *ao» *JO. • H O ) •»* 
computed in the fourth order least squares fit. 
Solov'ev" has previously shown this to the 
third order. 

Lower order polynomials can also be used 
for some quantities. For example, the elliptic-
ity, the safety factor (q), and dV/d* (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 m third order, 1 7 whereas d 2V/oV and 
dq/d* on axis are fourth order. 

Effects of energy deposition profile on 
tHe time evolution of a flux conserving 
tofcanak ~ * 

D. B. Nelson 
A simple nondiffusive model has been used 

to study the effects of different energy deposi­
tion profiles on the time evolution of a flux 
conserving tokamak. The equations employed 1 8 

are those of mass, energy, and poloidal flux 
conservation 

at y (pu) o. 

p f f * P* • «• • Q. 

|£*u • v>- 0, 
along with the equilibrium equation 

J * » - » p . 

(3.1) 

(3.2) 

Here o and Q are mass and heat sources represent­
ing the neutral beam. He assume an adiabatic law 
for the equation of state, so that the internal 
energy, e. Is given by 

e • Trfc 
The calculation proceeds from an initial state 
with prescribed p(t), p(*), and safety factor q(»). 
If the plasma adiabat, u(*), 1s Introduced through 

P(*) - u(?) 
( * ) ' • 

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

J f t - (Y-1) <Q>/P • <o>/p . (3.3) 

where 0/0t is the time derivative at constant * 
and <...> denotes the flux surface average. 
The evolution of t 1s determined from Eq. (3.2). 
This is solved using the ISUWO code, 1 9 which 
computes the toroidal current directly fro*. u(*) 
and q(*). 

Figure 3.7 shows three cases representing 
different Q(*) profiles for a * 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 plasaa 
shapes are quite different: the plasm axis 
shifts aore outward for deposition strongly 
peaked on axis; for deposition peaked off axis 
the magnetic axis actually shifts inward. Figure 
3.7(e) illustrates pressure and q profiles for 
cases (a)-(d). 

3.2.3 Results from the ORHL Ideal H P 
Instability CodT 

R. 6. Bateman. Jr. 0. N. Clark H. R. Hicks 
Y-K. N. Peng j. w. Hooten 

The ORNL MHO instability code 2 0 has been 
used to study the effects of toroidicity and high 
pololdal 0 on large-scale Instabilities In 
realistic tokamak equilibria. Stable equilibria 
have been found with average 8 values up to 5J in 
FCT sequences of equilibria.21 As 6 1s Increased 
fro* the stability Unit in these equilibria, the 
observed instabilities take on a strong balloon­
ing character, concentrating near the outer edge 
of the torus and showing a mix of pololdal har­
monics, m, which reinforce each other at the 
outer edge. 

In general Ideal MHO theory studies of 
toroloal instabilities, it 1s found that the 
toroidal wavelength has the greatest effect on 
the growth rates of large-scale linear MHO insta­
bilities (holding the q-values per wavelength, 
nq, fixed); the shortest wavelengths have the 
largest growth rate. 2 2 Bending a given wave­
length into a successively lower aspect ratio 
torus decreases the growth rate by only a factor 

of two or three, compared to the orders of magni-
tude effect of changing the wavelength by a 
factor of two or four, when all wavelengths are 
considered for a given toroid, the m « 1, 2, 
3, . . ., n < 1, 2, 3, . . . nodes pile wp below 
q u { = 1 with less tendency to overlap at 
higher q-values. High shear suppresses the 
ideal M B nodes for q w i s > 1. The structure of 
the instabilities is clearly shifted outward 
in Mjor radius, often leaving a dead space et 
the inner edge of the torus. For a predominantly 
• * 1 node, the perturbed poloidal Magnetic 
field has a clear • - 2 structure, even for 
n « 2, 3, . . . . The expei ImcnUl observation 
of the ftfl signal could Mistake an ideal internal 
• * 1 node for an • • 2 node. 

3.2.4 Resistive MHD 
B. V. Maddell B. Carreras 
H. R. Hicks J. A. Holmes 

In general terns, the purposes of the Resis­
tive MHD Project are as follows: 
1) to study nuwrically the nonlinear behivior 

of the resistive PHD 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 codes and the 
analytic models with experiment. 
nonlinear evolution of the m » 1 
tearing node" 

H. R. Hicks B. V. Maddell 
The nonlinear evolution of the m • 1 tearing 

mode was studied by employing a version of the 
helically symmetric resistive MHO code that in­
corporates the electron heat transport equation. 
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 satu­
rated and magnetic reconnection occurred, with 
resistive heating Included in the electron heat 
balance equation, a marginally successful simula­
tion of tokamak sawtooth oscillations was carried 
out. 
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Fig. 3.7. (a) Flux contours of Init ial plasaa state, 1*2%, aspect ratio 2:1, Major axis Is to 
left of figure; (b) flux contours of final state with heat deposition profile, quadratic In * , 5 
- 13.4X; (c) flux contours of final state wit* neat deposition profile linear 1n * , B « 14S; (d) flux 
contours of final state trfth heat deposition profile varying as sin • , with > noraallzed between zero 
and », B " 15.51; (e) pressure profiles for cases described above (pressure Is normllzed so scale 
gives local 0) and safety factor [q(?)] profile (which Is Identical for all cases). 



115 

ernrej 
oscillations".z» 

B. V. Vaddell 
J. 0. Callen 

G. L. Jahns 
H. R. Hicks 

He hypothesize that sawtooth oscillations 
are the result of a cyclic process In which the 
plasma core is resistively heated until the 
safety factor drops below unity, causing the 
• * 1 tearing node to became unstable, to grow 
with an accelerating growth rate, and ultimately 
to flatten the electron teaperature and safety 
factor profiles. A aodel based on this hypothe­
sis compares favorably with experiaental data 
from OMUC in explaining: (1) the rati at which 
a sawtooth rises, (2) the radial dependence of 
the precursor and sain sawtooth oscillation 
amplitudes, (3) the accelerating growth rate of 
the precursor oscillations, and (4) the repeti­
tion tine of the sawteeth. See Sect. 2.4.2 for 
•ore details on the comparisons with OftMAK data. 

Reduced, three-dimensional, resistive 
W D equations 

B. V. Madden 
B. Carreras 

H. R. Hicks 
J. A. Holmes 

A set of low-e. three-dimensional, reduced 
W D equations was derived including the effects 
of resistivity and toroidlclty. If the toroidal 
and pololdal Magnetic fields are denoted by B 
and B respectively, the three basic assumptions 
are: (1) 36^/at * 0, (2) B ^ ->• c, and 
(3) e -\, c 2. The first assumption eliminates 
fast time scale magnetosonlc waves and should 
thereby greatly increase the efficiency of any 
numerical scheme based on these equations. It 
also allows the magnetic field to be expressed 
in terms of a flux function, thereby ensuring 
that v • B • 0 numerically. The second and 
third assumptions Imply that the toroidal veloc­
ity can be neglected and, consequently, permit 
the Introduction of a stream function for the 
pololdal velocity. Equations correct to the 
first order In e were obtained for the time 
evolution of the toroidal flux and the vortlclty. 
A preliminary numerical scheme for solving these 
equations has been designed and Is presently 
being Implemented. 

3.3 KINETIC THEORY 
C. 0. Beasley, Jr. J. E. NrCune D. J. Sigear 

R. V. HcGiffey J. Smith 
H. K. Meier K. T. Tsang 
T-K. N. Peng T. Uckan 
C. E. tatfcmaan H. I. van Rij 
J. A. Rome B. V. waddell 
K. E. Rothe J. C. Miitson 

0. J. Beckett 
J. D. Callen* 
P. J. Catto 
E. C. Crume. Jr. 
J. Denavit 
R. H. Fowler 
H. C. 

The activities in this group have been 
categorized as: 3.3.1, Neoclassical Transport; 
3.3.2. Anomalous Transport; 3.3.3, Collisional 
Plasma Model; and 3.3.4, Particle Orbits 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 
•ultlspecles neoclassical transport theory 1s 
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) Anomalous 
(turbulent) processes affect only the transport 
coefficients perpendicular to the magnetic field, 
leaving the neoclassical parallel transport co­
efficients basically unchanged. (2) The 
magnetic perturbations ensuing from drift wave 
fluctuation levels e* i 0.01 kT can be shown to 
produce high mode number 1siatIon of the con­
fining magnetic field, which leads to anomalous 
electron heat conduction not Inconsistent with 
observations In tokamak experiments. 

The Collisional Plasma Model (CPU) has 
found acceptance 1n the published literature. 
Significant advances 1n 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 orbit and Injection project progressed In its 

Group Leader. 
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fundamental investigation of high energy guiding 
center orbit theory in flux coordinates (suitable 
for the new flux conserving, high-6 equilibria) 
and of advanced (ripple) injection schemes. 

3.3.1 lleoclasslcal and meutral Particle 
Transport 
0. J. Sigaar E. C. Cruae, Jr. 

H. C. Howe K. T. Tsang 
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 aore 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 improvement 
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-
SchlSter regime by Tsang and Callen, multispecies 
impurity transport In the banana regime by 
Hlrshman, Sigmar, and Clarke, and a systematic 
approximation to the Fokker-Planck operator by 
Hlrshman and Sigmar. An ORNL report on 
temperature screening in a Pflrsch-SchlBter two-
ion 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 1n the 
vein of quantitative exploration of existing 
theory, Uckan, Tsang, and Callen evaluated the 
effect of the pololdal variation of magnetic 
field ripples on tokamafc heat transport. A paper 
by Sigmar and Freidberg en transport 1n high 0 
tokamaks appeared in a supplement to Plasma 
Physics. An ORNL report on neoclassical trans­
port In all three regimes In an elliptic tokamak 
has been submitted for publication by Tsang. The 
motivation for the latter two papers derives 
from our orientation towards the next generation 
of experiments with high 0 and deformed cross 

section. In the area of neutral particle 
kinetics, a quantitative analytic-numerical 
study of inelastic wall reflection of warm 
neutrals Incorporating the Robinson dynamic re­
flection model has been performed by Howe and 
Sigmar. 

Smooth Transition of meoclassic*' Diffusion 
TrnT"the Banana to Pfirsch-SchlSter Begttw?* 

K. T. Tsang J. D. Callen 
It is shown that neoclassical transport 

previously obtained by numerical evaluation of 
variational procedures can be reproduced analyt­
ically by takl. j account of the energy depen­
dence of the collision and bounce frequencies 
through the separation of velocity space into 
banana, plateau, and Pfirsch-Schluter regimes. 

lleoclasslcal Transport V.jory of a rVlti-
species Plasma Jnlhc Low CoTTTsToir 
Frequency Regime" 

S. P. Hlrshman 0. J. Sigmar J. F. Clarke 
A comprehensive neoclassical transport 

theory for a multispecies plasma in the low 
collision frequency banana regime Is developed. 
A recently developed approximate collision 
operator 1s used to calculate analytically the 
transport coefficients in a nonisothermal, 
finite B plasma for arbitrary mass ratios and 
all values of the aspect ratio. The physical 
effects of collisions In the large and small 
aspect ratio limits are discussed In detail. 
The bootstrap current 1s 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 heavy 
Impurity 1on. 

Approximate Fokker-Planck Collision Operator 
for Transport Theory Applications*? 

S. P. Hlrshman 0. J. Sigmar 
An analytically tractable approximation Is 

developed for the linearized Fokker-Planck colli­
sion operator; it describes a plasma nearly In 
thermal equilibrium. This approximate operator 
preserves the symmetry properties of the exact 
collision Integral which Imply the physical 
conservation laws, self-adjolntness, and the H 
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Timptiature Scieaaiaa, Effort ia Two-loa 
Species Wrsca-SdtTaW T.oaigoitii 

I. T. Tsamg E. C. Crvme. Jr. 

lie have solved the particle oaf heat flan 
problems in the collisioaal or Pfirscb-Schietar 
regiae for a two-ion species toiaaat plasma using 
a kinetic approach with exact Fefcmer-Plamck 
collision operators. These solutions are appro­
priate for analyzing the behavior of iaparitics 
in the low teaperature plasaa edge region, where 
{•purities first enter the plasaa froa tae oat-
side. He find that low charge states of loa 
•ass Impurities can be screened effectively froa 
further penetration of the plasaa. 

Banana Drift Diffusion in a ToU—fc Magnetic 
Field with Ripples?* 

P% • I * # 3 v a a i a 

The drift Motions of trapped particles In a 
tokaaak field with ripples lead to a new trans­
port process in large tokaaaks In addition to 
the diffusion process due to particles trapped 
in the ripples. He study this problem by solving 
the bounce-averaged, drift-kinetic equation with 
a andel collision operator. I t is shown that the 
banana drift diffusion is proportional to the 
collision frequency when the pololdal banana 
drift frequency is smaller than the effective 
collision frequency. This result Is contrary 
to earlier predictions, and in a reactor regie*, 
this loss mechanism is shown to be unimportant. 

Effects of tin? »oloidal lariat 
fcaeetJc Held" tipple oa 
Transport in TofcamefcsM 

Tsamg J. t . Calaaa I . A. Uckan K 

TV use of a finite number of coils ta 
the toroidal field of a taaaaaJ 

a aagnetic field asymmetry aad fe 
stale far am additional particle 
cam affect the plasma lenHnmmmU. The 

at taaaa Palotaal 

B. 1. Sit J. ». 

of a reactor at the atohest mas-
stale Mlee of e is desirable from a power 

• summpetmt. W a i — u . there is am-
•1 aad theoretical evidamce for rodaccd 

field tramipai t with incraasimg a. 
assvetma the Hfh 6 oroortaf & <v c, I •>. c-» 
(where c * a / * 0 1s the imnrie aspect ratio), 
at study the effect of 6 an collisioaal aad 
anamaleas trapped particle diffwsioa for verfeas 
equilibria wader the caastraiat of PMD stability. 
(1) He daoMstrate that at 6 B v c' 1 the strong 
Shaframov shift results ia a redaction of the 
banana width aad thus of banana diffusion. 
(2) Me investigate the maximum J properties of 
certain hlgh-fi equilibria with respect to their 
stabilizing influence on the interchange trapped 
particle 

neoclassical Transport in aw Elliptic 
Tofcaaafci? 

K. T. Tseng 

Neoclassical transport for an elliptic 
tokamak in all colllsional regimes 1s Investi­
gated by the technique of partitioning the 
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velocity space. I t Is found that In a tot—It 
of median elongation, particle and ion heat 
confinement times are Increased by a factor of 
o 2 . where o Is the ratio of vertical minor rtdius 
to horizontal arinar radios. Ripple diffusion in 
an elliptical tefcamek is also stadled. Ion heat 
conductivity doe to ripples is reduced by a 
factor of apprainmtely o 2 . 

•antral hjdroam kinetics in plasma 
toclwdino, inelastic wall reflection 

h\ C. nane 0. J . Signer 0. Armrius 

mutant tdiaam in naderstandlnf the 
Inelastic Interaction between durge-exchanfe 
nentrals and the lattice dynamics of the nail 
by PA. Robinson et a l . have led as to reconsider 
the solatia* of the aoltnama caution for the 
m i l els. A hybrid analytic — H e a l nethod 
has bat* developed far solving the integral 
conation, with special care taken to conserve 
particles and energy In the neutral particle-wall 
Interaction. 

The wars neatral flax Incident on the wall 
Is dec pi h w l l y to the f irst charge-exchange 
reactions between the Frank-Condon flux and the 
plasne. Tkas the aeaa energy of this flux Is 
characteristic of the plasna teaperature at 
points corresponding to one Frank-Condon m.f.p. 
(several lenttaettri) Into the plasm. The 
fraction of the cold mil-emanated flux which 
later returns to the wall as hot flux 1s 
approximately half the ratio l ^ A , of a cold 
neutral. (A and > i are the aean free paths 
against charge exchange and Ionization.) Hhen 
the hot neutrals are wall-reflected again, the 
total flax of neutrals Incident on the plasm 1s 
therefore Increased by up to 501. Because I t 
1s More energetic the additional flux penetrates 
further and results In an Increase of the central 
neutral density, which 1s Inversely proportional 
to the energy lost In the wall during reflection. 
For elastic wall-reflection, the hot neutral 
density in the center of the plasm Is increased 
by a factor <*. 

3.3.2 Awnaalous Transport 

J . 0. Callen K. T. Tseng J . C. Mhitson 
9. J . Catto 6. V. waddell 

Radial transport processes (in particular 
the radial electron heat conduction) are anoaa-
lous in present tokaaaks. Using primarily ana­
lytic ncthods, we mn refining and further 
developing the theory of drift-dissipative. 
trapped-electron instabilities in order to deter­
mine i f these modes, which seen to be the most 
likely candidates, are responsible for the 
anomalous transport 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 
model calculation that the destabilizing trapped-
electron contribution is not strongly reduced 
when finite ion gyroradH effects and the atten­
dant overlapping of node-rational surfaces are 
taken into account. In the next two subsections 
we discuss our prelininary attempts to apply 
Dupree's strong turbulence theory to these nodes. 
I t seems plausible that the strong turbulence 
effects could cause node saturation at roughly 
the amplitudes observed in the experiment 
(ef/T e i 10 ' 2 ) . Next, we discuss the transport 
induced by such turbulence. Following that we 
discuss a 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, Mare pinch, 
etc.) and that the anomalous transport should be 
simply added to - but not replace - the Irreduc­
ible neoclassical transport. Finally, in the 
last subsection we propose and briefly discuss 
a new hypothesis for the process by which drift 
wave fluctuations can cause anomalous transport -
namely through radial magnetic flutter and con­
sequent conversion of a portion of the wry large 
parallel electron heat conduction Into radial 
electron heat conduction. While the coaposite 
model being developed 1s not complete or specific 
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enough yet to make detailed comparisons with 
present experiaental data, i t is encouraging that 
a number of pieces of the Model seem to agree 
with current experiaental interpretations of 
anomalous transport processes in tokamafcs. 

Asymptotic behavior of trapped electron 
instability in the large k 9p { limit 

K. T. Tsang J . D. Callen 

In the large k ep { Un i t , the distance be­
tween •ode-rational surfaces (A) is audi saaller 
than the turning point distance (X.) of the usual 
radial eigenaode. Thus, one can no longer solve 
for the radial eigenfunction by considering only 
an isolated mode-rational surface. He assume 
a radial mode structure that has a fast 1KB 
function part and a slowly varying envelope. The 
fast radial variation has the sane spatial period­
icity as the aode-rational surfaces (A). The 
equation for the slowly varying part Is derived. 
The trapped electron tern is a localized source 
of free energy whose radial dependence is taken 
into account in the slowly varying part of the 
radial eigenaode 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 oy a factor (A/X^lnfXj/A) 

< v V r n / L s ^ e f l ' " * ' B e c * u s e t n i s f K t t r i s n o t 

too different froa unity at the kgPj > 1 l ia i t 
of the calculation, we hypothesize that the 
radial eigenaode strv.ture does not modify 
qualitatively the aost unstable k ep f > 1 
trapped electron aodes. 

Ion response due to nonisotroplc turbulence 
produced by low frequency Instabilities 

K. T. Tsang 

All strong turbulence calculations in the 
literature assuae Isotropic, linearly unstable 
waves in the background plasaa. This is not 
true for low frequency drift waves. In toroidal 
geometry, we Fourier-expand all perturbed quanti­
ties In the toroidal and pololdal directions 
while keeping the radial structure unspecified. 
The nonlinear response for the Ions 1s obtained 
froa the Vlasov equation by Oupree's renormall-
zatlon technique. This result Is r*ry useful 

in the strong turbulence theory of drift waves 
in tokaaaks. The strong turbulence is found 
to affect the radial eigenaode structure and to 
introduce a k 20 dawning decreaent. 

Strong turbulence effect on trapped 
electrons' 

K. T. Tsang 
A bounce-averaged kinetic equation is used 

to investigate nonlinear effects on trapped 
electrons. Turbulence affects the trapped-
electron response by introducing an 1k r

2D tern 
in the resonant denoainator, where k p Is an 
average wave nuaber of the radial eigenfunction 
determined by the ion response. The relation 
between 0 and * is derived by assuming a radial 
eigenfunction scaling as exp(iyx 2), as obtained 
in linear theory (even Including certain non­
linear ion effects). A fluctuation level, 
e*/T, of about IS is required to stabilize the 
node for typical parameters. Figure 3.8 shows 
the nonlinear growth rate due to the trapped 
electrons for different levels of turbulence 
characterized by the parameter k r

20/u». The 
case under study is low in collisionallty (v # 

• 0.001) and uses the following parameters: 
if • n e - 1, T e/T i • 1. r/R * L n/R * 1/4, and 
a * z. Also shown is the shear damping•contri­
bution represented by the dash-dot line. -4ne 
shear parameter, L^/Lj. is 0.05. It Is clear 
that the aode Is stabilized when k^D/w, * 0.2, 
which jives a fluctuation level, ej/T, of about 
It. 

A model for transport in tokaaaks 
J. 0. Callen H. C. Howe K. T. Tsang 
The original Kadomtsev and Pogutse develop­

ment of the dissipative trapped-electron Insta­
bility is Invalid for present tofcaaak experiments. 
Decent generalizations of these modes to adapt 
the analysis of the mode to current experiments 
Include curvature drifts, velocity-space parti­
tioning to extend the analysis into the plateau 
regime, and finite ion gyroradlus effects (cf. 
first subsection of Sect. 3.3.2). Me hypothesize 
that the revised aode Is a candidate for the 
fluctuations and transport observed 1n present 
experiments. A quasi-linear theory of the 
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Fig. 3.8. Nonlinear gnwth rate doe to trapped electrons for different 
turbulence levels. 

generalized nodes has been developed. The 
lows transport Induced Is In addition to neoclas­
sical transport and affects only the cross-field 
processes of particle diffusion and electron heat 
conduction. The radial electron heat conduction 
induced by these nodes seams to be a bit too 
saall to explain the experimentally observed 
anomlous elsctron heat conduction. The particle 
density Is determined by balancing the Inward 
Mare pinch with the outward anomalous particle 
diffusion (cf. Sect. 2.1.15). Sfcrilarly, the 
iapur'.ty density results fro* balancing the 
Inward classical diffusion egjinst the outward 

lions diffuslcn. 

The possible role of •agnetlc perturbations 
on anomalous transport In tokamaks 

J. D. Callen 
Snail, resonant Magnetic perturbations can 

easily tilt the magnetic field lines and modify 
the flux surface topology In a tokamak. Plasma 
transport Is ouch faster parallel to the Magnetic 
field lines than perpendicular to then. Thus, 
very snail helically resonant magnetic perturba­
tions (e.g., §/B z 10-") that cause field lines 
to winder radially can allow the rtry rapid 
Parallel transport processes to enhance radial 
plasna transport over that produced by perpendic­
ular transport processes alone. Ms hypothesize 
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that the Magnetic perturbations induced33 by t.ie 
experimentally observed drift naves (eoVT -- IT2) 
can cause this effect to be important in 
determining the radial electron heat transport 
in tokaaaks. Preliminary estimates of the aac-
netic 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 transport coefficient 
significantly affected and that its Magnitude is 
comparable to that observed in present tokaaaks. 

3.3.3 The CPU 
C. 0. Beasley. Jr. E. C. Crwme. Jr J. Oenavit 

J. C. HcCune i. H. RxGaffey H. K. He'er 
C. E. Rathnam K. E. Rothe T. Uckan 

U. I. van Rij 

Hajor emphasis during 1976 for the CPU 
project has been an development of new coaputa-
tional tools to treat theoretical problems within 
the scope of the C?H- The primary task was the 
completion of a new code, ORES (Drift Kinetic 
Equation Solver), described In the first subsec­
tion below, lot only was such a code needed to 
avoid major code Modifications with each change 
in problea, bat also the cade aade use of the 
advantages of the CPU described in detail below. 
another major regal rams* was a vastly improved 
method of calculating the Fokker-Planck collision 
operator - one which peraitted dyaaaic adjustment 
as species toaniiHwrii change as well as 
arbitrary mass-tamperatare ratios between species. 
Such a code is descrifeed in the second subsec­
tion. After completion ami cmeckowt of ORES, i t 
was apparent that major coat Jpgdmpi would be 
needed in order for the code to be of practical 
use in most anticipated problems, tfitle computa­
tional speedup* have yet to be Implemented, the 
most beneficial »ptt*aj was a more rapid deter­
mination of the lowest elmnaaode (quasi-
stationary for eaallibrima or slowly growing for 
Instability). A numerical method for doing this, 
called RELAX. Is described in the third subsec­
tion, when It became apparent that existing 
theory for quasi Hwjatrallty was Inadequate for 
a complete description of the electric field in 

a drift-kinetic equilibrium and useless for non­
linear instabilities, a complete theory of 
quasi-neutrality in a drift-kinetic sense had 
to be derived. An abstract describes such a 
theory in the next subsection. Other reports 
discussed in the remaining sections deal with 
results from older CPU codes. The next four 
subsections deal with the use of the CPU in 
studies of impurity diffusion, comparisons with 
earlier results, use in a transport simulation 
code, and preliminary treatment of a bump-on 
tail relaxation. Finally, a preliminary report 
of work on the dissipative trapped-electron in­
stability model of Oenavit and Rathaann is given. 

Drift-kinetic equation solver: PKES 

C. 0. Beasley, Jr. H. K. Meier 
R. W. Hctaffey u. I. van Rij 

DKES is a aultispecies collisional plasma 
computer program for toroidal devices. It solves 
the drift-kinetic equation in the form derived 
by Hazeltine3 1 ,«2 5 as *n initial value problem, 
following in time the amplitudes obtained by 
expanding the distribution functions in the or­
thogonal velocity-space functions of the CPU36 

and toroidal and po1oi<*ai Fourier series. At 
this stage of i ts development. ORES treats the 
alnor radius coordinate in a flux surface locali­
zation approximation.37 

The drift-kinetic equation can be written 
in the form 

| ^ f ix , v. t ) * -W(x. ?. ; , ? y , t) 7(x". v. t ) 

• C(I. v. t ) . (3.4) 

with the Vlasov operator ten*, u, factorizing 
as follows: 

12 
M- I K.WQI, i V ) S,(x". $. t ) . 

j-1 J ft * J 

"•TTfTty (3.5) 
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An essential feature of OSES Is its use of this 
factorization of H into velocity-space and 
physical-space operators. The velocity-space 
operators, K.. are problem-independent, and 

their aatrix elements in the CPU representation 
are pure numbers that can be calculated once 
and for al l . Calculations of the CM represen­
tation of the Coulonb collision operator,36 C, 
and a scheae for the rapid time-advancement of 
the drift-kinetic equation (Eq. 3.4) are de­
scribed in the next too subsections. 

ORES calculates the species and plasma 
number densities, tuny era tares, fluxes, mass-
flow velocities, and heat fluxes. In particular, 
the Fourier amplitudes and flux-surface averages 
of these observables are calculated. The CPU 
representation for 1 is optimized when the 
temperature, T(r.t). in Eq. (3.5) and the radial 
localization nunber density, M(r.t), 3 7 are the 
flux-surface averaged species temperature and 
density, respectively; DKES has the capacity 
for updating T(r.t) and N(r,t) according to this 
prescription. 

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

A variety of problems can be studied with 
DKES, each problea being character :ed by 
particular Magnetic and electric fields. 
Examples are: 

1) equilibria with vacuua toroidal aagnetic 
f ield, equilibrium ring field, and poloi-
dal magnetic field, and with or without 
self-consistent electrostatic . ?id; 

2) equilibria with self-consistent dtve1c;ment 
of the poloidal Magnetic field; and 

3) self-consistent electrostatic instabilities. 

Calculations involving the self-consistent 
electrostatic field have becoae a practical 
possibility because of the development of a 
prescription for this field in which the plasaa 
oscillations have been eliminated.38 The bulk 

of DEES is unchanged in going fron one problea 
to another; only the Module which calculates 
? and 5 is affected. 

A stable recursive methodfor calculating 
matrix elements of the CPU collision 
operator 

H. K. Meier 
In the CPU. the full contribution to the 

time derivative of any amplitude, f l , of the 
rth species would be 

i l ( r ) i 5t 
r-rs 

JColli S'Species i'rf l"n" 

L l' l " 1 f(r) ,(s) 
n it n" W t"n" • 

t S 
In the linearized version this reduces to 

(3.6) 

ar Collis s*species if r i \ 
I c " t l oj 

n rf oi 

0 (s) . frs [iol] AT) 
oo • C nor/] 00 -a»j (3.7; 

The CPM derivation of Eqs. (3.6) and (3.7) has been 
covered in the past.3- The aethod used to obtain 
numerically the aatrix elements of Cn involved 
recursive equations which were unstable; therefore, 
it was necessary to use a aultiprecision com­
puter prograa to calculate the element. Once 
calculated, the elements were stored or a disk; 
however, because the elements depend on aass-
temperature ratio, the system was rather 
inflexible. 

In the past year a stable method has been 
found to compute the elements as they are needed 
by meats of a single precision program. Storage 
requirew.ts are thereby greatly reduced, and 
flexibi.ity of the program Is increased. The 
method involves a replacement of the recursion 
relations for the 1^ found in Ref. 39 by com­
pletely stable recursion relations. Derivation 
of these recursion relations will be elucidated 
in a forthcoming ORM./TM report. 
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BtlAX: » numerical procedure for th. 
rapid determination of the lowest eTgenaode 

•-dependent equilibrium problem rapid dt 
of a tmi 

H. I. Heier 
while the heretofore used Ruage-JCutta pro­

cedure for following the tiae behavior of a 
tokamak plasma as it relaxed to a quasi-equilib­
rium was suitable for calculating neoclassical 
equilibria in the plateau regiae, computatior. 
tiae was auch too long when operating deep in the 
banana or Pfirsch-SchlQter regimes. This wes 
particularly true in the banana regiae. where 
there was an additional complication arising 
froa storage of large arrays of amplitudes 
associated with the distribution function. 

Recent work has shown that in aatheaatical 
terminology, the CP» calculation corresponds to 
a stiff differential systea. In other words, the 
systea of equations in the CPU representation has 
aodes which »rt of very high (coaplex) frequency 
coapared with the tiae dependence of physically 
interesting aodes near the equilibria*. Because 
of these high frequency aodes. a very short tiae 
step was necessary to aaintain numerical 
stability; however, the short tiae step resulted 
in a large nuaber of Runge-Kutta steps (jiff") 
in order to daap the low frequency aodes. 

Perhaps the siaplest way to understand this 
effect is to consider a purely linear systea 
(ours is almost linear) of the fora 

n 
it 

* * f . 

( f the operate ft has eigenvalues -'*, and 
corresponding eigenaode g. such that 

"?i * - * i?i • 

then the tiae behavior of a vector consisting of 
a single eigenaode of tfc; system will be 

f,(t) - ? < e-V 

and hence. 

f , ( t • At) * e - Y " 1 f ( t ) 

Unfortunately an expl ic i t scheme for advancing 
the functions in t iae (such as fctfwje-Xutta} 
results in 

f.{t *lt) « 1 - >jit • y [ - i i t } - • . . . 

This is a good approxiaation if -.it is saail; 
but for >..:t too large. 

1 - i^t • £ (;.itj-* • . . . > 0. 

and the process is nuaerically unstable. For 
exaaple. for a real eigenaode calculated by a 
fourth order Runge-Kutta procedure, i t is re ­
quired that 

0 < v.:.t < zQ = 2.7953 

Consequently, if a >.. exists which is 10- tiaes 
the inverse collision tiae, it is necessary to 
use a :.t which is 10" tiaes saaller than would 
be required to calculate on a physical collision 
tiae scale in order to reaain stable. 

Figure 3.9 shows the stable region frn the 
coaplex plane for the function C defined below: 

t. and zQ is defined above. where z s v • i* * 
The outer solii line, corresponding to 0 * 1. 
narks the Mundary of the stable region (i.e.. 
z < z- - is stable). The reaainlog contours 
show whe*e eigenaodes will be daaped by an order 
of aagnitude within 200. 100. 50. 2*. and 12.S 
tiae steps respectively. By Hiking :X 
sufficiently sssll we can always be assured that 
any aode occurs withii. the stable regiae. 

However, there is nothing sacred about using 
the elation for 0 to find an equilibrium. Ar« 
sequency of the form 

,{1*D (1 • C, M • C 3 W • C 3 H 1 • . . .) f (i) 

P(M) f (i) 
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Fig. 3.9. Stable re-; I on fcr complex eigenmodes of a fourth order 
Runge-Kutta expansion. 

(P is a polynomial 1n M, where H' n 'f corresponds 
to applying the nth tine-derivative operator) 
which serves to damp out all but the equilibrium 
will suffice. In particular, 1n the banana 
regime (where elgenmodes cluster up against the 
Imaginary axis) or In the Pflrsch-Schl titer regime 
(where thty cluster along the positive real axis) 
the D equation becomes extremely inefficient. 
A computer program has been written to generate 

sequences tailored to f i t 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 fatcor of ten in the time required by 200 
fourth order Runge-Kutta steps any mode that lies 
on the Imaginary axis with 

^ L > 3 x 10\ T̂  max 1 



125 

ORNL-OWG 77-6440 
1.2 

0 8 -

w OS-

CM-

0 2 -

IMAX=20 
NRUU50 
GAMO* 0.01000 

0.2 0.4 
i 

0.6 
i 
0.8 IX) 

Fig. 3.10. Stable region for complex eigenmodes of a 20" relaxa­
tion polynomial. 

This compares with about 5000 Runge-Kutta steps 
using the standard 0 sequence. 

One can use the saw method to follow the 
correct tie* development of a system. The dif­
ference here is that one uses the low order terns 
to improve stability. Such • sequence night be 
of the for* 

f{t • At) - |l • *<At) • j«?(At) 2 • £ « ' ( « ) * 

• CJC • Cj* 5 • f(t) 

Calculation of a self-consistent, low 
frequency electrostatic field in 
toroidal geometry 

C. 0. Beasley, Jr. H. K. Meier 
J. £. NcCune W. I. van R1J 

we derive an asymptotic series In u ~2, the 
Inverse square plasma frequency, for the 
self-consistent, curl free, low frequency electric 
field In tori . The derivation Is consistent 
with the drift-kinetic ordering and may be used 
in either instability or equilibrium calculations. 
We find that in a time-dependent formalism, the 
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electric field is completely determined to the 
first order in a drift-kinetic expansion. 

CPU calculations for two-ion species in 
the Pfirsch-Schluter regime 

E. C. Crume, Jr. K. E. Rothe 
H. K. Neier H. I . van Rij 

A version of the CPU was written to allow 
calculations involving two charged species. Al­
though soae prelim nary investigations of an 
electron-ion plasaa were made, aost of the 
calculations were for two-ion species interacting 
in the Pfirsch-Schluter regime. An analytic 
theory of transport in that regime, against which 
the CPU version could be califtrated, had recently 
been completed.*,° The results fro* two calcula-
tional cases involving hydrogen-oxygen plasmas 
are summarized and discussed below. These cases 
were chosen froa a theoretical standpoint to 
deaonstrate the presence or absence of teapera-
ture gradient screening1'0 of impurities at the 
edge of a tokaaak such as ORHAK, in the presence 
of a high edge concentration of an oxygen iapu-
rity. The plasaa conditions that are the saae for 
the two cases are given in Table 3.1. 

Table 3.1. Plasaa conditions for two-ion 
species calculations 

Toroidal aagnetic f ield, BQ 1.9 T 
Plasaa aajor radius, R 79.8 ca 
Inverse aspect ratio 6 at alitor 

radius of flux surface of 
calculation 0.259 

Electron density, n 5 * 10»2 ca-3 
Electron teaperature, T £ 10 eV 
Proton density, n_ 9 x 10" cm*3 

Cuaaon Ion species 
teaperature, T 

Coason logarlthaic gradient 
of density and temperature 

10 eV 

0.106 or 

The first cast was selected to show tempera­
ture gradient screening of Impurities (I.e., a 
reversal of the usual sense of the fluxes of the 

ton species so that the hydrogen flux is inward 
and the oxygen impurity flux is outward). 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 ion 0 2 4 is about twice that of 
the hydrogen ions or protons. This assumption 
is not unreasonable for edge conditions in ORHAK 
plasaas after oxygen discharge cleaning.1'1 

Comparison of the collisionalities. v., with 
<5"3^2 shows that both species are deep in the 
Pfirsch-Scnluter regime. The CPU calculations 
were run until the calculated particle and heat 
fluxes had stabilized, as Indicated by slow 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 r g 2 + / r , is only satisfied to within 
about 25%. The conduction heat fluxes disagree 
by larger factors with theory, although the ratio 
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 fljx outward). Parameters and re­
sults for this case are given in Table 3,3. The 
parameters ar^ seen to be very siallar to those 
of the first case, except that the impurity ion 
is 0 3 * rather than 02*. Again the CPU particle 
fluxes are in reasonable agreement with the 
theoretical predictions, although the stabiliza­
tion was not quite as good as In the first case. 
The fluxes also better approximate ambipolarity. 
While the proton heat flux agrees better with 
theory than In the first case, the 0 J + heat flux 
is considerably in disagreement, and this latter 
fact account; for most of the large discrepancy 
1n the ratio of the fluxes. 

The results of these preliminary calculations 
are encouraging, considering that the CPM model 
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. 



127 

Table 3.2. Suaaary for case with temperature gradient screening, H -O 2* 

0 2 * density 2.05 * 10 i 2 

Proton particle flux r 

(ATp/At)/rp 

o * n ^ ^ / n p 9.11 

V 161.0 

v «o 2 * 393.0 

«-3/2 7.57 

TPP 

Theory 

6.22 x lO"5 S 

CPU (at t * 2007 ) 

-3.44 x 10" 

0 

a H s - i -3.4 x lo»3 o r 2 * " 1 

0.00056 T -« PP 

02+particle flux r Q 2* 1.72 x ioi3 a r V 1 2.1 x l o » car 2 * ' 1 

(AT^/AtJ/rQa* 0 0.0011 T^" 1 

Proton conduction heat flux Q 1.93 x 10 1 S eV ar2fl 3.5 x io»s eV o r 2 s - ' 

(AQp/AtjQp 0 0.00016 x "» 

0 2 * concoction heat flux Q^* 2.20 x 10" eV o r 2 * ' 1 3.2 x l o 1 5 eV oa^s" 1 

( A Q ^ / A t ) / ^ * 0 0 

r Q 2 * / r p - - 2 , / Z o 2 * " • ° - 5 0 0 - 0 - 6 2 

Qo2+/0p - a tZj /^ ) 3 - 1.14 0.91 
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Table 3.3. Suaaary for case without teaperature gradient screening. H -0 3* 

0 3* density 1.37 x \QK 

a * "o^o^p 13.7 

V*P 224.0 

v *T j3* 1.21 » 103 

6-3 /2 7.57 

PP 6.29 x 10- 5 s 

Theory CPU (at t * Z 0 0 1 , - , ) 

4.44 x 10 1 3 o r V 1 4.0 x 10" car 2*" 1 Proton particle flux r 

(ATj/At)/^ 0 -0.0012 Tpp"1 

03+particle flux r03+ -1.48 « 1 0 i 3 car 2** 1 -1.2 x 10>3 o r 2 * - 1 

PP 

Proton conduction heat flux Q 1.34 x io 1 5 e¥ ca- 2s _ 1 9.7 x 10 1* eV or 2$-» 

(AQ/At)Q 0 0.0026 x *' 
rr 

0 3 4 conduction heat flux 0̂ 34. 6.77 x lo»* eV ar 2 $* ' 1.5 x io I S eV a r V 1 

(AQ^/At)/^* 0 -0.00051 T -» 

r 0 w r p - -zp/Zo3+ • -0-333 -0.30 

V / Q p - o (Z p :7 o 3 + ) 3 - 0.506 1.5 
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Comparison of Model Distribution functions 
. . k h C o U i s W l Plasma M o d e M t P M feesiiTts 
in Various Collisionality Regimes'** 

T. Uckan C. 0. Beasley, Jr. 
The neoclassical electron distribution 

function derived by Itosenbluth, Hazeltine, and 
Hinton"'3 is compared with CPU 3 6 results in the 
banana regime. Generally there is good agreeaent 
except for discrepancies at low energy, which M y 
be attributed to lack of proper treatment of the 
collisional (lew energy) particles by Itosenbluth 
et al -'° Comparison of CPU results with those 
of Tsang and Callen"'* in the Pfirsch-Schluter 
regime show good agreement, considering the 
approximations made by Tsang and Callen. 

A tofcamak transport code using self-
consistent transport coefficients 
calculated by the CPM 

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 mechanism, 
the neoclassical transport coefficients are 
calculated on the basis of present neoclassical 
theory. In the case of neoclassical transport, 
a reasonably accurate result obtains. Unfortu­
nately, experimental evidence indicate-, that not 
all transport coefficients 1n tokamaks behave 
classically, and no unique accurate means for 
calculating these coefficients exists at present. 

Since the CPU promises to be a means of 
obtaining accurate transport coefficients, we 
have begun working on a code which Incorporates 
the self-consi<tent calculation of the transport 
by the CPU 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 ry 

the CPM. As a first attempt, however, we are 
using a form of the CPU code which evaluates 
neoclassical transport associated with electrons. 
The ability to use our particular calculation 
procedure depends on the following assumptions: 

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

2) the change in transport with radius is a 
slow and smooth function of radius, 

3} radial transport 1s governed by radial 
gradients and other parameters which vary 
slowly in time, and 

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

Then we begin with a calculation of neoclas­
sical equilibr. , and transport at a small number 
of radial positions using plasma parameters 
representative of the start of the current pla­
teau in a tofcamak shot (i.e., at the end of the 
current-penetration stage of tofcamak 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-
equllibriua on a flux surface is calculated. 

The hybrid code is now being checked out on 
the O M L computer. Changes to newer versions of 
the CPM code will be straightforward because the 
Individual components of the program logic have 
been found to be compatible and execution time 
and storage requirements have been found to be 
adequate for combined CPU/transport code opera­
tion. 

The time evolution of a bump on the 
Wixwelllan distribution function with 
self-collisions 

T. Uckan 
The time evolution of a bump-on tal l 

perturbation of a Maxwell Ian plasma with self-
collisions (electrons) 1s studied through the 
CPM.36 The purpose of this study Is two-fold: 
(1) I t serves as a test case 1n preparation for 
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studying the behavior of arbitrary distributions 
in tokamaks, and (2) it serves as a test of a 
progran to generate the CPU amplitudes for an 
arbitrary distribution. 

The equation of interest is 

af 
dT Cf 

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

f = Sif. • « 2 f b , 

where fm is the Naxwellian background, f. is the 
non-Maxwellian buap, and 6 a and 5 2 are the frac­
tions of the distribution in the two species. 
Because we are using only the linearized fora 
of the collision operator In these calcula­
tions, 6 2 •* *i- In the CPM representation, we 
expand 

f . V „ Fl.o,n'ton < ^ " > ' *»n 

where the ».„ are the basic functions described 
elsewhere3* and where the amplitudes are given by 

r . * * A 2» 3/2 u!e'( W * , . m , 

Here v Q Is the beaa velocity. *j the thermal 
velocity of the Maxwell Ian. T ^ are spherical 
harmonics," and the I,, integrals are defined by 

o 
L/* , / 2(X) . 

where l n

M / 2 is a •edified Laauarre polynomial. 
He choose • case where v # - 3» T, a, - l, and 

« 2 " 0.01. ty truncating the sm over I appro­
priately, we have a h a w only at a particular 
angle, a, • 45". Me the* use the C M cede In 

these calculations without the kinetic terns to 
follow the behavior of this buap in tiae. 

