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EXECUTIVE SUMMARY 

1. We have re-examined the goal of -10 cm central-cell density with 
end-plugging and reconfirmed its importance as a tegt of thermal barrier 
end-plugging performance in either Tara or TMX-U. According to our 
present understanding and performance modeling, achievement of this 
density with available barrier pumping would require controlling radial 
transport to TI > 10 ms and ion heating to Tri. > 100 eV. Validation of 
our models is important for increased confidence in the projected 
performance of future devices. 

2. We conclude that, when all factors are considered including the impact 
on other programs interlinked with IXNL in the present OFE budget, the 
lowest cost approach to have a fair chance to meet this goal is to 
extend Tara operation for the full FI87. Tara is a promising new 
facility that is Just beginning to produce important "esults. Together 
with key support from LLNL and Phaedrus, the incremental cost for its 
full FYS7 operation is $3,9 M (Case A). 

3. Continuation of THX-U operation in FY87, in addition to the full year of 
Tara operation, would greatly Improve the chance of success. TMX-U has 
an established experience base and diagnostics well-suited to study 
plugging, and it has several new elements that are aimed at raising the 
plugged density. With an increase to the fusion budget by Congress, we 
recommend full year operation of TMX-U in addition to Tara in FY87, as 
represented at a minimum by Case C. This would provide the greatest 
chance for achieving the goal and provide a physics basis for continuing 
the mirror as a fusion option. 

1. Continuation of the mirror program into Fx88 and beyond would be based 
on an experimental program in TMX-U and Tara at a minimum budget level 
of $25M/yr, with restart of MFTF-B requiring an increase in the national 
fusion budget. The experimental program to be investigated by THX-U and 
Tara would include improvement in the magnetic geometry (stability, beta 
limits, and transport), continued plug studies (longer pulse length, 
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lmpurltles, drift pumping, and ECH efficiency), and transport studies 
Cx i fueling, and halo formation). 
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I . OVERVIEW AND PURPOSE 

Demonstration of the pract ical rea l i za t ion of the thermal barr ier tandem 
mirror end plug i s at present incomplete. Although current experiments show 

12 —3 plugging for low-to-moderate cent ra l -oe l l densi t ies (<3 x 10 cm ) , strong 
plugging ( i i i >> 20 ms) has fai led for higher dens i t i e s , although we observed 
re la ted weaker plugging at higher dens i t i e s . Steady progress in Increasing 
th i s density i s i l l u s t r a t ed in Fig. 1. Reasons ascribed for loss of plugging 
(LOP) vary for different machines. They include b a r r i e r - f i l l i n g in Gamma-J0, 
re la ted but less uniquely Identified fa i lure modes in TMX-U, and fa i lure (with 
plugging) of the MHD anchor in Tara. Determining the important causes for LOP 
and the means for their avoidance warrants a continuation of mirror 
experiments through FY87 with a goal of reaching and holding thermal barr ier 

1 a - a 
plugging for central ce l l densi t ies -10 cm . This goal is consistent with 
past progress i l l u s t r a t e d in Fig. 1. Success would be central to determining 
the value of the tandem mirror as a reactor concept. 

In addition to axial plugging, the magnetic geometry i s an important 
issue in the development of the tandem mirror reactor . The current tandem 
mirror program plan has pursued the two issues of plugging and magnetic 
geometry more-or-le3s in pa r a l l e l . All current experiments have provided tfHD 
s t a b i l i t y by employing various average-minimum-B designs. TMX-U and MFTF-B 
have quadrupole plug c e l l s , whereas in Gamma-10 and Tara the plug cel l is 
axisymmetric and a rainimum-B anchor cel l i s separate. Phaedru3 can operate in 
a ful ly axisymmetrio mode, s tab i l ized by an RF ponderomotive force. The 
respective machines are i l l u s t r a t e d in Figs. 2 and 3, and the i r important 
charac te r i s t ics are given in Table 1. While quadrupole-plug designs were 
recognized as ra is ing rea j tor Issues regarding questions such as t ransport , 
be ta - l imi t s , and plug volume, they were adopted to allow focus on thermal 
barr ier endplug physics with assured MHD s t a b i l i t y . The designs combining 
symmetric plugs with average-minimum-B s t a b i l i t y are intended to point the way 
to future Improvements In the reactor concept. Other concept-improvement 
experiments have also been proposed to investigate geometrlea not relying at 
a l l on quadrupole c e l l s . 