Results are presented in Figs. 3.11 and 3.12. 
we find that, as expected, the distribution is 
theraalized: (1) the peak spreads out in pitch 
angle (Fig. 3.11) and (2) the buap loses energy, 
aerges with the Naxwellian, and depletes-the 
Maxwellian of lower energy particles, thereby 
raising its teaperature (Fig. 3.12). 

A parallel approach to a siaulation of wave 
phenoaena in toroidal plasmas in the drift-
kinetic approximations 

C. 0. Beasley, Jr. C. E. Rathaaan J. Oenavit 
A siaulation technique has been developed by 

Rathamn and Denavit at Northwestern University 
for studying long wavelength phemanna in toroidal 
plasaas in the local flux-surface approximation.1'6 

This effort, which eaploys a aodel basically 
similar to but simpler than the CPU approach, 
will provide an independent and necessary check 
on CPU results pertaining to the dissipative 
trapped-electron instability, as well as being 
able to obtain results aore quickly than the CPU. 

As with the CPU, the distribution function, 
g, is expanded in a :et of orthogonal functions 

J; *u. (e'c) *in <*- a ) 

*tn * \M zU\l*V2M exp(-2) , 

where u « cos a, 2 » pv 2, a is the pitch angle, 
v is the particle speed. P ( are Legendre poly­
nomials, and L n

p are Laguerre polynoaials. This 
expansion differs slightly froa the CPU represen­
tation (the two are simply related) and has the 
advantage that i t Is easily Interpreted in teras 
of moments of the distribution function. In this 
representation, the drift-kinetic equation for 
electrons any be written In the for* 

at fitn t ( « t n ) > E * • • t J 

Coupled with Ion fluid equations and Polsson's 
equation, the last equation allows for nodes of 



131 

«•«.- 9at rt-t—t 
10 -

V W 0 - 3 V T 

2 5 
t / r c - 0 

2 0 | 

t 5 

15* » ' «3* 
a 

60* 75* 
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in pitch angle. 
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Fig. 3.12. The tine evolution of the bua? 
in velocity. 

oscillation at both high frequencies near the 
plasaa frequency, a , and ION frequencies, 
u < u . A slow tine scale Method for analysis 
of low frequency phenomena has been iaplonented 
by Rathaann and Oenavit to study solution which 
are averaged over the electron plasaa period 
2n/u. The following assumptions were aade: 

"»oo 
)t % c a ™ •"• oo •=9io 

where 

e - (•e/M{) . 9 ^ " " €. «"d 9io " V e t 
* in This leads to a solution of the - * p equation 

to the order c: 

*io [ ( 9 ^ ) . E, e, t] - 0 , 

which, along with the electron and Ion continuity 
equations and the neutrality condition, g « n 
yields oo "V 

* • <Vl> * 6oo " ° 
These conditions can te shown to be analogous to 
the zeroth order solutions In u " 2 and Q" 1 

P discussed earlier. 
Tests of the validity of their procedure 

were aide by comparing the eigenvalues obtained 
by linearization of the fast tiae scale system 
for basic plasaa oscillation protolaK with param­
eters typically found in tokaaak devices. 

Ion acoustic waves 

mr 

Parameters, a^a, • 1/2000, aj^ - 0.989, 
- 9.47, c • 0 . 1 , v /« e • 0.5 x 10-", k e • 0, 
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k ^ » 1/947, uk/mt ' 2.3612 x l(r 5, and ^ 
* «mx " 3. Here fie is the electron cyclotron 
frequency, r is the flux surface minor radius, 
Ag is the Oebye length, c is the aspect ratio, 
v is the collision frequency, u. is the ion 
acoustic frequency, and kg and k are respec­
tively the poloidal and toroidal nave matters. 

Note in Table 3.4 that the eigenvalues in 
both system are in close agreement except for 
the absence of electron oscillations near *u 
in the slou tine scale system. We nay therefore 
expect that the slow tine scale aodel is appli­
cable to computer simulations of long wavelength 
phenomena such as dissipative electron aodes in 
toroidal plasmas. Additional coaparisons of the 
eigenvalues of the fast and s'.ow tiae scale 
systeas for drift waves and a dissipative drift 
instability have also been calculated. These 
results also show good agreement between the 
two aodels for low frequency aodes. 

3.3.4 Particle Orbits and Injection Heating 
J. A. Rome D. J. Beckett R. H. Fowler 

J. Smith Y-K. H. Peng 
This year has aarked a change of emphasis 

in our work. Our fast ion Fokker-Planck code 

(FIFPC) has been refined, documented, and aade 
available as an easily incorporated subroutine 
or as a stand alone code, as reported in Ref. 47. 
This coapletes a trio of codes which treat beam 
deposition,1*8 slowing down, and loss regions'9 

for circular concentric flux surfaces, assuming 
that the fast ions remain on a single flux 
surface. 

With the advent of high-fl, noncircular 
tofcamaks 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 orbits in these machines. Beam 
deposition and slowing down c~*es can tfxn 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 innova­
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 keV. 

An approach to solving the radially 
dependent Fokker-Planck equation 

J. A. Rome 
Because the collision tiae for injected ions 

in • tokaaak is long compared to a bounce time. 

Table 3.4. Complex eigenvalues of ion acoustic waves 

fast time scale 
»>/«- YA>U 

Slow time scale 

u/w„ f / l » -

Coaaents 

±1.0003 2.4988 x lo-s electron oscillation 

±3.1872 x lO" 3 1.9238 x 10"» 

±1.7834 x 10-3 T.goai x 1 0 - » 

±1.1270 » 10-* 1.4632 * lOT" 

±3.1872 x 1Q-* 1.9238 x lCr*> 

±1.7834 x lQ-3 1.9041 * lO""-

±1.1270 x 10"* 1.4632 x 10-* 

transit time 
frequencies 

±4.9450 x 10-" 1.0360 * l O - 1 4 

±2.3707 x 10-5 9.9445 * 10~7 

±4.9450 x lo-*' 3,2315 x 10-3' 1 o n cyclotron 

±2.3713 x 10" 5 9.9495 x lO"? Ion acoustic 
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the Fokker-Planck slowing down problem can be 
treated as a multiple tiae scale expansion. 
Accordingly, the fast particle distribution 
function and the individual orbits are regarded 
as functions of the three constants of notion 
which change slowly compared to the bounce tiae. 

The choice of appropriate constants of 
notion and the topology of the resulting space 
was discussed last year. 5 0 By using the 
Massachusetts institute of Technology (NIT) 
symbolic Manipulation computer systea, HACSYKA, 
we were able to finish setting up this problem 
for solution. He took the Fokker-Planck equation 
(which is valid at a fined point in space) and 
dunged variables to the three constants of 
notion, v, ; , and r^^, keeping only the first 
term in (r - T

M _ ) - The equation was then 
averaged along the bounce orbit for each set sf 
constants of Motion. Finally, the boundary 
conditions in this space were derived. 

The resulting three-dimensional, tine-
dependent diffusion equation can now be solved 
numerically to yield the desired correct slowing 
down distribution function; however, i t was 
decided to delay doing this until the problea 
can be recast to apply to ncncircular, high-6 
tokaaaks. 

Heutral beat deposition in the constants 
of notion space and In real space for 
arbitrary injection geometry 

0. J . Beckett J . A. taw R. N. 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 i t properly treats the finite width, 
fast ion orbits by depositing the fast Ions as 
a distribution in the three-dinensional constants 
of notion space. Because in an axisyanetric 
tokaaak the particle orbits are uniquely deter-
•ined by three constants of notion, all orbit 
Information Is preserved with this Method. 

Figures 3.13-3.15 show bean deposition In 
TO at a central density of 3 » IC 1* on"3, 2 e f f 

> 1 , and a deuteron energy of 300 keV. The 
injection angle Is 12° fron perpendicular in the 
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Fig. 3.13. Fast ion deposition in the con­
stant of notion space. 

co-direction. Figure 3.13 shows the fast ion 
density in the constants of notion space, v, 
r (the maximum ninor radius along an orbit), 
and c ( = v,/v at r = T

m a x ) - E v e n a t ***is high 
injection energy, nost of the bean is deposited 
near the outside of the plasna. In Fig. 3.14, 
we have taken the orbits specified by the 
constants of notion and have properly distributed 
the fast ions along these orbits. For exanple, 
the density in real space will be peaked near 
the janana tips (where the particles slow down) 
and near the magnetic axis, due to the smaller 
volume occupied by the particles on these orbits. 
Finally, in Fig. 3.15, we have averaged the fast 
ion density over the flux surfaces to obtain the 
conventionally used bean deposition profile, H(r). 

Doing the bean deposition In the constants 
of notion space has several important advantages. 
It enables one to calculate any moment of the 
fast Ion birth distribution function as opposed 
to only fast ion 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 problea. 
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Fig. 3.14. Fast ion birth distribution in real space. Only the 
upper half of the cross section is shown. 

Particle orbits in high-a D-shaped flux 
conserving tofcaaafcs 

J. A. Row Y-K. H. Peng 

High-8, flux-conserving equilibria are 
characterized by the appearance of an absolute 
ainiaua in |f| which occurs outside of the 
•agnetlc axis but inside the Halter. This 
causes a fundamental change which Bust be 
studied to occur in the orbit topology. 

An appropriate set of constants of Motion 
with which to characterize these orbits is v 
(the speed). * B (the aaxiauB value of pololdal 
flux along the orbit), and c(v(/v at * - *„„,). 
If we use conservation of toroidal canonical 
angular aoaentun correct through the first order 
in gyrovadlus, we can solve explicitly for !(•) 
along the orbit: 

1 

[e 
where F « RBy (a function of • ) , and the sub­
script a Indicates evaluation at • _ „ . 

By studying these orbits, the following 
conclusions nay be obtained. 

1) The nuaber of trapped particles decreases 
as 6 increases, due to the decreasing 
aagnetic well depth. 

2) The bounce tiae of trapped particles 
increases with increasing 3. 

3) A new class of counter-going orbits appears 

OftHU. OWG TT i*fi 

Fig. 3.15. Flux surface averaged bean depo­
sition profile. 
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outside the Magnetic axis as the minimum 
in 'f deepens. 

Computer codes for the guiding center 
motion of single particles 

R. H. Fowler 
Two computer codes have been developed to 

integrate the equations of action of the guiding 
centers51 of single particles. These codes have 
been used52 primarily to study ripple injection 
into tokaaak plasmas. One code uses the toroidal 
coordinates (r, r, $) and is restricted to zero 
electric field. The other code is written in 
generalized coordinates and treats both electric 
and Magnetic forces. The execution tiae of the 
latter code is longer due to its generalization. 
Both codes assume that the fields are tiae inde­
pendent. The Bulirsch and Stoer extrapolation 
aethod53 is used to integrate the differential 
equations. The codes can be run either on a 
PDP-10 or on the CDC 7600 at the Rational 
Magnetic Fusion Energy Coaputer network (MMFECM). 

Comparative studies of nuaerical Methods 
for the fast Ion Fokker-fflancfc equation 

R. H. Fowler 

In an effort to Increase the speed of 
FIFPC,1*7 a comparison of three nuaerical aethods 
is being aade. The aethods ar» successive over-
relaxation (SOR), the strongly lapllcit proce­
dure5" (SIP), and alternating-direction implicit 5 5 

(AOI). This study is being done only on the 
tiae-dependent calculation of the distribution 
function. The preliainary results of this study 
Indicate that the SOR is not competitive with the 
other Methods and that AOI yields results of 
comparable accuracy In about half the CPU tiae 
required by SIP. 

Ripple Injection studies 

R. K. Fowler J. A. Rome 

Ripple Injection56 was studied using the 
particle following code described earlier in 
Sect. 3.3.4. To aake a local ripple, we used the 
field of a horizontal straight wire passing 
through the symmetry axis and above the plasma. 
Me were able to penetrate to the center of the 
TNS plasma with a deuteron energy of only 45 keV 

with a wire current of 5 * 10 s A; however, at 
this level, the plasma flux surfaces tit r m i 
ergodic and plasaa confinement would be very 
poor. The disturbance to the flux surfaces 
could perhaps be reduced by using aore than one 
local ripple to cancel out the lowest toroidal 
harmonic perturbations of the field lines.5' 

3.4 TRAXSPORT SIHJLATIOB 
T. Aaano E- C. Cruae. Jr. J. K. Nwro 
D. E. Amwrius J. T. Hogan E. H. Oblow 
S. E. Atteaberger H. C. Howe N. Soler 
J. 0. Callen* A. T. Heme T. Uckan 

3.4.1 Physics Packages 
T. A M M O a. F. Carver T. Uckan 
9. E. Amurius E. C. Cruae, Jr. 

Dynamic coronal model for impurities 
0. E. Amurius E. C. Cruae. Jr. 

The dynamic coronal model computer code 5 8 

has been ungraded to coapute aore efficiently 
the tiae-dependent charge state distribution of 
high-Z elements. This has been accomplished 
by providing internal checks so that only equa­
tions for the charge states needed to adequately 
describe the distribution, rather than equations 
for all the charge states, are integrated In any 
given tiae step. As necessary, the cade auto­
matically changes the number 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 *n necessary at any one tiae. rather than 
26 (or 27 1f neutral iron is Included); thus 
there is a savings factor of three to four. 

Pflrsch-Schluter transport coefficients 
for Impurities 

*. F. Carver E. C. Cruae, Jr. K. T. Tsang 
Transport coefficients for a nuaber of 

Interacting Ion pairs have been calculated to 
supplement the hydrogen-oxygen values given In 

Group Leader. 
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Ref. 59. The pairs ixlude H-0. 0-r, 0(5O)T(5O)-
.1, DM), H-C, K-Fe, O-Fe, and Interactions among 
different ions of the same element. The coeffi­
cients are available as look-up tables for 
computer calculations; however, recent work by 
Hirschaan'* has led to analytic formulas that 
reproduce son* of our numerical results, and such 
formulas are less bulky to use than look-up 
tables. 

3.4.2 Tokamak Discharge Modeling 
0. C. Eldridge H. C. Hone U. Naakung 

M. Soler J. C. Uhitson 
Host of the tokamak discharge Modeling 

specific to the understanding of OfMNC plasmas 
has been carried Out this past year in close 
collaboration with and under the sponsorship of 
the Tokamak Experimental Section. Thus, most of 
these efforts are described in the ORNUC section 
of this report (Sect. 2.1). 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 (ECiW) 
in tokamaks is described in the following two 
brief accounts. 

Electron-cyclotron resonance heating 
(profile) in tokamaks and numerical 
simulations on ISX" 

U. Namkung H. C. Howe 
He calculate the radial distribution of 

energy absorption by electrons due to ECRH. The 
•odei adopts a simple spatial damping factor with 
a finite absorption width which reaoves singular­
ities at the Magnetic axis and at the tangency 
point of the resonant HOO-8 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 tokaaafcs. Using 
the O W L one-dlMenslonal transport code, numeri­
cal simulations for ISX are performed and the 
temporal and >,->at1al behav4.rs of plasma param­
eters are obtained. The results are shown In 

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 rgdlus of 
the torus, a. Is 22 CM and A, 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 
«ay also be Measured. 
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Fig. 3.17. Temporal behavior of T ( 0 ) , 
T^O), and ¥ for ZOO kW of heating at x ' = 0 . 

Electron-cyclotron heating in tokamaks 

0. C- Eldridge W. Naming 

Electron-cyclotron heating can be shown tc 
be an efficient process in toka* iks with densi­
ties below a cr i t ical point where the wave 
frequency equals the plasma frequency. The 
polarization of the electric fields at the 
cyclotron resonance is such that heating rates 
are proportional to electron temperature and 
inversely proportional to density. The slow 
wave launched from a waveguide aperture w i l l 
be alaost completely absorbed for current 
tokamak parameters. Absorption coefficients for 
the fast wave art smaller but s t i l l adequate. 
The perpendicular energy of the bulk of the 
plasma is increased for both polarizations. 

3.4.3 Reacting Plasma Modeling 

A. T. Mense S. E. Attenberger 

He have developed a one-dimensional mult i -
f lu id transport code which incorporates n heating 
and diffusion and divertor collection physics 
into the basic structure of the transport simula­
tion codes already in existence at ORNL. A 

berc.*eark study was made of available neutral 
particle codes against each other and against the 
three-dimension*' "tor.te Carlo cooe developed t? 
G. G. iCelley. *-e neutral profiles determined ty 
a l l th* schemes agreed within a factor of two for 
the optically trick ;.>asmas relevant to large 
fusion plasmas Tnersally stat le , ignited. 
plas«sa equilibrium profiles have been generated 
for tne TBS study assuming a perfectly collecting 
div*rtor and a uniforr pellet injection prof i le . 
Hore detail is given in Sect. 3.6.5. 

3.4.4 Tckamak Model Oevelopnent 

J. T. Hogan J . K. Autre E. M_ Ofclo* 

The Oak Ridge Tokamak Transport Code (ORTTC; 
has beer, improved in i ts description of several 
important areas. This section stawarize.* these 
developments, while the abstracts convey the 
results obtained through the use of the models. 

Axisyrm»»tric transport 

J . T. Hogan 0. C. Stevens 3. ». Kelson 

I t has been apparent for some time that a 
phenomenological treatment of the axisymaetric 
transport problem would yield valuable informa­
tion. Indeed, quasi-static axisymmetric trans­
port calculations (requiring <S equilibrium 
calculations/problem) were performed some time 
ago.'- With the avai labi l i ty of the NMFECX *nd 
the ISLAND Code module developed at the Cowrant 
Institute (New York University), i t has became 
practical to do a fu l ly axisymmetric treatment 
of transport, including the ful l variety of 
neutral gas, neutral beam, and impurity processes 
which play a role in tokamak dynamics. In partic­
ular, the code now has the capability to calcu­
late the complementary processes of adiabati 
toroidal compression [ f i g . 3.18(a)] and rapid 
flux conserving heating [F ig . 3.18(b)] . No 
assumptions about instantaneous compression or 
instantaneous heating are required, and the code 
allows the testing of models for each of these 

Courant Insti tute, 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
trate the rationale. 

1) For adiabatic compression, as in Fig. 
3.18(a), the code follows the plasma evolu­
tion aerely by increasing the applied 
external vertical field. We can then con­
firm the ideal scaling laws 6 2 except in 
one important aspect: as noted in the 
Adiabatic Toroidal Compressor (ATC) experi­
ments, 6 3 electron heating fell below the 
expectations of the ideal adiabatic scaling 
laws. While the compression time in the 
experiments was comparable to the confine­
ment time of the precompressed plasma, the 
subsequent compression should have raised 
T £ by the compression factor, C, according 
to the empirical rule T^ « na 2. An alter­
nate explanation is provided by the follow­
ing calculation: we assume a small density 
of hlgh-Z impurity 1s present (<0.05S nfiJ 
in the precompressed plasma. In this Illus­
tration we choose tungsten instead of the 
molybdenum used in the ATC li»1ter$. As 
shewn in Fig. 3.19(a) the electron density 
risei as the plasma Is compressed, while 
the electron temperature does not rise 
[Fig. .19(b)]. For these studies we have 
used radiative rates calculated by Tarter6** 

and by Jensen, Post, et al. 6 5 

2) As discussed elsewhere in this report (cf. 
Sect. 3.2), flux conserving equilibria 
offer the prospect of enhanced economic 
performance for magnetic fusion. As an 
illustration we present code calculations 
of this concept which extend the original 
developments a step further. Figure 3.20 
(a-d) shows the evolution of plasma param­
eters in a discharge isolated from the 
llmiter and subject to intense neutral 
beam heating. Me see that although the 
plasma parameters vary by wide margins, the 
q(i|i) profile remains froret. and ilgh 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. 
Boundary model 

J. T. Hogan F. B. Marcus S. E. Attenberger 
The atomic and molecular physics package 

developed by F. B. Marcus and S. E. 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 limiter bounded tokamak. 



139 

aw*.-;?*; r7-t«» 

»- '0 
i « 

t 

.> » o 
- 9 
*• ? , "^CvvSX 
>- ~ ^ W ^ ^ V \ ^ ^ ^ \ 

ZIZ^Ov^oN. 
*- i h = = 5 =^$§m o ^^§lk 
2 3 t ^ k 
:• H 

f-£ («)/?•> />=Vv(«)/2<l' . 

Fig. 3.19. (a) Electron density profiles during adiabatic compres­
sion, (b) Electron temperature profiles showing the effects of radia­
tion during compression. 
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f ig . 3.20. (a) Evolution of oxygen density 
during the 300-msec neutral bean heating phase, 
(b) Electron density Increases as the beam 
supplies particles, (c) Top: Initial config­
uration of pressure contours; Bottom: Final 
pressure configuration, (d) The q-proflle 
during heating phase. 



140 

The aode1 is specifically aimed at settling the 
question of how many wall-produced iapurity ions 
survive to reach the tokaaak discharge and incor­
porating the results cf basic findings on the 
rates of iapurity evolution. Such processes as 
photo-electron simulated and direct-electron 
simulated desorption, charge-exchange desorption, 
and sputtering have yet to be quantified for 
present tokaaak devices, and further experimental 
results will be needed to validate the boundary 
model." 

Beam deposition Module 
J. T. Hogan J. A. Rose 

0. J. Beckett R. H. Fowler 
The iapurity bean trapping Instability de­

scribed earlier (Sect. 3.3.4) can be ameliorated 
by aore nearly perpendicular Injection. Because 
previous studies of the beam deposition process 
have been Halted by tiie restriction of drift 
orbits to be shifted circles, the Inclusion of 
the new Rone, Beckett, and Fowler beaa deposition 
nodule has expanded the scope of the code as the 
question of neutral bean penetration of large, 
dense, iMpure plasMS becomes crucial in the 
further development of neutral Injection 
heating. 6 7 

Neutral transport 
J. T. Hogan I. ». Petrle G. 0. Kerb 1 

E. C. Crone, Jr. 0. N. Heraam 
The adaptation of the XSORN neutron and 

photon transport code Into a neutral transport 
nodule has been described by Crune et al. 6 8 

This neutral transport Module has been Incorpo­
rated In ORTTC (see Fig. 3.21) and can be used 
when Its accuracy Is needed. 

3.5 PLASM ENGINEERING 
S. E. Attenberger J. D. Callen* G. 0. Kerbel 
F. B. Marcus D. G. McA1ees+ J. R. Mtftally, Jr. 

A. T. Mense K. E. Rothe R. D. Sharp 
0. J. Strlckler N. A, Uckan 

Plasm engineering applies and coordinates 
specialized theoretical plasma physics techniques 
and Models to applied areas of fusion «snergy 

research, development, and engineering as needs 
arise or are anticipated. 
3.5.1 Plasaa Start-up" » 7 0 

F. B. Marcus S. E. Attenberger 
The start-up phase of a tokaaak plasaa is 

modeled by coupled equations for the average 
density and temperature of H°, H|, n't. «t, e, 
and for current- and tiae-dependent oxv^n 
ionization levels and notation. The physical 
processes include ionization dissociation, re­
combination, excitation, charge-exchange, energy-
dependent neutral wall reflection, ohaic heating 
(OH) from elastic collisions, breasstrahlung, 
Coulomb transfer, diffusion, refluxing, and 
runaway electrons. These equations are used to 
describe the current rise phase of ORMAK. In 
general, the temperature is nearly equal to 3 eV 
until the neutrals are ionized and then rises 
until Halted >»v oxygen iapurity line radiation 
if sufficient oxygen 1s present. This radiation 
power loss decreases when the 0 VII state is 
reached. In large tokanaks such as TWS, large 
loop voltages and much lower impurity levels than 
In present experiments are required to obtain 
breakdown. 

An exaaple of the result of insufficient 
voltage (50 V) applied to a large tokaaak Is 
shown in Fig. 3.22. The tokaaak parameters are 
R 0 - 5 a, a • 1.25 a, b/a » 1.6/1, by - 4.3 T, 
Initial H° density - 0.2 * 1 0 2 0 a- 3, and no 
oxygen impurities. The H° density decreases, 
but levels at half Its original value. The 
temperatures equilibrate at 0.002 keV, Halted 
by H° excitation radiation. To achieve break­
down, especially 1f Impurities arc present, may 
require several hundred volts/turn. 

3.5.2 Magnetic Field Ripple Effects 
N. A. Uckan K. T. Tsang J. 0. Callen 

The ripple produced by the finite number of 
toroidal field (TF) colls destroys the ideal 

Group Leader, December. 
+Group Leader, January-November. 
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Fig. 3.21- Electron density and antral 
profile evolving 1a an ATC free expansion pi 
The COM module as coaled to tke tnmr " 
calculates the antral density behavior 
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Fig. 3.22. Plasae startup In TVS (RQ « 5 a) . 
An awl led voltage of 50 V/tar* Is Insufficient 
far complete ionization, rt^ and h^ are the den­
sities of atomic and molecular hydrogen, and 
T e* * ! • T 2 * *?' *? * * * t«1*»at«re5 of electrons, 
«»» HT, H|» l*[-

axisymmetry of the Magnetic field configuration 
and Is responsible for additional particle 
trapping, loss regions, and plasma transport. 
The ripple can lead to enhanced plasma transport 
by tM> separate mechanisms. In the first, known 
as ripple trapping, particles can become trapped 
in the TF ainiaa between the coils and experience 
a vertical guiding center drift which, in the 
presence of weak collisions, leads to ripple dif­
fusion. The second aechanisa of enhanced ion 
neat conduction is due to the ripple-Induced 
radial drift of the banana drift orbit centers 
(cf. Sect. 3.3.1). The enhanced transport losses 
in circular and noncircular tokaaaks due to field 
ripple. Including radial and poloidal variation, 
as ><ell as fast Ion losses by ripple trapping, 
have been calculated. 

Ripple-trapped diffusion71 

N. A. Uckan K. T. Tseng J. D. Callen 
Ripple trapping affects only a relatively 

small group of particles, namely those with V. 

(parallel velocity) so small that they can be 
trapped In the ripple, i.e., ¥„ < « V where 
a - <W - W ( W • W 1 s "* * •» ' •« 
depth and V is the particle speed. The ripple 
depth varies with poloidal angle; thus, the 
Induced ion heat transport varies as well. 
Because 6 is usually maxima on the midplane 
at the outer edge of the torus, the flux-surface 
averaged 1on heat transport due to ripples Is 
less than that which Is estimated when the 
poloidal variation is neglected.72 The geometry-
dependent factor (6) in the 1on heat conduction 
coefficient characterizing this effect in a case 
with shaped TF coils is 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 drawn from this 
figure Is that, as long as the plasma and TF 
coils have roughly the same shape (so that the 
distance between them Is roughly constant as a 
function of poloidal angle), the effect of poloi­
dal variation 1$ to decrease the induced ion heat 
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Fig. 3.23. The geoaetry dependent factor, 
G, in the Ion heat conduction coefficient as a 
function of ripple tell depth par i t e r a 
= r/NqlU6 (where q is the safety factor and N is 
the miner of coils) for a given coll configura­
tion and various plasaa cross-sectional shapes: 
(1) circular, (2) D-shaped. and (3) elliptic. 
Insert (a) shows the toroidal field coll and 
plasaa surface cross sections. Insert (b) shows 
the variation of ripple over the plasn cross 
section with pololdal angle e. 

conduction by a factor of three to ten. The 
ripple-Induced 1on heat conductivity In a non-
circular cross-section plasaa Is slightly less 
by a factor of a1, where a 1s the elongation, 
than that In a circular cross-section plasna. 

Fast Ion losses 7 3 

J. D. Calltn K. T. Tseng N. A. Uckan 
At the higher Ion energies typical of 

neutral bean particles injected Into large de­
vices (2100 k*V) or a particles produced fro*) 
D-T fusion (3.S NeV), the Ions can be lost 

directly or indirectly by ripple trapping effects. 
For an isotropic source of a particles, the 
fraction of these particles initially trapped 
in ripples (^6 ) will be lost directly. Those 
<x particles that are not lost iaaediately after 
their production can be lost by diffusing into 
the ripple loss region during the slowing down 
process by pitch angle scattering. This probleo 
has been investigated by solving the bounce-
averaged equation governing fast ion slowing down 
and scattering processes for the 9pproxiaate a 
particle distribution function in the presence 
of the ripple loss region. In defining E» as the 
energy below which the particles are so colli-
sional that they are detrapped before they can 
drift out of the Mchine and E_ as the critical 
energy below which the particle distribution be­
comes isotropic, it is found for a particles 
that £» is lower than E c ^ 30 Tft -\. 300 keY. 
Thus, ripples will cause aost of the a particles 
to becoae ripple-trapped and drift vertically out 
of the plasm; however, because its initial 
energy (3.5 MeV), tQ, is Mich greater than the 
typical energy at which it is lost, E , the 
average a particle will deposit aost of its 
energy before drifting out. 

For neutral beam heating, the injected ions 
have an E» > E (except near the outer edge of 
the plasaa) for typical ion energies and coil 
designs. 7 1 Thus the vertical drift froa ripple 
trapping of injected ions [parallel Injection or 
perpendicular injection with an angle greater 
than sin'1 (•£«)] is not expected to cause 
appreciable loss. 

Numerical calculation7* 
N. A. Uckan T. Uckan J. R. More 
A computer aodel (RIPPLE) was developed to 

exaaine the aagnetlc field ripple effects on 
plasaa transport and on scaling in circular and 
nonclrcular tokaaaks. Calculations include ttw 
radial and pololdal variation in the aagnltude 
of the field ripple. Two aaln aagnetlc field 
coaputer programs were used to calculate the 
aagnetlc field due to current flowing In a coil 
of finite rectangular cross section: BFULT for 
tori of circular colls, and BOVAL for tori of 
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noncircular colls. Results relevant to the 
(MSMIC Upgrade, ORAL EPft. and TNS designs are 
obtained, and the criteria for the choice of the 
nunter of TF colls for a given tokaaak configura­
tion are discussed. 

3.5.3 Poloidal Field Design 
F. B. Marcus Y-K. H. Peng 

J. R. Moore 0. J. Strlckler 
Pololdal field design for D-shaped plasaa 
In an Ignition tokaaak 

Y-K. M. Peng D. J. Strlckler J. R. Moore 
Based on the equilibrium results in a flux 

conserving tokaaak,13 proper PF systems for a 
high-6, D-shaped plasaa have been determined for 
an ignition tokaaak. It is found that a rela­
tively siaple equilibrium field (EF) coil con­
figuration (Figs. 3.S, 3.6) is sufficient and has 
the following characteristics. 

1) It can shape and center plasma equilibria 
for a wide range of 0 values, both In FCT 
and non-FCT nodes. 

2) It retains the Magnetic field shielding 
(STATIC) in that the volt-seconds and PF 
systea power supplies are reduced and the 
EF currents are largely driven by inductive 
effects. 

3) It adaits a natural PF divertor configura­
tion that requires only 0.4 I additional 
aapere turns at a distance froa the plasaa 
edge of half the plasaa horizontal alnor 
radlus. 

EPR with circular plasaa cross sections 
Y-K. M. Peng J. R. Moore 

D. J. Strlckler F. B. Marcus 
A pololdal systea with field shaping-

shielding colls for future reactor-grade tokaaaks 
that performs the following functions has been 
evaluated. 7 5- 7 7 

1) It provides the necessary equilibrium field 
aostly by Induction froa the plasaa. 

2) It shields the superconducting TF colls 
froa the pulsed fields and thus enhances 
their ability to reach higher toroidal 
fields (Fig. 3.24). 

Fig. 3.24. Typical poloidal flux surfaces 
of: (a) a tokaaak with magnetic field shielding 
(STATIC); and (b) a similar tokaaak wlthVF coils 
external to the TF colls. The average poloidal 
field at the TF colls 1n (a) Is 1/6 of that In 
(b). 

3) It shapes the plasaa cross section to a 
D-shaped plasaa with elongation 1.6 for 
improved H O stability against local modes 
and higher plasaa current density.7* 

He have aade some detailed comparisons of slallar 
tokaaak experimental power reactors with and 
without the shaping-shielding colls. These 
Include comparisons of: 
1) the time-dependent pololdal fields that 

Intersect the TF colls, 
2) the required aaount of power and current 

supplies to the PF colls, 
3) the forces experienced by these colls, and 
4) the dependence of the self-consistent 

plasaa shape on the plasaa current profiles 
and e pololdal values. 
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It Is shorn from these comparisons that the 
shaping-shielding colls system effectively per­
forms the first three of the four functions, is 
necessary for the fourth, and thus is considered 
exceedingly valuable for future fok—aks with 
D-shaped, high field, superconducting TF coils. 

3.5.4 Particle Control 
A. T. Hense 

Huch 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 H m t n H and ions, Z » 1 particles, and 
impurities. Fueling in present plasmas 1s 
accomplished through a combination of recycling 
(plasma ions hitting I M t e r and wall and 
charge-exchange neutrals), gas puffing, and beam 
injection. Experimental progress in pellet 
fueling Is just beginning, and Its success may 
permit another control knob for future fusion 
devices. Me 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. Aerially Jr. R. D. Sharp K. I. Rothe 

Advanced fusion reactors may permit the use 
of cleaner fusion fuels than the classical fuel, 
D-T. Studies are under way to evaluate the 
prospects and requirements of advanced fuels; 
such studies may be Important to closed mirror 
reactor systems or other Mgh-fi systems. 

Advanced fusion fuel symbiosis 
J. R. McNally, Jr. R. 0, Sharp 

Ashworth7' proposed breeding 'He 1n large 
D-0 advanced fuel reactors located on reserva­
tions while many locally sited advanced fuel 
reactor modules [150 Mi(e)] burn D 3He in a clean 
mode. The factor by which a D*He reactor 1s 
cleaner of 14-~mV neutrons compared to a D-T 

reactor of equal power is F ̂  10 n(3He)/FBT n(0) 
at T. -v. 100 ke¥. FBT = fractional burn-up of 
tritium. F can exceed 100 and tritiun and 
P(neutrons)/P(total) can be down by over 100. 
D*Ht high-e, ion-layer reactors also offer high 
thrust and direct conversion prospects. Pros­
pects and requirements for such advanced fusion 
fuel symbiosis have been evaluated.80 

Excitation heating of pellet fuels 
to ignition" 

J. R. MdUlly, Jr. R. 0. Sharp 
Hetastable carbon ions ( C 2 + * ) , which have 

an inverted population at T £ <̂  S eV, have been 
proposed as catalysts to produce runaway ion 
temperatures in long, dense, magnetically con­
fined carbon arcs (^ ^ 500 eV ̂  100 TJ.*1 In 
very dense pellet fuels the runaway ion tempera­
ture is expected to be much higher and m y lead 
to ignition of D-T fuel in the presence of such 
Be-like ions. Preliminary results on CD 2T 2 *nd 
(C0T) n pellets have been obtained. The T, C 
condition Is also less demanding for such systems 
than for pure D-T (C * required compression); 
T, < 10 ke¥. The microexplosion hazard should 
be carefully examined (1 mg D-T bum * 0.1 ton 
TUT). 

Advanced pellet fusion fuels 8 2 

J. R. "dully, Jr. 
A survey has been made of D-T-enriched 

pellet fuels. The Increased breasstrahlung 1s 
offset In part by the much higher densities such 
that the product of Ignition temperature and 
required compression favors some of these ad­
vanced fuels. T| 1s only about three to five 
tines that for solid D-T because of the steepness 
of <ov> vs T. For Ignition breakeven one has 

1 0 B 1.4 x 1 0 * " i^&ijZ" JTt 

In the range of 3-10 keV and 

K - — U -
V i - i 
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is given in Table 3.5. C is given by 
(pR/o 0R 0) 3 / 2, "here P 0 = liquid or solid density 
and kQ = initial pellet core radius. 

Ignition of a pellet fuel aay perait the 
generation of a higti-6, •irror-confined plasaa 
for start-up; i.e., the pellet serves as a Match 
to kindle a possibly steady-state, nuclear fusion 
burner. 

Table 3.5. Macroscopic pa 
of pellet fuels 

Fuel 

'0.5T0.5 

DT 
LiO 
BeOT 
•Oi.sTi.s 
COT 
CD 2T 2 

OUT 

P («t.) 
0.21 g/ca 3 

0.83 
0.97 
0.77 
1.16 
0.57 
1.03 
1.16 

iters 

0.25 
0.006 
0.009 
0.010 
0.003 
0.010 
0.004 
0.0015 

3.5.6 Pellet-Plasaa Interaction Theory 
G. D. Kerbel 

The gas flow field, which arises around a 
pellet iaaersed in a tokaaak plasaa in the 
vicinity of the pellet surface, is strongly 
heated by incident plasaa electrons. Ttn inter­
action of the electrons with the gas serves to 
degrade the electron power flux responsible for 
the pellet ablation process. Electron energy 
and amentia deposition in the gas flow field 
have been calculated. The result Is a refined 
self-consistent fonailation of the ablation-
Induced shield. 

The free boundary problea 
Solution of the quasi-steady-state aultl-

fluld equations describing the pellet-plasaa 
interaction requires the fonwlatlon of boundary 
conditions which are thauelves determined by 
the solution of the equations. The physics which 
determines this free boundary aspect of the 
problea has been evaluated by aeans of an 
Intuitive aatheaatlcal abstraction. The calcula­
tion Involves the effect on the boundary condi­
tions of the deposition of energy and aoaentua 

in the ablatant flow as well as the ionization 
and dissociation of the coaponents of the abla­
tant. 

The power transfer schaae 
The processes by which the pellet ablatant 

absorbs energy fron the plasaa in which the 
pellet is iaaersed have been determined and cate­
gorized. The aodel relates the teaperature of 
the coaponents of the ablatant to the atonic, 
•olecular, and plasaa physics involved. 
Conduction, convection, and heat source teras 
have been formulated and associated in a coupled 
Multifluid quasi-steady-state aatheaatlcal 

3.6 TRS PHYSICS 

S. E. Attenberger F. B. Marcus* 0. G. NcAlees 
J . R. Mcftally. Jr . A. T. Hense Y-K. M. Peng 

J . A. Roae N. A. Uckan 

3.6.1 Tofcaaatc Plasaa Systeas Simulation63.»* 
S. E. Attenberger F. 8. Marcus 0. G. NcAlees 

Two tokaaak systea siaulation aodels, one 
tiae dependent, the other tiae Independent, have 
been used to aodel plasaa behavior. Teaperature 
and density profile effects have been Included in 
the sputtering and radiation calculations. 

Recent experiaental and theoretical results 
Indicate that high density and high-e plasaas can 
be achieved. It 1s found that high density 
permits Ignition In a relatively saall, Moder­
ately elongated plasaa with a Moderate Magnetic 
field strength. Under these conditions, neutron 
wall loadings of 4 MH/a 2 aust be tolerated. In 
Fig. 3.25 the plasaa radius for ignition and 6 
Is plotted as a function of density at three 
axial toroidal field strengths for a fixed 
teaperature of 13 keV and one-tenth trapped 
particle scaling. One possible Ignition con­
figuration Is R 0 - 5 a, a « 1.25 a, b/a - 1.6/1, 
Bj - 4.3 T. I - 4 MA, « e - 2.2 x 1 0 2 0 a" 3, 
T - 13 keV, B » 0.14, P f u $ l 0 f , - 1510 MM. 

Group Leader. 
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.Fig. 3.25. Plasaa radius for Ignition and 
B as a function of density. 

The sensitivity of the Ignition and burning 
process to the level of lapurity control has been 
investigated. In Fig. 3.26 the tine-dependent 
plasaa ion temperature is shorn for various 
iapurlty control efficiencies. The charged 
particle screening efficiency n_ equals 1 - mn2 > 
Mhere m 1s the fraction of the outward plasm 
flux hitting the M i l and r\z Is the fraction of 
sputtered lapuiities which diffuse Into the 
plasaa. For charged particle efficiencies of 99, 
95, and 901, a burning equilibrfvm Is reached 
after 8-10 sec using 75 W of neutral bean Injec­
tion, when the efficiency is reduced to 80X, a 
steady burn is not achieved, and periodic bean 
heating Is required. 

I f 1t Is assumed that neutral beans will be 
used to heat the plasma to ignition, high energy 
Injection Is required (about 250 ktV) when 
heating Is attempted at full density. A nor* 
attractive scenario Is Illustrated 1n Fig. 3.27. 
Heating Is Initiated at low density with good 
bean penetration. The density is Increased by 
fueling at a rate which does not cause a decrease 
In plasm taaperature. Full density and Ignition 
are achieved after four sec. The low density 
start-up ensures that significant heat will be 

Fig. 3.26. Iapurity buildup effects on the 
operating parameters for various inpurity control 
efficiencies. 

deposited at the center ever with 150-keV 0° 
beans. 

3.6.2 Ripple Effects in TIC 

R. A. Ucfcan 

The theory of Magnetic field ripple effects 
has been studied to include the effects of 
noncircular cross sections such as those encoun­
tered in hlgh-e equilibria; Sect. 3.5.2 
suajnarizes the findings of the study. 

RIPPLE was developed to examine the field 
ripple effects on plasaa transport and scaling 
in circular and noncircular tofcaaaks. A aajor 
question that arises in the design of tofc—al 
devices Is the choice of the water of TF colls; 
this number Is determined by calculating the 
auiaun TF ripple that can be tolerated from 
plasaa physics considerations without seriously 
restricting the design of the aechawical jupport 
system for the blanket and shield and by the 
necessity for access to the neutral baaa Injec­
tion. Fran the plasaa physics paint of view: 
(1) the overall enhanced heat loss due to ripples 
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Fig. 3.27. Plasae density buildup during 
low density start-up procedure. 

should be less than the total heat conduction 
loss due to neoclassical and trapped particle 
•odes; 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, i t Is possible to change: 
(1) the number of TF coils, (2) the coil bore 
dimensions, (3) the shape of the TF colls, or 
(4) the plasw location in the TF colls. Trade­
offs *"vng these alternatives have been studied 
for a given tofcamak configuration (OWL EPR, TNS, 
etc.) to provide Information necessary for 
optimization. 

3.6.3 neutral Bean Penetration Strategies 
In Large. Dense Tofcanafcs 

J . A. Row Y-K. N. Peng 

The M M beam deposition code described In 
Sect. 3.3.4 Hts used to study bean penetration 
In large, dense tofcaaaks, and In particular, 
T«S. As a base case, ue took « 0 " 5 m, a • 1.25 
•. I - 4.3 m, J - [ 1 - W a ) 2 ] 2 . n # - n 0 - 3 
x 1 0 " [1-(r/a)2] or3, and an Injection angle 

of 16* froa perpendicular. Brute force injec­
tion of deuterons at 300 fceV seeas to give mar­
ginal penetration with Z ^ f * 1. If 2 ^ f > 1.5, 
the beam deposition is peaked tuairdi the outside. 

However, we feel that a tare subtle approach 
Mill wort at an injection energy of 150 keV. 
Suppose that the plasma starts at a fall bore, 
but at IOM density fn^lO) « 5 * 10 1 3 car 3]. I-. 
this case. H(r) is strongly peaked [Fig. 3.28(a)]. 
In an FCT, as 0 increases, the Magnetic axis 
aoves out, and hence the beaa penetration dis­
tance is decreased. By judicious use of fueling 
techniques such as pellet injection, density can 
be increased along with 8 so that the plasaa 
arrives at the final flux conserving equilibriun 
(Fig. 3.29). In this state, the plasaa is heated 
on the outside by the beans and near the center 
by the fusion produced a particles. Figure 
3.28(b) shows the bean deposition in this final 
state where, at 0 = 151, the Magnetic axis 1s 
only 65 cm fron the outer limiter. 

OMM.-DMC 77-«4S3 

T 
X2l— 

M,<0»-«iw/W 

a ••Son 
C,*1ttMV 

0.1 02 0.3 0.4 03 04 0.7 Cta 0L» 10 

Fig. 3.28. (a) Injection into a full-bore 
but low density TNS plasaa. (b) Injection Into 
a B « 15S high density TNS plasaa with strongly 
shifted flux surfaces. 
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Fig. 3.29. O R * FCT flux surfaces. 

3.6.4 Pissipative Trapped Ion Loss 
Effects in Tfcs 
J. R. PfcHally, Jr. K. E. Rothe 

The advanced fuels reactivity code has been 
applied to THS in order to evaluate the effects 
of various dlssipative trapped ion mode fractions 
(FTIH) on steady-state, point equilibrium reac­
tivity properties assuring cold fuel feed of D-T. 
The sensitivity of the degree of reactivity to 
FTIM, varying from 10*' to 10°. poses important 
operation probleas (quench at FTIH > 10° and 
over-reactive at ^ O * 1 ) . THS would bum only 
Marginally at FTW - 1 0 - 1 . Figures 3.30 and 3.31 
shoM s o w parametric variations due to differing 
FTIH values. At FTIH - 1 0 - 2 the neutron power 
would exceed 12 Hi/a)3 and the neutron wall 
loading would be about 9 Ml/a 3. It should be 
noted that the dlsslpative trapped ion aode is 
yet to be observed experimentally; thus the 
seriousness with which one should tako these 
conclusions with respect to TRS Is not clear. 

3.6.5 THS Equilibrium Profiles 
A. T. Hense S. E. Attenberger 

Using a om-diaenslonal transport code 
(cylindrical geometry) wt have found a set of 

(thermal) equilibrium profiles for THS. These 
*n found self-consistently and include the 
effects of divertor losses (both particle and 
energy}, radiation Ueff = 1 assumed), particle 
correction, and thermal cond-jction. Production 
of a and energy deposition in the plasma are 
treated and a fusion 0-T particle sink is kept in 
the continuity equation. Fresh fuel is supplied 
through the use of an assumed flat pellet deposi­
tion profile. More realistic models are non 
being investigated. The diffusion coefficient 
and thermal diffusivities are taken to be one-
tenth trapped particle and »n consistent 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 cannot be lost 
by radiation {Ztff - 1 assumed, also H,^ . jf 
n £ * 0) and therefore temperatures are kept 
relatively high (>2 keV). It is not yet known 
whether or not one can achieve these high 
densities and temperatures using conventional 
techniques (e.g., gas puffing, neutral beam 
injection, small radius start-up). Work is 
currently under way to investigate the after 
breakdown to ignition phase using a one-
dimensional transport/two-dimensional HMD code. 
Figure 3.32 illustrates the output. 

3.7 ELHO BUMPY TORUS REACTOR STUDY 
%. A. Uckan* E. S. Bettls 0. A. Ehst + 

C. L. Hedrick, Jr. J. S. Herring* E. F. Jaeger 
0. I. Kaplan* L. H. Udsky* D. G. HcAlees 

0. B. Nelson L. M. Owen A. Pant f 

R. E. rotok J. F. Roberts R. T. Santoro 
0. A. Spong H. L. watts H. T. Yen 
The EBTR study was Initiated in early 1976. 

Its objective is the evaluation of the potential 
for achieving a commercial fusion reactor based 
on the EBT confinement concept, which is an 

Group Leader. 
fHassachu$etts Institute of Technology. 
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Fig. 3.30. Temperature, 6, and confinement tiw variations for 
T*5 vs fraction trapped ion Mode (FTIM) for steady-state OT burn. 
R * 500 cm, a = 12b cm, b = 200 cm, ̂  * 43.2 kg, I p = 4.0 H\, n g 

* 2 x 10 !" o f 3 , OT fueling. 

alternative to other Mainline confinement sys­
tems. High 8 and steady-state operation 
distinguish an EST system. 

In 1976, the study was performed jointly 
with participants from NIT and Exxon Nuclear Co., 
Inc. A scoping and definitional study has been 
completed and is aimed at determining size, 
engineering physics, technology, and operating 
characteristics of a realizable plant. The 
results of the first year are In the form of a 
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 aore detailed examination of 
specific subsystem options and the selection of 
a reference reactor. 

A summary fro* QML/TM-5669, which describes 
the 1976 work on EST, Is given below. 

3.7.1 The ELMO Bumpy Torus Reactor (EBTR) 
Reference Pesign»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 
model and relatively conservative engineering 
parameters (i.e., 1-NU/m2 neutron wall loading 
and a 7.3-T maximum toroidal field), is a steady-
state, ignlted-mode system with high plasma power 
density and aspect ratio. The total thermal 
power of EBTR-48, exclusive of blanket multipli­
cation, 1s 4000 MM; 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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-DBS 7T-««M balance calculations suggest that the toroidal 
plasma should be heated to ignition conditions 
using neutral beam injection and that the stabi­
lizing relativistic electron rings should be 
sustained by microwaves. Figure 3.33 is a plan 
view of the system, and Table 3.6 shows the 
fundamental parameters for the system. The power 
output and neutron wall loading in the EBTR 
have been taken to be similar to the values 
assumed in low-6 tokamak system studies in order 
to facilitate comparisons. 

FRACTION THAWED KM MOOt ( F T t M ) 

Fig. 3 .31. Power variations for TNS vs 
fraction trapped Ion mode (FTIH) for steady-state 
DT burn. P^ - * neutron and blanket (4.8 HeV/n) 
power; PJJ = neutron power; P Q ^ = charged par t i ­
cle escape power; P B « n * bremsstrahlung and syn-RAO 
chrotron radiation power, P^-j^ = P N W • P C H P £ 
• P M 0 . Mot": at FTIH * 10" 6, n o/n e = 0.23, 
n /n e = 0.22. 
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number of modules used. Several design variants 
have been investigated in detail to illustrate 
the effect of near-ten and advanced technologies 
and to illustrate the design freedom offered by 
devices with low field and high aspect ratio. 
The high aspect ratio 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 Parameters86 

A summary of the first reactor study based 
on the EST confinement concept is presented here. 
An EBTR reference design has been developed and 
made consistent with the requirements of plasma 
engineering, plasma physics, aagnetlcs, neutron-
ics, and design engineering. Preliminary power 

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. It 
produces 4000 NU(th) exclusive of blanket 
multiplication. This Is consistent with a source 
neutron wall loading of 1.1 NM/m2 and a fusion 
power density of 3.4 HW/m*. The confining mag­
netic field at the midplane is 2.5 T, which 
gives a 8 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 1s 4.5 T. The major 
radius of the device Is 60 m, and the plasma 
radius is 1 m, so that the plasma aspect ratio 
is 60. 

A final decision on the means of heating the 
EBTR plasma has not been made, but the frequency 
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Table 3.6. EBTR reference parameters 

EBTR-484 

Plasma radius, a (») 1.0 
Aspect ratio, A 60 
Major radius, R Q (m) 60 
Mirror ratio, H 1.78 

Ion temperature 15 
Ion density, N f * 10" 2 0 1.2 
Beta. 6 (X) 25 
Magnetic field on axis, Bj. (T) 2.5-4.5 
Number of colls, N 48 

Power, P t h (MU) 4000 
Power density, P t h/V (MW/m3) 3.37 
Neutron wall loading, L w (MM/m2) 1.13 

Cold zone, 6 (m) 0.2 
Blanket and shield thickness, t j b (m) 1.75 
Coll Inner radius, r c (m) 2.95 
Current density. J c (A/cm2) 1500 
Coll radial thickness, t c (m) 0.71 
Coll half length, L/2 (m) 1.30 

EBTR-246 

1.0 
30 
30 
1.78 

15 
1.25 2.13 
24 42 
2.5-4.5 
24 

1775 5300 
3.0 9.0 
1 3 

0.2 
1.75 
2.95 
1500 
0.71 
1.30 

'Emphasis to date has been focused on EBTR-48. 
Alternative smaller size reactors with Increased neutron wall loading are presently under study. 
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requirements, if microwaves are used, 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 VI20 GHz, suitable for background 
plasma heating. Because of the decreased density 
and field strength in the regicn of the stabi­
lizing annuli, microwave frequencies less than 
this by a factor of two may be acceptable to 
sustain the annuli ( ^ GHz, M).2 HH/sector) but 
use neutral beam injection H 5 0 keV, ̂ 150-200 MM 
total) to heat the plasma to ignition. 

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-H Zr 
first wall, a stainless steel structure, and 
natural lithium both for breeding ind as the 
coolant. Electromagnetic pumps are used to 
circulate the Httium. The magnet shield in 
this case is composed of concrete loaded with 
austenltic Iron shot (401 by volume), and is 
cooled by C0 2. 

Two superconducting magnet alternatives 
have been examined. In both cases the magnetic 
field and coll loading are nearly symmetrical. 
There 1s no need to use 0- or oval-shaped colls 
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 1n the windings ,s 1550 
A/cm2, which results in a peak field strength of 
7.3 T In the winding and 4.5 T at the magnet 

throat. The second option has 48 NbTi-Nb3Sn-
composite superconducting coils cooled by super­
critical helium under forced-flow conditions. 
The peak fields in the Nb 3Sn and NbTi windings 
are 10 T and 5.2 T respectively. The average 
current density in the high field windings is 
2000 A/cm 2; in the lower field windings it is 
4000 A/cm 2. Both options are fully stabilized 
and include current dump protection circuitry in 
case of a magnet failure. 

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 lie 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 20. of the total thermal output 
power and <\£X 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 minimum 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 MH(th) for a neutron wall loading of 
1 MU/m2 and o n be 5300 MM(th) if 3 MU/m2 can 
be tolerated. Standardization has broad impli­
cations for commercialization. 

Preliminary neutronics analyses of the 
blanket options discussed earlier have been 
carried out using the one-dimensional discrete 
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ordlnates code ANISN 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 
for* 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 multidisciplinary, self-consistent treat­

ment of an EBTR includes participants and con­
tributions from five basic disciplines: plasma 
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 technology consid­
erations for a commercial reactor of about 4000 
rW(th) have been studied. The neutron wall 
loading has been restricted to values near 
1 IW/m 2. Although modest Increases In wall 
loading Improve system economics, loadings above 
3 or 4 MM/m2 will almost certainly b* uneconom­
ical due to reliability and pumping penalties. 

The plasma size Is determined by specifying 
power 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 

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 determined self-
consistently from theoretical models, but 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 

J»e EBTR operating characteristics are: 
(1) particle orbits and their effects on 
efficient use of the plasma chamber volume; 
(2) plasma stability and equilibrium; and 
(3) scaling, transport, and modeling. 

For a high-6, 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 problems for a large-scale EBTR, 
while iing vigorously pursued, is not yet 
available. Intermediate and/or partial answers 
have been used to proceed into the full self-
consistent treatment. 

magnetics 
The EBTR magnet system designs are deter­

mined by considerations of scaling, conductor 
design, coll design, cryogenics, and protection. 
Aside from the plasma constraints, the main goal 
is the design of colls 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, t'i« number of coils, mirror ratio, coil 
radius, and the r- ctor major radius can all be 
related by the geometry of the vacuum magnetic 
fluids. Plasma physics considerations further 
relate the alienable mirror ratios to the aspect 
ratio, electron ring 0, stable plasm volume, 
magnetic axis shift, and similar quantities. 

An Interesting possibility Is that the 
magnets may be made modular and used 1n reactors 
of different sizes. As long as the ratio of 
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Major radius to the mater of coils is fixed, 
the field strengths produced by Modular Magnets 
of the saMe size are no* sensitive to the size 
of the reactor. 

Heutrowics 
Preliminary neutronics 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 fusion neutrons and secondary gamma rays 
in the for* of heat, to breed tritium, and to 
reduce the radiation incident on the toroidal 
•agnet coils was evaluated. 

Design engineering 
The EBT reactor study has considered the 

Mechanical design of the following: (1) the 
first Mall, (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 wide Magnet spacing, it is 
possible to design one Module that can be used in 
Machines of various sizes. The nodule is com­
posed of the first wall, blanket, shield, and 
coll. This concept of standardized modules is 
extremely favorable in the context of a fusion 
reactor economy. 

3.7.4 Sensitivity of EBTR Bums to Sensitivity of 
Catalyzed D-D 
J. R. NcNally, Jr. K. E. Rothe 

A preliminary survey of steady-state T or 
3He-cata1yzed 0-0 nuclear burns In EBTR-24 has 
revealed an extraordinary sensitivity to plasma 
density (for T-catalyzed bums they quench at 
n e - lO1* cm"3 but 8 exceeds 100% at nft • 1.25 
x W cm" 3). Indicating *hat an extremely tight 

bum control will have to be exercised. A 3He-
catalyzed bum at n * 10 1* cm'3 ran steady-state 
at B * 62X; lower 6 operation may be feasible. 

3.8 COMPUTING SUPPORT FOR FUSION ENERGY DIVISICN 
I. Burnett III R. 0. 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. Overbey C. E. Parker J. H. Reynolds 

0. C. Yonts 
Following the arrangement set up last year, 

computing support for FED is provided by three 
distinct entities. 
1) Problem solving and programming are 

provided by the Computer Sciences Division 
(CSD) applied programming staff, under 
A. A. Brooks. Arrangements here are mtde 
priMarily between the CSD staff and FED 
personnel who formulate the problems and 
watch 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 the system 
are as a remote job entry terminal (RJET) 
Into the NHFECN and as a general purpose 
timesharing facility for small-scale, 
interactive computing jobs. Large-scale 
jobs, of course, are directed to the NNFECN 
central computer at Lawrence Llvermore 
Laboratory (LLL), to the extent available, 
and to the UCC-ND computing facility. 

3) The data handling 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 data 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 
necessarily Indistinct because the appro­
priate device often proves to be the POP-
10. the COC 7600 at U.L, or the IBM 360's at 
OWL. A Digital Equipment Corporation 
PDP-11/45 plays the part of central aode 
of the data network; interconnection of 
this ••chine to the USC D£Csystem-10 repre­
sents a major factor in the work of 1976 
and 1977. 

3.8.1 User Service Center 

I . Burnett I I I R. 0. Burrls 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. Our lug 
the past year, these tools have been signifi­
cantly Improved. 

A third RP04 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 Increase in Memory size was 
obtained through complex procurtment negotiations 
involving EROA and LLL. An unusual teaporary de­
livery of interia hardwire resulted. The Interim 
AMPEX A M M O memory was a constant source of 
trouble until an essential control band physi­
cally exploded. AMPEX sent a replaceaent which 
rectified all problem, and we had no wore AMPEX 
•Mwrj failures. That unit, however, was re­
turned to AMPEX when a new ARN-10 I memory was 
installed in accordance with the U X arrangement. 
The new unit appears to be headed for an extended 
period of questionable perfornance similar to 
that er**Henced with the original A M M O . 

k anunications front end consisting of a 
DM7 with 16 asynchronous lines and 1 synchronous 
line for interconnecting the USC with the POP 
11/45 has been purchased. Installation is 
scheduled for Nay 1977. 

In the area of software, continuous effort 
has bean devoted toward tuning the system for 

best performance. The 602 release of the TOPS-
10 monitor had several problems which prevented 
it from working with the NHFECN configuration of 
hardware. These problems were fixed here at Oak 
Ridge, and the running monitor was shared with 
other sites in the RMFECN. The Virtual Memory 
option was purchased but was not used until 
January 1977 because of incompatibility with the 
NHFECN software. The 602A release was obtained 
in January 1977 and was installed with only 
minor problems. Its Main virtue is inproved 
handling of disk errors. 

It is a pleasure to report that the NNFECN 
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 NHFECM A-machlne productively. While 
credit for the development of this goes to 
NHFECN, 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 ihe acquisition and In­
stallation of the graphics software package, 
DISSPLA, on the Oak Ridge USC. DISSPIA 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 API, Setgo de­
bugging compiler, and the INSL library of mathe­
matical and statistical routines. The OECUS 
library 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 command with the addition 
of a mode specification and Initiate file trans­
fer to either the NNFECN or the M M . network. 
Full wild card specifications * n possible, and 
any valid device or queue may be specified as 
the destination. 
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The adoption of a generalized communications 
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 command say be 
entered in on any systea in the network for which 
there exists a user interface. The file is then 
transmitted with the command through the network 
to the destination machine, and the destination 
specification is used to dispose of the file. 
The disposition may be storage on any valid 
device or submission into any valid queue Includ­
ing Batch input, printer output, graphical 
output, etc. User interfaces may be programmed 
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 PDP-10. 

The USC has had a *ery good uptime and re-
liability record due to the excellent maintenance 
service provided by Digital Equipment Corporation. 
The maintenance of terminals has been a major 
problea. We discovered that paper manufactured 
for the Texas Instruments terminals by one 
supplier caused excessive print head deteriora­
tion. 

Operational procedures and an operator's 
guide are being formulated. Documentation is a 
continuing effort, and the assistance of a 
trained documentarlan is being sought. A news­
letter announcing Improvements is planned. 

A major new use of the USC promises to be 
the development of project aanagment tools and a 
comprehensive management Information system (HIS). 
Several versions of PERT and CPU have been ob­
tained and are being investigated. Graphics out­
put Is recognized as essential, but no adequate 
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 U s own for data storage and -:J11 use consid­
erable core and CPU resources. In support of 

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 M S can operate without adverse 
impact on existing computing projects. 

Work is under way to define 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 must be provided to take 
advantage of characteristics of specific types of 
devices. This 1s caused by the fundamental 
differences between vector and raster devices. 

3.8.2 Experimental Data Handling 6roup 
R. D. Burris J. E. Francis, Jr. C. E. Hamaons 

C. 0. Kemper R. W. Napier 0. R. Overbey 
J. U. Reynolds 0. C. Yonts 

The primary activities during 1976 Involved 
improvement of the ORNAK data handling system 
prior to the decommissioning of the experimental 
tokamak device co allow completion of the new ISX 
tokamak. The data handling systea from OAMMC 
will be carried over, with improvements, so that 
a fully operational facility will be available 
when ISX Is completed. New instrumentation added 
to the ORNAK/ISX systea 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 systea was set up 
for the Plasma Heating Department at the 
Princeton Large Torus beam test stand. Initially 
set up on a small PDP-11 supplied by Princeton 
Plasma Physics Laboratory for this purpose, this 
systea has now been transferred over to an ORML 
PDP-11. The group provided specifications and 
carried out the acquisition of the PDP-11, which 
will be used in the Medium Energy Beam Develop­
ment Program. 

A data acquisition system was provided for 
the Superconducting Magnet Development Prograa, 
using a PDP-12 previously assigned to the IMP 
(Injection Into Microwave 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 p r o g r — l t i c 
and funding factors. 

The EBT data handling system has undergone 
continuous improvement and refinement and now 
includes provision for transmitting data into the 
central computer netMOrk for analysis at the USC 
or X-10 PDP-10. 

The group provides equipment backup support 
for the Division's USC DECsystem-10 and the PDP-
11/45 coordinating computer, which permits 
communication from the data systems when required. 
Maintenance of the timesharing terminals 1s a 
major distraction and arrangements have been 
made to have the work done by the Y-12 mainte­
nance Division, but under st r ic t supervision by 
the group. 

Major improvements to the network communica­
tion software have been reported in the previous 
section of this report. 

An important act iv i ty begun in 1976 is the 
monitoring of electrical interference from 
pulsed experiaents in Building 9201-2. Varia­
tions in l ine voltages, ground potential, and 
radio frequency interference represent major 
Impediments to maM..g the Deta Acquisition 
Systems and the USC DECsystra-10 re l iable; in 
fac t , there is a very real danger of doing . 
serious harm to the computers or to the data. 
The problem is under study and a proposal for 
isolating the USC computers w i l l be forthcoming. 
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PART I I . FUSION ENGINEERING 

ABSTRACTS 
(Chapters 4-8) 

4. PLASM HEATING AND FUELING SECTION 

The Plasma Kciting and Fueling Section has 
the responsibility for developing neutral beam 
injection heating and pellet fueling techniques, 
which are of vi tal importance to the ultimate 
success of tokamaks and other fusion machines. 
Progress in 1976 occurred on several fronts. The 
Hediiai Energy Systems Test Facil ity became opera­
tional in No v o t e r with two Princeton Large Torus 
(PLT) beam line systeas; i t Is expected that the 
f i rs t two beam lines wi l l be installed on PLT in 
early 1977. The original conceptual design for 
the *uch larger Tokamafc Fusion Test Reactor (TFTR) 
neutral bean systeas was considerably revised, 
and an updated proposal was sub* i t ted to 
Princeton Plasaa Physics Laboratory (PPPL) in 
Deceaber. The 150-keV Test Faci l i ty , a proto­
type for the TFTR systeas, was completed in 
October and has been operated at 120 keV and 30 
m\ with a two-stage system. Operation at high 
currents will be possible after checkout of the 
power supply is complete. The 10-ca and 15-ca 
sources on the Oak Ridge Tokamak (ORNAK) operated 
throughout the year, and 500 HI of injected power 
was achieved. Frozen hydrogen pellets of 210-ua 
diaa were also successfully injected Into ORMAK. 

These advances were aide possible by a 
ault i faceted program of experimental and theore­
tical studies. Better source plasaa confinement 
was achieved through the addition of a aultipole 
magnetic f ield around the arc chamber. The 
atomic Ion fraction was increased by thermal 
pred1ssociat1on of the hydrogen In a hot tungsten 
oven prior to arc discharge. Experiments with 
shaped apertures, insulating coating on the 
atv^leratlng electrodes, application of precel, 
and optimization of decel voltages led to 
Improved grid transparency and reduced beam 
divergence. These studies were supported by 
numerical and analytical calculations of beam 
trajectories and distributions. A new nhoto<".ode 
array diagnostic was developed to fac i l i ta te 

beaa intensity distribution aeasureaents. A 
solid hydrogen pellet extruder was constructed 
and successfully tested. A theoretical pel let 
ablation model was developed to predict the 
pel let velocity required for a given fractional 
penetration depth into a tokaaak plasma, and 
various methods of attaining these velocities are 
under investigation. 

In the future, work on the TFTR bean lines 
wi l l continue i~ determined by the final decision 
of PPPL. Much higher power beams are envisioned 
for The Next Step (TKS). Ratings of 150 keV a t 
100 A with D* and 300 keV with D~ are projected. 
The two-stage source in the 150-keV test fac i l i ty 
w i l l be pushed to 150 keV at 50 A, and a charged 
fraction blowup scheme which magnetically con­
fines free electrons in the neutralizer cel l w i l l 
be pursued. Neutral beaa systeas rated at 40 keV 
are being planned for 0RMAK Upgrade and the 
Impurity Study Experiment ( ISX). A new pro­
graa to develop cryosorption pumping for high 
power neutral bean systeas was instituted. 
Hydrogen pellet accelerators using the rotating 
am and ges gun concepts wi l l be developed. 

5. MAGNETICS AND SUPERCONDUCTIVITY SECTION 

The Magnetics and Superconductivity Section 
has the responsibility for developing super­
conducting magnet systeas for tokamak fusion 
aachines. This is being accomplished by carrying 
out those research and development needs which 
wi l l provide the physics unoerstanding and 
engineering data necessary to design, fabricate, 
and test large toroidal f ie ld (TF) and pololdal 
f ie ld (PF) col ls. This infoiwation, 1n addition, 
supports the Large Coil 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 
magnet designs for the EPR, Demo, EBTR, EBT-II , 



164 

and preliminary scoping for the TNS project. The 
principal effort was expended on the Iteration of 
the EPR Reference Design. Three features of the 
original reference design — the honeycomb coil 
structure, the oval coll shape, and the forced-
flow cooling of the conductor by supercritical 
helium - remain as key features of the TF colls. 
Considerable progress has been made In the theo­
retical understanding of forced-flaw-cooled 
conductors, and optimized designs with maximum 
stability aargin can be designed to meet specific 
applications. Experiments which will test the 
theory are in progress. 

A number of projects consisting of labora­
tory scale experiments, primarily to characterize 
conductor, are performed as needed. A new pulsed 
parallel field apparatus has been constructed to 
determine the losses that a conductor exhibits in 
the environment characteristic of a tokamtk 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; 
I t was concluded that transient heat transfer 
effects are very Important. These experimental 
results and theoretical calculations, along with 
mechanical tests on a wide variety 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 
colls. A pulse loss measurement system capable 
of providing the total energy loss and the loss 
voltage waveform for a pulsed (pololdal) coll was 
completed. The loss voltage was shown to be use­
ful as a quench detection scheme for TF colls. 
Within the limits of the available power supplies, 
four small pulsed colls were tested and their 
losses characterized. All the pulse coil work to 
date Is focused on obtaining an economical and 
reliable conductor design which will attain the 
maximal field at the anticipated field rate of 
change with acceptable losses In a scalable, 
stable magnet design. 

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 been 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 analytical 
calculations to a large extent, magnet protection 
and structural analysis, have contributed in a 
significant manner to all the large aachine 
designs and the forthcoming large magnet tests. 
Examples of these developments are a new method 
for quench detection, complete analysis of the 
protection for a toroidal magnet system, devel­
opment of a two-dimensional eddy current code 
applicable even i f 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 liquid helium handling system, 
and power supplies for both the base research and 
development program and the LCP test facility has 
been initiated; these facilities will be procured 
and Installed in the coming year. 

6. THE NEXT STEP (TNS) PROGRAM 

This OWL 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 Intermediate 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 performance is made possible by a 
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projection of operation at higher plasma density 
titan that assumed for EPft. This aore optimistic 
plasma performance projection is based on a re­
examination of basic physics assumptions and of 
current plasma physics experiments; a focused 
experimental and theoretical ef fort wi l l be 
required in the near future to validate this 
projection. With this improved performa.ice, the 
INS designs can be extrapolated to an economically 
viable fusion reactor. 

Following the in i t i a l exploratory phase in 
which a succession of Reference Pcints was 
evolved and key engineering issues considered, 
a broad design space investigation was undertaken. 
The intent of this second phase of the TNS 
Program 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 
f ie ld coil technology decision. 

2) We are specifically investigating the 
most cr i t ical scientific problems, 
especially impurity control and poloidal 
f ie ld winding locations, as well as 
determining the sensitivity of plasma 
performance to variations in key 
parameters. 

3) We are evaluating RSD programs to identify 
available and required experimental support 
basis. 

4) We wi l l develop, early next year, a com­
prehensive construction schedule and 
plan to establish proper sequencing of 
design tasks, RtO tasks, and construction 
elements to support the orderly preparation 
for a TNS device. 

The findings in each of these four areas w i l l 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: 

1) Materials compatibility studies, including 
corrosion studies of austenitic stainless 
steels in l iquid l i th iua , corrosion studies 
of type 316 stainless steel in Li :BeF^, and 
the effects of helium impurities on super 
alloys. 

2) The mechanical properties of structural 
materials in the fi"-st wall/blanket/shield 
system. 

3) Radiation transport in fusion devices, in ­
cluding the spatial variation of neutron 
damage phenomena in ar. Li ( 0 , n) f a c i l i t y , 
neutronics calculations for the Tokamafc 
Fusion Test Reactor (TFTR) neutral beam 
l ine, and the development of an evaluated 
nuclear data f i l e for fusion applications. 

4) Radiation effects in blanket structural 
materials, including swelling 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 irradiations, development of 
fatigue testing capabil i t ies, and evaluation 
of nickel alloy response to simulated 
fusion reactor irradiat ions. 

5) Surface studies including wall conditioning 
studies for the Oak Ridge Tokamak (ORMAK) 
and Impurity Study Experiment ( ISX), hydro­
gen profil ing for surface characterization, 
sputtering calculations using the discrete 
ordinates method, and hydrogen recycle. 

6) System studies aimed a t developing a plan 
for d»n>nstrating, in this century, the 
commercial feasibi l i ty of fusion power based 
on the tokamak concept. 

7) Tritium studies, including vacuum pumping 
Studies, trit ium sorption studies, and 
trit ium 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 tofcamak 
fusion reactor. A plan for accomplishing the LCP 
objectives has been formulated and documented 
(0RNL/TH-5B24). 

Based on a set of coil criteria extracted 
froa 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 colls 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 
CRNL opinion that no single concept can be shown 
to be clearly superior at tSe 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 concepts. This size 
criterion for test coils agreed with OWil. 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 5 * 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 facil ity, 
coil 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 s-;» coils with identical performance charac­
teristics (but of three different design concepts) 
in which i t is possible to fully test any coil 
even i f 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 ?LASMA SOURCE DEVELOPMENT PROGRAM 

4.1.1 Introduction 

A prime goal in this program is to develop 
a plasma source which fulf i l ls the require­
ments of high uower (MW) neutral beam injectors. 
These injectors are being developed for plasma 
heating of future fusion devices such as the 
Princeton Large Torus (PLT) and the Poloidal 
Oivertor Experiment (PDX) at Princeton Plasma 
Physics Laboratory (PPPL) and the Oak Ridge 
Tokamak (OSMMC) 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/40 keV. The 
desirable properties of such a plasma source 
(Table 4.1) are the production of a quiescent, 
uniform, and dense plasma; high gas and arc 
efficiency; operation reliability; and 1on 
species selectivity. The duoPIGatron ion 

1. Engineering Division. 
2. Princeton Plasma Physics Laboratory. 
3. Consultant, Madison College, Harrisonburg, 

Virginia. 
4. Computer Sciences Division. 

source1"5 developed at ORNL fulf i l ls most of 
these requirements and is a prime candidate for 
such injectors. The duoPIGatron 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 effort in 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 Mackenzie and his associates6*7 

can produce a iarge volume of uniform and quies­
cent plasma in argon with a density higher than 
10 1 2 an ' 3 . To be useful as an ion source for 
neutral beam Injectors, such a device must 
operate with hydrogen or deuterium and must be 
capable of delivering an ion beam of several 
tens of amperes. An experimental study to 
develop such a source for ion extraction has 
been undertaken. 

4.1.2 Modified DuoPIGatron Ion Source 

The scaled up duoPIGatron (Fig. 4,1), with 
a 20 to 25-cro-grid diam, uses 12-24 columns of 
permanent magnets to form a miltlpol* line cusp 
field. As described elsewhere,5 this multlpole 
line cusp field 1s capable of confining ionizing 
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Table 4 .1 . Desirable properties of a good plasaa source 

High plasaa density >2 x 10 1 2 ca~3 

Low nonunifonrity <±105 over grid diam 
Low noise level <±10X 
Long pulse operation X».5 sec 
High gas efficiency >50S 

High arc efficiency 
Good source reliability 
Ion species selectivity 

electrons and to a lesser rfMree the plasaa 
generated in the PIG region of the source. In 
the 20-cm-grid-diam source, which has a 30-cm-
diaa arc chaaber, the created PIG plasaa is 
characterized by spatial density variations 
within ±5% over a 23-ca diam at a density of 
about 2 x 10 1 2 ca" 3. The source delivers a 
hydrogen ion beaa 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 ioV per ampere of beaa. In the 
present source, the applied source Magnetic 
field is inhoaogeneous and axial, but the 
aultipole line cusp field is ^ansverse in the 
center plane of the mgret coluans and is 
axial with alternate polarities at the ends 
of the columns. Consequently, there are loss 
areas (half of the col tan number) on the wall 
of the arc chamber (anode No. 2) adjacent to 
the Intermediate electrode. This fact Is 
consistent with the optlaal coluan maoer of 
20 found for this source. At such a condition 
the spatial uniformity 1s best, as shown In 
Fig. 4.2. Moreover, the plasaa uniformity 1s 
usually found to be lap roved as the arc 
current is increased (Fig. 4.3). These two 
features can be explained by the diaaegnetisa 
of the dense pUsm near the plasaa electrode 
(or target cathode). That 1$, the PIG plasm 
expands close to the 8 * 1 surface. We also 
observed that the arc efficiency can be 
Improved substantially by shortening the first 
anode, thus reducing the plasm loss to the 
anode surface and thereby Improving thf> plasm 

uniformity. Figure 4.4 shows the plasaa density 
variation with the dimension and configuration 
of anode No. 1 in the duoPIGatron. 

4.1.3 Magnetic MuK'.pole Plasaa Source 

This source (Fig. 4.S) has 12 magnet coluans 
polarized radially wilh alternate polarities to 
form a continuous line cusp field on the anode 
surface. The hot cathode consists of severa' 
rows of tungsten filaments located within a 
6-ca radius. For a typical case, the cathode is 
made of 72 tungsten filaaents, 0.0127-ca diaa 
and 7.5-ca length. The heating current for each 
filament is 2 A, the anode chamber has a 25-cm 
ID and is 36 ca long, and the plasaa electrode 
is connected to the neo.tlve terminal of the 
hot cathode power sup My. This source is capable 
of producing a noise-free, uniform, and dense 
plasm (F1g. 4.6). The arc efficiency is rela­
tively high, at 1 kM arc power per ampere of 
beaa current. These properties are desirable 
for neutral beaa injector application. However, 
the use of tungsten filaaents my cause some 
undesirable problems such as high heating power, 
short filament lifetime, and tungsten vapor-
associated arc breakdown across the Insulator 
surface In the source. Further study will be 
pursued continuously to develop this source for 
high power neutral beam injectors. 

4.1.4 Enhancement of H* Fraction in Hydrogen 
Beams 

Hydrogen ion sources typically produce 
aultlmoaentum beams consisting of atomic ions 
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F1g. 4.2. Variations of piasaa uniformity with nuaber of aagnet 
coluans. 

(H ) and Molecular Ions (H2 and H 3 ) . Molec­
ular Ions passing through a charge-exchange gas 
cell break up Into atoas with one-half (froa 
H2*) or one-third (froa H3*) of their accel­
erated energy. These lower energy coaponents 
do not penetrate deeply Into i. piasaa and aay 
be of l i t t l e use (or be unwanted) I f the heat­
ing of the outside piasaa yields an adverse 
effect. I t is therefore desirable to enhance 
the atoalc Ion fraction 1n an Ion source. 

Me have achieved a substantial enhance­
ment of the H* fraction In a duoPIGatron by 
wans of the thenal predlssoclatlon aethod.8 

The hydrogen gas 1s predlssoclated In a hot 
tungsten oven prior to arc discharge, while 
the recombination rate Inside the Ion $ grce 
Is simultaneously arfnlalzed by a hot wall 

environment. An Increase In the H fraction 
froa 0.5 to 0.7 at the 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 1s continuing with a full-scale 
source in pursuit of an expected H fraction 
of 0.9. 

4.2 ION ACCELERATION 

4.2.1 Introduction 
In addition to the plasma source, the Ion 

accelerator 1s one of the crucial elements of 
m neutral beam injectors. At ORNL the con­
ventional 1on beam Is formed by hundreds to 
thousands of Individual beanlets. The 
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Fig. 4.3. Uniformity improvement with arc current In a 20-ca 
duoPIGatron Ion source. Chamber dlaaeter « 30 ca; grid dlamster « 20 ca. 

transalsslon efficiency of the neutral beaa Is 
determined by the optics of Its original Ion 
bean; the Ion beaa optics determines the diver­
gence of each beaalet,9 and each beaalet Is 
steered to a eomwn focal point. In the conven­
tional accel-decel ion accelerator, the beaa 
divergence of each beaalet 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
ly the plasma electrode (or target cathode) and 
the plasma properties of the source and the 
neutrallzer plasmas. To examine the importance 
of the aperture shape on the beaa divergence, a 
program Including computer simulation ard 
experimental study for a single beaalet has been 
initiated. One of the Initial objectives of 
this program 1s to Increase the percentage of 
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fig. 4.6. Typical density profile of the 
plasma created in a magnetic muttlpole source. 

available ions In the source plasma to be formed 
Into the lor. bean. In addition to the shaped 
aperture plasm electrode, we undertook a study 
of the effect of a thin insulator coating on the 
side of the plasm electrode facing the source 
plasm. At so, the effect of the decel voltage 
on the t e w optics has been studied; a» a result 
of these studies, a two-electrode fin bean 
formation system has been demonstrated. In 

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 
fmny conventional ion sources employ multi-

aperture cylindrical bore electrodes. These 
electrodes introduce significant aberrations 
into the accelerating fields not entirely can­
celled by the beaa space charge; the residual 
aberrations in turn lead to degradation of the 
optical properties. He have carried out an 
experimental and theoretical study to explore 
tno possible 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 plasma 
grid that was any of several shapes, and witn 
conventional cylindrical (3.8-am-diam) apertures 
in the extraction and ground grids. A spacing 
of 0.7 m was used in the extraction gap and 
2.0 an in the decel gap. All three grids were 
the standard 1.5 ma 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 
sometines has a slightly smaller 9 w than 
does the charge profile. 1 3 All shapes were 
found to yield approximately Gaussian beanlet 
profiles at optimum divergence. 

Table 4.2 shows the minima ^iMW obtained 
with the different apertures at various accel 
drain currents. The accel voltage in each 
case is that which was found to yield the 
opt:MUM divergence ang?e at that drain current, 
and it is apparent that there »re significant 
differences in the minima* divergence angles 
obtained. For instance, at V . • 26.8 kV, 
aperture type 8 produces a 0.-^ which is only 
0.S8 that of type 1, the conventional cylindrical 
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aperture. Me note that aperture types 3, 
5, 6, 7, 8, and 9 all yield significantly 
smaller optimum 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 plasma, 
nor shape 4, which is reentrant, leads to 
smaller divergence than that obtained with 
the cylindrical aperture. The smallest diver­
gence angles result with shapes 8 and 9, which 
are similar to the Pierce geometry used in 
electron optics. 

A solution to the Poisson-Vlasov equation 
(as described in Sect. 4.6) was obtained for 

ions extracted through eight different shapes, 
shown In FIL.. 4.8. Ion divergence angles 
(6) and actual transparency (F), scaled by 
the geometric transparency, are'shown ir. 
Fig. 4.8 as a function of source plasm* 
density on a suitable scale, P/PQ (the ratio 
of the actual p.»rveance to the modified 
Child-Langmulr prrveance), for each of the 
eight shapes. Results are that the divergence 
angles are about the same for shapes I , B, 28, 
and 4B, but the actual transparency progressively 
increases. Shapes 1 , C, 2C, X , and 4C show pro­
gressively smaller beam divergence angles, larger 
actual transparency, and smaller optimum plasma 
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Table 4.2. Optimized single bea 

Aperture type '.ccel <*> Vcel <» 
1 11 14.2 

14 16.9 
21 22.3 
28 26.8 

2 11 13.8 
14 17.2 
21 20.8 
28 23.0 
34 26.6 

3 11 14.8 
14 17.5 
21 22.4 
28 26.6 

4 11 13.6 
14 17.8 
21 22.4 
28 26.6 

5 11 15.5 
14 18.2 
21 22.3 
28 27.7 

6 11 14.2 
14 16.4 
21 21.7 
28 25.4 

* 11 12.7 
14 15.1 
21 20.2 
28 24.5 

8 11 11.1 
14 13.6 
21 13.5 
28 23.5 
38 26.8 

12 11 12.2 
14 13.9 
22 18.7 
28 
36 

23.2 
27.3 

HWM angle (<Jeg) 

1.19 
1.17 
1.06 
0.99 
1.45 
1.32 
1.12 
1.09 
1.09 
0.79 
0.79 
0.78 
0.75 
1.27 
1.23 
1.24 
1.14 
0.85 
0.78 
0.75 
0.72 
0.92 
0.92 
0.84 
0.79 
0.87 
0.84 
0 77 
0.74 
0.80 
0.73 
0.69 
0.61 
0.57 
0.74 
0.71 
0.67 
0.63 
0.62 
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Fig. 4.8. Effect of plasaa grid shape on 
ion optics and transmission. 

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 1on temperature. Source eaittance 
United (EL) bean divergence angles are also shown 
In Fig. 4.9 for the three relative Ion tempera-
tures considered. 

4.2.3 Insulator Coated PI as— Electrode 

The second approach sought to naintain the 
high grid transparency obtainable with cylindri­
cal apertures, but to lessen the deleterious 
effects of the attendant residual aberrations 
by accelerating the ions before they enter 
the aperture. Such a technique was suggested 
by the results of a numerical solution to the 
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Fig. 4.9. Effect of ion temperature and 
plasaa grid shape on ion optics and transmission. 

Polsson-Vlasov equation (Sect. 4.6). A thin 
layer (10 alls) of alunlnua oxide was deposited 
by a plasaa spray technique on the side of the 
extraction grid facing the source plasm. A 
ring insulator was Installed to Isolate the 
plasma grid from the rest of the source, and 
a power supply was connected across 11 to 
bias the grid negative with respect to the rest 
of the source. Because the plasv potential 
stays close to that of the anode, the plasaa 
tends to assume a potential differing froa 
that of the plasaa grid by the applied voltage 
(which we will call the precel voltage) plus the 
usual sheath drop of 20-30 V. Consequently, an 
Ion crossing the thin Insulator encounters a 
sudden strong field which gives i t a velocity 
parallel to the axis of extraction which Is large 
compared to its value without a precel potential. 
The ions near the edge of the aperture thus 
spend less time 1n the aberrant regions of the 
field. By using an Insulator with precel, we 
have observed a large decrease in beaa divergence 
(sec Table 4.3). With a larger accel gap, the 
change In the divergence was even more pronounced. 
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Table 4.3. Slavery comparison of optics of all apertures 
a t Vaccel * U k V « 'accel * " * 

Aperture type HUM angle (deg) 

1 1.19 
2 1.45 
3 0.79 
4 1.27 
S G.85 
6 0.92 
7 0.87 
8 0.80 

12 0.74 
Coated 3 0.61 

(precel 330) 
Coated J 0.53 

(precel 320) 

tilth an acccl gap of 11.43 m and an accel vol­
tage of 28.5 kV, an optimum 9 | n j r of 1.09° was 
obtained. With the addition of a precel voltage 
of 490 V, the &mm was 0.31°. Provided the 
precel technique can be successfully adapted to 
large multlaperture grids, this study indicates 
that i t should be possible to obtain a beam with 
approxiMtely the same current density and grid 
transparency as those obtained with the standard, 
high current density extraction systems in use 
on such Machines as ORMAK, but with greatly 
1 proved divergence. 