The uncertainty regarding the causes for LOP and somewhat better 
performance In Oamma-10 than TMX-U have raised the concern that the geometry 
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Table 1. Machine operating levels of tandem mirror experiments: June 1986 

Experiment TMX-U TARA Phaedrus-B GAMMA-10 

Locat ion LLNL MIT U. of Wise. Japan 

Beginning of thermal b a r r i e r ope ra t i on 1983 1986 1986 1981 

Cen t r a l c e l l 

Radius (n) 0.25 0.22 0 . 2 0 .2 

Length (m) 8.0 10 3 .0 15.0 

Magnetic f i e l d (T) 0 .3 0.2 0.06 0 .1 

ICH power (MW) 0.5 0 .5 0 ,2 0 .5 

NBI power (MW) 1.7 - - -
Mirror r a t i o 7 15 a 8 

End plug (each plug) 
Radius (m) 
Length (in) 
Magnetic field (T) 
NBI power {MW) 
ECH power, 28 GHz (MW) 
ICH power (MW) 
Mirror ratio 

0.2 0.15 0.07 0.18 

3.0 2 .0 2 .0 2.5 

0 .5 0 .5 0 . 1 0.5 

1.0 0.8 - 0.6 

0 . 1 0 . 1 0.02 0.3 

- - 0.2 -
1 6 1.8 6 

Anchor* (each anchor) 
ECH power (MW) 
ICH power (MW) 

NBI power (MW) 

0.02 

0.1 (Coupling 

from central 

ce l l ) 

0.7 

*In TMX-U and Phaedrua-B MHD anchor i s in minimun-B end plug. 
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of the plug may affect plugging charac te r i s t i c s . Example effects that could 
be playing a ro le are atomic physics in thin quadrupole fans (which are poorl-
shielded from the neutral gas environment) and enhanced energetic pa r t i c le 
transport in the nonsymmetric f i e l d s . While there i s no di rec t .jxperlmental 
evidence to support thi3 concern, the question of geometry being a factor 
should be considered in assessing a program for concentrated study of LOP. 

Tara and TMX-U are available for a program focussed on LOP, and each 
would present different advantages if continued in operation. Tara i s a new 
and unique f a c i l i t y which represents a recent investment in DOE resources of 
$143M, one with high system r e l i a b i l i t y and fa3t turn-around capabi l i ty , a 
substantial HF capabi l i ty , a substantial -md in some cases unique diagnostic 
system, and an up-to-date data and control system. All systems neve been 
fully debugged over the past year. I t s symmetric plugs, similar t o those in 
C-amma-10, nay prove to be superior for barr ier formation owing to bet ter 
shielding of the plug region. Tara has recently begun experiments with 
plugging in the thermal barrier mode and not yet shewn LOP in the same way a3 
THX-U. The geometry i s more susceptible t o MHD ins t ab i l i t y ; and in fact t h i s 
has been observed .nth the onset of plugging. The s t a b i l i t y problem is being 
addressed in para l le l with plugging experiments. Three means for achieving 
s t a b i l i t y are to be tes ted: the original hot-eleotror. anchor, a recently 
proposed divertor-type s tabi l iz ing geometry, anc: .IF ponderomotlve 
s tab i l iza t ion (which has been demonstrated in Phaedrus). With successful 
s taDil izat ion, which should be achieved by th i s faJ! , Tara would be able to 
addre33 the LOP problem in a symmetric geometry with the potential to be an 
improved reactor configuration. 