Solutions to the Poisson-Vlasov equation 
were obtained for Ions extracted through an 
insulated plasm grid. The Insulator was 
specified as a Olrlchlet boundary on the plasm 
side with potential equal to the sheath drop fro* 
the plasm potential and a Neumann boundary 
condition on the cylindrical surface. Figure 
4.10 shows (1) actual transparency (F), scaled by 
the geometric transparency, (2) rms beam diver­
gence angles, shown by dashed curves, and (3) rue 
bean divergence angles of a truncated ion 
distribution, shown by solid curves as a function 
of relative sheath perveance for three different 
precel potentials, V, on th* scale of the 
accel potential. Results trt that for the 

•-t 06 f 

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
t ial the nininun beam divergence decreases, 
the actual transparency increases, and the 
optimal plasma density decreases. One of the 
cases in Fig. 4,10 is considered for various 
relative ion teaperatures in Fig. 4 . 1 1 , *long 
with the source errittance lien ted ion con­
vergence showing that this l i n i t is actually 
approached for insulated grids. 

4.2.4 Effect of Oec-1 Voltage 

The accel-decel extraction system has 
been widely used for forcing a high current 
and low divergence ion bean for neutral bean 
injectors. Such a systen generally consists 
of at least three electrodes: plasna, extrac­
tion, and ground electrodes. A negative 
potential called the decel voltage is applied 
between the last two electrodes. I t is 
uti l ized to preyent electrons created in the 
gas neutralization cell frcsB leaking back to 
the plasm source and to ensure space-charge 
neutralization of the extracted bean. He 
have observed that for a given geonetry and 
plasma condition, the bean divergence angle is 
reduced as the decel voltage is lowered toward 

06 f 

a ninicun value (V in Fig. 4.12). Further 
lowering of the decel voltage results in an 
abrupt deterioration of the bean optics due to 
leakage of electrons created in the neutralizer. 
Uhen the decel voltage -s below a value V_, the 
divergence angle approaches a aaxinum angle, 
about 4* for this case. 

A possible aechar.iss for the electron 
leakage has been proposed and developed by 
considering the potential distribution in the 
accel-decel region based on computer simulation 
and the boundary of the neutralizer plasna 
adjacent to the ground electrode. Apparently, 
the electron leakage occurs whenever the equi-
potential l ine , V„ (here, V„ is equal to the 
plasna potential in the neutralizer), penetrates 
from the accel gap into the decel gap and con­
tacts the boundary of the neutralizer plasna. 
This electron leakage Mechanise is also valid 
for explaining the observed bean optics varia­
tions with the decel voltage, as shown in 

j % 
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Fig. 4.11. Effect of ion temperature on 1or. 
optics and transnission. 

Fig. 4.12. Effect of decel vo'tage on bean 
op'.ics. 
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Fig. 4.12. Based on the above considerations, 
an expression for estimating the arinlaMi dece? 
voltage, V c > required for a given beam condition 
has been derived and is 

W i (E)0 •*(H^J >" 

where 

Vc Is the minimm decel voltage In kV, 
I. is the bean current in «A of a single beaalet, 
n 1s the neutral gas density In ca~ 3, 
o.(E) is. the cross section of cold ions generated 

by the energetic Ions, at energy E, in en 2 , 
D Is the decel gap length in en, and 
R is the aperture diameter in en. 

The value of the Minima decel voltage can be 
estimated fairly accurately. For example, in 
Fig. 4.12 the Measured value is 860 V and the 
estimated value 1s 1070 V, Hence, the minimal 
decel voltage is a function of the beam current 
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 explanation for the 
observed interelectrode high voltage breakdown 
or spitting based on the behavior of beemlets 
near the grid edge (which generally have 
poorer bean optics due to density falloff 
with radius). Mays to Improve Injector 
reliability will be pursued with the aid of 
computer simulation. 

The Injected bea* power of the energetic 
neutrals Must Increase with the size of the 
tokaamk. Often the peak power density of a 
Hi neutral bean Is well abo.e 30 kW car 3, 
which exceeds the capability of the Materials 
utilized for the present beam-stop caloriMeter. 
Under such a situation, the total beiM power 
My be Measured rithout hurting the calorimeter 
by forcing the bean blowup through raising the 
decel voltage well above 3 kV. I f the diver­
gence angle 1s enlarged from below 1* to about 
2*. the resulting extra power loading on the 

electrodes of the ion accelerator is expected 
to be belcw SI of the bear* power similar to 
that found In the present injectors. This 
fcrced bem blowup ran be used to condition 
the electrodes of the ion accelerator, to 
•easure the bean power of aultlMegawatt injec­
tors without damaging the bean stop calo~imeter. 
and to control the bean profile during the ini ­
tial plasaa buildup period of a fusion device 
should i t be desirable. 

4.2.5 Two-Electrode Ion Bean Formation System 

The negative voltage across the decel gap 
in t*e conventional ion 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 plassa electrode (see Sect. 
4.2.3) revea/e-J that a prece? potential of 
several hundred volts across the insulator layer 
can prevent the source plasma from entering the 
accei gap. Fro* this I t aixseared that i similar 
function could be served by an Insulator coating 
the side of the extraction electrode facing the 
neutral 1zer cell and applying the decel vo1tage 
across the Ins'ilator layer - I . e . , betweott the 
extraction electrode and the neutra't'zer plasma -
thus alleviating the need for a ground electrode. 

we have deslgnel, constructed, end tested 
such a two-eiectrode system) (with Insulator 
coating on both the plasaa and extraction 
electrodes). 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-c* th1ck«ess and 0.38-
CM dian in the conventional aperture dimensions, 
using a nuuerlcal solution to the Polsson '--qua-
tlon, the required decel voltage Is about 
1000 V (as shown 1n Fig. 4 . i3) . The viability 
of this system has been successfully demon­
strated. A beamlet of hydrogen Ions with a 
density of 100 nVca2 at 38 keV has been formed 
with a beam divergence of about 0.35*. The 
corresponding precel voltage across the insula­
tor on the plasma electrode was 300 V, and the 
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decel voltage w-;s 8 r V. As expected, optimum 
divergence angles were obtained with the decel 
voltage at the lowest value consistent with 
stable operation. I t Mas also found that the 
bean optics improved as the yrecel voltage was 
raised to an optimum value. Hence, in this 
particular system, the beam profile can be 
controlled to have 3 divergence angle varying 
from 0.35" to about 1" without affecting beaa 
operation. Another important observation is 
that the optimum bees divergence does not 
vary with ion beam energy over the range of 
parameters considered here. This feature 
is not attainable In the existing three-
electrode system. Moreover, owing to its in­
herent ability to Inhibit either the source or 
the neutralizer plasma from entering the 
accel gip. this system can Improve source 
reliability with respect to high voltage 
breakdown in the accel gap and Inrrease the 
flexibility of the Injector operation because 
either the ion beam or the arc discharge can 
be turned on f i rst . Additional advantages of 

this systeai are a simplified electrode arrange­
ment of the ion accelerator and reduced fabri­
cation costs. Considering the various advan­
tages mentioned above, development of the two-
electrode system will be pursued for the present 
and future high power neutral beam injectors. 

4.2.6 Thermal Deformation of Flasma Electrode 

Preliminary study on beam optics by elec­
trical probes located or. the bewa stop target 
indicated that the beam divergence changes 
during the arc pulse. One ,x>ssible explana­
tion 1s thermal deformation of the plasma 
electrode. To understand the crucial role played 
by electrode deformation, an intensive analytical 
study has been conducted with a 15-cm electrode 
grid pattern. The ani sot ropy Introduced by the 
presence of holes and cooling lines is Included 
in the study. The steady-state temperature 
distribution for different heat loading distri-
outions ant" different water cooling configura­
tions has been calculated. Different electrode 
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Fig. 4.13. Axial pottntlal distribution within extraction electrode: (I) con­
sidering space charge of Ion beam. (II) no Ion space charge. 
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Materials such as copper, tungsten, am.' molybde-
mat have also been considered. Thermal expan-
sion of tae electrode and the resulting effect 
on b e n optics have also been analyzed. The 
results from this study are summarized below. 

1) Alternating the water flow direction on 
successive tabes i n the grid does not 
increase cooling efficiency. 

2) Because of their lower heat conductivity. 
tungsten and aBlyhdemai electrodes have 
a larger tinmeiitmnt r ise than copper 
electrodes tor the sane power loading. 
However, due to a different expansion 
coefficient, tungsten and molybdenum 
electrodes experience less defamation 
than cooper electrodes. 

3) Increasing the water flow reduces the 
overall teaperature r ise , electrode 
deformation, and focusing angle change. 
This Is a very important factor in avoid­
ing defocuslng in the ion accelerator. 

4) A generalized andel for various grid 
patterns has been suggested. 

4.2.7 Photodiode Array for Bean Detection11 

A l inear array of Individual PIN photo-
diodes which measures the excitation l ight 
from parallel chords of the bean crois section 
has been bu i l t and tested. In this prototype, 
twelve diodes are spaced 1.5 en apart and are 
coll lusted to give an acceptance angle of 3*. 
The position o f the bean center can be Measured 
to within ±0.75 cm with one array. A second 
array perpendicular to this can provide an 
accurate two-dlnensional determination of bean 
position. 

In addition, a bean Intensity profi le can 
be obtained by unfolding the neasured chordal 
values with an Abel inversion technique. Reason­
able agreement with caloriaetrically neasured 
profiles has been achieved. Further refLiement 
of the naasunemant technique and data reduction 
scheme Is being pursued. A fast data acqui­
si t ion system for Immediate graphical display 
Is also being Investigated. 

This indirect detection allows monitoring 
of t*te beam during actual injection shits and 
avoids the problems associated with the direct 
measurement of high power density beams. The 
fetector assembly can be situated a t various 
locations along the bean l i n e , including the 
entrance port to a confinement device. 

4.3 LOW EJERfit KUTRAL BEAH SYSTEMS: 10-30 keV 

4.3.1 Introduction 

The 10-cm-diam duof'IGatron, operating typi ­
cally a t 30 keV and 10 fc, has been the workhorse 
in this energy range. During the past year, the 
modified duoPIGatron pr.rtclple, employing line 
cusp confinement of the source plasma, was 
applied to a 15-cm-diaa ion source. Two such 
sources were fabricated and tested for use on 
the 0RNAK experiment h e * at 0PJL and on the 
Laser Ini t iated Target Experiment (LITE) at 
united Technologies. 

4.3.2 ORMAK 

The 0RKAK 15-CP medified duoPIGatron u t i ­
lized tne latest fabrication techniques for 
mounting water cooling lines and headers on 
the grid structures. This new procedure is 
Identified as gridded electrode. The 0RHAIC 
15-cm source was de$1gn;d to operate at the 
same voltage (30 kV) as the 10-cn source. 
However, the Increased :urrent capability 
should be 2.36, the rat o of the number of 
apertures in each systai. Optimum focusing 
was achieved at 20-22 A. Test stand results 
with a simulated ORMAK beam l ine revealed 
that the 15-cm source focusing was about 8M 
as effective as the 10-cn source in terms of 
power transmission Into * e torus. This value 
was quite acceptable, considering that the 
entrance duct into ORMAK was not increased beyond 
8-cm ID. 

In the final experiments on ORMAK. three 
beam lines Mere employed: two with 10-cn 
sources and one with the ' 5-cm source. One of 
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the 10-ai source bean lines was a counterinjec-
tor. Approximately 500 kU of injected neutral 
power was achieved. 

4.3.3 LITE 

The Plasma Heating and Fueling Section 
agreed to supply the LITE experiment at United 
Technologies with a 15-cm Modified duoPIGatron 
ior. source. The source is to operate on hydro­
gen at IS kV. The 256-ca beaa line with a 
10-cn-dlam entrance aperture was simulated in 
the laboratory here at OWL. Performance was 
well within expectation because the accelerating 
grid structure was the same as that used on the 
ORHMC source which was optimized at 30 kV. wit), 
careful tuning, the design goal of IS A of ex­
tracted current at a 15-kV potential may be 
achieved. The equivalent neutral power on target 
in the ORNL simulated LITE beam Hne was 2.5-3 A 
at 15 keV. 

There are two workable schemes to Improve 
tna injected neutral power of this source. One 
Is to optimize the grid system for the lS-kV 
operation, in which case about 5 A of equivalent 
neutral power should be obtainable. The other 
is to operate the source at 30 kV, 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 IS keV 
should be about 7.5 A. There is also a current 
of about 6.5 A of 30-ke¥ H° which must be dis­
sipated In the machine. 

4.4 MEDIUM ENERGY SYSTEMS: 40-60 keV 

4.4.1 Introduction 

The transport system which must neutralize 
the Ion beam, reaov* unneutral 1 zed ions, pump 
vast quantities of cold gas, and In general 
efficiently transport, the neutral bean to the 
tofunmk plasms has changed in scope and design 
as the demands for total neutral particle in­
jection energy increase. The 1on sou xe must 
be upgraded to extract several MM of Ions in 
t:«e 40-80 keV range. Liquid helium cryocon-
densatlon panels have replaced the none con­
ventional diffusion pumps. The length of the 

bee* tines was increased to accommodate deflec­
tion magnet and ion removal systems and to 
remove the ion source from the strong residual 
magnetic fields of the tokamak. Magnetic 
shielding is required around the ion source 
and neutral 1zer. As the distance from the 
ion source to the tokamak increases the 
injection solid angle decreases, and so the 
ion optics must be improved. With this improve­
ment in Ion optics and beat 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 tokaaaks: PLT, OflHAK Upgrade, ISX, 
POX. and Doublet I I I . 

4.4.2 Medium Energy Systems Test Facility 

The OWL Medium Energy Systems Test Facili­
ty (NESTF) has been operational since November 
1976. I t was constructed with the immediate 
purpose of providing a facility to develop 
and test PLT neutral beaa lines. Sufficient 
space and flexibility are available so that 
the test facility can later accommodate beaa 
lines fcr other projects such as ORMAK Upgrade, 
ISX, POX, and Doublet I I I . Plasma generator 
studies and ion source development can also be 
carried out independently from beaa line devel­
opment. 

The test facil ity, including PLT beaa lines 
1 and 2, is shown pic tort ally in Fig. 4.14. 
The test facility was designed to be double-
ended, so that experimental work could be 
undertaken 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 supplies with this 
facility. Liquid helium cryocondensatlon 
vacuum pumps with a speed greater than 500,000 
?iters/ser p'Ovide the pumping for the ta-"?et 
cnaaber. Cryogens are supplied by a CTI 1400 
liquid helium cryostat. Individual controls are 
provided to operate a single beca line and both 
vacuum systems simultaneously. 

A PDP-11/40 minicomputer Is being interfaced 
to the test facility for data acquisition and 
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Fig. 4.14. (MM. esdlm energy systeas test facil ity. 

analysis, fepld analysis of Ion source psraaeters 
and calorlaetrlc •MSurenents of power deposition 
•long the beta are essential for tlntly developeent 
of these large system. Plana for coiaputer con­
trol of the Ion source and fhr dally Monitoring of 
bee* line systeas have also been Initiated. 

4.4.3 PIT Neutral Be— System 

Due to the critical Integration of Ion 
source and transport system, responsibility for 
developing and fabricating neutral bean) system 
for the PIT was placed with Oft*.. The first of 
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four PLT injection systeas has been operating for 
appropriately three Months; shipment to PPPL is 
expected in April 1977. The second beam line is 
assembled and nearly operational and beam lines 
3 and 4 wi l l be assembled o f f test s i te with 
an expected shipaent date of June 1977. 

Fach 3.6-nbeaa l ine (see Fig. 4.15) 
includes: 

1) a modified duoPISatron ion source which has 
been operated at 60 A of extracted ions for 
extraction potentials greater than 32 keV, 

2) a close-coupled gas cel l which produces 
sufficient l ine density fo> neutralization 
equilibrium with a ainlmum amount of gas 
throughput. 

3) atgnetic shielding which wi l l reduce 
residual tokamk magnetic fields to a few 
gauss in the ion source region and to a 
few tens of gauss In the neutral izes 

4) an i rn reaoval systea consisting o f deflec­
tion ...gnet and swirl tube ion dtaajts, 

5) a diagnostic caloriaeter capable of dissi­
pating 2 Ml of power. 

6) a l iquid hellua cryopwap which condenses 
hydrogen at a rate greater than 500,000 
l i ters/sec for throughputs in excess of 20 
torr - l l ters/sec, 

7) a vacuua systea to enclose the above 
hardware as well as * d r i f t tube section 
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Fig. 4.15. OMl / r lT btaa l lm and OWL test f ac i l i t y target box. 
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to transport the neutral bean from the 
main pumping chamber to the tokamak, atid 

8} a diagnostic system which will verify 
proper Ion source and transport system 
operations. 

4.4.4 (WW Upgrade and ISX 

OIWMC Upgrade is in the planning and 
design stage, and ISX is in the fabrication 
stage. Both are considered to be prime can­
didates for intense neutral bean he?ting. 

IrfWut Upgrade was init ial ly approved 
to have two 40-keV neutral beaa systems oper­
ating on the ncbine by October 1978. The 
objective at this tine is uncertain, however. 
The beam line effort originally intended for 
ORHMC Upgrade has now been shifted to ISX. 
These neutral beam systems will also employ 
40-kev injectors similar to the PL' system 
(Sect. 4.4.3). The principal differences 
between an ISX beaa line and a PIT bean line 
are the length at the drift tube connecting 
the ion source vacuum chamber to the torus 
and the location of the diagnostic calori­
meter. Perhaps the ISX bean line may be 
somewhat shorter than the 3.6-n ?LT system. 
In addition, the entrance aperture on ISX will 
be circular, with an 10 of 25-30 cm. Based 
on ORMAK performance (Sect. 4.3.1) i t Is pro­
jected that the injected neutral power should 
be about 40-*5t of the total ion power extract­
ed from the high voltage power supply, or 
about 1 Hi (compared to about 860 kM for PIT). 
A rapid fabncation and assembly schedule for 
tw ISX team lines is now under way with the 
goal of 'nstailing them on the machine dir-lng 
December 1977. 

A multlaperture source with four elec­
trodes and two acceleration stages 1s 1n fabri­
cation. This source should be capable of about 
40 A of extracted current at 120 keV. Two 
versions are oelng fabricated, differing prlnerlly 
in the final energy desired. The beam divergence 

•ay be different in the two cases because the 
divergence is related to the bean energy through 
the electric field ratio in the two acceleration 
gaps. 

The lower beam energy source is suitable 
for beam energies of 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 ratios permitted, 
is st i l l quite adequate for ISX beam line 
application. 

The 120-1 SO-keV source will have better 
optics (on the order of 0.5° Htfffl) and will 
serve as a prototype for developing a two-staqe 
source at 100 A and 150 keV for The Next Step 
(TNS) applications. 

4.5 Hlffl FJCRGY SYSTEMS: X» k*V 

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 
pump-down of the facility was made In August, 
followed by the first running of an ion optics 
experiment beam (120 kV/30 mA) in October 1976. 
Five 89-cm oil diffusion pumps (two each on tanks 
1 and 2 and one on tank 3) maintain the b*r>-
ground pressure In the low 10*8 torr range. 

The high voltage power supply (150 kV/50 A) 
and the decel power supply (20 fcV/10 A) were 
delivered and are being tested. The modulator 
system Is 90S finished as of this writing. The 
arc power supply system has been tested with a 
two-stage, single beamlet source up to *200 A. 
Currently a two-stage Ion beam optics experiment 
1s under way. T,,e beam energy will be acceler­
ated to 150 keV i t a single beamlet current of 
440 mA provided by power suppl 1es of low current 
and nigh voltage until the main power supplies 
art ready for operation. 

4.5.2. TFTR Neutral Beam Injection System Studies 

Oak Ridge National Laboratory became Involve J 
In the neutral beam Injection program for the 
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Fig. 4.16 View of completed 150-keV facil ity. 

Tokamak Fusion Test Reactor -;7Fia) in mid-1975 
when the "Mvisior. cf Controlled Thermonuclear 
Research requested that OWSL and other developers 
of neutral bean injection systews parcicip--^ in 
a conceptual design effort for TFTR bean systeas. 
The resulting conceptual design report1 2 Mas 
published in September 1975. 

In rterch 1976 we started reassessing our 
conceptual design and i t the request of the 
Tnergy Research and Development Administration 
(ERDA) started looking at designing some com­
ponents that would be cowan for both our bear 
lines and that of lawreno* Berkeley and 
Lawrence Livenore Laboratories. After sev­
eral Iterations I t was decided that i t would 
be possible to use common technologies In i-mny 
areas, tat the only common component that co.ld 
be agreed on was the vacu'f enclosure. 

Once a satisfactory vacuum vessel geometry 
was determined, y? initiated Title i design 
of the beam lines for TFTR. This occurred in 

August 1976, at which time the design effort 
focused on the vacuum vessel, the calorimeter, 
j remote herding hard sea' version of the Ion 
source, and the cryopuaplng scheme. To augment 
our 1n-house design team, specialized outside 
contractors vera called upon to provide pre­
liminary design work on the components. In 
order to utilize the outside contractors ef­
ficiently, detailed task descriptions and 
criteria packages were prepared. 

Owing this phase of design, a serious 
evaluation of our original concept was made; 
as a result of our evaluation several areas 
needing Improvement emerged. An Investigation 
of how these areas could be improved was 
started and covered such areas as: 

1) means of generating fast Ions with high 
atomic y^eld, 

2) simplification of the ncrtrallzer system, 
3) a better way to remove and dissipate 

residual Ions, 
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4) means of improving w t w pumping, and 
5) provision of adequate potential for 

upgrading the Injection system with longer 
pulse length and for direct energy conver­
sion of residual ions. 

Out of this Investigation evolved a new 
concept, which provides greater simplicity and 
reliability and produces higher atoaric yield 
Ions at the source through the incorporation c 
a thermal dissociator oven. The neutralization 
system ms simplified by returning to the close-
coupled gas cell concept used In previous (MM. 
bean lir<*s. 

To provide a aore durable ion dunp. the Ion 
removal schea* was changed to spread over a 
larger area the lower density of the residual 
ions being dumped. This was accomplished by 
replacing the ion beam deflection magnet with an 
electron trapping solenoid coll. The space-charge 
compensating electrons are reflected out of the 
ion beam, allowing I t to blow up due to space-
charge Couloab forces; the Ions are thus spread 
over an area which reduces the power density to 
the point that a thermal Inertia target can 
reliably be used. This ion removal scheme could 
easily be adapted to Incorporate a direct energy 
converter system. 

Neutron*c calculations were beginning to 
show that cryocondensatlon panels could be used 
Instead of crjosorptlon. Appropriate design 
changes were n»de to use cryocondensatlon panels 
for vacuum puaplng, simplifying the needed 
vacuum research and develonment because the 
PIT beam line cryopanels were working satisfac­
torily. 

This new concept was described In a propos­
a l 1 3 generated for PffL on December 15. 1976. 
Considerable effort was made to take advantage of 
the experience gained through the fabrication 
of the PIT beam lines In the estimation of 
engineering costs as well as fabrication sche­
dules included In this proposal. 

Work on the RIO tasks Identified during the 
TFTR beam line effort Is continuing Into CV 77. 
Development-size cryosdrptlon panels are being 
designed and should be tested by late simmer. 

Tne development of actively cooled targets and 
passive target material is continuing, both 
through in-hou$e effort and industrial Involve­
ment. Component design to test the details 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 TNS. 

4.5.3. IMS Neutral Beam Injection System 
Studies 

The requirements for the deuterium neutral 
beams to be used for auxiliary heating on TNS 
presently He in the range of 150-300 keV, 
with 75 PH of neutral beam power required 1n 
the plasma. The lower limit of ISO keV appears 
adequate i f : 

1) Z » < 1.5 and constant throughout the 
discharge, 

2] the plasma magnetic axis shifts outward 
In the flux conserving mode, and 

1) the plasma core Is heated by the D-T 
reaction alpha particles generated by 
beam deposited farther out. 

The upper limit of 300 keV appears adequate i f 
these conditions are not met. 

Our beam approach is therefore two-fold. 
He Intend first to extend the positive Ion 
approach developed for TFTR to the TNS require­
ments of higher power and pulse length per 
Injector: 150 kV/100 A/20 sec B*. Initial 
Injector development may be carried out on 
the 150-keV Test Facility. Me will use as 
a beam line base the residual ion blowup con­
cept presented In the December 15, 1976 ORNL 
TFTR Neutral Beam Proposal. This concept will 
be extended to the power levels and pulse 
lengths of TNS, and direct ion energy recovery 
will be added In a natural fashion to the blow­
up scheme. The second, parallel approach will 
be to develop a negative Ion concept, which has 
the advantage of Inherently higher efficiency. 
This will be essential for the 300-keV beam 
requirements, where the positive ion approach 
would give a neutral beam yield of less than IDS. 
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JotJi of these neutral Dean generation 
approaches are being studied 1n Increasingly 
greater detail, and experiments, n o plans, and 
schedules are presently being Initiated. 

4.5.4 Two-Stage Ion 8eoe Qo*1cs K ' i ; 

For the nest generation of neutral bean 
Injectors with higher energies (>00 keV) the 
tMO-stage acceleration scheee ( i . e . . the extrec-
tion-accel-decel system) has bean studied both 
experinentally and theoretically, lee neeerlcal 
solution to the tM-stage ion octics was carried 
out for a 120-key accelerator 1n teres of the 
extraction pervetmce (*) and the voltage retle 
of the acceleration to the extraction gas ( ' ) . 
An analytic eodel has also keen developed by 
steering up the lens effect of aperteies and the 
space-charge effect to yield an repression for 
bean divergence ts a function of 
voltage ratio, aspect ratio ( I . e . 
diaeeter divided by extraction gap), and 
spacing ratio of the accel to the extraction 

9W> ID-
Figure 4.17 show tie concert son between 

the experleental results and corresponding 
nueerlcal results of the two-stage Ion bean) 
divergence. The Kuaerical aodel predicts the 
experleertal results reasonably well. A 
paraeetc" study 1s Illustrated In r*1g. 4.18. 
where the divergence angle Is plotted as a 
function of the extraction perveance for dif­
ferent /oltage distributions Between the two 
stages at a fixed total acceleration voltage of 
120 kV. The optleue perveance Increases as r In­
crease-;. There also exists a range of r for 
good optics; for exaaple 3 < r < 7 in the case 
of Fig. 4.18. Figure 4.19 shows the relation­
ships between P and r at the best optics condi­
tion, obtained froe the nueerlcal solution 
(Fig. 4.17) and froe the analytic eodel. 
respectively. The analytic eodei yields a 
reasonably good prediction of the acre accurate 
numerical results. 

I t was shown both experleentallj and 
theoretically that the two-stage acceleration 
Scheie not only provides the b e * energy 
boost but also ieproves the bean optics over 

0ftNl-DWG77-S9OO 
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Fig. 4.17. The single beealet divergence 
angle eeasered at » m • 10 kt. f - 2. anrt 
S » 0.81 as a function of r and the corresponding 
results free wMetrical calculation. 
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F1g. 4.18. The nas angle as a function of 
the extraction perveance and the voltage distri­
bution obtained fraa the nueerlcal coaputatlon, 
where P 1s the Ch1ld-Langau1r perveance. 
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F1g. 4.19. The optimum extraction perveance 
vs the voltage distribution, obtained fro* the 
numerical simulation and from the analytical model. 

the single-stage case. The two-stage bea«i 
optics 1s also Uss sensitive to the extraction 
perveance (and thus to the source plasma 
fluctuation) near the minimum divergence con­
dition. The experimental Investigation 1s 
continuing on the 150-keV Test Facility for 
energies up to 150 keV. 

4.5.5 Separation of Charged Particles From A 
Neutral Bean by deans of Space-Charge 
Blowup 

In a conventional neutral beam Injection 
system, the unneutral 1 zed fraction of a Ion 
beam 1s deflected away by a magnet from the 
neutralized fraction, which requires a large 
spac* for the magnet and the 1on beam dump. He 
Investigated a leans 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 secondary electrons in the expan­
sion region is minimized by maintaining a good 
vacuum. Th* blowup of the charged fraction 
into a large solid angle results in both the 
substantial separation of charged particles from 
neutral particles and the large reduction of the 
power density to a level easily handled by the 
ion 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 no re than a few kilogauss 
is typically required to balance the space-
charge electric force on the electrons while 
producing a negligible focusing effect on 
the ions. 

4.5.6 Beam Intensity Distributions In a Neutral 
Beam Injection System^ 

Analytic expressions for the beam intensity 
profile for focused multiaperture sources have 
been derived. These formulas are teed to 
estimate the beam transmission, the effect of 
the single beamlet divergence m the beam 
evolution, and the beam power loading to various 
beam line components. The analysis is a1 so 
extended to multisource beam line systems 
such as the TrTR beam line. As an example. 
Fig 4.20 shows a downstream evolution of the 
focused bean Intensity profile In the PIT beam 
line system, where the beam target Is situated 
approximately at 7 * 250 cm. 

4.5.7 Vacuum Components Development 

Very high speed, clean pumping systems are 
required to remove the copious amounts of cold 
gas emitted by high power neutral beam Injectors. 
The estimated cold gas load for a 120-keV In­
jector with 5 W of neutral power u 130 torr-
Hters/sec. This requires a total pumping speed 
of 1.3 x 10* Uters/sec to maintain average 
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Fig. 4.20. Downstream evolution of the bean 
intensity profile in the PIT beaaiine. 

charter pressures at 10"" torr. 
St/eral techniques for achieving these 

speeds have been considered,'7 including dif­
fusion pumps, getter pumps, cryocondenration, 
and ciyosorption on molecular sieves or C02 

frosts. Cryocondensatlon and cryosorptlon appear 
to offer the best prospects for attaining the 
required speed and cleanliness. Cryocondensatlon 
pjaps are already in use on the PIT bean lines1* 
as M i l as on fusion related projects in other 
laboratories. However, cryosorptlon punps may 
be better able to hold accumulated deposits 
in the presence of high energy neutral beam 
and associated thermal radiation and neutron 
fluxes Furthermore, cryosorptlon puaps offer 
the possibility of operation at temperatures of 
15-20 K, leading to lower refrigeration costs 
and easier control of regeneration. Finally, 
«1th cryosorptlon at 4.2 K It Is possible to 
pump helium produced In a thermonuclear bum 
out of the torus, an advantage not possessed by 
condensation pumping. However, present perfor­
mance data on cryosorptlon are very sketchy and 
mostly limited to low pressures and throughputs. 

with the above motivations, a new program to 
develop cryosorption pumping for fusion applica­
tions has been initiated. Two major activities 
are under way. First, small panels *rt being 
fabricated and tested in a variable temperature 
cryostat with the object of optimizing the 
pumping speed and total gas capacity. This work 
is being carried out in collaboration with the 
ORNL Chemical Technology Division, where a 
small commercial cryosorption pump is already 
being tested for tritium handling applications. 
Using design inputs from this program, a paral­
lel effort to construct a large K l m2 area) 
cryosorption panel for the 150-keV Test 
Facility is being carried out in crder to veri­
fy satisfactory performance in the presence 
of high power hydrogen or deuterium beams and 
to determine requirements for future injec­
tion systems A set cf specifications has 
been written for this panel and submitted to 
the Arnold Research Organization in Tullahoaa. 
Tennessee for development ind construction 
under subcontract. A resins* is expected in 
January 1977. 

Figure 4.21 shows a cross section of the 
commercial cryosorption pump under test in the 
Chemical Technology Division. The 320-cm2 

scrption surface consists of Linde SA molecular 
sieve deposited on & cross milled stainless 
steel substrate. Chevron baffles at 77 K and 
20 K intercept incoming thermal radiation and 
thermalize hot gas molecules. Long-term 
4.2 K pumping speeds at 10** torr of about 
3 liters-sec"1 car2 have been observed19 for 
hydrogen and deuterium. At 4.2 K, the aajor 
pumping mechanic seems to be condensation. 
The performance with hellua is more complex, 
with pressure oscillations between 10"> and 
10"1 torr occurring for gas loads greater than 
2 x 10* 3 torr-liters/sec. This appears to 
result from Interaction between the sieve 
surface and the helium gas cooled first chevron 
via boll off gas from the hellua bath. Mea­
surements of hydrogen pumping speed were also 
cairied out with the sieve at temperatures 
M> to 20 K. Preliminary analysis of the data 
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Fig. 4 .21. Commercial cryosorptlon pimp purchased from Excalibur, Inc. 

Indicates teat the pumping jpeed ooes not 
decrease markedly at higher temperatures, 
although the total gas capacity 1s decreased. 
These experiments wi l l be continued 1n the 
more versatile variable temperature cyrostat, 
which 1s schedi'ed for i n i t i a l operation 1n 
January 1977. The effects of substrate material 
and geometry, sieve material and thickness, and 
baffle geometry on pumping performance wi l l be 
Investigated. 

4.6 NUMERICAL SOLUTION OF POISSON-VLASOV 
EQUATIONS FOR IONS EXTRACTED FROM A 
PLASm 

The region considered In this two-dimen­
sional solution Is shown 1n Fig. 4 .22 , further 
described e lsewhere . 2 0 ' 2 1 

OKML-OWS 7 7 - I 3 I W 

ENVELOPE OF 
ION TRAJECTORIES 

^CSITIW OF 
ISSICAL 

- • . V ' J - / • • ' * • - * • - . - . - - * T H EOGE 

Fig. 4.22. Region 1 . -r ich the solution ty 
the /*o1sson-V1asov equation is found. 
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4.6.1 New Iteration Scheme 

A new iterative scheme is proposed for the 
two-dimensional solution of the ion optics of 
high current ion bean extracted from a plasma, 
including the effect of plasma electrons. This 
is an accelerating electron under-relaxation, 
averaging, constrained potential, successive 
overrelaxation (SOR) scheme.20 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 iteration schemes as a function cf 
relative perveance. 

where the tot?1 meter of iterations required 
for convergence 1s plotted vs the perveance on 
the scale of the Child-Langmulr perveance. The 
Poisscn-Vlesov equation is solved 100 debye 
lengths into the extraction plasma, which elimi­
nates the need to stipulate anything about the 
sheath shape or position. Compared in Fig. 4.23 
are two other schemes: the conventional sequen­
tial undsr-relaxatlon SOR scheme,22 denoted by 
cjr/e A in Fig. 4.23 and a simultaneous under-
relaxation SOP scheme, shown by curve B, where 
the electron source term *s reinserted during 
the SOR iterators. The v^z-**- of scheme C 
make possible the various calculations presented 
throughout Sect. 4. 

4.6.2 Expeditious Exponential 

The code speed was increased by about a 
factor of three when we taught the IBM 370/195 
how to calculate the exponential 15 tines 
faster. 2 2 

4.6.3 General Parameter Dependence of Ion Optics 

For single-stage sources similar to that 
shown in Fig. 4.22, Ion optics are always found 
to be aberration-dominated for any reasonably 
low value of the emlttance.*3 The dependence 
of the Ion divergence angle, B, and transparency, 
F, on the Ion and electro temperature and the 
source plasma density, on a suitable scale P/Pflt 
is shown In Figs. 4.24 and 4.25. These results 
are valid for any accelerating potential, 
electron and Ion temperature, ion mass, and 
source plasma density within the range of 
the three Independent dimenslonless parameters 
considered in Ref. 23. Figure 4.24 shou'id be 
compared with Figs. 4.9, 4.11, and 4.13. 

4.6.4 Comparison and Discussion of Three 
High Quality Ion Beam Optical Systi stems 

The two-stage source21* (Sect. 4.5.4) and 
single-stage source with a shaped,25 (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 a single-stage, cylindrical bore, ur.coated 



194 

etm.-Omt n-owca omtL-omf T « - I « « 7 

0.6 

0 2 

0 8 

- 0 6 

0 * 

0.2 

0-2 0.4 0.6 0.8 1.0 1.2 (.4 

Fig. 4.24. Ion divergence angles and rela­
tive transparency as a function of relative per-
veance and ion temperatures. 

Fig. 4.25. Ion divergence ar-gles and rela­
tive transparency as a function of relative 
perveance and electron taaperature. 

aperture. Here we compare the features of 
<ach and offer a physical explanation. Trans­
parency: The transparency appnaches the 
geometric transparency In the coatej and sow 
shaped single-stage sources. I t is usually 
around 0.7 of the geometric transparency for 
a conventional cylindrical bore, uncoated 
single-stage source. For the operating region 
of the two-stage source,2'' i t 1s usually around 
0.6. The lower the transparency, the higher 
the source plasma density needed for a given 
beam currei t . Also the plasw» grid becomes 
heated more. Optics: In all three systems 
the optics can be m»<£e to approach the source 
emUtarce Mmit (Figs. 4.3, 4.10, and 4.18) 
as opposed to the aberration-limited optimum 
optics (Fig-,. 4.24 and 4.25). The broad 
wings of the beam distribution which may be 
present In the conventional source can be 
eliminated In all tl ree systems, meaning more 
power where I t Is needed and lower electrode 
loading due to secondaries, which tend to hit 

the source plasma and ions in the gas cell 
plasma instead of the electrodes. Explanation: 
The prir.ipal source of beam divergence in the 
conventional source as considered in Figs. 4.24 
ana 4.25 1S the residual radial electric 
rield <lue to the ion space charge and to 
incooplete cancellation of the aberration 
fields of the cylindrical bore plasma electrode. 
Each of these three high quality optical systems 
reduces or makes ineffective these residual 
radial electric fields. The shaped grid does i t 
In the most direct fashion. I t 1s possible to 
have a shaped-aperture plasma grH (described 
In Sect. 4.2.2) 1n which there are virtually 
no radla! electric fields (Pierce-like geometry). 
The two-stage source (described In Sect. 4.£.4) 
can be made to operate at i ry high perveance 
in the first stage with the second electrode 
acting as a strong converging lens. Under these 
conditions, the source plasma sheath Is much 
forward of Its normal porltlon in a single-stage 
source at optimum perveance. The space-charge-
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fields are able to cancel out more effectively 
the aberration fields of the plasma grid, thus 
reducing the residual fields end iproving the 
optics. The coated grid with preacceleration 
of **ie ions (described in Sect. 4.2.3) makes 
the residual aberration fields ineffective in 
deflecting the ions because the ions travel in 
Aese fields for a men shorter time. 

4.7 PELLET FUELING 

4.7.1 OtHAK Pellet Injection Experiments 

In collaboratim wit;- the University of 
Illinois and the ORNL TokaMak Experimental 
Section, experiments were perfomed on OBIAK26 

in which 210-m-diair. frozen hydrogen spheres 
were injected tangential ly into the OflHAK edge 
plasma. The University of Illinois pellet 
injection apparatus27 was used to inject the 

pellets at a speed of ICO m/sec. A schematic 
of the experiment is shown *n Fir. 4.26. 

Both temporal and spatial distribution of 
the light emanating from the r*llet-plasma 
interaction were recorded. 'figure 4.27 shows 
a record of the pellet atlatlon rate inferred 
from the observed luminosity as a function of 
time and radial distance in the plasma. The 
data were assembled from three separate but 
similar shots to form a composite of the abla­
tion process. Pellets were observed to pene­
trate to the 19-cm position, where the plasma 
temperature is estimated to be 80 eV. 

Also shown in Fig. 4.27 is the ablation rate 
predicted by a revised version of tne neutral 
ablation model recently proposed by Parks 
et a l . 2 e The agreement obtained is good, and 
this model is now being used in our pellet 
accelerator development program as a guide to 
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F l j . 4.27. Experimental pellet ablation 
rat* as a fnmction of time and position In 
plasm. Solid line represents neutral ablation 

estimate Injection device design araneters 
for the next generation of tokamaks. 

4.7.2 Pellet Oblation *>del Development 

To describe the results of the OfMNC 
pellet Injection experiment, a revised neutral 
ablation nodel «•$ developed.29 The approach 
taken n u similar to that of Parts et al ,2a 

but differed by treating In more detail the 
hydrodynamlc behavior of the cloud of molecu-
lar hydiogan that surrouids the pellet surface. 
naarrtol solutions to the fluid dynamic 
equations, which Include the effects of strong 
electron heating locally In the ablation cloud, 
reveal that the flow of tstertal away from the 
pellet is Initially retarded and then rapidly 

accelerated and rarefied. This hehavior is 
•ore pronounced for higher teaoerature plasnas. 
and the net effect is that pellet lifetimes 
are prolonged slightly by including the heating 
effects in the analysis. 

This model has been used to devise a simple 
pellet velocity scaling law. Vie velocity 
required to penetrate a given distance into a 
tofcamak plasms varies as the cube of the 
fractional penetration depth to tht plasma 
center. I f this dependence i i correct, injec­
tion of pellets to the central regions of a 
THT-like plasaa nay require velocities on the 
order of several thousand asters per second. 

4.7.3 Pellet Accelerator Development Pro -̂aw 

An advanced pellet injector facility 
baszd on ths rotating ana accelerator concept 
has been designed, and constriction is pro­
ceeding. The key element of this device will 
be a 56-cm-diaa, high strength aluminum 
arbor that rotates nominally at 500 Hz, re­
sulting in rotor tip speeds approaching 
10TO aysec. A schematic of the facility 1s 
shown in Fig 4.28. Solid hydrogen pellet* 
introduced at the hub of the spinning arbor will 
be accelerated outward and will eventually leave 
the arbor tip «1th equal components of radial 
and tangential velocity. This prototype is ex­
pected to provide pellet velocities approad-'ng 
1400 a/sec. 

The pellet feed mechanism for this device 
will utilize a solid hydrogen extruder capable 
of producing a continuous filament o' frozen 
hydrogen. To test this concept, an extruder 
was constructed and initial tests demonstrate-) 
that a 400-y* filament of frozen hydrogen could 
be produced continuously. The design of this 
device will be audi fled for use with the proto­
type rotating arm accelerator. The projected 
Initial applications for the complete injector 
system will be on IS* and PIT sometime In 1978. 

Experiments to Investigate the potential of 
ether accelerating concepts such as the light 
gas gun and laser rocket30 have btgun. 
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Fig. 4.28. Artist's concept of rotating am pellet injection 
facility. 
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5.1 DESIGN PROJECTS 

5.1.1 EPR 
The previously designed Experimental 

Power Reactor (EPR) Magnet systems (ORRL/TK-
5042) were reevaluated and Modified during 
this reporting period. Parametric studies, 
sensitivity checks, and detailed calculations 
were done for several selected subsystems. A 
revised design is reported in Oafe Ridge 

1. Consultant. 
2. UCC-ND Engineering. 
3. Computer Sciences Division. 
4. Ketals ft Cerates Division. 
5. Graduate Summer Student. 
6. Energy Division. 
7. Fusion Energy Division. 

Tofeanafe IxptiUKntat Pawe* Ztactoi Study - 1976, 
Pant 3: Hague* Systemi, (OfWl/TM-5574). This 
revised design resulted in a more economical and 
self-consistent design which is simpler in con­
cept and easier to extrapolate to large demon­
stration and commercial cower reactors. Some 
pertinent modifications are as follows. 

1) The shape of the toroidal field (TF) colls 
was carefully reexamined. I t appear: that 
with a minor modification of the radius of 
curvature, the oval shape is a viable 
choice. 

2) The fabrication of the coils was simplified 
by using L-shaped structural segments, each 
enclosing several conductor conduits. The 
iwaber of Kids has bee* greatly reduced, 
resulting In s 1 galfleant savings la both 
fabrication tine and cast. 
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3) The conductor cooling paths were short­
ened and the protection problem eased 
(discharge voltage lowered) by running 
four conductors in parallel. The series 
current is then increased from 20 to 78 
kA. 

4) The composition of the conductor cable 
was optimized with respect to stability 
using a new theory. 

5) Improved theoretical understanding of 
the stability of forcsd-flow-cooled 
conductors alined us to specify quanti­
tatively allowable sudden and gradual 
heat inputs for a c,1ven conductor at a 
specified teaperaturs and field. 

6} The required puaping power was ainiaized 
with no sacrifice in stability aargir. 
This was achieved by flowing the helium 
•ore slowly in layers where the field is 
lower so as to retain the sane stability 
aargin. 

?) Evaluations were aade of ac losses in 
the TF coils. Because the pulsed fields 
have components both perpendicular and 
parallel to the conductor, there is an 
optlaua choice of filament twist pitch. 

8) Extensive discussion on the position of 
the shield vertical field (S-VF) colls 
has resulted in -r^eir being left Inside 
the TF coils. 

9) The poloidal field (PF) coils have been 
moved to decrease further the stored 
energy and the ampere turns required. 

10) Several possible schemes for connecting 
the ohrnlc 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. 

11) Calculations of ac losses in the PF colls 
were aide by taking Into account the de­
tailed behavior of the magnetic field 
Inside the windings. 

12) Flow paths of the hell I N though the OH 
coll central solenoids were determined 
and the pumping power calculated. 

13} A protection schear; for the TF coil using 
external dump resistrrs a.id active switch­
ing was examined in letail . Satisfactory 
thermal excursions, tenrinal voltages, and 
mechanical loads can be achieved by con­
necting the TF coils in several parallel 
loops and isolating and discharging only 
the quenching coils. The protection 
problems associated with the PF coils 
were also examined. 

14) The refrigeration cycle for forced flow 
1'eludes a cold pump loop. Some experi­
mental data on cooling of a cable by su­
percritical helium 'n forced flow are 
available to incorporate in updated esti­
mates of refrigeration lead. 

15) Various schemes were studied for storing 
and transferring the energy of the OH 
coils; however, a satisfactory scheme has 
not been Identified, and the matter re­
quires more extensive study. 

In short, the key features of the original 
reference design are judged to be satisfactory. 
The honeycomb coil structure and forced-flow-
cooling by supercritical helium in a conduit re­
main as key features of the TF coils. I t is 
worth noting that the modified structure can also 
be used with pool-boiling or convectlvely cooled 
conductors. Forced-flow-cooled conductor cable 
is recoaaended for both PF and TF coils. No in­
surmountable problems were Identified In the 
magnet systems, including their protection, 
structural integrity, and long-term reliability. 

Pali Ridge Tokaaak Experimental Power 
Beactor Study - 1976.i J. M. Lue (ed.), 
J. K. Ballou, R. L. Brown, R. B. Easter, 
C. G. Lawson, H.C.T. Stoddart, H. T. Yen. 

This part of the OWL EPR composite report 
documents last year's design effort In the magnet 
systems. The discussion covers both the toroidal 
field (TF) coll system and the poloidal field 
(PF) coil system. Consideration of coll support 
structure, cryogenic requirements, and power 
supplies Is Included. Particular attention Is 
also paid to the protection schene of both TF 
and PF colls. The conductor design Is based on 
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forced-flow supercritical helium-cooled cable in 
conduits. A hybrid syst-m is proposed for the 
TF coil system i t uses Hb3Sn in fie high 
field region for a designed maximum field of 
11 T, and NbTi in the 1-JW field region, con­
ductor stability a-ialysis in the forced-flow 
scheme is discussel. Coil connection options 
to obtain desirable current and voltage rating 
in PF colls are described. The refined design 
of tte magnet systems is more self-consistent 
In everj respect. 

Toroidal Fi<;ld Coil System of the Oat Ridge 
gtTSefereice Design.2 J . M. Lue and J. N. 
Luton. 

A refined design of the toroidal field 
(TF) coil system for the Oak Ridge Tokamak 
Experimental Power Reactor (EPR) study is pre­
sented. This design i? based on cable con­
ductor cooled by forced-flow supercritical 
helium. I t uses superconducting multifila-
mentary Nb3Sn for a maximum design field of 11 
T at the coil windings. A hybrid system which 
uses HbTi 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 Oemo 

A study has been made of the feasibility 
of using resistive colls to generate the 
toroidal magnetic field In a demonstration 
reactor. The design parameters used were: 
plasma major radius of 6 m, coll ID of 5 m, 
radial build of 2 m, and axial build of 1.4 m. 
The on-axls toroidal field was 4.2 T. The 
18-meaber coil set, i f resistive, would con­
sume half the total electrical output of the 
plasma. When the power demandr of other coils 
(such as OH and PF colls) and the power to 
drive the neutral bean Injectors are consid­
ered, 1c becomes obvious that most of the 
coils will have to be superconducting. The 
cost of a resistive toroidal coll set was 
estimated to be about 350 x 10* dollars for 

about E.75 * 10s kg (17.5 * 10* lbm) of copper. 
It appears that some advantage could be gained 
from optimized geometry and reallocation of 
space, but a totally resistive coil set s t i l l re­
mains u.cttractive on a purely economic basis. 

Future studies wiV. center on 1nterfaeir,g 
resistive and superconductlM} coils as well as on 
designing the superconducting coils. 

5.1.3 JJ6 

Curing the initial phass of The Next Step 
(VNS) TF magnet stuJy, we supplied design crite­
ria and machine parameters and identified fea­
sible options for trade-off studies for the 
Vestinghouse design team, we have reviewed rod 
will continue to review their design and analysis 
studies. In these coordinated efforts, we have 
identified feasible designs for various TICS op­
tions which bracket physics uncertainties. Four 
different TF coll designs are being considered in 
the trade-o'f studies, namely: TMS-1, a water-
cooled copper coil with B_,„ * 12 T; TKS-Z, a 
suoerconducting NbTI coll with B * 8 T; THS-3, 
a superconducting lfc3Sn coi' with 8 * 12 T; 
and THS-4, a hybrid MbTI/copper coil with B 
between 8 and 12 T. A trade-eff study model, 
which represent subsystems In detail with a 
consistent physics and engineering rationale, 
has been developed. 

In order to ensure a firm engineering basis 
In the calculation, the design of the supercon­
ducting windings has been adapted to suit the TNS 
operation. For example, because of the low duty 
cycle and high nuclear heating pulse of the TKS 
machine, pulsed operation of the helium flow 1s 
proposed. The coll is to be pancake wound and 
the supercritical helium 1s to onter through the 
Inner, high field turn and exit from the outer, 
low field turn. At the start of the plasma burn, 
the helium flow rate Is Increased so that the 
nuclear heat accumulated during the neliw tran­
sit time through the first turn, is kept below th» 
superconductor stability margin. Additional 
stability margin is obtained when the helium 
reaches outer, lower field turns. As soon as the 
plasma bun, stops, the helium flow can be reduced 
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to just Maintain stable magnet operation. By 
operating in this Manner one can use a thin 
shield and st i l l consume relatively l i t t l e 
pumping power. 

I t has also been found that by operating 
the treltua at a lower temperature and higher 
puaping power, a Magnet designed for a given 
field can be extended to higher fields while 
Maintaining the saae stability Margin -
assuring, of course, that the structure has 
been designed to withstand the higher Mechan­
ical load. 

5.1.4 LCP 

The Large Coil PrcgraM (LCP) is a sepa­
rate ly funded project, the goals of which are to 
provide tested designs for the TF coils of fu­
ture generations of tokamaks and to encourage 
development of an industrial base for the Manu­
facture of such coils. The LCP is supported by 
the technical efforts of the Superconducting 
Magnet Development Program (SCMDP). This effort 
is supplied fro* a.~y group of the SCMDP as the 
need arises; in 1976 i t was equivalent to two 
aen full tiMe. The SCMDP support of i>e LCP 
occurred in four Main areas: technical super­
vision of the ERDA contracts for EPR TF coll 
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. 

EMM intended to fund three industrial 
contracts for conceptual studies of TF magnets 
for EPR, and more than three proposals were 
reviewed. The SOW 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 SCMDP assisted In the preparation of 
the LCP Plan by proposing a testing configura­
tion and size-scaling relations. The Program 
Plan, recommending testing at ORNL in a compact 
torus configuration, was approved by DMFE. 

SODP also participated in the LCP workshop in 
June. 

To ensure wide iru*\istrial 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 
preparing this Request for Proposal, particularly 
the section on required design and performance 
characteristics. 

work is jnder way to define the LCP test 
facility and to prepare a Major Project Proposal 
for submission to ERDA. SCMDP personnel are 
participating in the effort, especially in set­
ting the testing requirements and schedule and 
in Matching the operation of the facility to the 
preexisting SCMDP helium refrigerator. 

5.1.5 E8TR 

In support of the EBTR Reference Design,3,1* 
two versions 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 a 
Major radius of 24 n (EBTR-24). Aside from the 
plasma constraints, the Main goal was to design 
coils which could be built with existing tech­
nology. The main features of the design are as 
follows. 

Conductor design 

Monolithic NbTi superconductor was used. 
The average current density In the winding is 
1500 A/cm2; the peak field is 7.3 T. The con­
ductor is cryostatlcally 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 helium 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 ard advantage of an EBTR is 
that modular magnets may be used In reactors of 
different sizes and power ratings. 
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Protection 

To ensure adequate protection by reducing 
the terminal voltage during discharge, a high 
operating current (25 kA) is med and four 
conductors (each carrying 6.25 kA) are con­
nected in paral lel . To avoid problems of 
uneven distribution of current, a spiral 
winding technique has been adopted. Voltage 
taps are jsed on each coil as the main quench 
detection device. Pickup colls on the current 
leads ot the power supplies are used to com­
pensate for the inductive voltage. External 
dump resiSvcrs are used as heat sinks. 

5.1.6 EBT-II 

Preliminary designs for a toroidal array 
of superconducting Magnets for the proposed 
ELM) Bumpy Torus-11 (EBT-II) plasm experiment 
have been developed to meet the following 
cr i ter ia provided by the High Beta Plasma 
Section: 

• maximum f ie ld on 
torus ninor axis 

• minimum f ie ld on 
torus minor axis 

• mirror rat io 
• coil inner ndlus 
• x-ray heat load 

6.0 T 

3.0 T 
2.0 

15.2 cm (6 In.) 
1.0 H/coil . 

The number of colls was to be maximized and 
the major radius minimized. 

EBT-II has a very large aspect rat io and 
coll spacing compared to the TF colls of 
tokamaks, and the colls have only a small 
f ie ld asymmetry (about 2S). Therefore, In 
contrast to tokamak coi ls , the EBT-II coils 
can be axisymnetric and s t i l l have a favorable 
( i . e . , nonbending) stress distribution without 
requiring special support precautions. The 
design effort also attempted to minimize the 
current density and the peak f ield In the 
windings. The following results evolved: 

• winding outside radius 25.4 cm (10 in.) 

length 
winding cavity 
current density 
maximum field 
number of coils 
torus major radius 

18.3 cm (7.2 in . ) 

10 kA/c* 2 

8 T 
36 
3.05 a ( 1 0 . f t ) . 

Several analytic studies of the behavior of 
these magnets have been carried out, and i t £0-
pears that the magnet system can be manufactured 
without encountering severe development problems. 
Some questions s t i l l remain about which design 
wi l l yield the most reliable magnet system. 
Therefore, we intend to build four prototype 
coi ls , each of a different design, and test them 
to find the most rel iable. The four magnets wi l l 
be of the following types: 

1) p o t e i : Nbli In heliun at subatmospheric 
pressure, 

2} potted: hybrid NbT1-M>3Sn in helium at 
atmospheric pressure, 

3) unpotted NbTi, 
4) unpotted hybrid NbTi-Nb3Sn. 

The thermal studies indicate thai, the potted hbTi 
coils can operate at the estimated x-ray heat 
load; however, there is considerable doubt about 
the size of this heat load and about the thermal 
diffuslvity of the c o i l , so the unpotted, venti­
lated prototypes are included. Potting was con­
sidered because of possible turn slippage due to 
(1) the 2* f ie ld asymmetry and (2) the possible 
addition of supplementary coils that would pro­
duce complicated stress patterns. The stress 
analysis systematically considered the problems 
of winding tension, bobbin thickness, and thermal 
contraction on cool-down, and 1t was concluded 
that the minimum hoop stress would be 90 MPa (13 
ks1). The heat input to a coil due to super­
conductor hysteresis effects i f i ts neighbor 
were to quench w;s calculated to be 11.7 J t o t a l , 
with a peak value of 980 mJ/on3. The maximum 
temperature reached in a quench was calculated to 
be 75 K, a safe value. 
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5.2 SMALL SOLE EXPERIMENTS 

5.2.1 Pulsed Parallel Field 

A series of experiments Mas carried out to 
examine losses in twisted multi filamentary 
composite superconductor when 1t Is exposed to 
transient Magnetic fields applied parallel to 
the longitudinal direction of the conductor. 
The usual practice of twisting the filaments of 
a coaposite conductor about its axis to decouple 
the* fro* transient transverse aagnetic fields 
enhances coupling (and thus the losses) in the 
presence of time-varying parallel fields. 'Hie 
TF colls of tokaaak devices will be exposed to 
both transverse and parallel components of 
pulsed Magnetic field over pcrts of their 
windings. 

The Most recent experiMental results were 
reported by Miller and Shen a: the 197b Applied 
Superconductivity Conference in Palo Alto. 
This work demonstrated the difficulty of sat­
urating the f1laments of larger conductors 
when they carry no current and the ease of 
saturating the same conductors when ihey carry 
current near the critical value. Of course 
the latter case is the important one because 
any TF coll will be designed to operate at 
some large fraction of the critical current. 

Because the Interest of our program lies 
naturally with larger conductors, apparatus 
capable of examining larger conductors has 
been designed and 1s under construction. As in 
previous apparatus, the test conductor will be 
exposed to pulsed parallel fields by placing 
I t Inside a torus. Previously, however, the 
test conductor was wound into a thin solenoid 
and the torus was wound around 1t. In the 
apparatus being 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 terns 
need not be destroyed twry tine the sample is 
changed. 

The torus windings of the new apparatus 
will be superconducting to allow a ramp and 
hold of the parallel field. The maximum parallel 

field component should be about i.5 T and the 
maximum ramp rate shou'.d be about 3 T/sec i f we 
use an available 30-V, 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 initially be operated in a 
dewar inserted in a 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 500C-A, vapor-cooled 
leads. 

5.2.2 Propagation and Stability Tests 

Conductors cooled by boiling heliuB 

Last year, calculations of propagation 
velocities that took intc account current sharing 
and the temperature variation of the material 
properties of matrix and superconductor were 
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 tsken 
of the temperature 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
son5 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 in Cryogenics. 

Measurements we*e undertaken to determine 
the stability of various composite conductors in 
realistic coll environments. The velocity of 
propagation or contraction of normal zones, the 
full recovery current, and the m1n<mum propagat­
ing current were measured. The dependence of 
these quantities on background field, transport 
current, electrical insulation, cooling passage 
size and orientation, and proximity of other 
conductors 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 

A 
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made for transient heat transfer. This work 
was described fn a paper <«fven at the 1976 
Applied Superconductivity Conference. 

Propagation r, Normal Zones in Composite 
Superconductors . e L. Dresner. This paper 
describes calculations of propagation velocities 
of normal zones 1n composite superconductors. 
Full account Is taker, of (1) current sharing, 
(2) the variation with temoerature of the thermal 
conductivity of the copper matrix and the specif­
ic heats of the matrix and the superconductor, 
and (3) the variation with temperature of the 
steady-state heat transfer at a copper-helium 
interface in the nucleate-boiling, transition, 
and f i l^-boil ing ranges. The theory, which 
contains no adjustable parameters, is compared 
with experiments on bare (uninsulated) con­
ductors. Agreement is not good. K is con­
cluded that the effects of transient heat 
transfer may need to be Included in the theory 
to Improve agreement with experiment. 

Investigation of Stability of Composite 
Superconductors in Typical Coll Configurations. 7 

J. R. " i l l e r . J . W. Lue, and L. Dresner. The 
stabi l i ty of various composite conductor de­
signs in realistic coil environments has been 
examined. We measure the velocity of propa­
gation or contraction of a normal region, the 
ful l recovery current, and the minimum propa­
gating current in a coil segment. We examine 
the dependence of these measurements on back­
ground f i e l d , transport current, electrical 
Insulation, cooling passage size and orienta­
t ion, and proximtty of other conductors. Com­
parison of experiment and calculation provides 
indirect information about local heat transfer 
to the helium bath and direct information 
sbout safe operating currert limits for par­
ticular coll designs. 

Forced-cooled conductors 

A computer program was written last year 
to calculate the temperature-time history of a 
uniformly pulse-heated NbTI-Cu conductor 
cooled by supercritical helium in forced con­
vection. Using this program, one could find 
by t r i a l and error the maximum sudden heat 
addition (AH) that s t i l l allowed recovery of 

the superconducting state. This year the 
program was improved by eliminating t» * tn'al 
and error feature, which resulted in an order of 
magnitude increase in the speed of the program. 
The faster running of the program allowed Hi 
to be maximized by factorial search with re­
spect to simultaneous variation of the helium 
volume fraction and the copper-to-supercocduc-
tor rat io. Conductors with iK so maximized 
an called stability-optimized conductors; 
the use of these conductors in magnet design 
minimizes pumping power and pressure drop for a 
preassigned stabi l i ty level AH. The design 
method based on these considerations was de­
scribed in a pap*, given at the 1976 Applied 
Superconductivity Conference. Practical use of 
the method has already been made in aiding selec­
tion of forced-roole** conductors for purchase by 
the Hagnetics ard Superconductivity Section. 

Stability-Optimized, Forced-Cooled, Hult i -
filamentary Superconductors.8 L. Dresner. A 
numerical program has been written to calculate 
the temperature-time history of a uniformly 
pulse-heated composite superconductor cooled by 
supercritical helium In forced convection. The 
program determines the maximum sudden temperature 
rise from which the conductor can s t i l l 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 (3) the 
temperature variation of the heat transfer co­
ef f ic ient . Using this program, one may optimize 
forced-cooled conductors with respect to sta­
b i l i t y by simultaneously varying the copper-to-
superconductor ratio and the metal-to-helium 
rat io. Use of stability-optimized conductors 
allows a given stabil i ty level to be maintained 
for a particular f ield and bath temperature tnd 
the pressure drop and pumping losses to be 
reduced. 

S.i 3 Conductor Design and Tests 

Conductor desfgns 

WbTi conductor. Early this year a study of 
TF conouctors was undertaken. A set of oasic 
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cri ter ia cowering operating current, ac losses, 
s tab i l i ty . Mechanical properties, and Insulation 
requirements Mas established. Several conductor 
designs were proposed, and four of these - three 
pool-boiling and one forced-flow -were analyzed 
in detail and were shown to Meet the projected 
needs of tokamak machines. 

Tnls study showed that the conductor ge­
ometry is strongly affected by ac loss require-
Ments. They ca> be most easily met by using 
some form of cabling technique. The question of 
how this for* of cond-xtor construction affects 
stabi l i ty was investigated by Fietz and Dresner, 
who examined current transfer between strands 
in a cable which were coupled either inductively 
or by a resistive matrix. Dresner studied the 
effect of the resistive matrix on stabi l i ty 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 (OIBIl-71>-SP#192) detailing the perfor-
Mnce expected of TF conductors was prepared. 
This specification forced 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 
i t , and bid on a fixed price basis. In order 
to stimulate Interest and Innovative design, 
i t was stated that ORlt might purchase other 
conductors in addition to the law bid i f they 
were of sufficient Interest. To guide the 
Manufacturers, Fietz presented some conductor 
designs and analyses at the 1976 Applied 
Superconductivity Conference. 

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 f ield of 8 T) were requested. 
Negotiations were also Init iated for further 
development work on two forced-flow conductors 
and one additional pool-boiling conductor. 

Nb3Sn conductor. A mechanical testing 
program was carried out with the Metals and 

Ceramics (M&C) Division to characterize avai l ­
able multi^ilamentary Nb3Sn. This program 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. I n i t i a l experimental 
work necessary for its fabrication was performed. 

A length of f ine, unreacted multifilamen-
tary Nb3Sn wire was purchased for evaluation 
in pulsed coil operation. The preliminary de­
sign was completed for i ts use in a pool-boiling 
hybrid coil with NbTi cable in the low f ie ld re­
gions and Nb3Sn cable in the high f ie ld regions. 

Discussions were begun with vendors tor 
developmental work in the manufacture of Nb3Sn 
forced-flow conductors for TF coi ls. 

High Current Superconductors for Tofcamafc 
Toroidal Field Coils.* W. A. Fietz. Conductors 
rated at 10,000 A for 8 T and 4.2 K are being 
purchased for the f i rs t Large Coil Segment tests 
at ORNL. Requirements for these conductors, in 
addition to the high current rating, are low 
pulse losses, cryostatic s tab i l i t y , and accept­
able mechanical 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-T f ie ld . 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 hell w, 
have been proposed. Analyses of these conductors 
are presented, and proposed definitions and tests 
of stabi l i ty 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 Nb3Sn cables and monolithic conductors. The 
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results of this wont v ^ « bee*> reported in the 
l i terature. 

Evidence has also been found for therao-
aechanical htst generation in m>Ti composites. 
Dre'iminary results and calculations indicate 
that this heating My be comparable in Magnitude 
to that dae to magnetic hysteresis for a poloidal 
coil system. 

The fcliot-.ng are abstracts of papers pub­
lished during t l« past year. (Other presentations 
were also g i v e n . 1 0 - 1 3 ) 

Performance of Multif i 'aaentary Nb3Sn 

Under Mechanical Load.1** D. S. E as ton and fi. E. 
Schwall. The cr i t ical current of a conmer-
cial aultifilamentary Nb3Sn conductor has been 
•easured under the application of uniaxial ten­
sion at 4.2 K and following bending at room 
temperature. Significant reductions in J 
are observed under uniaxial loading. Results 
are presented for a monolithic conductor Manu­
factured fty the bnmze-diffusion technique and 
for canle conductors formed by the tin-dip 
technique 

Then—.Jimnical Heat feneration in 
Cooper and a <a-Ti Sujwr conduct i t Composite.; 5 

0. S. Easton. 0. ". fcroeger. and A. Hoaxed. 
Heat generation via tensile stresses tn both 
pure capper and a superconducting m>-Ti coa-
posite was studied at 300 and 4.2 t. Linear 
theraoelastic behavior was found at rooa tem­
perature &ut not at 4.2 fc. At 4.2 K. stress 
levels on the order of 88 "»a and O.tt strain 
produced energy losses of 1-2 • 10 s J / " 3 -
When stress-cycled under adiabatlc conditions, 
the coaposite shtved a temperature increase 
with each cycle as a result of nonlinear 
i.hysteretic) stress-strain behavior. 

Stress-Induced Heating in Commercial 
Conductors and Its Possible Influence on Magnet 
Performance. »* D. H. Krt<eger, D. S. Easton, 
and A. Hoazed. Calortnetric aeasureaents show 
that significant amounts of heat are generated 
when a auU1f1lamentary coaposite conductor 1s 
stressed 1n tension to levels expected to 
occur In large, high f ie ld magnet systems. 
When the stress on the conductor Is repetitively 

cycled between zero and some aaxiaua value, 
the amount of heat produced per cycle is con­
stant after the f i r s t few cycles. Comparison 
is Bade between caloriartr ic determinations of 
heat injections and the wort done on the 
specimen as indicated by stress-strain curves. 
Stress-strain curves for a nuaber of coaner-
cial conductors indicate that the most impor­
tant determinant of the magnitude of this 
effect is the choice of matrix material. 

Measunauit f ac i l i t i es 

A short sample test fac i l i ty comprising a 
2000-A sample holder and a 7.9-T, 10-:m-bore, 
• jT i solenoid was put into operation for routine 
conductor testing. An additional S00O-A sample 
holder was constructed for testing conductor in 
the 8-T. 16-ca-bore, water-cooled copper sole­
noid. Conductor was purchased and tested and 
preliminary design completed for a 15-ca-bore, 
S-ca-gap, sp l i t solenoid. The coil is designed 
to produce a central f ie ld of 7.8 T with the help 
of i w pole pieces. The maximum f ie ld in the 
windings wi l l be 7.0 T. Clear access of 1-7/8 
in . diaa wi l l be sufficient for testing of a l l 
conductors of ICS size. 

5.2.4 Pulse (Poloidal) Coils 

Poloidal f ie ld coil development by the 
SOfJP has been I n i t i a l l y 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 Hal ted resources available 
withir. the SOW for PF coil work, we feel that 
this approach has provided and wi l l continue to 
provide the aost usable information from the 
effort being expended. 

Loss measurements 

A pulse loss measurement system was complet­
ed. The system consists of fiberglass dewars, 
ranp power supply. Rogowskl coi ls , and a PDP-12 
computer. Test data *rt recorded and analyzed 
d lg l ta l ly . The method yields not only the total 
energy loss but also the loss voltage waveform. 
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Measurements have been perfci-med on three dif­
ferent pulse coll syste*B.1 7 

Discharging magnets may be a useful Kay if 
operating the pololdal coils in a tokamak fusion 
reactor. A discharge test has been performed on 
one pulse coil The results have sham that the 
magnet can be discharged frtai 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 losses due to con­
ductor aotion have been individually identified 
and measured. 

Pulse Loss and Voltage Measurements on 
Superconducting Magnets.18 S. S. Sht.̂  and H. T. 
Yen. This paper describes an electrical 
method for measuring pulse losses and compensated 
voltage in superconducting magnets. Test results 
from two pulsed solenoids were recorded and 
analyzed digitally by computer. Dependence of 
loss performance on B„ and 6 is studied. The max 
effects of conductor motion and presence of 
normal metal on the loss performance are also 
discussed. 

Experimental Simulation of Pulsed Field 
Losses in Tokamak Toroidal Field Coils. 1 9 

J. R. Killer and S. S. Sher.. Experiments have 
been carried out to measure loss In a twisted 
Mltifilamentary composite superconductor when 
exposed to a transient longitudinal field. We 
Investigated the variation of losses both as » 
function of transverse applied field and of 
sample transport current. Losses are orobed 
mainly by measurement of the dynimic resistivity 
of the sample during the longitudinal pulse. 
Experimental results are compared with theories 
for the zero transport current case. The 
extension of theory to Include transport current 
Is also discussed, and the Impact on tokamak 
toroidal field coil design is considered. 

Quench detection 

A fault detection and protection scheme 
has been suggested, based on measurements of 
instantaneous loss voltages. Such a scheme 
has also been designed for the toroidal coll 
system of the EPR.20 

Loss calculations in coils 

A computer code named PLASS has been 
developed to calculate co*«>osite conductor 
losses in pulsed poloidal systems of tokairak 
machines. 

A Computer Program to Calculate Composite 
Conductor Looses in Pulsed Poloidal Coil 
Systems.21 w. H. Gray and J. K. Ballou. !n 
the design of the cryogenic system and super­
conducting magnets for a poloidal field system 
in a tokamak fusion refctor, i t is important 
to have an ac-urate estimate of the heat pro­
duced in the superconductirq magnets as a re­
sult of the rapidly changi.Hj 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 wincing*, thus taking into account 
the spatial variation of the magnetic field. A 
computer code, PLASS (Pulsed Losses in Axisym­
metric Superconducting Solenoids), has been 
written to perform this integration. 

PLASS has been used to analyze the present 
design for the poloidal coil system of the OWL 
Experimental Power Reactor (EPR). This design 
requires that superconductor hysteresis losses, 
superconductor coupling losses, stabilizing 
material eddy current 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 
coll 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-half of that predicted by the previously 
oversimplified calculation. 

An Estimate of Thermoelastic Heat Production 
from Superconducting Composites in Pulsed 
Poloidal Coil Systems." J. K. Ballou and H. H. 
Gray. In the design of the cryogenic system and 
superconducting magnets for the poloidal field 
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system in a okanak, i t is important to have an 
accurate estiiaate of the heat produced in super­
conducting nagnets as a result of rapidly chang­
ing nagnetlc fields. A computer code, PLASS 
(Pulsed Losses In Axi symmetric Superconducting 
Solenoids), was witten to estimate the contri­
butions to the heat production fro* superconduc­
tor hysteresis losses, superconductor coupling 
losses, stabilizing Material eddy current losses, 
and structural material eddy current losses. 

Recently, it has been shown that therm-
elastic dissipation in superconducting composites 
can contribute as much to heat production as the 
ether loss mechanisms mentioned above. He dis­
cuss a Modification of PLASS which takes into 
consideration thermoelastic dissipation in super­
conducting composites. A comparison between 
superconductor thermoelastic dissioation and the 
Other superconductor loss Mechanisms is presented 
in terms of the poloidal coil system of the ORNL 
Experimental Power Reactor Design. 

Pulse coils 

Two new coils were constructed to achieve 
maximum rate of rise in a design that wowId be 
scalable to large sizes. 

ORPUS-1. ORPUS-1 (Oak Ridge Pulsed 
Solenoid), a reinforced, highly ventilated 
solenoid wound from copper-matHx, formvar-
insulated, NbTI 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 (limited by the power supply 
only). 

ORPUS-2. ORPUS-2, with the saw structure 
as that of ORPUS-1, has been wound from solder-
filled NbTI 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 magnet* for 
plasma breakdown and ohmlc 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 bipolar 
operation. This paper describes the first of 
a series of magnets designed to develop the 
needed pulsed magnet te-Anology. 

ORPUS-1 is an 3-ae-bore, 25-cm-long 
solenoid wound of 11-strand, copper-matrix 
NbTi cable. The coil is designed to operate 
at 4.2 T at 2000 A and t j be charged at 4 T/sec. 

With the exception of cowound stainless 
steel reinforcement, the structure is entirely 
nonmetallic. The coil is not potted and more 
than 501 of the conductor surface if exposed 
to helium. Data on dc and pulsed performance 
and on heat generation during pulsed operation 
atr 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 needed transducers that are not commercially 
available and the design of systems around data 
handling devices that are commercially available. 

Mechanical measurements 

Linear displacement transducers. Five 
moving coil differential transformers (MCDT) 
were fabricated old calibrated. Three of these 
units were installed and operated satisfactorily 
in the three-coil cluster test of the Princeton 
La»ge Torus TF colls at Princeton Plasma Physics 
Laboratory. As previously reported (period 
ending June 1, 1976) the NCOT exhibited a IS 
Increase in output when i t was axially aligned 
parallel to a 6-1 magnetic field and excited at 
10 kHz by a commercial carrier amplifier-demodu­
lator having a 4-Q carrier output. 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 the primary winding, this 
error became larger and somewhat unpredictable 
when the transducer was excited by a 600-fl 
source. The phase-angle dependence of this 
error signal was then determined, and a method 
was devised for reducing i t to within *0.3X for 
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any f ie ld up to 7.5 T at either an ien t temper­
ature or 4.2 K. A Method Mas devised for cor­
recting the transducer's temperature coefficient 
to within IX for operation at either ambient 
temperature or 4.2 K. 

Fddy current displacement transducer. An 
eddy current displacement transducer (ECDT) 
was developed to serve as a miniaturized 
comparison to the MCOT. Its intended uses are 
to measure small l inear displacements in coils 
and to serve as a sensing device for bellows 
deflection in l iquid helium pressure transducers. 
I t differs from the HCDT in that the sensitive 
element is a copper (or other highly conductive 
nonmagnetic metal) slug, movable within two 
opposing coils operating at 2.7 MHz. The 
physical size of the f i r s t prototype is 0.95-cm 
dim by 5.1-en length, the gaging range is 7.S 
«* (*3.75 mv), l inearity is ±2.52, and sensitiv­
i t y is 400 mV/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 
ambient as well as cryogenic temperatures. I t 
Is Intended for use In conductor motion 
studies and as a sensing element for t'iaphragn 
deflection in l iquid helium pressure trans­
ducers. I t 1s basically a modification of an 
ear l ier OWL development (U.S. Patent No. 3-
609-527) and differs from most of the commer­
cial proximity transducers by containing no 
ferromagnetic material. I t operates with the 
same electronic module used for the ECOT. The 
sensitivity (dc output) of the prototype was 
150 mV/mi over a gaging range of 6.4 an with 
a l inearity of * i .3%. I t is suitable for use 
with any high conductivity metal surface such 
as copper or aluminum. I t has not been tested 
in high magnetic fields under l iquid 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 

alloy gages. These gages need to be tested 
for low ao<)netoresistance and mechanical 
hysteresis before they are fully qualified 
for magnet use, however. Two strain gage ce­
ments, AE10 and AE15, obtained from Micro-
Measurements Corporation, were found to be 
satisfactory for cryogenic use. They have the 
advantage of not requiring a high temperature 
cure, which is not feasible «ith large test 
pieces ( e . g . , large magnets). 

Liquid heliua pressure and flow. A 
product search for pressure and flow trans­
ducers suitable for use with liquid helium was 
conducted, while a few commercial devices 
appeared promising, none was found which 
clearly met a l l the requirements. Therefore, 
the development of a differential pressure 
transducer for use in intense magnetic fields 
was begun. 

Electrical measurements 

Coil current. A Rogowski coil with a novel 
coaxial bus arrangement for measuring dl/dT in a 
magnet coil was developed. The current flows 
through the center and back around the outside 
of the Rogowski coil in the coaxial bus to cancel 
the external f ie ld 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 f i e ld . A prototype embodying the con­
cept was fabricated and is 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 coi l tests where a similar subtraction 
w i l l be made in order to detect the IR drop ,n 
normal zones. 

Coil voltage. A voltage tap signal con­
ditioning unit , quench detection c i rcu i t , and 
dump control unit were designed and fabricated. 
The voltage tap unit consists of a ten-channel, 
high-voltage isolation amplifier system with 
analog subtraction of dl/dT signals from 
Rogowski coi ls. The c,uench detection circui t 
produces a TTL logic signal when an IR signal 
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either instantaneously exceeds a preset high 
level or exceeds a preset lower level for a 
oreset time. "!he dunp control circuit takes the 
output of the quench detection circuit and the 
output of t*-e comparators or other quench indi­
cators (e.g , pressure transducers), and i n i t i ­
ates a dunp when given a TTL signal. 

Data acquisition 

A revised automatic data acquisition systest 
was designed after an earlier proposed system 
was delayed by lack 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/0 
unit on each of the outboard processors accesses 
the memory directly in order to achieve the 
necessary throughput. 

A Havinq-Coil Linear Variable Differential 
Transformer. 2*- J . F. El l is and P. L. 
Ualstrom. 

A moving coil linear variable differential 
transformer with no ferromagnetic components 
has been developed. The device retains al l 
the advantages of the cr.ventional moving 
coil linear variable differential transformer 
(high sensitivity and high output signal, in ­
f in i te resolution, excellent l inear i ty , and 
wide dynamic range) but is virtually unaffect­
ed by ambient magnetic fields up to 7.5 T. 
The sensitivity of the device was measured to 
be 18 mV/mn/V. Linearity was determined to 
be t O . l i and IS over 1-cm and 2-cm gaging 
ranges, respectively, when the transducer was 
excited by a commercial carrier amplifier unit 
at an excitation level of 5 V rms at 10 kHz. 

Controlled Thermonuclear Fusion Reactors. 2 S 

P. I . Walstrom. 

Controlled production of energy by fusion 
of l ight nuclei has been the goal of a large 
portion of the physics community since the 
1950's. In order for a fusion reaction to 
take place, the fuel must be heated to a tem­
perature of 100 mill ion *C. Ai this tempera­
ture, matter can exist only in the form of an 

almost ful ly ionized plasma. In order for the 
reaction to produce net power, the product of 
the density and energy confinement time nwst 
exceed a minimum wlue of 10 2 0 sec a~ 5 , the 
so-called Lawson cri ter ion. Basically, two 
approaches are being taken to meet this cr i te ­
rion: inert ial confinement and magnetic con­
finement. Inertial confinement is the basis 
of the laser fusion approach; a fuel pe l le t , 
imploded by intense laser beams from a l l sides, 
ignites. Magnetic confinement devices, wnicti 
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 most encouraging 
results have been achieved with a class of de­
vices known as tokamaks. Recent successes with 
these devices have given plasma physicists 
confidence that scientif ic feasibi l i ty wi l l be 
demonstrated in the next generation of tokamaks; 
however, an even larger effort w i l l be 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 control 
engineers wi l l play a major role. Among the new 
problem areas they w i l l deal with are plasma 
diagnostics and superconducting coil instrumenta­
t ion. 

Cryogenic Instrumentation Needs in the 
Controlled Thermonuclear Research Program.2 t 

P. L. Walstrom. 

The magnet development effort for the con­
trol led thermonuclear research program w i l l re­
quire extensive testing of superconducting coils 
at various sizes from small-scale models to f u l l -
size prototypes. Extensive use of diagnostic 
Instrumentation wi l l be necessary to make de­
tai led comparisons of predicted and actual per­
formance in magnet tests and to monitor the test 
f ac i l i t y for incipient failure modes. At later 
stages of the program, cryogenic Instrumentation 
w i l l be needed to monitor magnet system perfor­
mance in fusion power reactors. Measured 
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quantities a y Include temperature, strain, 
deflection, coil resistance, heliua coolant 
pressure and flon. current. volMges, etc. The 
test environment, which includes high Magnetic 
fields (up to 8-10 T) and low teaperature, 
•akes many commercial 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 Mill 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 physical 
characteristics of the device. Areas where fur­
ther development work is needed are delineated. 

5.3 LARGE COIL EXPERIMENTS 

5.3.1 Large Coil Segment Test 

The Large Coil Segment test was conceived 
In 1976 as a test stand for the iXP-TNS genera­
tion of high current (10-20 kA) composite con­
ductors and for winding designs using these 
conductors. I t will provide essential data on 
the limits of cryostability of these conduc­
tors on a physically meaningful scale and thus 
will provide information which cannot be 
obtained by short sample or small magnet tests. 

The facility Is designed to accomodate test 
coils up to ^3 m in diameter of either modifled-
0, oval, or circular shape, with a winding cross 
section of up to 12 x 20 on with up to ^dO turns. 
The test coil winding will be subjected to a 
total field of i7 T over a 0.6-m length, the back­
ground field being provided by a set of super­
conducting Nb3Sn tape coils obtained from the 
old IMP plasma physics facility and rearranged 
in i new configuration. The coils were success­
fully tested 1n their old configuration to 951 
of short saaple critical current with no damage. 
A bell-jar vacuum will be provided by a vacuum 
tank salvaged from the 0RMAK facility and modi­
fied by addition of a 1.22-m-dlam cylindrical 
extension at the top hatch of the 11d. The 
tank, along with test coll, background coils, 
and support structure, Is shown in Fig. 5.1. 

On October 1 , 1976, a conceptual design and 
proposal were completed by Design Engineer!->g 
and SCWP personnel. The proposal was not sub­
mitted as a separate formal proposal because at 
that time i t 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 
desigr, 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 consider­
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 7 An electrical method 
for measurement of ac loss voltages has been 
developed to compensate for the large inductive 
voltages caused by charging and discharging of 
magnets. A pickup coil is placed at the current 
leads of each power supply. Less voltages as 
small as 0 .H of the inductive voltage have been 
detected. 

Coil interaction and protection. He have 
studied the mutual interaction between toroidal 
and poloidal coils during normal and fault con­
ditions and the effect of plasma di-charge on 
the first wall as a result of coil quenches. 
Temperature rise, induced voltage, and mechanical 
load on coils due to their mutual Interaction 
have been computed. For the Oak Ridge EPR de­
sign, connecting symmetrically located TF coils 
in groups and isolating and discharging only 
the faulty coils result In satisfactory dis­
charge voltages and temperature rises In the 
coll. 

The Interaction and Protection of Super­
conducting Poloidal Field Colls and Toroidal 
Field Colls In a Tokamak Experimental Power 
Reactor.28 H. T. fen and J. w. Lue. The 
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protection problems of svperconducting coils 
in a large to i l—* device are delineated. 
Effects of the plasma discharge on the f i r s t 
M i l . the induced voltage, and the temperature 
r ise during the quench of a superconducting 
c a l l , as well as the mechanical load on coils 
due to their actual interaction under normal 
• r fault conditions, are discussed. Various 
design choices and protection schenes are used 
to ensure the intensity of the coils during 
quench. For the Oak Ridge EPR design, a scheme 
of connecting symmetrically located toroidal 
f ie ld coils in groups and isolating and dis­
charging the faulty coll enly gives satisfactory 
results. 

Eddy current calculations 

A 2-0 conputer code has been developed to 
solve axlally symmetrical eddy current probleas, 
including those in which iron Is present. 
Rapid relaxation is achieved by combining 
coarse and fine lattices in the transition re­
gion between air and iron. The progran can be 
run Interactively on a tine sharing conputer. 

Eddy current codes have also been developed 
for thin, nonmagnetic rectangular plates and 
cylinders of f in i te length. The transient eddy 
current was found by solving the Integro-
dlfferential equation in the for* of a perturba­
tion expansion with separated tine dependence. 
No reference to f ie ld values outside the con­
ductor is required. The tiv= variation of the 
driving f ie ld Is f i t ted by a polynonrial in 
time. The effects o* the boundary charges in 
modifying the ecdy current pattern are taken 
into account. 

A Two-Oinensional Relaxation Program for 
Systems with Inhoapgeneous Permeabil ity. 2 9 

U. E. Deeds and C. V. Dodd. A conputer program 
Is presented and explained which w i l l solve 
axlally symmetric eddy current problems, in­
cluding those with permeable media present. An 
unusual feature 1s the combination of coarse and 
fine la t t ices, which permits rapid relaxation of 
coarse lattices In homogeneous regions to be 
combined with more accurate calculations usino a 
fine latt ice in the transition regions where 

the permeability varies. Although the actual 
program listed is restricted to ceils encircling 
a coaxial Metal rod. the progran can be 
modified to include any axially symmetric 
configuration -

A Perturbation Expansion with Separated 
Time Dependence for Eddy Current Calculations.'^ 
K. H. Carpenter and H. T. Yeh. A particular 
solution to the eddy current integro-differential 
equation is found in the form of a perturbation 
expansion with separated time dependence. No 
reference to f ie ld values outside the conductor 
is required and a fu l l three-dimensional treat­
ment is maintained. Transient behavior of the 
eddy currents is obtained by this method through 
a technique of f i t t ing the tisie variation of the 
driving f ie ld 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 f ie ld of a dipole 
having ramp time dependence and with the dipole 
axis perpendicular to the plate. The effects of 
the boundary charges in modifying the eddy cur­
rent pattern are i l lustrated. 