THX-U has been used to study thermal barr ier plugging in quadrupole 
plugs for three years. This* machine, therefore, has a broad experience base 
in vacuum, ECH, neutral beams, diagnostics and data analysis . The 
nonambipoiar transport observed in early operation has been sharply reduced 
using floating end-wall p la tes , and the arabipolar transport has been measured 
to be small when the plasma i s quiescent. This period of operation has also 
seen development of several diagnostics for studying de ta i l s of hot-electron 
fract ions, potent ials internal to the plasma, and barrier-trapped 
d is t r ibu t ions . Some of thtse have only recently become avai lable, and the i r 
preliminary use in the Spring '66 rur. showed them capable of measuring 
important internal features of the plasma during double-endad plugging and 

• i Timis ifH'i'i 
• i ; i i f I P 
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into LOP (see Sec. II). In addition, there are new heating and fueling 
systems installed that may improve performance. These include an ECH system 
with increased pulse length and flexibility, a separate 18 GHz system, a 
feedback-controlled central cell gas feed under development, and improvements 
to keep the LH system liners cold overnight for improved end plug vacuum. The 
machine is, therefore, poised to make a careful physics study of the cause and 
cure of LOP. 

13 ~3 Phaedrus has, In fac t , already achieved plugging of a 1 0 era central 
ce l l in the presence of a modified form of thermal b a r r i e r . While the 
technique used in Phaedrua does not appear to scale to reactor conditions, 
these r e su l t s lend support to the prospects for achieving those conditions in 
THX-U or TARA. 

Calculations of the maximum, plugged central ce l l densi t ies which could 
be achieved with plugging are about equal in TMX-U and Tara. Both can fuel 

12 -3 
and pump a central cel l density of about 8 x 1 0 cm , of which about one-
half i s a thermal component extending into the plugs. Fueling in TMX-U at 
higher density uses low energy neutral beams. Beams for t h i s purpose are 
presently in use, but so far have delivered only 60% of their rated current 
necessary for buildup. Fueling in Tara uses wall-reflux of charge exchange 
losses , a technique that might be employed in TMX-U. Achievement of above 
density parameters with plugging would represent a factor of H to 8 
improvement over those obtained to date. 

In the absence of additional funding over and above the OFE president ia l 
budget case, Tara could not be able to demonstrate i t s full capab i l i t i e s , nor 
could TMX-U be operated for a suff ic ient ly long period to give assurance that 
the LOP problem wil l be resolved. As a l t e rna t ives , we propose three budget 
cases, a l l of which permit Tara to operate for the ful l FY87 with varying 
amounts of THX-U operation. This would hopefully allow Tara to address both 
HHD s t a b i l i t y and i t s density dependence of plugging and in doing so to reach 

13 -3 the goal of -10 cm . The three oases represent Increasing cost and 
increasing probabil i ty of determining the cause of LOP and reaching the goal, 
according to how much operating time Is permitted in TMX-U: 

Case A. Tara runs throughout FI87 and TMX-U operation i s terminated 
near the beginning of FY87-
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Case B. Tara runs throughout FY87 and TMX-U operation i s extended 
through March of 1 987 

Case C. Both Tara and TMX-U run throughout FYB7. 

All three eases include continuation of Phaedrus as a basic experiment in RF 
effects in tandem mirrors and as a t e s t bed for a l te rna t ive methods of 

13 - 3 enhancing plugging at 10 om density. Phaedrus would support Tara in RF 
MHD s tab i l i za t ion techniques. Case B takes advantage of the greater 
diagnostic capabi l i ty of TMX-U in assessing the cause and cure of LOP in 
paral le l with Tara operation. Case C, which LLNL proposed to DOE subsequent 
to the review by MFAC Panel XVI, would permit TMX-U to operate the fu l l FY87, 
thereby providing another machine with the opportunity to reach the goal of 

13 -3 
-10 cm . Milestones for these budget cases are presented in Sec. I l l with 
the i r f inancial and in s t i t u t iona l implications in Sec. IV. 

LLNL involvement with Tara and Phaedrus would vary with the program 
adopted. At the l e a s t , theory involvement would be increased. Supplying 
diagnostics and personnel to Tara would depend on the needs in THX-U and would 
decrease with increased THX-U operation. Exchanges with Gamma-10 would 
proceed, as i s presently being planned, to include exchange of diagnostics and 
personnel. Again, de t a i l s must await final determination of plans for TMX-U 
operation. 

The proposed mirror program i s aimed at understanding the thermal 
barrier and related potent ia l formation along f ie ld l i n e s , but i t would also 
develop sui table s tar tup techniques and increase understanding of many aspects 
of equilibrium and t ranspor t . Benefits from th i s understanding to the mirror 
program are c lear , but resu l t s can also be expected to apply to aspects of 
confinement in other devices, e . g . , confinement with or without thermal 
barr iers in tokaraak divertor plasmas, and the ro le of hot electrons in MHD 
modes. In addit ion, a l l three experiments are currently t ra in ing graduate 
students (1 TMX-U, 6 Tara, and 15 Phaedrus). 