Eddy Current Calculations for Thin Cylinders 
of Finite Length with Driving Fields of Ramp 
Time Dependence.31 K. H. Carpenter and H. T. 
Yeh. Eddy current density for a thin cylinder of 
f in i te length is calculated for the case of a 
driving f ie ld of ramp time dependence and dipole 
spatial dependence, the dipole being at the cen­
ter of the cylinder. 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. 
AH calculations are in normalized coordinates 
to allow maximum f l ex ib i l i t y in applications. 
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FORTRAN Programs for Transient Eddy 
Current Calculations Using a Perturbaticn-
Polynomial Expansion Technique. 3 2 K. h. 
Carpenter. A description is given of FORTRAN 
programs for transient eddy current calculations 
in th in, nonmagnetic conductors using a 
perturoation-polynotnial expansion technique. 
Basic equations are presented as well as 
f i » charts for the programs inplenenting then. 
The implementation is in two steps - o batch 
program to produce an intermediate data f i l e and 
interactive programs to produce graphical output. 
FORTRAN source listings are included for a l l 
program elements, and sample inputs and out­
puts are given for the major programs. 

5.4.2 Structural Analysis and Material Tests 

Structural analysis 

The structural analysis portion of the 
program concerns i tsel f with analysis of mag­
netic f ie lds , 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 pho toe las t i c analysis 
of TF coils; 

4) the numerical approximation of supercon­
ducting losses in solenoids of the ORNL 
EPR poloidal coil system by using the 
f in i te element method; and 

5) the implementation of the GIFTS-IV computer 
code. 

The details of these projects are discussed in­
dividually In the following sections. 

V. H. Gray attended the GIFTS-IV 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 GIRS-IV system Is a collection of program 

modules operating on a unified data base (UOB) 
designed to fac i l i ta te f in i te element analysis 
using modem data management techniques. I t is 
a significant improvement over i ts predecessor, 
GIFTS-II. 

ORNL participated in the meeting organized 
by Brookhaven National Laboratory on structural 
analysis needs in superconducting magnets. Five 
ORNL staff members from the Fusion Energy, 
Metals and Ceramics, and Engineering Divisions 
were present. U.C.T. Stoddart and U. H. Gray 
represented the Magnetics and Superconductivity 
Section. Sessions were chaired by C. R. Brinkman 
and U.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 wi l l 
perform a three-dimensional magnetostatic f ie ld 
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. M. 
Trowbridge and J . Simkin of Rutherford Laboratory 
assisted U. D. Cain *n the implementation and 
check-out of this code. I t Is currently being 
used to calculate the Influence of iron on the 
magnetic f ie ld of seve.-l electromechanical de­
vices under design at ORNL. 

D. L. Levlne and W. H. Gray modified the 
STANSOL-II33 computer program to augment the 
output with a sequence of computer plots which 
present the computed values In a concise form. 
The augmented version of the code is referred 
to as STANSOL-IIP (LOT). To fac i l i ta te the 
use of STANSOL-IIP (or - I I ) , a preprocessor 
code, STNDAT, was also developed. This code 
Interactively accepts Input data about the 
geometry, material properties, and electrical 
characteristics of a solenoid and creates an 
input da'.a f i l e in a format acceptable to 
STANSOL-JIP. 

These codes were extensively used during 
the EBT-I1 design studies discussed elsewhere 
In this report. Also, structural analysis and 
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design g-'i dance were provided for the LCS, 
LCP, TUS, ISX, and OtWAK. Upgrade projects. 

Our Interest In graphical representation 
of the voluminous input and output data required 
and produced during Magnetic and structural 
analysis has led to the •edif ication of several 
graphic software l ibraries. These l ibrar ies, 
LSLTEK, LSLVEC, VECTEK. CALVEC, CALD08, DISVEC, 
and 0ISD08, are used routinely by users of the 
FID PDP-1D. The last two programs represent 
the most important contribution, as they are 
the back end to the display graphics package. 

Electromechanical Stress Analysis of 
Transwrsely Isotropic Solenoids.3'* W. H. 
Gray and J . K. Ballou. The Mechanical behavior 
of superconducting Magnets deviates from 
i sot ropy dix. to their construction techniques, 
which involve layeKng superconductor, ;nsula-
tion, and sometimes structural reinforcement 
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 axisymmjtric, electromechanical ly 
loaded, and rotational ly 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. 

Photoelastlc Analysis of Stresses in 
Toroidal Magnetic Field C o l l s . " H. Pih. 
Several two-dimensional photoelastic stress 
analyses were made on models of circular and oval 
toroidal magnetic f le.d coils for fusion re­
actors. The circumferential variation of each 
coil 's In-plane magnetic force has been simulated 
by applying different pressures to 15 segmented 
regions of the inner surface of the models. One 
special loading fixture was used for the model 
of each shape and size. Birefringence and iso-
clinlc angles were measured in a transmission 
polarlscope at selected points on the loaded 
model. Boundary stresses In the cases cf known 
boundary conditions were determined directly 
from the isochrcmatlcs. Separate principal 

stresses were calculated using the combination 
of photoelastic information and isopachie data 
obtained by the electrical analogy method from 
the solution of Laplace's equation. Comparisons 
were Made between experimental results a.id those 
computed using the f in i te element method. The 
theoretical and experimental stress distribu­
tions agree very we l l , although the f ini te 
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, optimum structural 
designs of toroidal f ie ld coils were recommended. 

Experience in the Use of Static SAP to 
Structurally Analyze Electromechanical Systems.3 6 

W. D. Cain and M.C.T. Stoddart. A l*rge-scale 
effort is presently being undertaken to desigr. 
and construct large electromechanical systems for 
use in controlled thermonuclear research 
machines, energy s to "age devices, and related 
systems. One of the major thrusts of this 
effort is directed toward the evaluation of 
stresses and deformations in toroidal f ield 
coils which ire 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 
f ie ld coi ls . 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 ut i l izat ion and implementation of these 
tools. 

Finite Element Calculation of Stress-
Induced Heating of Superconductors.37 J. £. 
Akin and A. Hoazed. This research Is con­
cerned with the calculation of the amount of 
heat generated due to the development of 
mechanical stresses in superconducting uvn-
posites. An empirical equation 1s used to define 
the amount of stress-induced heat generation per 
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unit volume. The equation relates the maximum 
applied stress and tiie experimental•/ Measured 
hysteresis loop of the composite stress-strain 
diagram. I t is ut i l ised in a f in i te element 
prt)5r««n to calculate t h e total induced heat 
generation for the supercond ictor. Ar. example 
analysis of a solenoid indicates that the stress-
induced heating can be of the same order of 
magnitude as eddy current effects. 

Materials evaluation 

The materials evaluation portion of the 
SCMDP concen.s i t se l f with the properties of 
al l materials except the conductor. The bulk 
of the effort has been directed at metallic 
prmary structural materials (design studies) 
and at organics for both electrical insulation 
and potting applications (experimental work). 

The primary structure work, which in­
volved extensive liaison with other parts of 
the SCMDP. OftftL, and the ERDA fusion community, 
has been summarized in a technical Memorandum.3' 
C. J . Long was appointed secretary of an 
EROA-OMFE Task Group on Special Purpose Materials 
for fusion reactors and continued as a water of 
ASTM-ASME-MPC Joint Committee J1.06, Low-Tempera­
ture Effects on Materials Properties. 

During 1976 a seHes of tests of mechanical 
properties was conducted at room and cryogenic 
temperatures on potential insulation systems and 
potting compounds by f.. J . Froelich (who le f t 
ORXL In September) and C. M. Fitxpatricfc. A 
report on the results of tensile tests of In ­
sulators is in preparation. 

A program to measure the radiation resis­
tance of electrical insulators 1n liquid helium 
was formulated by C. J . Long (now Metals and 
Ceramics Division) and R. H. Kemohan (So'.id 
State Division). This program, which w i l l be 
conducted In the Low Temperature Irradiation 
Facility at the Oik Ridge Bulk Shielding Reactor, 
wi l l measure degradation of both mechanical and 
electrical properties beginning In 1977. 

A final report ent i t led "A Re view of 
Electrical Insulation In Superconducting Magnets 
for Fusicfi Reactors" was prepared for ORML by 
Magnetic Engineering Associates. The report 

concludes that significant radiation damage 
might be expected in organic insulators in a 
fusion reactor during i ts l i fet ime. No appre­
ciable damage is expected in inorganic in-
sulators. 

Structural Materials for Large Supercon­
ducting Magnets for Tokaaaks. 3 9 C. J . Long. 
The selection of structural materials for 
large superconducting magnets for tokamax fusion 
re»ctors is considered. The important cr i ter ia 
are working stress, radiation resistance, 
electromagnetic interaction, and general 
feasib i l i ty . The most advantageous materials 
appear to be face-centered-cubic alloys in the 
Fe-Ki-Cr system, but high-modulus composite; may 
be necessary wher severe pulsed magnetic fields 
are present. Special purpose structural mate­
rials are considered br ie f ly . 

Lap Shear Strength of Selected Adhesives 
(Epoxy, Varnish, B-Stage Glass Cloth) in Liquid 
Witrogen and at Room Temperature.''0 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 several epoxy resins, a var­
nish, and a B-stage glass cloth (a part ia l ly 
cured resin in a fiberglass cloth matrix). 
Several parameters cr i t ical to bond strength 
were varied: adhesive and adherend differences, 
surface preparation, coupling agents, epoxy 
thickness, f i l l e r s , and bonding pressure and 
temperature. The highest lap shear strengths 
were obtained with B-stage glass cloth at both 
l iquid nitrogen and room temperatures with 
values of approximately 20 MPa (3000 psi) and 
2S.5 MPa (3700 ps i ) , respectively. 

5.4.3 Fabrication Development 

A large coil winding fac i l i ty was con­
structed in the Y-12 Plant Electric Shop. 
Preliminary shakedown winding using a round 
bobbin was carried out and the operating 
characteristics 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 
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been procured for the Minding table. Elevating 
Mechanise; have been installed on both the 
tensioner and dereeler. Extensive alteration-. 
it the drive and controls of the dereeler have 
been made. Also, a prototype automatic winding 
clanp for keeping the windings compressed is 
in the shop and near completion. Before any 
practice winding could be done with the re­
vised equipment i t was necessary to relocate 
frojn the Y-12 Plant Electric Shop to Building 
9201-4. An oval bobbin is now available for 
practical winding; i t wi l l help identify prob­
lem areas associated with fabricating LCP 
coils. The equipment wi l l be used to wind 
the large coil segments. 

The coil fabricating laboratory in 
Building 9204-1 now has equipment for winding 
cuils up to 1.5 n in diameter. A very accurate 
tensioner (2%) has been developed for maintaining 
a conductor tension of up to 100 kg while 
winding. Several small superconducting coils 
for the pulsed poloidal coil project have been 
wound using this equipment. 

A novel method of winding fat toroidal coils 
was developed for the pulsed parallel f ield ex­
periment. The winding is laced in and has no 
splices at a l l , a feature which is especially 
important in winding superconductors. Also, the 
major axis can be f i l l e d completely with con­
ductors, thus obtaining the maximum possible 
number of ampere turns. These requirements can­
not be met with industrial equipment. This 
method of lace winding may have applications in 
remote winding and unwinding (for example, of 
radiation damaged PF colls 1n fusion reactors). 
For the pulsed parallel f ie ld experiment, an 
inner spool Inside the toroidal coi! can be 
rotated for winding and unwinding conductor 
samples to be tested without disturbing the 
toroidal co i l . 

5.5 PROJECTS REQUIRING WORK BY SUBCONTRACTORS 

5.5.1 Forced-Cooled Magnets 

'subcontract with the Francis Bitter National 
Magnet Laboratory, MIT, 

A study* 1»" , ; was conducted that concluded 
that economic cooling systems of forced-cooled 
superconducting magnets must employ eff icient 
cold pump recirculators in which the flow to the 
magnets is confined to the cold end of the re­
frigeration column. This holds true i f the 
liquid pump e.'ficiency is 40i or greater. 

Tests have been performed and results re­
ported* 3 "* 5 measuring the stabi l i ty 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 than theoretically predicted conductor 
behavior during a recovery from a localized 
quench. Test measurements included voltage drop, 
helium discharge teraperature, and pressure 
drop across the co i l . Triplex w:"re condu *.or 
proved superior to grooved wire. Testing wi l l 
continue with a modified version of the triplex 
wire cable. 

A 1-m-scale test i f a racetrack coil of 
NbTi filamert superconcjetor has been designed 
for operation late in 1977. Five kilometers 
of NbTi superconductor wire have been -eceived 
and a contract for fabrication of the coil is 
being negotiated. Construction of the in­
stal lat ion site at the Francis Bitter National 
Magnet Laboratory nas started and component 
parts of the test loop have been ordered. All 
components ire expected for delivery by June 
1977. 

An additional contract to be supervised 
by ORNL has been signed with EROA to evaluate 
the feasibi l i ty of Nb3Sn forced-flow conductors. 

5.5.2 Helium Refrigerator and Handling System 

Helium refrigerator and religuefier 

A contract has been awarded to purchase 
a helium reliquefier and refrigerator from 
Cryogenic Technology, Incorporated, Haltham, 
Massachusetts. The refrigerator has the 
capacity to produce 0.0045 kg/sec of liquid 
helium and 866 W of refrigeration simultaneous!" 
at 3.56 K and 0.5 atm. This refrigerator and 
the liquid helium system connected with i t 
should have the capacity to supply helium 
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coolant to the f i rst phase of operation cf the 
L'.rge Ccf"! Project. 

The refrigerator has a cwc-stage, o i i -
lubricated, rotary-screw compressor. The low 
pressure stage is rated at 40G hp and can 
operate with a 0.4-atm suction (0.5 ate at 
the return inlet to the coldbc<). The high 
pressure stage has a 1000 hp swtor. The 
overall compress on ratio is about 35 to 1 
for the two stages. Delivery is expected by 
July 1 , 1977 and operation by January 1 , 1978. 

Liquid heli jr. handling syster, 

The liquid helium system associated with the 
refrigerator consists of an 18,000 l i t e r (5000 
gal) liquid heliun storage dewar, a transfer l ine 
which wi l l connect to the experiment and to the 
laboratory, helium yss storage capacity for an 
equivalent or 7200 l i ters of l iquid, and gas 
lines to and from the conpressor. Additional 
storage of ;as, when required, wi l l be supported 
by portable heliun tanks. Detailed design of 
the liquid helium handling system is being 
carried out by the Engineering Division with the 
assistance of a subcontract architect-engineer 
chosen by ERDA. 
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In terms cf the overall fusion design pro­
cess, the FY 75-76 Experimental Power Reactor 
(EPR) study 1" 9 represents the most extensive 
effort to date in advanced studies of early 
power reactors, though i t is s t i l l only the 
present pni"' on the evolutionary scale of de­
sign for the f i r s t 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 
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13. Plasma Heating and Fueling Section. 
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identified. On the broader programmatic level, 
the need for an achievable, high power oensity 
fusion plasma device which would be extrapo-
latable to an economically viable reactor has 
been keenly made clear. 1 0» n The present EPR 
design does not satisfy the economic viability 
criterion, although it does fulfill the technical 
requirements (as determined by a preliBinary 
design). The recognition of the pressing need 
for operation at higher power density has led to 
the development of The Next Step (TNS) pro­
gram; 1 2 The Next Step after Tokamak Fusion Test 
Reactor (TFTR) is being pursued as an ignition 
device whose characteristics do extrapolate to 
an economically viable fusion reactor. 1 1 

6.1 EPR STUDY PRECEDING TNS 
The principal act ivi t ies in the EPR program 

fa l l into th-ee major phases: a scoping study, 2 

development of a reference design, 3 and evalua­
tion of the Reference Design.''"9 

The previous annual report described the 
f i rs t two phases and the ini t iat ion 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 Design was 
established varied widely from expl ici t calcula­
tions to technical judgments. Consequently, the 
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major thrust of the work in FY 76 was to perform 
a technical evaluation of the Reference Design 
and to upgrade i t where necessary. Figure 6.1 
il lustrates the Oak Ridge EPR design elevation 
view. Figure 6.2 presents a composite chart 
of each of the key preparatory steps before 
operation and the key events during an oper­
ating cycle. A tabulation of overall system 
paraaeters and their values for the EPR is 
shown 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 cri t ical 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 ful ler description of an ignited plasma;5 

2) a new toroidal f ie ld (TF) Magnet design 
•ore credible in terns of fabrication. 6 

Additional analytic tools have been devel­
oped and used to define more closely the 
stabil i ty Margin and the ac losses; 

3) in-depth study of the ohmic heating (OH) 
and electromagnetic shielding systems 
driving the plasaa current, protecting the 
TF coi ls, and reducing the energy require­
ments. 5 t 6 Crit ical questions have been 
ident i f ied; 5 

4) a new mcdular, Maintainable, workable 
blanket design; 7 

5) establishment of the basis for the overall 
Structural system;8 

6) a f i r s t pass at the balance of the plant . 3 

6.1.2 Evaluation of the Reference Design 

In addition to reemphasizing the impor­
tance of resolving the key technical issues, the 
conceptual development of some of the technical 
problems has Identified some very d i f f icu l t 
judgmental Issues. 

1) The benefit/cost for a low power, high 
cost design must be assessed. 

2) The mechanical system is extremely complex. 

Even though a. cmc car be made *ct O-t 

tki iuczciiiiU. txtczticK ci ail humil-
tMzcu&lu ieens dcubtitU. 

3} Of the required extrapolations in plasma 
physics parameters, i t is the extrapola­
tion with pulse time that is the greatest 
and hence the most uncertain. 

4) Each of the component technologies is 
being pushed and extended significantly 
beyond present capabilit ies. 

In each of these four issues, the r isks, 
though clearly visible, are not quantifiable. 
Considerable work is needed i f these issues 
are to be made more quantitatively balanced 
between gain and r isk. 

5.1.3 Principal Findings 

On the basis of the technical evaluation, 
a number of key findings became clear; these 
findings art considered in this section. 
This consideration and an appreciation of the 
d i f f i cu l t judgmental issues raised in Sect. 
6.1.2 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. 

Scientif ic 

• In the area of scaling, continually im­
proved models are available for performance 
predict ion, 1 3 but significant additions 
to the experimental data base and improve­
ments to the analysis are needed before 
confidence can be generated that , for 
example, the scaling relations a-e appro­
priate and prof i le effects have beer: prop­
erly considered. 

• In the area of dynamics, d e t a i l s experi­
ments are needed to provide hard i..forma­
tion on start-up/bum (fueling)/shutdown 
for engineering cr i ter ia . 

• Similarly, In impurity effects and plasma 
electromagnetics, experimental information 
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Fig. 6.2. EPR operating chart. 

is sorely needed for guidance of design 
efforts. 
Technological 
Demonstrations at the appropriate scale 
are required for each of the key techno­
logical components required in the EPR 
design: TF and poloidal field (ff) coils, 
tritium handling, heating techniques and 
hardware, etc. 
M>3So superconductor development mus.. be 
emphasized and expanded i f the critical 
technological flexibility of higher Mag­
netic field Is to be available for any 
next step. 

• A dedicated PF coil design and development 
effort is required to address this crucial 
and newly appreciated area. 

• 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 Pf 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 . Overall system pa 

General characteristics 

ters for the EPR 

1. Requirements 

Symbol Value 

Device lifetime \ 10 years 

Duty cycle dc 875 
Availability - normal 80 ; 
Thermonuclear power (igni t ior ) P 0 ( t h ) 410 m 

Net electric power P 0 ( e ) -lo m 

2. Other features 

Plasma radius a 2.25 m 
Major radius R o 6.75 a 
Aspect ratic A 3.0 
Plasma edge to winding di stance £ 1.40 c 
Plasma vol urn* V 675 • * 

Overall height H 15 m 
Overall diameter 0 23.3 m 

Plasma parameters 

Burn time 
Current 
Confinement measure 
Plasma temperature 

Ion temperature 
Electron temperature 

Beta poloidal 
Beta ( total ) 
Safety factor 
Electron density 
Fuel ion density 
Impurity level 

Injected deuteron power 
Injected deuteron energy 
Particle confinement time 
Energy confinement time 

tters Electromagnetic para 

Maxim* toroidal f ie ld 
Toroidal f ie ld on axis 
Number of toroidal colls 
Magnetic f ie ld ripple at plasma edge 
Conductoi configuration 

H 100 sec 

1P 
V E 

7.2 m 
1P 
V E 2.7 » 1 0 2 0 sec «T 3 

h 12.2 keV 
T e 13 keV 

3 P 
3 

1.9 
0.03 

q 2.5 

% 7.4 * 1 0 1 9 m- 3 

N i 7.0 - 1 0 " m"3 

Z e f f 
p b 

1.34 

50 MU 
E b 200 keV 

T P 
T E 

9.6 sec 
T P 
T E 3.7 sec 

max 
B T 

11 T 
4.8 T 

"c 
AB 

20 
2.2S 
composite cable In 
a square alimtlnum 
conduit 
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Table 6 . 1 . (conti inued) 

Symbol Value 

Superconductor 
in the high f ie ld region Nb3Sn in Cu-Sn 

matrix conductor 
in the Moderate and low f i e l d 
region 

NbTi in Cu Matrix 
conductor 

Average poicidal f ie ld at plasma 
edge 

8 P 
0.64 T 

Poloidal f ie ld coil core type air 
Poloidal coil volt-seconds vs 165 Kb 

0. Thermal 
Maximum power rating of blanket 
Blanket coolant 
Outlet temperature of blanket coolant 
Blanket coolant pressure 
£*-'eld coolant 
Coil coolant (superconducting) 

out 
PHe 

800 m 
helium 
370"C 
70 atm 
borated water 
helium 

E. Nuclear parameters 

Neutron flux on first wall 
(operating point) 

Neutron wall loading {design point) 

Neutron flux on first wall 
(operating point) 

Neutron flux on first wall 
(design point) 

Tritium breeding ratio (in one 
experimental nodule) BR 

0.55 MM/m2 

1.07 HH/m2 

2.4 * 1 0 1 9 n/m2/sec 

4.7 » 10 1 9 n/m^sec 

1.15 

• Plasma heating requirements demand an 
uncertain combination of ingenious plasma 
operating scenarios to make use of the 
available positive ion beam technology 
and creative negative ion source develop­
ment for flexibility in the design. 

• Exploitation of the indications of ex­
tended material lifetimes under irradi­
ation is a fundamental necessity in the 
drive for economical systems in which 
replacement costs are a dominant factor 
in the plant economics. 

Engineering 
Given that a number of significant engi­

neering Issues have been addressed successfully 

(e.g., workable design solutions in the blanket, 
TF coil, and remote maintenance areas), the net 
result is still an extraordinarily ccnplex 
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 
coil sets, 

• many operating pulses, 
• high auxiliary power demands, and 
• remote handling combined with high 

tritium inventory. 
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The key finding here is no_t this l i s t of 
complexities but rather the appreciation of 
means of reducing the complexity. 

• Increasing the aspect ratio relieves the 
f i r s t probles considerably. 

• Lengthening the bum tine 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 viable power 
plant. 

6.1.4 Technical Considerations 

Taking into account the key findings and 
judgmental issues, i t is instructive to reexamine 
the underlying scientif ic and technological con­
siderations that have led to the present situa­
t ion. 

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 
EPR designs have used the so-called trapped ion 
mode scaling at densities of ̂ 0.7 * 10 2 0 in*3 to 
specify the energy containment time. This has 
led to Tirge plasma sizes, which are necessary 
in order to attain an H u near the iijniV.on 
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 weight 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 low asneet ratios are favored in the p..ient 

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.xonductors. However, the use of 
;-igh field superconducting magnets in a low 
aspect ratio torus results in extreme asymnetric 
forces on the coils; these forces must be mini­
mized by the fabrication of asytwetric coils. 
Unfortunately, the fabrication of such asym­
metric coils is complicated 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 powor density produced in a 

magnetic confinement system varies as S^*; 
ther»*Ci-e, the attainment of high beta and 
high magnetic field has been emphasized in the 
EPR studies. 

In the ORNL EPR studies, a has been 
limited to -A. As a result, the attainable 
total beta in the EPR designs is -35. 

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 difficulties 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 a 
magnetic confinement device Is constrained by 
technology. There is a limit on the magnetic 
field for the two types of superconductor, 
NbTi and Nb 3Sn, which are available In com­
mercial quantities. In addition, practical 
engineering considerations and economic 
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constraints say prevent the use of fields such 
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. I f 
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 • 1 0 » I ' t 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 Conclusions15 

• EPS 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, difficult, and costly. 
Because this step appears to be inherently very 
expensive, i t 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 
ETR 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 1s 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 size compatible with this system Is 
itself very large and Is a major extrapolation 
from current experience. Similarly, the neutral 
beam power requirements and OH system character­
istics far exceed those of present devices. 

• 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 bi 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 reduced size. 

• EPR, as presently conceived, is not the 
next logical step. 

Because the magnitude of the EPR taste is such 
a large increment beyond the present 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 outcome of the EPR study indicates 

that intermediate steps will be required to 
support development of an EPR. 1 0» 1 6 

TNS at ORNL (supported by the Uestinghouse 
Fusion Power Systems Department) has been ini­
tiated to develop the basis for a major experi­
ment in the ind-1980's having two principal 
objectives: {'.) achievement of a fusion reactor 
core, i . e . , deuterium-tritium (0-T) 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 (DHFE) 
plan. Long pulse length operation permitting 
bum dynamics to be studied 1s planned, where­
as continuous, high duty cycle operation Is 
deferred until the EPR phase of the fusion 
program. Preliminary calculations Indicate a 
thermal power output greater than 1500 MM in 
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an n = 2 * 10 z a nr 3 plasma whose miner radii are 
1.25 m (horizontal) by 2.0 m (vertical). 
Judging by these preliminary indications, T?JS 
will have a benefit/cost considerably greater 
than the EPR design discussed here i*our times 
output power in half size); furthermore, the 
extrapolation from TNS is to an economical .y 
viable fusion reactor. The technical basis for 
TNS appears verifiable in the next three to five 
years in the experimental and theoretical pro­
grams now under way: high beta in Oak Ridge 
Tokamak (ORMAK) Upgrade, 1 7 superconducting coil 
performance in the Large Coil Program (ICP), 1 9 

and high power beams in the TFTR beam programs. 1 9 

use will be made of the benefits of high density 
plasma operation and close attention will be 
given to a better understanding of its achieve­
ment. "Hating" r. > 1 0 2 : ir 3 does improve the 
benefit/cost both for TKS and for reactors. 
Achieving this higher density of n -- 2 * 1 0 2 S m- 3 

clearly requires additional information on 
plasma stability at high beta equilibria and on 
materials properties at higher wall loadings 
(-2-4 W/m2). More data on the scientific and 
technological basis for the postulated high 
density, high beta operation will be forthcoming 
from the next generation of large experiments 
and continued materials research. 

6.2.1 Reexamination of the EPR Objectives and 
Basic Physics extrapolation 

Examination of the EPR objectives indicates 
that many of the objectives subordinate to the 
ultimate EPR goal of net electric power can be 
achieved in earlier, lesser facilities. Those 
objectives 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. 
Kith the renewed assignment 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 overall size 
and difficulty of the EPR. Recent advances, 
both experimental and conceptual, have led to a 
rethinking of these basic assumptions. 1 0. 1 5 

These advances indicate that (1) it may be 
possible to achieve higher beta values than 
previously supposed and (2) operation at high 
density should 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 < 10 2 0 nr 3 resulted 
in both a plasma radius of >2 m (high cost) and 
a wall loading of <1 MW/m2 (low benefit). In 
setting up the basis for the next tokamak step, 

6.2.2 Initiation of TWS Studies 
April 1976 TMS 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 * 1.6 m, major 
radius of 4 a, magnetic field on axis of 4.5 T 
(using NbTi conductor with 8 T at the winding), 
TF oil bore of approximately 3 m * 5 m, fusion 
power output of 700 W ( t ) and 100 m of 200-keV 
neutral beam injection. 

Explicit calculational simulations of plasma 
confinement using one-tenth trapped particle 
scaling indicated that the plasma horizontal 
radius must be increased to 1.25 « 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 limit the 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 pololdal divertor was chosen as the primary 
technique because it typifies the possible com­
plexity in design and cost, is compatible with a 
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high beta PF system, and f i t s inside elongated 
TF c o i l s . Our evaluation of neutral beam, 
auxi l iary heating options indicated that new 
in jec t ion approaches may be necessary. Above 
200 keV, straightforward posi t ive ion systera 
appear unat t ract ive because of s ign i f i can t l y 
reriiced e f f i c iency . However, al ternate concepts 
such as d i rec t recovery, negative ion sources, 
r ipp le in jec t io r . , and innovative star t -up 
scenarios ex is t ar.d were judged worthy of fcture 
investigation, f o r possible appl icat ion to TNS. 

Upgrading of planned major fusion devices 

We completed an evaluation of the potential 
for upgrading various features ( e . g . , plasma size 
ana shape, plasma current , toroidal f i e l d , pulse 
length, and neutral beam power) of ex is t ing and 
planned fusion experiments to determine the po­
ten t ia l impact of these upgrades on the d e f i n i ­
t i on of TNS design objectives and to further 
c l a r i f y the ro le of TNS in the overal l fusion 
power program. The fusion devices considered in 
th is evaluation were PLT, PDX, Doublet I I I , ISX, 
ORMAK Upgrade, and TFTR. 

The basic ground ru le i n i t i a l l y observed fo r 
determining what constitutes an upgrade is that 
only reasonable modi f icat ions, w i th in the frame­
work of ex is t ing experimental objectives and 
without construction of a t o ta l l y new device, 
were considered. In add i t ion , the upgrades 
considered were to have a minimum impact on the 
scheduled i n i t i a l operation of these devices. 

Examination of the non-D-T devices ( a l l but 
TFTR) indicates that D-T operation cannot be 
factored in to a simple upgrade of these un i t s . 
Th' timely achievement of the established objec­
t ives of these machines is very important to the 
overall program, and the upgrading of selected 
features may be j u s t i f i a b l e in individual cases 
that could provide special opportunit ies fo r 
spec i f i c physics or engineering s tud ies, to the 
extent that the o r ig ina l experimental goals are 
not compromised. 

The f e a s i b i l i t y of upgrading TFTR was con­
sidered in much greater deta i l th»o the other 
devices because th i s device has a greater poten­
t i a l impact on the evolution of the TNS concept 

than any other. TFTR is scheduled to demonstrate 
D-T burning at reactor gride conditions and pro­
vide v i t a l information in the areas of plasma 
confinement scaling and neutrai beam in jec t ion . 
In view of the large investment which w i l l be 
made in the TFTS f a c i l i t - ' , i t is l o g i c i l to con­
sider ways to maximize tr>.-> usefulness of the cest 
complex to the overall fusion prnqrara. 

Four TFTR upgrade scenarios were postulated, 
and design, cost , and schedule impl icat ions were 
e^ iua ied fo r each cSse. Tne pr inc ipa l pararr-e-
ters which were upgraded were: 

• toroidal f i e l d ' l a i top durat ion, 
- toroidal f i e l d on ax i s , and 

• plasna minor radius. 

Variation of these quant i t ies resulted in s i g ­
n i f i can t changes to tokamak support systems 
such as power supplies and neutron beam in jec­
to rs . An overal l sumjrsary o f the key features 
of the four upc'ades is provided in Table 6.2. 
The net cost data were developed on a systeir.-
by-system tas is by i den t i f / i ng required hard­
ware changes and by scaling the appropriate 
baseline TFTR cost estimate of October 1975. 
Allowance for Engineering, Oesign, Inspect ion, 
and Administration (EDIA) and contingency has 
been p r o v i ^ d ; however, escalation was not 
considered- The resul t ing cost estimates 
range from $48.8 m i l l i on fo r TFTS U-l to S201 
m i l l i on for TFTR U-4. 

An important conclusion which was reached 
was that none of the upgrades defined according 
to the or ig ina l set of ground rules was l i k e l y to 
achieve i q n i t i o r . However, i f the modif ications 
considered arc coupled with successful innova­
tions in plasma physics [ i . e . , high density {-A 
- 10 2 3 m-3), high beta (--15J), and Z e f f - 1 ] , 
then current calculat ion models pred ic t i g n i t i o n . 
Furthermore, in view of our perception of the 
engineering requirements associated w i th an i g n i ­
t ion experiment, th is capabi l i ty appears to re­
quire a new machine and e i ther a new f a c i l i t y or 
a substant ia l ly upgraded ex is t ing (or planned) 
f a c i l i t y . A f ina l consideration is that imple­
mentation of any of the upgrades would not 
el iminate the need for a main- l ine, reactor 



rable 6.2. Sirrary of •josrade octlsr.s 

Option 

TFTR u-1 

TFTR ij-2 

TFTR U-3 

TFTR U-4 

TFTR l i 

Features Aval : j t ; ] i ty 

I?r»diite inple-nentation-delay base- I932-VJS3 
l ine ichfcijle. Increase toroidal 
f ie 'd by 1-71 (to 5.7 T on - n i s i , 
exter.d TF f la t top froe: 1 to 4 sec. 
7.!>«*diate iaplenentation-delay base- 1982-1933 
l ine schedule, increase vacuur vessel 
sire to accomodate a plasra with 
a -1.1 a at Ro - 2.8 n. increase 
toroidal f ield by \Q'. fto 5.3 T o-: 
axis; and extend f la t top fror 1 'io 
4 sec. 
Cocplete baselire experimental prcgrac 1988-593S 
in 1986, disnantle and modify device, 
f a c i l i t y , as in TFTR U-2 above. 
In i t ia te new device ard fac i l i ty nodif i - I986-I98S 
cations in 1980, in parallel with base­
line device completion. Complete base­
line operation in 1986 and switch over 
shared eq-ipnent. Same device futures 
as T~R U-2. 
Same scenario as TFTR U-4, except that 1986-1938 
TF bo-e is enlarged to reduce ripple 
and device is designed to achieve igni­
tion (but not sustained bam}. 

Net ccst 
: i r i-i ry; 
•S .'T975" 

43. c 

I V 

-20C.D 

technclogy-on'ented machine in the 3iid-l?80's to 
provide the data base for the design of an 
electric power producing device in the early 
1990's. Because innovative advances in plasma 
physics could result in achievement of ignition 
by these upgrades, we recommend that effort be 
expended to pursue attainment of these innova­
tions. 

In the context of the upgrade study 
described in tr.is report, a large new machine 
(designated TFTR-II because i t is not really 
an upgrade) was considered as an alternative 
to TFTR U-a (;ee Table 6.2) . This machine 
would focus primarily on ignition plasma 
physics and P"esuwiably would correct the 
deficiencies af U-4 (larger TF bore, augmented 
cooling, shielding to handle ignition, and 
some impurity control) and use the existing 
(after completion of the baseline experimental 
program) TFT3 fac i l i t y . U appe* . that the 
maximum hardware savings which could be realized 
by using portions of the existing TFTR fac i l i ty 
is about S9C-95 mil l ion. This savings, i f i t 
could be achieved, would be obtained at the price 

of f lex ib i l i ty wA interference with the baselir.e 
operation j f TFTR. Regardless of when TFTP.-II is 
in i t iated, i ts availabil i ty is tied to the base­
line TFTR schedule, which currently calls for 
coroletion of D-T operations in 1986. At this 
point, fac i l i ty and equipment modifications 
could be completed and common items of equipment 
switched over fror TFT? to TFTR-II. Allowing 
for at least a year of nor.-3-T checkout ar.d 
experi*ier,ta1 operatior, the ea r l i e i t that in i t i i i 
D-T operation of ". FTr!-II could occur would be 
1987-1988- I t should be noted that th:s approac.i, 
starting <ith new f a c i l i t i e s , is one of the 
TNS options under consideration (see Sect. 6 .2 .3) . 

T:e TFTR-II approach, which has only brief ly 
been examined here, certainly merits additional 
study to develop ful ly Its advantages and dis­
advantages, and i t is recwnendeJ that consider­
ation be given to pe'fonping such a study, rfe 
do fee l , however, that there are a number of 
basic dif f icult ies with this approach. 

The applicability of baseline TFTR hardware 
(neutral beam l ines, ^uwer supplies, etc.) 
i"us': be substantiated and quantified. 

ftp://FTP.-II


?u 

• Overall program c r e d i b i l i t y requires that 
the baseline TFTR goals and schedule be 
achieved with minimum compromise-

• Early curtailment of baseline TFTR exper i ­
ments w i l l be d i f f i c u l t to j u s t i f y , i n 
view of the overal l investment involved. 

• The proximity of ex is t ing labs and of f ices 
to the TFTR s i t e may not be compatible 
with ign i t ion level 0-T operations. 

6.2.3 OUc^ssion o f the July 1976 TNS Updated 
Nominal Reference Point 

Our f i r s t studies, from Apr i l through June 
1976, resulted In an improved, sel f -consistent 
reference point which included the fol lowing 
parameters: nonclrcular plasma radius of 1.25 n 
« 2.0 m, major radius of 5.0 m, magnetic f i e l d 
on axis of 4.3 T, and a TF co i l bore of 4.5 m 
» 7.3 m. The plasma density assumed was 2 * 1 0 2 0 

«r3 and the fusion power produced was 1900 MW(t). 
The neutral beam power required was 100 MW, with 
an accelerating voltage of 200 keV. 

Physics evaluations 

Our physics evaluations o f th is improved 
reference point indicated that the plasma 
character ist ics were reactor - l i ke and se l f -
consistent. High beta operation was judged 
necessary for an economic reactor, and a 
o^asma density of 2 * 1 0 2 0 m" 3 seemed su f f i c ien t 
for i gn i t i on . Achieving high beta operation 
appeared credible based on analyt ic i nves t i ­
gations of the f l < " unserving tokamak (FCT) 
concept. Attainment of high density is sup­
ported by Alcator resu l t s , which indicate both 
high density and 'nw Z ~ operat ion. 

As shown In F ig . 6 .3 , the physics margin 
for "achievement" of I gn i t i on for th is reference 
point 's minimal fo r a f i e l d on axis of 4.3 T and 
Is I nc re red to more prudent values for f i e lds of 
5.0 T or 6.0 T. Figure 6.4 emphasizes the im­
portance of e f fec t i ve Impurity con t ro l , ind icat ing 
that calculatfonal simulations predict that I g ­
n i t i on fs not "achievable" fo r Z g f f > 1.2 1n the 
particular model conditions assumed. 

Additional physics margins may be Included 
In th is reference point by using a beam Seating 

ja«: o»si :(!'OK 
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Fig. 6 .3 . NT required for i gn i t i on and sys­
tem NT operating character ist ics as a funct ion of 
temperature and various f i e l d strengths. 

system wi th increased accelerating voltage. 
However, fo r energies >200 keV, the a t t r a c t i v e ­
ness of current posi t ive ion technology decreases 
because of reduced neutra l izat ion e f f i c i ency , 
and posi t ive beam systrms may not be adequate. 
Th j re fc re , the need fo r improved neutral beam 
technology or innovative s tar t -up scenario i n ­
creases in importance i f operating f l e x i b i l i t y 
is to be included in the design. 

For th is reference point the poloidal d iver -
tor requirements were not completely spec i f ied . 
The co i l current and posit ion were compatible 
with an FCT PF system, and a scrape-off region 
was included in the TF co l l bore. However, 
vacuum and gas handling considerations were 
not f u l l y factored 1n , and mechanical and 
e lec t r i ca l evaluations were not com d. 

Engineering studies 

Our engineering studies o f th is updated 
reference point focused on the performance o f 
trade studies to serve as the basis for I n i t i ­
at ing conceptual design studies. These trade 
studies can be categorized as "g lobal" and 
" l o c a l . " Glooal trads studies 
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Fig. 6.4. NT required for ignition ari<! sys­
tem NT operating characteristics as a function 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. 

Configuration 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, 
complexity, r isk , and availabil i ty. Prelimi­
nary sizing studies were completed for each 
version of TNS, and emphasis was to be placed 
on model refinement and improvement. The 
versions of TNS which are under study consist 
of: 

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
ci f ic 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 ef fort was 
generalized to consider a broader range of pos­
sible sizes along with technology options (see 
Sect. € .2 .4 ) . 

Af might be expected, the water-cooled 
copper TF coil version of TNS 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 
rCT TNS ignition option -, indicated a size 
variation in major radii of only ±10$ about the 
midpoint radius. 

Operating scenario trades. A complementary 
study was also performed on the relationship of 
pulse length, duty factor, and relat ive cost. 
The reference point (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 pulse 
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 conclusion is 
that total cost Is much more determined by the 
requirement to achieve ignition than by the 
requirement to sustain the bum. 

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. 

• TNS-1 - D-T foel with copper TF coi ls , 
• TNS-2 - H 2 fuel with NbTi superconducting 

TF colls (included for compari­
son with D-T case), 

• TNS-3 - D-T fuel with NbTi superconducting 
TF colls, 

• TNS-4 - D-T fuel with Nb3Sn superconduc­
ting TF coils, and 

• TNS-5 - D - T fuel with copper/NbTi (hybrid) 
TF coils. 
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Fig. 6.S. Dependence of relative hardware 
costs for various systems on pulse duration and 
tine interval between pulses, based on reference 
TNS-3 configuration of 6/30/76. Systews 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 vacuus enclosure 
with individual vacuum dewars about the 
superconducting field coils. The cell 
atmosphere would be maintained slightly 
below ambient; 

2) a primary toroidal high vacuus 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 coll dewars; 

4) evacuation of the entire test cell. 

Thermal evaluation of the various enclosure 
options was completed and vacuum pumping re­
quirements defined. A definitive recommendation 
was not a&de at this time pending further 

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 alloys, and 
- molybdenum alloy TZH. 

The criteria used in the comparison were: 
- aechanical-chemical properties, 
• thermophyslcal properties, 
- reliability, 
- radiation and safety, and 
• specific device factors. 

The results of the evaluation favor type 316 
stainless steel by a considerable margin. 

Preliminary cost estimate 
A scoping Plant and Capital Equipment (PACE) 

cost estimate 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 in many 
cases, many estimates had to be made as to ap­
propriate sizes and ratings of the most cos -
sensitive components. These estimates were <ade 
at the second level of the reference work breik-
down structure (i.e. major subsystems) and based 
primarily on unit costs derived from the vendor 
quotation evaluations prepared for the TFTR 
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: 
• ignition is costly and difficult, 
• ignition is a cost and technology threshold 

to reactors, and 
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primary focus should be on large uncertain 
cost itecs (heating, fueling, impurity 
control). 

The initial T«S studies of the April-June 
1976 quarter resulted in the selection of tn 
updated July 1976 reference design point for 
TNS. The subsequent, auch larger effort in 
the July-September 1976 transition quarter was 
designed to support the selection of feasible 
technical goals for TUS. Operational trade 
studies of pulse length, downtime and frequency, 
considerations of materials, assembly techniques, 
and investigation of the July 1976 reference 
point made up much of the transition quarter's 
activity. The original objective of the transi­
tion quarter's activity was the definition of 
a comprehensive reference design based on the 
selection of the July 1976 design point. As 
a result of discussions between OML and DNFE, 
this objective was changed to be a aore broadly 
based examination of alternative design routes 
to an ignition device. This broader study was 
aioed at Identifying the range of technical 
benefits and risks and total cost to support 
recommendation of a design concept for con­
tinued reference design investigations for TNS. 

6.2.4 Exploratory Studies to Support Conceptual 
Design Point Decision in Hid-FV 77 

The intent of this phase of the TNS program 
Is to cone to a well conceived and supported 
starting point for reference design studies 
by arfd-FY 77. Achievement of this design 
basis is being pursued in an integrated pro-
gran consisting of four win parts. 

1) He are specifically investigating the Most 
critical scientific problems, especially 
impurity control and PF winding locations, 
as well as determining the sensitivity 
of plasna performance to variations in 
key parameters. 

2) We are performing a trade study evalua­
tion to support a plasma size and TF coll 
technology decision. 

3) we are evaluating research and development 
(R&D) programs to identify available 
and required experimental support basis. 

41 we will begin developing a comprehensive 
construction schedule and plan to establish 
proper sequencing of design tasks. RIO 
tasks, and construction elements to support 
the orderly preparation of a TVS device. 

The findings in each of these four areas will be 
synthesized *nto the reference design decision 
process. 

Our goal continues to be the definition of 
the best next tofcamafc step after TFTR, con­
sidering objectives, achievabillty, and reactor 
viability. Our r l.ary objective for TNS is 
development of a fusion reactor core which can 
be extrapolated to an economically viable reactor 
plant. This objective requires achievement of 
ignition at a high power density that is e f f i ­
ciently developed (r -. 5-152); however, this 
objective does not specify a particular path 
of implementation considering both physics and 
technology. The objectives of the TNS study 
are more immediate than a set of working draw­
ings; the TRS design project is needed now to: 

• initiate required RW programs, 
• focus experimental programs, 
• 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 explmtory work is needed before a 
decision on a TNS reference design is made be­
cause implementation 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 ti ls uncertainty. 

Physics evaluations 

The continuing theoretical analysis and ex­
perimental results are supportive of basic TNS 
physics assumptions. A parameter sensitivity 
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study identifying ignition requirements as a 
function of operating parameters 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 averaged 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 ISO keV) beam energy 
needed to achieve ignition. Nagnetohydrodynamic 
(JHO) equilibrium and stability analyses have 
provided encouraging results to support attain­
ment of high beta operation in a flux conserving 
manwr. 

Basic assumptions and experimental results. 
Two basic assumptions set tne bases for our 
scientific work: 

1) high density, high beta operation leads 
to ignition in smaller, less costly 
devices, and 

2) high beta (>5X) Is obtained in an Fa 
by rapid heating and is maintained. 

The correctness of these assumptions is subject 
to some fundamental uncertainties in our 
present knowledge, namely: plasma 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 results 
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. OMAK has demonstrated ion and electron 
heating by neutral beams and density increase 
due to gas puffing and Injection. Scaling 
laws of nr -v n J a 2 , Z ^ ^ 1/n have been 
observed 1n OMMC, Princeton Large Torus (PLT), 
T-10, Alcator, and Pulsator. Plasma densities 
much greater than 10 2 0 m*3 have been observed 
In Alcator and Pulsator. 

Performance prediction sensitivity. Con­
tinued work on understanding the sensitivity 
of the model predictions to 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 n , B_, T . , a (elongation). 
Z . . . and confinement time. Also, variations of 
the empirical scaling law were considered, as 
well as various coefficients in the trapped 
particle scaling relationships. In scaling 
from one device size to another, the product na 
is held fixed to allow for a constant nx product 
and a constant beam penetration depth. 

In each variation, a plot of ignition re­
quirements and expected performance was developed 
as a function of the relevant parameters. In 
this manner, a graphic depiction of the potential 
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 sensitivi­
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 best 
next step. 

WD equilibria with transport modifications. 
Time-dependent modifications of HMD equilibria 
by a large but finite conductivity of th< plasma 
are being studied to predict the access to high 
beta and the long-time plasma behavior efter 
reaching high beta examination of steady-state, 
FCT equilibria with the pressure profile deter­
mined by energy balance requirements has been 
initiated. Energy transport calculational 
simulations incorporating the alpha heating 
from D-T reactions have been Initiated to deter­
mine required beam heating profiles. 
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The one-diBensianal, time-dependent OSW 
transport code witn uniform fueling, divertor 
boundary, and one-tenth trapped particle losses 
has been used to demonstrate TNS burning 
equilibrium. Assuming a spatially flat fueling, 
centrally peaked profiles of plasma density and 
temperature are derived self-consistently and 
indicate that ignition can be achieved at a 
beta of <1OT rather than at the previous estiaate 
of 8 - 15S using spatially averaged parameters. 

A tiae-dependent, tMo-diaensional WO equi­
librium code has been coupled to the OWL trans­
port code to examine the physics of rapid 
heating in high density plasaas. A caicuiationai 
simulation (100 W at 120-keV beam injection 
into a 0.85-a radius tokaaak) provided an inde­
pendent demonstration of the existence of flux 
conservation, naaely alpha profile remains fixed 
in a large, rapidly heated tokaaak. While alpha 
profile remains fixed, other plasaa parameter 
profiles (e.g.. electron density) change 
markedly during the intense heating. While 
earlier calculations assumed that flux con­
servation was a constraint, this simulation 
shows i t to be a self-consistent result of 
rapid heating. 

We ha/e coupled an optiaized HHD FCT 
equilibrium with a simplified transport code 
to determine the required beam heating profiles. 
Peaked pressure profiles reveal low beta 
values for Ignition (71) and bum (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 conditions (Z « ^ 1). 

Having discussed various transport 
implications of higher beta equllibri?, the 
stability question will now be considered. 
At this stage of analysis of MHD stability 
there ere st i l l many uncertainties. 

• Present estimates of ballooning instabili­
ties are based on linear Ideal MHO codes. 

• Thus far, instabilities have been studied 
for a narrow range of equilibria. 

• Stability limits can depend strongly on 
shape and profile effects. 

In light of these concerns we are engaged in an 
extensive program of analysis. 

• We are using our stability codes as well 
as studying results from elsewhere, both 
numerical and analytical. 

• With our linear, ideal, initial value MHO 
stability code, a marginal stability point 
is found at S ̂  51. 

• This value (3 ^ 5%) is near to ignition 
requirements, which have been reduced 
through inclusion of profile effects. 

Conclusions. From our studies so far, 
having developed and used a wide variety of 
powerful tools, tne following important con­
clusions emerge. 

1) Sensitivity studies support need for 
flexibility ir. operating parameters. 

2) Because of profile effects, a given 
fusion power level can be achieved at 
a 6 < 101 rather than S i 15X with 
spatially averaged parameters. 

3) Flux conservation emerges as a self-consis­
tent feature in our calculations. 

4) Alpha heating lowers beam energy and beam 
power requirements to ^150-keV levels. 

In order to limit the set of distinctly 
different options satisfying our objectives to 
a reasonable size, we concluded that plasma size 
and TF coll technology are the most important 
characteristics to investigate 1n our init ial 
trade studies. Plasma size is judged to be the 
most Important characteristic because i t directly 
translates into machine and plant size and cost. 
In addition to the quantifiable* of device size 
and cost, plasma size 1s judged *.o be a key 
parameter in evaluating the fle-.1b1lity of the 
system to achieve our objectives. TF coil 
technology Is considered as on; of our highest 
priority parameters because available options 
exhibit a discernible range of maximum magnetic' 
field and a wide range of system complexities. 
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In addition, a choice of TF coil technology is 
needed as soon as practicable to provide tiaely 
input to our ongoing RID programs. 

Engineering evaluations 

Our engineering evaluations are focused 
on trade studies to define a conceptual design 
point by mid-FY 77. We have completed a l l 
tasks established for our f i r s t quarter FY 77 
work plan. He have developed the trade study 
framework, including: 

• statement of TNS objectives, 
• determination of design options, 
• production of trade study logic and 

tools for cost ana performance analysis, 
• development of detailed ground rules, and 
• ini t iat ion of trade studies. 

Objectives. Our objectives of a fusion 
reactor design define TNS trade studies: 

• achieve ignition and demonstrate burning 
dynamics, 

• 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 minimum time to com­
mercialization, Me find that the total 
number of major machines (and hence cost) 
between TFTR and Demo must be minimized. 

Design options. Achievement of our 
objectives is most sensitive ( I . e . , cost, 
risk) to the choice of plasma size and TF 
coil technology. The versions of TNS under 
consideration Include: 

BT-max • TF col l technology 
TNS-1 Mater-cooled copper 12 T 
TNS-3 superconducting NbTi 8 T 
TNS-4 superconducting Nb3Sn 12 T 
TNS-5 hybrld-NbTI/copper 8 T/12 T 

• Plasma physics considerations 
plasma size, minor radius 1-2 m 
ft. on axis 4-6 T. 

Consideration of the previous TNS-2 option 
(TNS-3 with hydrogen fuel) has been terminated 

because i t is not consistent with our stated 
objective of ignit ion. 

After being used to determine these 
highest priority choices (plasma size and TF 
coil type) the trade study methodology Mi l l 
permit sensitivity studies in other areas; for 
example: pulse length arc! duty cycle, location 
of PF windings, gas throughput-impurity 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 required to 
ensure that a firm engineering basis for tech­
nical decisions is factored into our trade study. 
The calculatlonal model 1s a semiautomated design 
procedure coupling known relationships and engi­
neering judgment- This procedure incorporates 
the following steps: 

1) 
2) 

3) 
4) 

sizes vessel, coil, and shield systems, 
sizes plasma/magnet support systems 
(neutral beams, vacuum, tritium, power 
supplies, and cooling), 
sizes facility support systems, 
represents major system Interactions, 
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Table 6.3. Sumaary of ground rules and assumptions - TNS configuration trade studies 

Operation 

Design basis fac i l i ty l i fetime 
Total number of pulsing cycles 
Pulse repetition period 
Pulse scenario 

Pulse OH 
Neutral beam injection 
Ignition excursion 
Bum 
Quench 

D-T operation envelc^-e '[design basis) 
Annual dose at s i te boundary 
On-site restricted area annual dose 
On-site restricted irea quarterly dose 
On-site unrestricted area annual dose 
Copper electrical insulation dose l imi t 
Upper limits on number of D-T pulses 

Lifetime l imit 
Annual l imit 

Vacuum vessel 

Vessel material 
Construction 
Vessel cross section 
Segmentation 
Kail thickness 
Toroidal l imiter 

Diagnostic penetrations 
Peak bulk wall temperature 
Vessel coclant 

Toroidal f ie ld coils 

Number of coils 
Conductor type 

TNS-1 
TNS-3 
TNS-4 
TNS-5 

Coll shape 
Peak f ield at conductor 

10 years 
106 

300 sec 

0-2 sec 
2-8 sec 
3-16 sec 
16-32 sec 
32-42 sec 

Cooling mode 
Fault protection 

< 5 
< 1 re» 
< 600 
< 100 
10 1 3 rads 

Equivalent to 4000 ful l energy pulses 
Equivalent to 1000 ful l energy pulses 

AISI 316 SS 
I-beam stiffened shells (M/O bellows) 
El l ipt ical 
Mot factored into models 
Variable 
One or two tungsten segments 
(radiation cooled) 
Fixed number 
400°C 
Mater 

Variable 

Copper (H20-cooled) 
NbTi (LHe-cooled) 
Nb3Sn (LHe-cooled) 
Copper/NbTI (H20-LHe-cooled) 
Constant tension "0" 
12 T - copper 
8 T - NbTi 
12 T - NbjSn 
Single phase forced flow 
Electrical provisions only 
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Table 6.3. (continued) 

Poloidal f ie ld system 

Conductor material 
Location 

OH flux swing 
Conductor current U n i t 
Conductor current density l imit 
Conductor coolant 

Impurity control technique 

Vacuum paying 

Final pu l ing stage 
Base pressure (prepulse) 
Outgassir<g surface area 

Tritium systems 

0n-<1te/in-process T 2 Inventory 
Tritium storage 
Fuel recovery-recycling plant 
Tritium cleanup systews 
Fueling 

Neutral beam Injection lines 

Bean power, energy 
Single arm specifications 

Sources 
Dimensions 
Humber 

Vessel aperture per l ine 
Duct shielding 

Heat dissipation systems 

Final fac i l i ty heat sink 

Vacuum vessel coolant 
Shield coolant 
Buffer loop coolant 
Cryogenic refrigeration systems 
Facility a i r conditioning 

Thermal loads 

Oxygen free high conductivity copper 
OH windings outside TF 
VF windings inside TF 
Van able 
20 kA 
1.5 kA/cmZ 
Forced flow water 

Mall treatment (low sputtering l i n e r , low-? 
wa l l , etc. ) 
Note: I t is recognized that a magnetic 
divertor may be necessary. This w i l l be 
examined in a parallel study. 

Cryosorption pumps 
1 x i o - 8 ton-
Ten times smooth area of vessel 

Variable 
Uranium chip beds 
Variable capacity (cannon approach) 
Variable capacity (common approacM 
P r e f i l l : gaseous 0-T 
Refueling: solid T and D-T pellets 

Varies with plasma conditions 

Three 100-A positive ion 
10.4 m long " 4 m wide " 6 m high 
Varies with plasma conditions 
Duct 40 cm wide * 90 cm high 
As required by coil type 

Mechanical draft evaporative cooling 
towers to atmosphere 
Hater - variable capacity 
Borated water - variable capacity 
Water - variable capacity 
Variable capacity 
Fixed base load, reactor cell a i r 
conditioning variable 
Variable - depending on option 
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Table 6.3. (continued) 

Operational diagnostics 

Number, type, penetrations 

Electrical systems 

Facility feed 
Superconducting TF supplies 

Cu TF supplies 
Neutral beam supplies 
Poloidal field power supplies 
Electrical loads 
Instrumentation and Control 

Architectural and facility 

Site 
Reactor cell 

Electrical power system buildings 
Balance of plant buildings 

Constant in all studies 

Fixed util ity constraints 
Line-driven rectifier supplies (except 
for hybrid) 
AC-HG storage-rectifier conversion 
AC-NG storage-rectifier conversion 
AC-HG storage-rectifier conversion 
Variable — depending on option 
Fixed for all options 

SCO m radius site boundary "free-standing" 
Reinforced ordinary concrete 
Fixed walls (--2.9 m), ceiling b£.3 m), 
vertical height fixed 
Floor space, basement: variable 
Variable 
Fixed 

5) checks for internal consistency 
(mechanical, structural, thermal, e t c ) , 
and 

6) provides cost estimates for all work 
breakdown structure (WSS) and PACE items. 

COAST, the TNS system code, models al1 
major subsystems and computes costs; a summary 
of the COAST logic is presented in Fig. 6.7. 
An example of the level of detail incorporated 
into the COAST code Is summarized in Fig. 6.8. 

engineering 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 assembly and 
access, facility Interfaces and impact, and 
overall systems integration. 

Me conclude that this semi automated 
methodology plus engineering judgment will per­
mit quantitative comparisons of TNS options at 
a level consistent with the depth and breadth 
of our current knowledge. 

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. 

He have attempted to identify a set of 
design assumptions which will yield representa­
tive model solutions and represent the key size 
and cost sensitivities which can bev on a 
final decision (see Table 6.3). No attempt is 
made In the present study to provide detailed 
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) 
judgment 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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in COAST code. 

Example of system detail Included 

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. we have 
placed strong emphasis on materials selection, 
treatment, quality control, in situ cleaning, and 
bakeout. Ue have assumed passive wall treatment 
and plasma edge control for our trade studies. 
However, in conjunction with the trade studies, 
alternate concepts are under investigation: 
Magnetic divertors, gas blanket divertor, and 
various particle collection approaches. He 
judge that our choice for trade studies will not 
prejudice our selection process and as detailed 
design analysis is initiated, alternate concepts 
can readily be factored in i f they are judged 
necessary. 

Ue conclude that these common elements of 
all TNS 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 coil power con­
ditioning 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 loop including energy 
storage facilities to buffer peak thermal loads. 
The OH coil power conditioning circuit, Fig. 
6.10, provides fuel control 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 determined. 

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 
6.11 presents an example of the design layouts 
obtained from our trade study evaluation and, 
Table 6.4 summarizes the major characteristics of 



245 

DEVICE 
( HEAT LOADS 

OWL DWG 77-6417 

315 K u 
MX3—CQ—I 
305 K 

335X 

Fig. 6.9. Schematic of vacuum vsssel and shield cooling systens. 

ORNL DWG 77««18 

I 
SWITCH AMD PLASMA 

"7" INITIATION RESISTOR 

RECTIFIER-
INVERTER 
RECTIFIER-
INVERTER 

HIGH VOLTAGE 
SUPPLY FOR 
STARTUP AND 
SHUTDOWN 

OH . 
CO;L : 

(^ 

HIGH VOLTAGE 
SUPPLY FOR 
STARTUP AND 
SHUTDOWN 

SHUNT 

SWTCH 

OH . 
CO;L : 

V«G 
^ 

HIGH VOLTAGE 
SUPPLY FOR 
STARTUP AND 
SHUTDOWN 

SHUNT 

SWTCH 

OH . 
CO;L : 

KZS ^ 

HIGH VOLTAGE 
SUPPLY FOR 
STARTUP AND 
SHUTDOWN 

OH . 
CO;L : 

^ U, ^ 

LOW VOLTAGE SUPPLY 
FOR BURN 

^ 

LOW VOLTAGE SUPPLY 
FOR BURN 

^ 

Fig. 6.10. Schenatic of OH coil power conditioning circuit. 

the THS-3 options. Table 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; however, 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 

search strategy will be a ij us ted to seek mini­
mum 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 
colls for the TNS-3 option. 

Selection criteria. A rating system is 
being developed for TNS configuration selection. 
The major attributes to be considered follow. 
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Development of a j roqrar pi an 
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Table 6 .4 . TNS-3 option major character ist ics 

TF co i l system 

TF cooling 

Centering force 
res t ra in t 

Peak current density 
over winding s lo t 

Peak f i e l d at 
conductor 

A /A (area of s t ructure/ 
area of conductor) 

NbT i . tnu'i t i f i 1 amen ta r y , 
pancake wound 
Liquid helium, supe rc r i t i ca l , 
forced flow 
Sucking cyl inder (noses 
in coimon dewar, 

2500 A/on : 

8 T 

1.5 

http://C2r.tr;'
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1) est»bl ishing the proper sequencing of 

design, RAD, and construction elements to 

support the orderly design and constr. _:ion 

of ras, 
2) ivSeiitt'fication of a l l c r i t i c a l research, 

development, and demonstration tasks and 
programs necessary to support operation of 
THS. 

3) i den t i f i ca t ion of the necessary schedule 
for TNS operation in 1986, 

4) iden t i f i ca t ion o f modifications in the 
schedule o f ac t i v i t i es as a function o f 
changes in scheduled operat ion, and 

5) iden t i f i ca t ion of the budget fo r each of 
the two preceding objectives and comparison 
with the current budget pro jec t ion . 

Table 6 .5 . Example of major component modeling - TF co i l assembly logic 

Input 

Determine 

Check 

Iterate 
Calculate 

TF co i l type and number, 
plasma spec i f ica t ions. 
Inner TF leg radial clearances 
(pUsma l i n e r , vessel, nuclear 
sh ie ld ing , SF c o i l s , thermal 
sh ie ld ing , dewar, s t ruc ture , 
asset*'v and expansion, nose 
r i p p l e , . 

Outer leg radial Clearances 
(space for components, or NB 
access or r i pp le ) . 

Radial bu i ld (ampere turns, 
r i p p l e , conductor-structure areas). 
Vert ical bore constant tension D. 
To ensure that components f i t . 
As needed for consistency. 

Material volumes and cost of a l l 
assembly elements. 

08 
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28 

Fig. 6.12. Example of cost Information 
available from COAST code - re la t i ve cost vs 
number of TF co i l s . 
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The TNS concept used for the bas*s of this 
assessment is the July 1976 reference point 
including the four TF coil options. We are 
scheduled to complete a f i rs t draft of the 
program plan early next year. 

6.2.5 Conclusions 

The Oak Ridge TNS program is establishing a 
way to proceed toward the next step tokamak con­
finement device beyond TFTR. TNS is a device 
which leads 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 new design, TNS after TFTR, 
having a higher benefit/cost than EPR. 

The TNS program, now in the cufly rf»sign 
stages, is focusing on providing bases for a 
conceptual design point decision by mid-FY 77 
by: 

• conducting a physics parameter study 
that provides theoretical framework, 

• conducting an engineering trade study 
that develops quantitative comparisons, 

• identifying specific RAO requirements 
that establish breadth of support needs 
and avai labi l i ty , and 

• in i t iat ing a thorough consideration of 
an ovenl l 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 Lithium' 

J. F <*»li» 
Thermal convection loops were fabricated of 

types 304L and 321 stainless steel and operated 
with lithium 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 
Maximum corrosion rates of about 0.5S mils/year 
(3.7 mg/c* 2) were obtained ior 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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deposition rate of chromium occurred at 
a temperature considerably above that for nickel. 
Metallography, electron •icroprobe analysis. 
Height change measurements, x-ray fluorescence 
analysis, x-ray diffraction, scanning electron 
Microscopy, and Magnetic susceptibility measure-
•cnts Mere used to study the aass transfer 
around the loops. 

7.1 2 Compatibility Tests in Static Lithium 
0. E. Selle 

Additions of various eleaents were Made to 
lithium in static capsules for the purposes of 
identifying adverse effects of potential impuri­
ties In lithiun, 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 stainleri 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, aluninum, and carbon. With 
the possible exception of carbon, all of the 
latter additions show potential for providing 
a diffusion barrier to inhibit the migration of 
alloying constituents fro* t?se stainless steel. 
Nitrogen has an adverse effect on corrosion by 
lithium under static conditions. Calcium and 
yttrium appear to be effective 1n removing nitro­
gen fro* lithium In static capsules. 

7.1.3 The Reduction of A1 20 3 in niobium-Lithium 
Systems at 1000*(? 

J. E. Selle J. H. DeVan 
Various grades of A1 20 3 were sealed Inside 

capsules of Kb and Nb-lt Zr and exposed to liquid 
lithium for 3000 hr at 1000'C. Similar but 
unsealed capsules were tested under vacuum. Re­
duction of the A1 20 3 occurred In the lithium 
treated capsules, but not in the vacuum treated 
cai-Miles. Metallography and electron mlcroprobe 
analysis showed reaction products 1n the form of 
compounds of niobium, aluminum, and zirconium. 
Lithium act>d as a sink for oxygen. 

7.1.4 Determina;i> *f Oxygen in Lithium 
J. E. Strain J. H. OeVan 

In 1969 the Metals and Ceramics Division of 
0RHL established a 14-MeV neutron activation 
analysis facility to determine oxygen in reactive 
metals, especially lithium and potassium." Using 
this facility, we conducted a cooperative study 
with R. H. Yonco and V. A. Haroni of Argome 
National Laboratory (AM.) to measure the solubil­
ity of lithium oxide in liquid lithium. Aliquots 
of saturated lithium-oxygen solutions were drawn 
into thin-walled nickel capsules by the AM. 
workers, and the Individual capsules were 
analyzed for total oxygen content at OHM.. A 
total of 28 solubility determinations were 
covering the temperature range 195-734'C. 

7.1.5 The Corrosion Resistance of Type 316 
SSTnless Steel to Li2B>F»3 

J. R. Reiser J. H. DeVan D. L. Manning 
The corrosion rate of type 316 stainless 

steel in molten L1F-BeF2 (66-34 mole I) 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 
t z i -Jnt fiuorlde 1on oxidation potential as 
determined by an on-line volt-ammster. 

A corrosion rate of 5.6 mg/o^-yr was ob­
served initially In the as-received salt. This 
rate decreased as reactions with initial salt 
impurities 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 SuperalloyV 

J. E. Selle 
A review of the 'Iterature on the effects 

of helium impurities on superalloys at elevated 
temperatures was undertaken. The actual effects 
of these impurities vary depending on the alloy, 
composition of the gas atmosphere, and tempera­
ture. In general, treatment 1n helium produces 
significant but not catastrophic changes in the 
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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 MECHANICAL PROPERTIES OF STRUCTURAL 
MATERIALS 

K. C. Liu C. R. Brinkman 
This is a new prograa which was initiated 

at the beginning of the FY 76 transition quarter. 
The objective of this program is to identify 
•aterials 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 de­
sign z? 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 reseat xh 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 design applications to 
major MFE systems and components, and (2) a set 
of comprehensive mechanical properties data of 
MFE structural materials for use in the imple­
mentation of the design rules and criteria. 

To achieve the first goal, a coordinated 
effort is required in setting a national commit­
tee on structural design and materials engineer­
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 
mechanical 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 held at Brookhaven National 

Laboratory (BNL) September 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 AKL; a study of the 
counterpart by General Atomic 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 assessment of the strengths and 
shortcomings of existing structural design codes 
and standards that are used in design of nuclear 
components 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 ' te 
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 problems5 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 hEuTRONICS 

7.3.1 The Spatial Variation of the Damage 
Energy and 6as Production in the 
Experimental Volume of a LiCD.nr 
Neutron Radiation Damage Facility6 

R. G. Alsmiller. 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 niobium when this 
volume 1s partially filled with experimental 
samples. The neutron nonelastic cross-section 
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data at the higher energies (>15-20 HeV) needed 
to carry out the transport calculations Mere 
obtained from the intranuclear-cascade Model of 
nuclear reactions. 

7.3.2 Neutronics Calculations for the 
TFTft Weutral Beam Injectors? 

R. T. Santoro R. G. Alsailler, Jr. 
Estimates, based entirely on one-dimensional 

transport calculations, of soae 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 Plaswa 
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-
der<teron beaM duMp are considered. The results 
presented he- e are intended to indicate potential 
radiation probleas 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, soae 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 
ports, 

2) activation of the injector superstructure, 
and 

3) heating 1n the cryopanel assemblies. 
For 2.6-MeV neutrons, estimates are given of 

1) activation of the calorimeter structure, 
and 

2) dose rates in the vicinity of the charged-
deuteron beam duMp. 
It is to be noted that no estimate is given 

here of the activation of the charged-icattrun 
bending Magnet since at the time these calcula­
tions were performed no design for this Magnet 
was available. 

7.3.3 Neutronics and Photonics Calculations 
for the Tokamak Experimental Power 
Reactor* 

R. T. Santoro V. C. Baker J. M. Barnes 
The results of one-dimensional neutronic 

and photonic calculations that compare the 
nuclear performance of blanket and shield designs 
proposed for use in the Tofcanak Experimental 
Power Reactor are presented. The nuclear analy­
sis was carried vit for both nonbreeding and 
tritium-breeding blanket 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 potassiua only as the energy-
absorbing Medium and breeding blankets that use 
natural lithium as the fertile material were 
evaluated as a functio-i of the first-wall 
cooling scheme. 

7.4 RADIATION EFFECTS 

7.4.1 Recent Progress in Bulk Radiation 
Effects Studiess 
F. M. Hiffen 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 limits on reactor response than 
would be set based on results of fast spectrum 
fission reactor experiments. Low flu^nce, 
ambient temperature irradiations with 14-i<eV 
neutrons have been compared to fission reactor 
irradiations on tne basis of changes 1n several 
physical properties in a number of different 
materials. These comparisons sjggest that 
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fission reactor neutrons provide an adequate 
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 saae amount of 
transmutation products as will fusion reactor 
service, all simulation experiments must be 
evaluated with awareness of this restriction. 

7.4.2 Neutron-Irradiation Effects in 
Molybdenum and Molybdenum Alloys 1 0 

J. Bentley F. W. Wiffen 
Molybdenum, Mo-O.SX Ti and TZH alloys have 

been irradiated *n Experimental Breeder Reactor 
II (EBR-II) at temperatures of 698 to 1273 K to 
fluences of 2.5 * 10 2 S neutrons • m' 2 (E 
> 0.1 MeV) or higher. The results of a transmis­
sion electron microscopy investigation of the 
irradiated specimens are reported. Microstruc-
tures generally coarsen with increasing irradia­
tion temperature and there are no pronounced 
effects of alloying. The suppression of void 
formation in TZH observed at lower fluences 
(VI o 2" neutrons • m- 2) was not observed at the 
present higher fluences (>10 2 6 neutrons • «r 2) 
more typical of projected fusion reactor opera­
tion. 

7.4.3 Swel1ing and Hicrostructural Changes 
in Type~316 Stainless Steel Irradiated 
Under Simulated Fusion Conditions" 

P. J. Haziasz F. M. Wiffen E. E. Bloom 
Tensile specimens of type 316 stainless 

steel were irradiated in tie High Flux Isotope 
Reactor (HFIR) to displacement damage levels 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 10bO°C) and the 
20X cold worked condition. The microstructures 
of these samples were examined by transmission 
electron microscopy (TEH). The results were 
compared with specimens of the same heat of steel 
irradiated in EBR-II to approximately the saw* 

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 a W increased rapidly from 550 to 680°C. 
Swelling in cold worked samples was less than in 
the annealed samples for all temperatures except 
680°C. Swelling 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 :izes, 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-Hall Structural Materials 1 2 

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 components, stresses will be Imposed 
directly by coolant temperature gradients, 
imposed cyclically by the duty cycle of the 
reactor, and developed over long time periods by 
irradiation-produced swelling. Accommodation of 
these stresses will require some plastic defor­
mation, although the required levels of duc­
tility cannot yet be specified. 
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Several ductility reduction processes are 
possible, depending on the choice of structural 
•aterial and the teaperature-flux parameters of 
reactor operation. In soae body-cantered cubic 
(bcc) aetals, the OBTT can be raised by irradia­
tion to itell above room temperature, and perhaps 
to the reactor operating temperature. Failures 
in this case are predominantly by a cleavage 
•ode, with soae component of grain boundary 
separation. In aetals and loading conditions 
where failures are ductile and transgranular, 
elongation to fracture can be severely reduced, 
although the local ductility as measured by 
reduction in area at the fracture aay be very 
high. The failure aode in this case occurs by 
the onset of plastic Instability at yielding. 
All deformation is restricted 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 defora the matrix. 
A general loss of ductility usually accompanies 
the lattice hardening resulting fro* 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
lished in bcc metals with potential for fusion 
application.13 In the case of molybdenum alloys, 
the DBTT can be raised to 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 
molybdenum structures to withstand the stresses 
generated during shutdown cycles of a reactor. 
Ductility loss by the onset of plasty Instabil­
ity Is Important under some conditions 1n 
niobium 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 coaponent 
overloaded to Its yield stress will defora to 
fracture under constant or decreasing load. 

Under other irradiation and test conditions, 
niobium and tantalus alloys exhibit a general 
ductility loss while sti 1 retaining appreciable 
uniform elongation. Vanadium alloys exhibit a 
similar behavior. Ductility reductions are 
observed, but the uniform elongation 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 decohesion 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 limiting the fusion application of 
other c1asses of alloys has not generally been 
established, although limited evidence suggests 
it is important in soae other alloys. 1 6 Stain­
less steel irradiated under simulated fusion 
conditions at lower temperatures also shows re­
duced tensile ductilities, but the failure aode 
has not been established. 

Proposed fusion reactor operating conditions 
will lead to everely 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 available 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 teaperature-fluence-
straln-rate dependence of ductility reduction in 
proposed fields of reactor operating parameters. 

7.4.5 The Use of 088 in Simulating Fusion 
Reactor Irradiation? 

J. A. Horak 
The continuing evaluation of the facilities 

that can satisfy the criteria for simulation of 
fusion reactor irradiation conditions has focused 
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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 Hi/* 2 these values are 13 dpa and 
175 appm He per year for type 316 stain­
less stsel); 

2) allow active temperature and stress 
control during irradiation; 

3) have the capability for in situ stress 
and strain Measurement; 

4) allow control of the irradiation environ­
ment; 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 i2 MM/*2 in alloys 
containing nickel. 

2) Instrumentation is available for active 
control of Irradiation temperature, 
stresses, and environments. 

3) It is adaptable for conducting in situ 
measurements. 

4) Large experimental volumes are available 
to accommodate the required test matrix. 

5) The high duty factor results in high 
reactor availability. 

The liabilities of the ORR as a simulation 
facility for fusion reactor Irradiations are that 
It does not match the fusion reactor neutron 
energy spectrum and that It cannot 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 
5 8 W (n,Y)5,H1 
M H 1 (n.a)s*Fe, 
the ratio of the thermal neutron flux to fast 
neutron flux must be periodically adjusted to 

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 additional 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 is decreased, by placing a sleeve 
of aluminum containing from 5-15 at. X 2 3 5 U 
around the experimental assembly. In principle 
it is possible, without difficulty, to have any 
thermal and fast neutron fluxes desired over the 
ramje frop about 1-6 * 1 0 1 8 neutrons m-' sec - 1. 

The two initial fusion reactor materia's 
irradiation experiments in the ORR will emphasize 
type 316 stainless steel but will include 
lesser amourts 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 cally 
pressurized tubes. Postlrradiatlon examination 
of other samples will yield swelling, tensile, 
creep-rupture, and fatigue properties. Support­
ing examination will develop the Irradiation 
effects on microstructure, fracture mode, and 
phase stability as functions of initial micro-
structure and Irradiation parameters. 

7.4.6 Irradiation Experiments 1n Progress 
N. L. Grossbeck J. A. Horak P. J. Huiasz 

F. U. Hiffen J. M. Hoods 
The lack of Irradiation 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 must be 
accomplished using simulation techniques. In 
the ORNL irradiation effects program, the 
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emphasis is on simulation using fission reactors. 
The rate of the atom displacement component of 
fusion reactor irradiation can be achieved in a 
number 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-
tin tous 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, relative 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 90u"C. The six experiments 
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-II 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 limits. In EBR-II 
experiments, irradiation temperatures in the 
range of 370 to >1000°C can be achieved by 
passive control, either through gas gap control 
of heat flow or through the use of heat pipes. 
Two experiments are currently 1n 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 * 1 0 " neu­
trons/cm2 in the row 8 experiment and 4 * 10 2 2 

neutrons/cm2 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. Base metal and weld metal have been 
included, and samples ^reinjected with helium 
either by alpha implantation or tritium decay 
are included for evaluation of the effectiveness 
of preirradiation helium in simulating fusion 
reactor conditions. A limited number of type 
316 stainless steel and Nimonic PE-16 samples 
are included to supplement the irradiations in 
the mixed spectrum thermal reactors. A greater 
emphasis is placed on the refractory metals in 
these experiments because the thermal reactor 
helium production in nickel-containing alloys 
does not apply in these materials. The refrac­
tory metals included are Nb, Nb-1 Zr, D-43, Mo, 
TZM, V-20 T-:, and V-10 Cr-5 Ti. 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 Development of Fatigue Testing 
Capabilities 
M. ... Grossbeck K. C. Liu 

The pulsed operation of tokamak machines 
causes cyclic stresses in structural components. 
In addition to these cyclic stresses, Irradiation 
will produce helium as well as displacement 
damage. It is, therefore, essential to conduct 
an experimental program to evaluate the effect 
of cyclic stresses on materials irradiated under 
simulated fusion reactor conditions. 

Previous experiments on irradiated materials 
led to contradictory conclusions. The effect 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 irradiation effects 
on fatigue properties. We have initiated 
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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 unambiguous determination 
of iis direction; 

3) determination of the mechanisms of inter­
action 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 failure must be understood; 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 bepn •j?<f;r.cu 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 uniaxial tests on highly 
irradiated specimens. 

7.4.8 Evaluation of Nickel Alloy Response to 
Simulated 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 conditions can be quite different from 
swelling under fast reactor irradiation. The 
differences are due to the greater helium pro­
duction rates under fusion reactor conditions 
ana 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 KFIR 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 *»»p«»riments 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 'ppm 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) Inconel 600 swells throughout the tempera­

ture range of 3OO-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) Denslflcation in PE-16 is observed at low 
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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 unirradi­

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 eC. 

4) Helium clearly determines the fracture 
mode at 700°C. 
On the basis of these results a decision 

has been made to focus future efforts «•» the 
PE-16 alloy. New irradiation experiments will 
expand the matrix of irradiation conditions 
to higher and lower fluences. In addition to 
immersion density and tensile tests, examination 
by electron microscopy, fractography, and metal­
lography will be used to Identify Irradiation 
effects mechanisms. Mhen 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 1' . -sion reactors will be designed. 

7.5 RADIAT-iON SHIELDING INFORMATION 
CENTER 

B. F. Maskewltz R. U. Roussln 0. K. Trubey 
The Radiation Shielding Information Center 

(RSIC), established in 1962, serves the radia­
tion transport and shielding community by 

collecting, organizing, processing, 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, 
computer 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) those activ­
ities associated with evaluated and processed 
nuclear data libraries. 

All of the RSIC services contrirnte to the 
fusion technology program, but perhaps most 
significant is the service offered tnrough the 
MFE Evaluated Cross-Section Library and the MFE 
Processed Data Library. 

Both data activities are of special impor­
tance because RbiC '.i .ciponsible for the 
generation, packaging, and distribution of a 
general purpose neutron cross-section library 
to be used for radiation 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 problems. 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 
applicat:xis. 

During the last year a validation program 
for this 171-neutron, 36-gamjia-rjy group pro­
cessed library was undertaken and completed with 
the cooperation of several NFE contractors 
throughout the country. A 36-<nater1al version 
has been announced Tor general release and de­
signated DLC-41/VITAMIN-C. This is now being 
updated with 25 addition*! materials. 
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Soae of the Materials needed were net part 
of the current U.S. standard evaluated library, 
ENOF/E-IV, which was issued in 1974. The missing 
ones were acquired fro* the livermore Evaluated 
Nuclear Data Library (LENDL) Modified as neces­
sary to conform to proper format, and processed. 
The next update of ENOF/8 will not be made until 
1978, although additional evaluated data impor­
tant for NFE studies will be available soon. 
These will be added to the DHFE Evaluated Library 
and also processed into multigrcup form as part 
of MX-41/VITAMN-C so that they are available 
in timely fashion for use by NFE contractors. 

7.6 SURFACE STUDIES 

7.6.1 Mall Conditioning Studies 
for ORHAK and tSXW 
R. E. Clausing L. C. Emerson 
R. J. Colchin L. Heatherly 

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 Oak Ridge Tokamak (ORHAK). Gold and stain­
less steei 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 simi r manner to 
hydrogen discharges, and similar results have 
been obtained during discharge cleaning in ORHAK. 
Samples directly bombarded as the cathode 
of a glow discharge were more rapidly cleaned 
than those indirectly exposed, i.e., facing 
away from and not imnersed 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 ORHAK 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 

(CH;, and K 20) 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 cleaning 
operation. 

Direct hydrogen ion bombardment of stain­
less steel surfaces and subsequent thermal 
desorption demonstrated that 20-50 monolayers of 
H 2 were present in the surface oxide layer. 
Similar bombardment of nickel 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* 
Techniques!^ 
R. E. Clausing L. C. Emerson 
R. J. Colchin L. Heatherly 

The detrimental role played by impurities 
in thermonuclear devices is now well ki.own. 
Experimental studies to identify those impurities 
residing on the liner, or first wall, of ORHAX 
have been carried out in the laboratory using 
Auger Electron (A£S) and X-ray Photoelectron 
(XPS) spectroscopic techniques. Additionally, 
liner 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 1n 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 control 1 ably contaminate surfaces with hydro­
carbons. 
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7.6.3 Hydrogen Loading and Clean-Up o f 

Tokasak Mall Material"s~during 
Glow Discharge Cleaning!? 
R. E. Clausing L. C. Emerson 

Most of the impurities in the plasmas of 
today's tokanaks get into the plasma from the 
wall as the result of plasma-wall interactions. 
Re-rc-t c.-^eriments suggest that much of ths. 
hydrogen in the discharge may also come froc the 
wall, during glow discharge cleaning, oxidized 
surfaces can be loaded with hydrogen equivalent 
to many monolayers. This hydrogen is weakly 
bonded and easily desorbed by a small increase 
in temperatt-e. The results ?f p~.pcritr.ents 
being carried out both in the Impurity Study 
Experiment (ISX) tokamak and in the laboratory 
concerning effects of ion energy, ion flux, and 
plasmt impurity levels on both the surface 
composi.ion and the hydrogen loading phenomena 
are described. Tokamak discharge characteristics 
will be -jrrelated to wall conditioning in the 
next phase of ISX operations. 

7.6.4 Surface Characterization: Hydrogen ProfTTTr^ 
D. D. AT.Fed B. R. Appleton 

G. J. Clarr C. «. White 
Ions an4 neutral atoms of hydrogen bom­

barding the interior surfaces ot presently 
fusion reactors initiate a series of complex 
reactions which adversely street the plasma and 
materials properties of the first wall. Some 
of tie bombarding hydrogen is reflected with 
loss of energy and/or change of charge bad; in­
to the plasma, some penetrates the wall causing 
radiation damage, sputtering, desorption, gas 
bubble formation, and blistering; some becomes 
implanted, alters many of tne above reactions, 
and causes chemical reactions or alterations 
of metallurgies properties. It is essential 
for evaluating most of these effects to know 
the concentrations and depth oistributions 
of the hydrogen in ':he material. In anticipa­
tion of our need for such information .n the 
cu'rent program, a techniqo? was developed for 
determining the hydrogen concentration in solids 
and was tested on a variety of materials. 

The 'echnique exploits either of two 
resonant nuclear reactions for hydrogen, 
'H^F.i-iH-O or !H( ! 5N,r,)i ;C. Samples contain­
ing hydrogen are bombarded with energetic beams 
of either 1 ? F or !-N obtained fro.? the ORNL 
Tandem Van de Graaff accelerator. *\t the reso­
nant energies [E( 1 9f) - 16.44 MeV. E( l i :N) 
= 6.38 MeV], these ijns interact with :tf, giving 
off monoenergetic gamma rays. Bv varying the 
energy of the incident ion beam, the resonance 
can be made to occur at the surface or inside 
the solid as d?sired. The known or rcteasured 
energy loss of the ions can be converted to 
depth, and the yield of gaKina rays is propor­
tional to the hydrogen concentration at that 
depth. In our initial experiments we Profiled 
a variety of specimens ranging from control 
samples to test the depth resolution and sensi­
tivity of the technique, to samples actually 
exposed to ORMAK, to a variety of insulators. 
The technique was easily sensitive to 0.1 at. J 
hydrogen, and more refined measurement techniques 
could improve this substantially. The i 3F 
reaction had a depth resolution ^75 A near the 
surface and cojld probe to ^.?C00 A be -ore the 
next resonance interfereo. The ''N reaction, 
though down in yield, had comparable sensitivuy, 
a deoth resolution ^30 A near the surface, and 
could probe to depths 1-20,00.0 A. 