13 -a 
Success in achieving the goal of -10 cm in e i ther Tara or TMX-U 

would es tabl ish the physics basis for continuing the mirror program into FY68. 
This program would Include broadening the tandem mirror data base using 
exist ing f a c i l i t i e s with possible minor upgrades aimed at parameter 
improvements. I t could a lso include preparation for MFTF-B operation with an 
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Increase In the national fusion budget, and it could open the way to 
International collaboration on the nest generation of experiments. 

In the following, Sec. II summarizes results obtained in TMX-U, Tara and 
Phaedrus since the time of the HFAC Panel XVI Review. Sec. Ill describes the 
proposed plans and milestones; and Sec. IV, the costs associated with the 
three different options. 
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II. RESULTS SINCE THE MFAC PANEL XVI REVIEW 

TMX-U RECENT PROGRESS 

During the 'ast TMX-U experimental run, which ended in March, 1986, we 
made significant progress in our ability to measure the axial potential 
profile. We now have several diagnostics in operation which provide 
sufficient information to permit us to determine the potential at several key 
axial locations, and hence to infer the axial potential profile in the 
machine. We have used these diagnostics to obtain the axial potential profile 
both during plugging, and after loss-of-plugging. The machine was operated in 
the standard thermal barrier configuration with sl03hing beams, fundamental 
and second harmonic ECH, central cell ICH, and the potential control plates 
floated (10 fl to ground). When the sloshing beama were turned on, the axial 
losses decreased and the radial transport did not increase, permitting the 
central cell density to rise rapidly. This led to a loss of plugging. The 
behavior of the potential profile throughout this operation is described in 
Appendix I, and summarized briefly here. These results, while very exciting, 
are preliminary and require additional experiments to expand the data base. 

These Initial results indicate that we have a thermal barrier 
cohflguration during the period with good total particle confinement. After 
the loss of plugging, the potential at the barrier remains lower than the 
inner mirror potential, but the potential at the outer sloshing ion turning 
p-int Is less than the potential at the midplane of the central cell. The 
potential profiles measured with good total particle confinement and after the 
loss of plugging are shown in Fig. 4. The measured distribution function of 
ions confined in the thermal barrier is Maxwellian with the saflie temperature 
as the passing ions just before the loss of plugging whereas the distribution 
of the potentially confined ions has a lower apparent temperature than the 
passing ions during the period with good particle confinement. This suggests 
that collisional filling from the central cell is playing a role in the 
reduction of axial confinement. Earlier modeling indicated that ECH power 
limitations are also playing a role. Hence, we believe that our next 
experiments should examine both the effect of collisional filling and the 
effect of ECH on the axial potential profile. (TMX-U milestones 1 ̂ id 2 in 
section III.) 
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These initial results not only indicate that the diagnostics in TMX-Cf 
are capable of determining the axial potential profile, but they also indicate 
a possible mechanism for the loss of plugging. If early experiments on the 
next experimental cycle confirm the importance of colllsional barrier filling, 
we must control the rate of rise of the central cell density to enable the 
central cell heating systems (ICK and beams) to Yseat the ions and hence 
control the barrier filling rate. We have examined these effects in the past, 
but the availability of the barrier-trapped ion distribution function permit a 
more effective experimental study. Direct measurements of the passing ion 
distribution permit more detailed control of the central cell heating and 
fueling rate to better match the collisional filling rate with the available 
pumping speed. This should permit achieving a higher central cell density for 
a given barrier density. Furthermore, an ability to better match the filling 
and pumping rates may permit operation with deeper thermal barriers than 
indicated in Fig. 1(a), thus permitting better utilization of the fundamental 
ECH power, and hence plugging at higher barrier densities. 

TAHA RECENT PROGRESS 

At the time of the MFAC Mirror Review at LLNL, results from the central 
cell RF startup, neutral beam injection into the plug, and the first single 
ended plugging results were presented. Since that time, we have concentrated 
on improving energy confinement during startup, outside anchor stabilization 
studies, and thermal barrier formation. This has led to new progress towards 
thermal barrier operation summarized here. 