These preliminary results demonstrate the 
feasibility of this detection method for hydro­
gen and indicate that it has considerable 
potential for future applications. For example, 
a control sample and one that had been cleaned 
in a hydrogen discharge were given to us for 
analysis by the Surface Radiation Effects groio 
of the Metals and Ceramics Division. Although 
equipment fa-lure prevented us from obtaining a 
quantitative analysis of the samples, we easily 
detected differences in the surface concentra­
tions of hydrogen in the two samples. Slight 
Improvements in the experimental equipment 
(provisions for in situ discharge cleaning, 
heating, etc.) could be applied to determine the 
dynamic behavior (desorption, diffusion, etc.) 
of this and a number of other proDlems relevant 
to MFE. Similarly, studies of a number of 

http://p~.pcritr.ents


different kinds of quartz samples containing 
hydrogen seemed to show that hydrogen in crystal­
line quartz Mas quite mobile under beam irradia­
tion, while in amorphous or highly disordered 
samples the hydrogen appeared to remain trapped. 
This couK' 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 HFE and because 
hydrogen is extremely difficult to detect by 
other methods, this promises to be a useful 
technique for future materials characterization. 

7.6.5 Photon Emission Produced by Particle-
Surface Collisions^ 

C. W. White N. «. Tolk 
Visible, ul traviolet, and infrared optical 

emission results from low-energy (20 eV-10 keV) 
partic* -surface collisions. Several dist inct 
kinds of collision induced optical radiation 
are discussed which provide fundamental infor­
mation on particle-solid coll ision processes. 
Line radiation arises from e.xited states of 
sputtered surface cs-jtiti 'antf. and backscattered 
beam particles. This radiation uniquely identi­
fies the quantum st.ite of sputtered or reflected 
particles, provides a method for identifying 
neutral atoms sputtered from the surface, and 
serves e.s the basis for a sensitive surface anal­
ysis technique. Broadband radiation from the 
bulk of the solid is attributed to the transfer 
of projectile energy to the electrons in the 
sol id. Continuum emission observed well in 
front of transition metal targets is believed to 
arise from excited atom claste-s (diatom c, t r i -
atunic, etc.) ejected from the solid in the sput­
tering process. Application of sputterec atom 
optical radiation for surface and depth p n / i l e 
analysis is demonstrated for the case of submono-
layer quantities of enromium on sil icon and 
aluminum implanted in Si0 2-

263 

7.6.6 Sputtering Calculations with the 
Discrete Ordinates Method 

T. J. Hoffman H. L. Oodds M. T. Robinson 
Sputtering of the first-wall material in a 

fusion device is partly caused by light ion (K 
and He) bombardment. Sigmund 2 1 had developed a 
Boltzmann transport equation model for the 
calculation of sputtering yields, but the tech-
niq- he used to solve this equation, the moments 
method, 2 2 is on'iy valid for infirite medium 
problems and, therefore, is not appropriate to 
sputtering by light ions. 

The most widely used c:id highly developed 
method for numerical solution of the Boltzmann 
equation in finite regions is the discrete or­
dinates method. 2 3 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 shielding code, ANISN,21* to the 
calculation of sputtering yields by :igh» ions. 

Several modifications of ANISN are required 
to treat sputtering problems. A continuous 
slowing down term has been included to account 
for energy losses due to electronic interactions 
and small angle elastic scattering. Methods for 
treating the surface binding energy have also 
been incorporated into the AJilSN calculations. 
The major development effort has been to process 
power approximations of Thomas-Fermi type and 
Born-Mayer type differential cross sections into 
multigroup cross-section sets for discrete 
ordinates computation. 

Preliminary calculations with the modified 
program have been encouraging. Computation times 
are reasonable. Comparisons are being made with 
the analytical theory 2 1 and with experiment for 
heavy, rare gas ion (Ne, Ar, Kr, Xe) sputtering 
as a confirmation of the numerical technique. 
Applications to H and He sputtering will follow. 
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7.6.7 Hydrogen Recycle In Fusion Devices 
S. Datz F-. F. Dlttner S. Overbury 
A systea has been constructed for the study 

of energy exchange, chemical reactivity, and 
chemical sputtering of first-wall Materials with 
charge-exchanged hydrogen from the plasaa. 
The initial study is on pyrolytlc carbon inter­
acting with 10-1000-eV be*«s of hydrogen and 
deuterium. The system - consisting of aass 
analyzed ion beaa, beatable sample, aass filter, 
and electrostatic analyzer, all contained In a 
10~10-torr vacuua - has been completed. A low 
energy Ion backscattering systea for surface 
analysis has been developed and used to aeasure 
surface composition of high purity pyrolytlc 
graphite. Significant concentrations of 0 and S 
are measured which decrease with Ar sputter 
cleaning and are reestablished, presumably by 
diffusion, upon heating to ilSOO'C. The mass 
spectrometer system has been installed, and 
background pressures of CHi, of i-10"i2 torr are 
found in the vacuus system. This should allow 
detection of -x-lO-1" to 10"15-torr CH„ from 
chemical sputtering. A puzzling finding arose 
from a measurement in which carbon bombarded by 
a 10-keV proton beaa was treated with an extrac­
tion solvent which dissolved the hydrocarbon 
component. Nuclear magnetic resonance (NMR) 
analysis indicated the presence of aromatic 
hydrocarbons, in spite of the fact that only 
CH H has been reported as the result of chemical 
sputtering. 

For the low energy (<200-eV H°) anticipated 
from the plasaa, a considerable amount of re­
flection is anticipated. The electrostatic 
analyzer systea has been employed for initial 
measurements of the energy spectra of H* and H* 
backscattered from the carbon target and checked 
as • function of surface Impurity composition 
for both surface conditions. A scheme has been 
devised (but not tested) for absolute determina­
tion of the neutral H° component in the re­
flected beam, which will allow a complete 
determination of the reflected energy spectrum 
which c m then be compared with results of the 
MARLOWE computer program fp«- this system. 

7.7 SYSTEMS STUDIES 
0- Steiner E. S. Bettis T. J. Huxford 
H. E. McCoy A. T. Kense R. L. Reid 
J. L. Scott T. E. Shannon W.C.T. Stoddart 
H. L. Watts W. M. wells R. M. Werner 

The emphasis of the system studies during 
the past year has been directed to the Fusion 
Power Demonstration (Demo) Study. 2 5 The purpose 
of this study is to develop a plan for demonstrat­
ing, in this century, the commercial feasibility 
of fusion power based on the tokamak concept. In 
order to demonstrate comae xial feasibility, the 
technical and economic feasibility of the tokamak 
concept for power generation must be clearly 
established through successful operation of 
demonstration facilities under practical utility 
conditions. A plan for demonstrating coseercial 
feasibility must be based on technological direc­
tions, design approaches, and plasma characteris­
tics which ensure the econocic competitiveness 
of the tokamak concept. Not only stust 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 1s 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 emphasized. 
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 principal 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 
units 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 plasaa auxiliary 
heating. Each reactor unit would produce about 
500-1000 MW(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 foil owing points are noted with regard to 
the commercial tokamak fusion power plant. 

1) The plasaa characteristics required for 
the commercial units are essentially the 
same as those required for an ignition 
demonstration 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 wits with 
common elements ii based on our cost 
studies, which snow that the pulsed equip­
ment required to initiate the plasma 
current and achieve plasma heating repre­
sents -^ZOl 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 MM/m2 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 -vlO-20 MW-yr/m2 should 
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 demonstration 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 

technology, and commercial prototype phases. 
Thus, initially the program would be directed to 
the construction of an electromagnetic facility 
which would 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 secono 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. Uatson 

Cooperative and closely coordinated studies 
in the Chemical Technology and Chemistry Divi­
sions are investigating tritium behavior and 
tritium processing techniques as an integral 
part of the Fusion Reactor Technology Program. 
Many of the.e studies are funded by the EROA 
Division of Physical Research. 

7.8.1 Vacuum Pumping Studies 
Fusion reactors will require vacuum systems 

to remove leaking or diverted plasma during the 
reactor pulses (bums) and to remove unburned 
fuel and ash from the reactor between burns. 
Cryosorption oumps operating at 4.2 K could, in 
principle, it all fusion reactor requirements 
In a single pu. >, but experimental results 2 6 

have shown that vacuum pumps based on type SA 
molecular sieve may not be able to pump hydrogen 
Isotopes and helium on a single panel because 
condensed deuterium and tr1t1ir< wMl block the 
adsorbent surface. This pr<£?em caii be allevi­
ated either by developing new cryosorption pumps 
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based on different adsorbents or by developing 
coapound puaps eaploying separate panels for 
puaping hydrogen isotopes and for puaping heliua. 
Cryosorption puaps at 4.2 K retain, perhaps, 
the only choice for heliua puaping. 

The puaping speed of hydrogen on an 
Excalibur Model 1106 cryosorption puap has been 
measured 2 6 as a function of pressure and loading 
at 4.2 K. The initial puaping speed shown in 
the upper curve on Fig. 7.1 is about 4.0 
liters/sec/a-2 fro* lOr8 to 10"1* torr where it 
begins to increase, becoain-) 5.6 liters/sec/ca2 

at 3 =• 10' 3 torr. However, after a short period 
of puapinr in the range fro* 4 * 10' 6 to 
4 x lo-1* torr, the speed is reduced by the 
buildup of solid hydrogen. This is shown in 
the lower curve of Fig. 7.1. The ainiaua 
steady-state speed is found to be 1.9 liters/ 
sec/a*2 (less than half the initial puaping 
speed) at ~i0~s torr. The puaping speed is 
also found to vary periodically with tiae for 
a constant loading rate near 10" 5 torr. The 

spe»d decays froa the initial hieb speed to the 
lower speed, where it levels out and appears to 
reach a stead> state. However, after same Urns 
the puap undergoes rapid transition and reverts 
back to the initial high punping speed. During 
this tiae there is a aoaentary pressure rise, 
wrf aateriat condensed on the surface becoses 
adsorbed in the adsorbent. The rate at which 
the puap reduced the pressure in the test cham­
ber after termination of the feed gas was 
dependent on both the previous puaptng pressure 
and pu«p loading. 

Puaping speeds of heliua have also been 
measured.27 The initial heliua puaping speed 
was found to be 2.2 liters/sec/an2 froa 1 0 - B 

to 3 * 10* 5 torr. The speed, however, decreases 
with loading to a minimum near 0.3 liter/sec/ 
cm 2. The puaping speed decreases aonotonically 
with loading at feed rates below 6.3 x 10' 6 

torr-liters/sec/ca2, but above this point it 
varies periodically with loading, undergoing 
rapid transitions to initial high puaping speeds 

200O 

0 tooo-
UJ 
uJ 
a. 
u> 
O 50O 

s 
a. 

o 
10 

ORNL DWG 76-496R1 
1 1 1 ! 1 i 

O STEADY STATE PUMPING 
A INITIAL PUMPING SPEED /o o 

A A A A 
A A 

(* 
o 0 ^ 

\° o / (* 

cP~^ 
" 

1 1 1 I i i 

KT 10 -7 jo-* IQ-5 

PRESSURE (torr) 
10 -4 10" »o* 

Fig. 7.1. Hydrogen puaping speed. 



267 

at the end of each cycle. Cycle lengths are 
related to loading rates, and minimum periods 
occurred at the highest achievable feed rates. 
These minimum cycle periods were approximately 
1.7 torr-liter/gram adsorbent. Thermal runaway 
occurs at about lO"1* torr. 

The experimental test stand has been modi­
fied to allow operation at higher temperatures 
(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. 

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 niobium 
window, and (3) sorption on a hydrogen gettering 
metal. Tritium sorption from liquid metals has 
been studied in a batch contactor at 300-400'C, 
using metal sorbent samples of yttrium and 
zirconium. Recent results on tritium 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 
3.45 g and geometric surface area 13.1 cm 2) and 
lithium containing 840 ppb tritium. The con­
tacting time for each run ranged from 5 min to 
90 hr. A lithium control sample was removed 
with each sorption run to confirm the Initial 
concentration of tritium in the lithium. The 
results of these runs are shown in Fig. 7.2, 
in which the tritium concentration remaining in 
the lithium 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 
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Fig. 7.2. Normalized tritium concentration 
in lithium vs contact time. 

in 24 min; this corresoonds to a mass transfer 
coefficient of 6 * 10"" rm/sec. The controlling 
mass transfer resistance appears to be in the 
liquid film, and consequently the mass transfer 
rate could be increased perhapr 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 dilute hydrochloric acid. 
During 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 
Blanket 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 Bate-
rial for fusion reactors, and SAP has been 
suggested as a blanket or structural Material.*• 
This study differs from current studies 2 9 of 
solid aluminum alloy blanket Material at other 
laboratories because of the low (ppa) lithium 
concentration, the incorporation of oxygen 
within SOBS of the staples (SAP), and the use of 
large (about l-in.-long wafers) samples rather 
fhan 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 ZSO'C. The teMperature of sample No. 7 
was steadily Increased to 450°C over a 30-hr 
period. The next run (sample No. 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 Mo. 3. 
Finally, a sample (No. 2) was heated <or a 4S0°C 
run. Figure 7.3 compares 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 
1n Fig. 7.3 Is approximately one-half. The 
diffusion coefficients at 400°C and 450°C are 
approximately 2 * 1 0 - 1 0 cm2/sec and 8 x 10" 1 0 

cm^sec, respectively. The release rates ob­
served by Hiswall and Wirsing" for L1-A1 powder 

This work was funded by ERDA Division of 
Physical Research -Molecular Science. 

Urn did not follow a slope of one-half, and 
a 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 experiment, the sizes of the Li-Al, 
LiA10 2, and Li 2Si0 3 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 (No. 6) to 5O0°C for about 30 hr. 
Analyses of the results are not complete. Three 
additional runs will be made at other tempera­
tures of interest. The data 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-
3.51 nickel-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 OK = 0.00788 exp(-?4930/RT) for the 
ternary alloy. Permeation rates for tritiua 
through Incoloy 800, type 316 stainless steel, 
and the ternary alloy were determined at various 
feed-gas pressures fro* 35-782 torr, with HT 
pressures from 1.5 x lo-* to 33.1 x lO-1* torr 
(corresponding to T 2 pressures from 1.67 * 10" 1 0 

to 37.2 x io- 1 0 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 
oxidation at 660*C to Impede tritium permeation 
through Incoloy 800 were also cortlnued. The 
v j. on of oxide layers by the oxidation with 
s*.i.-.a »t partial pressures of 0.32, 0.70, and 
0.94 atm for 150 days decreased permeability by 
factors of 250, 304, and 492, respectively. The 

This work was funded by ERDA Division of 
Physical Ptsearch - Materials Science. 
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Fig. 7.3. Tritium release from solid Li-SAP alloy. 

0.94-atm results are shown in Fig. 7.4. Cal­
culations based on various fusion reactor designs 
indicate that peimeaticn rates through the heat 
exchanger into the steam system oust be 10 2 to 
10 3 times less than the rates for the bare 
construction tuterials. 

Severe thermal shock affected the physical 
character of the oxide layers such that the 
permeability increased to within a factor of ten 
of the clean Incoloy 800; however, the defects 
in the oxide in three experiments were annealed 
by continued oxidation at stable temperatures. 
Mild temperature cycles, ±20°C/30 m1n, did not 
affect the permeabilities. Ion microprobe 

teclwrnues 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 
amounts of the different metals In the oxide 
layer. Such analyses have now become an Integral 
part of che permeation studies. 

The mutual solubilities of isotopic exchange 
of hydrogen and deuterium in lithium have been 
Keasjrsd for the plateau region (two-phase co­
existence region) at 700, 800, and 853°C. Both 
the total pressure and the Individual partial 
pressures of H 2, HO, and D 2 have been determined 
as a function of the mole fraction LiH and LID in 
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Fig. 7.4. Permeation of tritium through Incoioy 800 exposed 
to steam of 0.94 atm and temperature cycling between 640 and 660°C. 

the liquid phases with varying hydrogen-to-
deuterium ratios. The plateau boundaries of the 
two-phase region for the mixed hydrogen-deuterium-
lithium system are identical to those for the 
single isotopes, and the boundaries are indepen­
dent of the bydrogen-to-deuterium ratio. At 
800°C the boundaries are g;ven by the sum of 
sole fraction relationships, H^K * H^~ = 0-33 
and H L 1 H • « L i D * 0.%. 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 plateau region at 800°C may be expressed as 

"total <*»"•> ' " 3 W < N L i H * "L10> + 1 5 9 « 

P H 2 (torr) = 12.9 H U H / ( H L i H * N U 0 ) , and 

?l (torr) = t 5 . 9 N U 0 / ( N L . H * N L i D ) . 

Similar relationships arr observeo at 700 and 
850'C. The equilibrium isotope effect, K, 
erpressed by 

PoVPH, - "Wu f /W 

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. Haubenreich, Manager 
1 

J. N. Luton2 

L. U. helms 2 

P. B. Thompson 

8.1 OBJECTIVES AND PLAN 

The Large Coil Program (LCP) Mas 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 de­
sign principles, materials, and fabrication 
techniques proposed for the toroidal magnet 
of a tokamak fusion reactor. The program Mill 
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 at its 
inception Mas the Experimental Power Reactor 
(EPR) that was being considered. The focus 
later shifted to the needs of The Next Step 
(TNS). 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 T. Pro­
posed designs for TNS reactor coils differ sig­
nificantly in coolant conditions, conductor, 
and structural configuration; without fabri­
cation and test results i t 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 made so that de­
tailed criteria can be prepared for ful1-sc*?e 
TNS coils that are optimal from the standpoints 

1. Magnetics and Superconductivity Section. 
2. UCC-ND Engineering. 

of fabricability, performance, cost, and depend­
ability. 

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 testing of these coils, 
• demonstration of reliable operation of 

coils and supporting systems under simu­
lated 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 ORNL team 
with magnet technology, design engineering, 
project engineering, and management skills. 
The capabilities of U.S. Industry will be ut i ­
lized, and the results of research and develop­
ment (RIO) in the Superconducting Magnet Devel­
opment Program (SCMOP) will be disseminated by 
contracting for the conceptual design, detailed 
design, and fabrication of the large colls. 
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. ORNL is responsible for designing and 
constructing a test facility and conducting the 
tests. 
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3.2 EPR TOROIDAL MAGNET STUDIES 

An early a c t i v i t y of the LCP, which sup­
p l ied input for select ion of test co i l design 
c r i t e r i a , was the generation of concepts fo r 
the toro ida l magnet of the EPR tckamak. 

The LCP, in cooperation with the three EPR 
desii,.. ..earns at Argonne National Laboratory, 
General Atomic Company, and ORNL, extracted 
from the preliminary conceptual studies of the 
EPR tokaoak the pr inc ipal requirements placed 
on the magnet systems. The LCP s ta f f reduced 
these requirements to a consistent set of guide­
l i nes , conceptual c r i t e r i a , and design data. 
Contracts were then awarded to three indus t r ia l 
organizations [Westinghouse, Magnetic Corpora­
t ion of America (MCA), and a team from General 
E lec t r ic (GE) and Intermagnetics General Corpo­
rat ion ( IGC) ]w i th experience and capabi l i ty 
in superconducting magnets to produce conceptual 
designs of TF co i ls meeting these EPR require­
ments. 

Each contractor was required to produce 
two concepts: one with a peak f i e l d o f 8 T , the 
other wi th a peak * ie ld as high as pract icable. 
An important consideration was the r e l i a b i l i t y 
of magnet system operat ion, which requires co i l s 
that are thermally stable and protected against 
disabl ing damage in any credible event. At the 
completion of the conceptual study, each con­
t rac to r was required to describe his concepts, 
to iden t i f y major uncerta int ies, and to recom­
mend R&0 to minimize the uncerta int ies. 

The pr incipal features of the contractors' 
concepts are described in Tables 8.1 and S.2. 
Each of the three contractors independently 
se t t led upon 12 T as the maximum pract icable 
f i e l d . In the case of the MCA concept, th is 
represented tre upper l i m i t on the app l i cab i l i t y 
of niobium-titanium superconductor a l l oy . The 
other two concepts used Nb3Sn, a material capa­
ble of superconductivity at higher temperatures 
and f i e l d s . The maximum practicable f i e l d for 
the EPR TF co i ls using Nb,Sn was determined by 
the rapidly increasing amount of conductor and 
st ructura l material (and hence cost and space) 
required to a t ' a i n higher f i e l d s . 

5.3 TEST COIL CIZZ ANT SHAPE 

Idea l l y , test co i ls should be ident ical wi th 
those intended fo r reactor use. Ir, view of the 
costs, howe»«r, i t is a pract ica l necessity to 
r j r r y out the program of evaluating a l ternat ive 
concepts by tes t ing smaller c o i l s . 

Analyses by ORNL ar.d the EPR Tt study con­
tractors indicated that the test co i l should be 
at least ha l f size in order to reduce extrapo­
l a t i on uncertaint ies to an acceptable l eve l . 
Conceptual studies of tokamak reactors generally 
f i n d that the TF co i ls should be elongated i r 
the ver t ica l d i rec t ion to f i t the enclosed com­
ponents in the most economical and pract ical 
manner; the co i l shape favorod on the basis of 
s t ruc tura l and fabr ica t ion considerations is a 
pure-tension D or rome var iat ion from i t . The 
decision was therefore nade that LCP test co i ls 
should nave a shape approximating a pure-tension 
D wi th tore dimensions 2.5 '• 3.5 m. 

8.4 TEST CONDITIONS AND ARRANGEMENT 

In order for the results of the LCP test ing 
to be most d i r ec t l y applicable to TN3, i t was 
decided that the ce i ls and test ing arrangement 
should dupl icate TNS i n : 

• maximum f i e l d , 
• avera-ie current densi ty, 
• conductor and winding, and 

• heat flow geometry. 

To the extent that is pract ical i n a reasonable 

tes t arrangement involv ing only a few c o i l s , 

the fol lowing TNS condit ions should be approxi­

mated. 

• coolant condi t ions, 

• .magnetic f i e l d d i s t r i b u t i o n , 

• pulsed f i e l d s , 
• stresses and s t r a i ns , and 

• speci f ic stored energy. 

An important e f fec t that w i l l be encountered in 
superconjucting ir^gnets for the f i r s t time in 
TNS is the heating due to neutrons from the i g ­
n i ted plasm3. Lf.P test co i ls w:'. 1 have embedded 
heaters to simulate th is e f f ec t . 
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Table 8.1. Comparison of coil characteristics 
of contractors' EHt TF 8-T concepts 

GE-Itt iCA Hestlnghouse 

Coll profile 
Oval D-shape D-shape 

Hinding 
Pancake Laver 

(segmented) 
Pancake 

(in plates) 
Kinding cross 

section shape 
Rectangular Trapezoid Trapezoid 

Current density 
over winding 

1930 A/ca2 2100 A/ca 2700 A/ca2 

Coll 
structure 

Conductor core, 
coll case 

Central structural 
skeleton, coil case 

Pancake plates 
(segmented, bolted), 
spokes to dewar wall 

Conductor 
•ate rial 

Multifilament 
NbTi 

Multifilament 
NbTi 

Multifilament 
tt>T1 

Conductor 
fora 

Cable around stainless 
steel core inside Cu 
jacket 

Cable around strip 
between Cu plates 

Cable in rectangular 
channel 

Current 

Heat transfer 
to hellua 

Heliua inlet 

10 kA 

Pool-boll 1ng on outside 
of conductor jacket 

4.2 K, 1 at* 

10.6 kA 

Pool-boiling around 
cable and plate 

4.2 K, 1 ata 

10 kA 

Forced convection 
to supercritical 
hellua flowing 
through cable In 
channel 

4 K, 15 am 
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Table 8.2. Comparison of conductor characteristics 
of contractors' F.PR TF 12-T concepts 

GE-IGC tCA Mestingnouse 

Coll profile 
Oval D-shape D-shape 

Uimltnq 
'.ayer Layer 

(segwnted) 
Pancake 

(In plates) 
Mimj;.-.̂  cross 

section <hape 
Rectangular Trapezoid Trapezoid 

Current density 
over Minding 

2100 A/cm -vISOO A/CB 2 2100 Vat 2 

Coll 
structure 

Conductor jacket, 
coll case 

Central structural 
skeleton, coll case 

Pancake plates 
(segMested, baited), 
spokes to dewar wall. 

Conductor 
•aterlal 

Multifilament 
Nb3Sn 

Hultlrilaaent 
NbT1 

Mult1f11a«&nt 
Kb£n 

Conductor 
fom 

Compacted cable 
between Cu channels 
In stainless steel 
jacket 

Cable around strip 
between Cu plates 

Cable In rectangular 
channel 

Current 

Heat transfer 
to hellw 

He!IUII Inlet 

15 kA 

Forced convection to 
supercritical hellu 
In channels beside 
conductor 

<6 K 

10 kA 

Pool-boiling around 
braid and plates 

2.5 K 

10 kA 

Forced convection to 
supercritical hel1u» 
flowing through cable 
In channel 

4.5 K, 8 at» 
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The f i rs t test coils M i l l be operable at 
a peak f ie ld of 8 T. This value was chosen on 
the basis of TRS studies and available magnet 
technology. (The LCP test f ac i l i t y wi l l be ca­
pable of Modification to perwit testing of coils 
up to 12 T.) 

Severvl different testing arrangements were 
proposed for the LCP. A Methodical comparison 
was wade of the various possibil i t ies, using a 
set of detailed cr i ter ia for evaluation of rela­
tive benefits, risks, and costs. The chosen 
arrangeaent is a compact torus of six coils in 
which the peak f ield is reached in a single coil 
when i t operates at design current while each 
of the other five operates at 0.8 of the ampere 
turns in the test co i l . After consideration of 
the relative benefits of a f i t ted dewar and sin­
gle vacuum tank, i t was decided to locate the 
torus in a single large vessel. 

8.5 TEST COIL SPECIFICATIONS 

A detailed technical specification was pre­
pared for inclusion in a Request for Proposal 
which could be sent to industrial firms inter­
ested in performing design and fabrication for 
a test c o i l . The specification was designed 
to ensure that a coil from any supplier would 
interface properly with the test fac i l i ty and 
with the other coils, would reliably perform 
to certain standards while in the given envi­
ronment, would not be damaged when subjected 

to particular fault simulations, and would be 
scalable to larger sizes and higher f ie lds. 

The darkened areas of Fig. 8.2 indicate 
areas which were specified precisely to ensure 
that the coil wouid f i t other structures. Dashed 
lines do net define the actual coil boundaries, 
but the envelope within which the coil must l i e . 
The specification also constrained coil weight 
(40 tons), current (10-15 kA) ^d refrigeration 
required so that the ratings of the test f a c i l ­
i t y 's cranes, power supplies, and liquid helium 
system would not be exceeded. 

The performance characteristics required 
of tne f i r s t LC? coil and the parameters describ­
ing their environment are listed in Table 8.3. 
They were derived from an analysis of the THS 
conceptual designs and LCP testing scenarios. 

In addition to operating reliably at de­
sign conditions, the test coil would be re­
quired to survive certain extended test envi­
ronments. In this regime the coil need not 
be capable of recovering to the superconduc­
ting state i f driven normal, but must suffer 
no permanent damage as a result of the test. 
The extended conditions included a doubling 
of a r t i f i c ia l heat inputs, a 501 increase in 
the applied pulse f ie ld 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-MC Tt-TUt 

COOLANT INTERFACE 
(FOR FORCEO FLOW COIL) 

COOLANT RESERVOIR 
INTERFACE 

(FOR FOOL BOILING COIL) 

LIFTING FIXTURE 
INTERFACE AREA 

CURRENT LEAO 
INTERFACE 

STRUCTURE 
COOLANT 
INTERFACE 

TORQUE RING 
INTERFACE AREAS 

NOTE: 
FOR DIMENSIONS SEE 
DWG X3EWDM01 

Fig. 8.2. Interface features. 
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Table 8.3. Selected LCP test coll requirements 

fturtam field at the windings 8 T (vten In standard array) 

Onion current 

Stability 

Design 111* 

Cool-own tie* 

Maravup t in* 

Superconductor 

10-15 kA 

(a) recover from all credible events 
(b) recover from a half-turn nonul zone 

10 years. Including cycles: 50 tfcerael; 
500 charging; 20 charging In each of the 
9 alternative node conditions; 3 Billion 
field pulses; 3 Billion heating pulses 

120 hr 

60 hr 

M>T1 or HbjSn 

Internal heaters as required to simulate neutron heating 
and Initiate nerval zones 
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PART I I I . NVMGEMNT SERVICES SECTION 

ABSTRACT 
(Chapter 9) 

9 . MAIMGEJGIT SERVICES SECTION 

In 1976, a ner section nas formed which 
Incorporated the existing f inancial , administra­
t i ve , purchasing, l ibrary, safety, and engineering 
services functions. Several new functions Mere 
added. Including management information systeis, 
reports o f f ice , coordinator for foreign exchange, 
personnel recruiting, and technology commercial1-
zatlon. The Management Services Section Is 
responsible for providing timely and relevant 
Information to support the operation, control, 
and management functions of the Division. 

This organizational change was required to 
respond to the Increasing requirements associated 
with an expanding program. I t I s the continuing 
goal "f the Management Services Section to reduce 
the paperwort required o f the section heads and 
program managers, to provide better and more 
timely information, and to reduce the time span 
between program needs and resolutions. During 
the year each group made progress toward the 
overall goal. Highlights of this progress are 
described, and emphasis Is placed on those 
activit ies which were not performed in the past 
or have some unique new features. 
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9. MMftGOOT SERVICES SECTION 
0. 8. Margin. Acting Section Head 

S. K. Adkins R. P. Jernlgan E. K. Ruckart 
0. R. Alford M. N. Johnson W. K. Russell 
A. 8. Sarnette J. A. Kelman C. «. SeJwla 
0. P. Srooks M. G. Ktncafd B. L. Strains 
J . L. Burke J. K. Lovln 0. Y. Hare 
C. J. Chamberlain R. E. Marcus* E. L. Uatkln 
C. H. Cox C. 0. Matlock H. S. Measner 
R. S. Edwards C. R. Nook1 E. E. Webster1 

J. C. Ezell 8. 1. Pope E. R. Hells 
R. L. Hill P. N. Rader2 C. Mhltarire. Jr 
H. W. Jemlgan E. T. Rogers ft. C. Hood 

9.1 INTRODUCTION 

One of the organizational changes In the 
Fusion Energy 01vision (FED) this year has 
been the formation of a Management Services 
Section. This section trill Incorporate es­
sential financial, administrative, and project 
activities required to provide timely and rel­
evant information to support the operation, 
control, and management functions of the 
Division. Management Services personnel work 
closely with the Division staff to meet com­
mitments and to ensure that all relevant 
information is communicated to the appropriate 
research sections. The present organization 
of the section is show) In the FED organiza­
tional chart (F1g. 9.1). 

The rapid growth of the Fusion Energy 
Program at OWL, indicated by activity (Table 
9.1) and by total funding (Fig. 9.2). re­
quires reinforcement as well as advancement 
in the essential financial, administrative, 
and project Information required to manage the 
Division's programs, sections, and projects. 

Part-time. 
1. Information Division. 
2. Finance and Materials Division. 

The activities shown in Fig. 9.1 Include Vie 
traditional administrative and financial services, 
purchasing, safety, quality assurance, library, 
and engineering services activities that have 
been provided in the past as staff functions. 
These activities continue to be essential to 
the program, and In many areas they have been 
reinforced by adding new staff mmabers or 
facilities. Simultaneously, several new activi­
ties have been added, or fonmlly recognized, 
within the Division to respond to the Increased 
obligations and needs corresponding to the 
expanding program goals. These additions Include 
the Reports Office, a Management Information 
System, a coordinator for Foreign Exchange and 
Personnel Recruiting, and a Technology Commercial­
ization Officer. 

highlights of the activities of the >lanage-
ment Services Section follow. 

9.2 PURCHASING, EXPEDITING, AN0 CONTROL 

In 1975 the Procurement Office processed 
1725 requisitions for materials, capital equip­
ment, and miscellaneous services, representing a 
dollar volume of over (8 million. The Pur­
chasing, Expediting, and Control activity has 
added staff members and a new computerized pro­
curement module (computer program) developed by 
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Table 9.1. FED activity funding 

Dollars in thousands 

Activity 
Coofiiwm.it systems - closed 

confinement systems - research 
operations 

Confinement systems - closed 
confinement systems - ma:or 

FY 77 FY 77 FY 78 
FY 76 Finding as Expected Presidential 
Actual of Feb. 1977 funding Budget 

5.190 6,600 7,800 9,650 

device fabrication 3.100 5.500 5.500 6,950 

Development and technology -
magnetic systems 3.400 5.475 5,575 9.400 

Development and technology -
plasma engineering 5.291 6,250 6,725 6.150 

Development and technology -
materials 1.040 1.590 1,590 2.045 

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 plasma researtf 640 870 870 920 

Applied plasma physics -
national CTR computer 
network 50 75 225 275 

Total OML funding $22,026 $30,775 $32,750 $40,510 

the recently created Management Information 
System (MIS). 

The procurement module Is a computer-
based system which provides obligated cost 
and status information on a l l vendor procure­
ment actions. Data for each order Include 
Identification numbers, delivery date, cost, 
account number, vendor, requestor, and status. 
The module runs on-line and is easy to use 
because I t prompts the user on the required 
action. An Individual can use the module to 
determine the current status of an order. A 
project manager can quickly determine the 
amount of funds committed to outside procure­
ment for the project or a specific task. The 
Procurement Officer can l i s t orders due (or 
overdue) by a given oate so that cr i t ica l 
items ca.i be expedited. The Division Director 

can quickly determine the total funds obligated 
for outside procurement, i n c i t i n g an est iMte 
of when the charges wil l occur. 

9.3 ENGINEERS SERVICES, SAFETY, A«t0 QUALITY 
ASSURANCE 

9.3.1 Engineering Services 

The Engineering Services personnel continue 
to be responsible for or helping to coordinate 
a l l of the engineering services of the Division 
that are not specific to a project or experiment. 
The group 1s also responsible for building and 
maintaining faci l i t ies and equipment, which 
include approximately $40 million of general 
program equipment. Basically this group provides 
those functions necessary for the smooth operation 

http://Coofiiwm.it
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Fig. 9.2. FED funding projection. 

of a l l Division wort, including coordination of 
machine-shop work. Maintenance craft wort, 
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 fac i l i t ies . 

Ouring the past ye*r nine expense type 
construction projects were completed using 
CPFF contractors. Seven new projects were 
started and are in various stages of completion. 
These projects provide Improved distribution 
of u t i l i t i e s , repair of motor generator sets, 
renovation of rest rooms, Improvement of lunch 

rwj eating f a c i l i t i e s , removal <r* obsolete 
empe. imemts and contaminate* areas, relocation 
of equipment, and r imnni)—i«t of the cyclotron 

»leted Three large SPP projects were co 
by contractors. 

1) A new building was completed on a ' i i ee 
price contract to provide space for % 
engineering personnel. 

2) Mew office space was provided for 30 
additional aeople in Building 9204-1. 

3} Three new laboratories were completed in 
Building 920*- l . 

Preliminary design and cost estimates were 
prepared to support requests for future GPP 
funds. These projects include: 

1) additional office and laboratory space 
in Building 92C1-', 

2) supporting fac i l i t ies for the Impurity 
Study Experiment (ISX) and the Oak Ridge 
Tofcamak {OFJMK} Upgrade, and 

3) ccolirg water system (phase I I ) to support 
superconducting magnet experiments. 

In a continuing program of Improving work­
ing conditions and providing adequate f a c i l i ­
t i e s , studies and cost estimates have been made 
on the electrical distribution system, build­
ing ventilation system, off ice and letoratcry 
space available, and u t i l i t y requirear ts. 
CPP, GPE, and line item funding have been 
requested to implement those areas which cannot 
be funded from expense funds. A $'.0 tn l l ion 
l ine item request has been submitted for FT 79 
to upgrade some of the major fac i l i t ies required 
for the Fusion Energy Program. Efforts to 
Increase the services from the (MM. overhead 
account require documentation of needs and costs 
associated with these services. 

In addition, the Engineering Services group 
has: 

1) scheduled and coordinated 93,600 hours of 
machine-shop work, 

2) been responsible for maintaining buildings 
and u t i l i t i e s . 
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3) coordinated office moves, telephone require­
ments, and procurement of office furniture, 

4) corrected OSHA violations, and 
5) conducted an energy conservation program 

9.3.2 Safety 
A safety program which Includes both safety 

and fire Inspections and six formal t raining 
sessions for al l FED personnel hat continued at 
the Division and section leve l . An ex ten t .v . 
defensive driver training progran was a lso 
conducted. 

9.3.3 frailty Assurance 

A top level qual i ty assurance (QA) progran 
Is operated by t h i s group and I s b e i r ; requested 
by t,he Energy Research and Development Adminis­
t ra t ion (EKDA) for use as a nodel of a viable 
research and development QA approach by other 
groups in fusion energy work under ERDA. Quality 
assurance Is a part of every Job, whether i t is 
shop work, f ield assembly, or engineering. This 
program has proven to be effective in providing 
•ore reliable experimental equipment a t a reduced 
cost. 

9.4 FIRMKE OFFICE 

The Finance Officer provides assis tance to 
the section heads and project managers In pre­
paring budgets and determining the financial 
position of the projects and the Division. 
Throughout the year costs »r* compared to 
Nidgets and projections are made of the year-end 
budget status, l a m have bean made to meet the 
Increasing demands ror additional financial 
planning and controls associated with growing 
projects. The Finance Office will expand to 
provide the section heaC* and program managers 
with financial assistants who will handle two 
or three sections or programs with the goal of 
being able to handle most of the routine finan­
cial and administrative work. This should in­
crease the effectiveness and efficiency of the 
section heads and nuaian and project managers 
and permit logical mree»ae> and project deci­
sions to be eade eased en the correct informa­
tion. 

A study has been completed on how the 
Division i s using work orders to Maintain cost 
cont ro l . The resu l t was a new procedure for 
u t i l i z ing work orders consistently throughout 
the Division. The new procedure i s directed 
towards providing data on the type of expense 
incurred as well as on cos t . 

Considerable financial work has a lso been 
done in preparation for changing from the 
previous accounting system used a t ORNl t o a 
uniform accounting system. The problems 
created by th i s changeover are s t i l l being 
resolved. New methods were established to 
a s s i s t in accounting for an overjll budget of 
operating and capital funds of approximately 
$35 million in the Fusion Energy Program. 

9.5 MANAGEMENT INFORMATION SYSTEM 

The Management Information System a c t i v i t y 
was s tar ted in September 1976 and is another 
key addition for the FED goal of providing 
section, program, or project managers with 
timely and relevant information for the i r 
review. This system will a l so indicate poten­
t i a l problem areas which require a t tent ion and 
will provide detai led backup information for 
problem areas upon request. Another goal i s 
to reduce the effort and time required to 
assemble and maintain the data. 

The f i r s t step was to determine what could 
be done in terms of improving the information 
process on functions related to planning and 
control l ing buogets and schedules. A survey 
was made of the management s t a f f ' s requirements, 
especial ly those which were not being adequately 
sa t is f ied by exis t ing data . A l i s t of feasible 
concepts was developed which could be Implemented 
to provide be t te r Information. The resu l t «f 
the survey was to se t as the f i r s t majo. goal the 
a b i l i t y to make budget projections baser on cur­
rent costs and obl iga t ions . This capabi l i ty 
requires tha t several sources of Information on 
costs and obligations be readi ly accessible. 
The approach being taken 1s to develop a separate 
module (computer program) for each major source. 
This Is advantageous because Individual modules 
are usable before the en t i r e capabi l i ty Is oper­
a t ional . I t also gives management the option 
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of reviewing each step before making a commitment 
to the next step. I f the decision is not to 
continue, each Module already developed can sti l l 
provide a useful function. 

The first activity developed was the cur­
rently operational procurement module,1 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 cleric 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 
i t uses data direct1.y 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 will be realized when i t provides the 
obligated procurement cost to the end-of-year 
budget projection module. 

Preliminary work has begun on other nodules 
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 
(PPHS). 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 impact of a "what 1f" situation. 

9 . 6 ADMINISTRATOR'S OFFICE 

This office provides a variety of services 
required to keep the (K vision functioning in an 
efficient and effective manner. Some highlights 
follow. 

9.6.1 Personnel Recruiting 

Over 100 applicants for positions were 
interviewed in 1976. Of those interviewed and 
offered positions, 34 accepted. Major hiring 
was to provide scientific staff for the be** 
program, ELMO Bumpy Torus (EST), ISX, and ' M M 
operations and to staff the Reports Office 
The Administrator's Office was also used to 
coordinate the U.S.S.R. and Spanish exchanges; 
three Spanish scientists are now working in the 
Oivision 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. Mestirjhouse [participating in The 
Next Step (TKG) 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 1n a timely and understandable manner. The 
FED Reports Office provides a documentation 
service which Includes editorial review and 
coordinating typing, drafting, photography, and 
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reproduction. During 1976, 57 numbered reports, 
99 Journal articles, and 135 abstracts and 
•eeting papers Mere published. 

9.6.5 Administrative Guidelines 

The rapid growth of the Fusion Energy 
Division created a need for administrative 
guidelines. These guidelines were prepared in 
the early part of CY 76 to cover administrative 
situations unique to the Fusion Energy Division. 
The Administrative Guidelines are used as a 
supplement to the Nuclear Division Office Guide, 
the OWL Style Guide, and the Standard Practice 
Procedures fenual. Fourteen sections have been 
completed, and more will be added as the need 
arises. 

9.7 TECHNOLOGY COMMERCIALIZATION OFFICER 

A new posi t ion was created with the respon­
s i b i l i t y of ensuring that technology developed 
by the Fusion Energy Program Is transferred to 
commercial organizations. During the past year 
th is goal was accomplished using several dif ­
ferent methods. F i r s t , subcontracts were 
awarded to commercial firms to support the LCP 
and the TNS projects . In addition, Industrial 
subcontracts were awarded for high technology 
Items such as superconducting materials , a 
l iquid helium refrigerator, power suppl ies , and 
beam cryopanels. On-site support wis obtained 
from several firms having commercial Interest . 
Final ly , a very Important method of technology 

dissemination i s via technical reports , journal 
articles, scientific talks, and the Division's 
Annual Information Meeting. These external 
program involvements are expected to continue 
to grow in 1977 with a continued 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 technology. It 
also receives reports from the world's plasma 
physics laboratories which reflect current 
research in these specialized fields. 

An expanding and important service pro­
vided by the library 1s automated literature 
searching. Offered are retrieval services 
through ERDA RECON. Lockheed's DIALOG, SOC's 
ORBIT, New Voxk Time*' Information Bank, and 
EPRI. In addition a vist number of data 
bases are available which ire particularly 
appropriate to the Fusion Energy Division 
(Nuclear Science, ERDA Energy Data Base, 
Physics Abstracts, etc.) . 

1. J. K. Lovin and B. A. Clark, Pucuumewt 
Nodule { M a- MIS.- lUvi'h tkuml, ORNL/ 
TM-5693. Oak Ridge National Laboratory, 
Oak Ridge, Tennessee (December 1976). 
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