With the installation of a new programmable gas control system, we were 
able to begin reducing gas feed after the initial breakdown. We have reduced 
the fueling from 10 Torri/s used in previous experiments to 18 Torrt/s, with a 
trebling of the energy confinement time. The resultant plasma parameters are: 
n - 2 x 10 cm 3, Ti - 100 eV, and T = -60 eV. The reduction in ex and s pcrp 6 
increased T g allows the production or a large central cell mirror trapped 
component equal to 30$ of the total. This is particularly significant for 
increasing the central cell density during plugging by reduction of the plug 
stream. This also leads to improved electron core heating from the central 
cell ions. 
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Thia lew fueling operation has also allowed us to study the outside 
anchor stabilization. During previous operation, the gas fueling level was 
high enough that the fluctuation level was low and the anchors did not 
significantly improve the energy confinement. At low fueling levels, when the 
anchors are terminated during the shot, abrupt loss of the central cell is 
observed. This has allowed us to measure the HHD and power limited operation 
of the central cell. Initial experiments suggest that the central cell beta 
limit follows an Interchange criterion. Additional experiments are underway 
to evaluate the effective beta in the anchor from the hot electron 
contribution. Using a new 18 GHz, 15 kW ECH system fabricated for each 
anchor, we have produced up to 30? hot-electron beta. This beta can 
effectively contribute to central cell stability through coupling to the 
anchor core ion beta. These experiments will be completed in July '86. 

The thermal barrier hot electron temperature should be on the order of 
20-1*0 keV. Higher temperature produces excessive beta while lower temperature 
would use excessive power. He have produced thermal barrier electrons in this 
temperature range in experiments which also produce endloss reduction, 

11 3 starting fran a plug streaca density of 6 * 10 era . X-ray and diamagnetlc 
measurements are underway to determine the hot electron fraction. However, 
the decay of the diaraagnetic loop suggests that the fraction is appreciable 

12 3 and Is observed to permit plugging at densities up to 1 .8 * 10 cm . The 
plugging takes place only after thermal barrier electrons have been generated. 
The same results are obtained with or without neutral beam injection. It is 
theoretically expected that neutral beam injected ions and associated barrier 
pumping will be required at the higher parameters projected in Tara. We have 
controlled the thermal barrier runaway electrons produced outside the main 
column using a scraper in the plug. This eliminates their absorption and beta 
contribution. Further experiments are aimed at determining the ECH bulk 
electron heating, plug temperature, and potential. 

PHAEBRUS RECENT PROGRESS 

A signif icant reduction in MHD fluctuation levels in experiments 
performed with centra l ce l l ICRF at 0.8 w . has been achieved through the use 
of phased antennas. In central ce l l stand-alone mode, with no end ce l l ICRF, 
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two dual half-turn antennas located 50 cm to either side of central cell 
midplane are excited at the same frequency, but with variable relative 
phasing. Previous experiments at 1.0 u, have shown that fluctuation levels 
are strongly affected by relative antenna phasing for fixed excitation 
frequency. The results of experiments with 0.8 u . excitation are shown in 
Fig. 5, which demonstrates that a factor of 1-5 range in MHD fluctuation 
levels can be achieved with a proper choice of phasing. 

Experiments involving additional ICRF sources in the end cells have 
demonstrated strong single ended plugging. An end cell midplane dual half-
turn antenna, resonant at the midplane ion cyclotron frequency, traps and 
heats the central cell loss stream. An additional dual half-turn antenna, 
located 20 cm inboard of end cell midplane, is excited at half the end cell 
midplane ion cyclotron frequency. This frequency is resonant only at magnetic 
beaches on either end of the central cell, near R » 1.5. Early experiments 
with only the west low frequency end cell source active resulted in strong 
single ended plugging. The best results obtained are displayed in Fig. 6, 
which shows the total ion endlo3s current on the four endloss analyzers 
nearest the machine axis. The end cell midplans sources are excited at 3 ms 
into the shot and the west low frequency source at 7 ms. A factor of 30-10 
reduction in west endloss results. A partial failure of the west end cell 
midplane rf feedthrough has prevented full power double ended trials of the 
end cell low frequency oscillator system. In lower power double ended trails, 
operation of the low frequency sources routinely results in a factor of two 
increase in central cell diamagnetism and a 50 percent increase in central 
cell density due to the presence of magnetic beaches at the central cell— 
cKke coil transitions. We have also observed a factor of three increase in 
the end cell electron temperature when the low frequency sources are excited. 

Thermal barrier filling experiments have shown that a density dip in the 
inboard thermal barrier cell can be maintained without active pumping. Plug 

12 -3 densities achieved are 2 * 10 cm j thermal barrier densities, 
1 2 - 3 1 2 - 3 

1 * 10 cm ; with central cell densities of li x i0 cm . The passive 
pumping mechanism necessary to maintain this density dip ha3 been found to 
pump ions radially but the exact cause is under investigation. The major 
filling mechanism of the thermal barrier region is the plug rf propagating 
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lnto the thermal barr ier region and trapping and heating streaming Ions 
loca l ly . This f i l l i n g mechanism i s independent of plug density Increases. 
The passing ion density i s lower due to the anisotropic velocity d is t r ibut ion 
of the rf heated central ce l l plasma. This reduces the Coulomb co l l l s iona l 
f i l l i n g to a minor r o l e . The pumping of ions on the local thermal barr ier 
l l rai ters does not Increase the local neutral pressure s igni f icant ly . Neutrals 
do not dominate the f i l l i n g process in the Fhaedrus-B thermal barrier even 
when 10-12 amps of ions are intercepted by these l lmi te r s . 
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I I I . PROPOSED TANDEM MIRROR RESEARCH PROGRAM FOR FY87 

Options 

As described in Sec. I , both TMX-U and Tara offer good reasons for 
operating in FY87. With success, each could achieve the goal of a plugged 
central ce l l density of -10 era . TMX-U has newly developed diagnostics 
well suited to address the questions of LOP and can address the LOP issue in a 
s tab le magnetic geometry. Tara i s a new machine that has not yet been 
exploited, I t has a geometry that with s t ab i l i z a t i on might be superior for 
barr ier formation, and i t has a configuration that projects to an a t t r ac t ive 
reactor . Being i n i t i a l l y a lower budget f a c i l i t y . Tara requires a smaller 
increment to operate for the fu l l FY87. Our minimum plan ca l l s for fu l l 
operation of Tara and Phaedrus. In addi t ion, t o increase the chance for 
success in meeting the plugging-density goal, we strongly recommend operation 
of TMX-U to take advantage of the experience base of that f a c i l i t y , i t s 
recently developed diagnostic capabi l i ty , and new elements aimed at increasing 
the plugged density. The s t ructure of the tandem mirror research plan and 
options is incorporated into the TMX-U milestone, with the termination of each 
funding case called out exp l i c i t l y . 

TMX-UPGRADE FY87 MILESTONES 

OBJECTIVE; Physics investigation to es tabl ish thermal-barrier plugging with a 
13 -3 cen t r a l - ce l l density -10 cm . 

Past experiments have attempted to reach a plugged cen t ra l -ce l l density 
13 -3 of 1 x 10 cm by varying the heating and fueling systems while we monitored 

the end loss current . Recently, new diagnostics to measure the plasma 
potent ia l have become operational . The TMX-U plasma potential instrument set 
now includes the cen t ra l -ce l l plasma potential diagnostic (PPD), the end-cell 
time of f l ight instrument (TOF), the two end-losa ion spectrometers (ELIS), 
and the four end-loss-ion analyzers (ELA) . 

In addition to new diagnostics, there are several heating and fueling 
systems on TMX-U which are new and potent ia l ly important to achieving bet ter 
performance. These include the long pulse (75 i s ) ECH tubes, the inner 10kG 
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ECH system, the 18 GHz ECH system, the a b i l i t y to aim the 5 kG ECH toward the 
central ce l l side of the barrier midplane, feedback-controlled cen t ra l -ce l l 
gas feed (under development), and the a b i l i t y to keep the l iquid-nitrogen 
l ine r system continuously cold for several days. 

The new diagnostics will be used to determine the axial potential 
profile during double ended plugging and during loss of plugging (Milestone 
1) . These measurements will help determine the order in which the experiments 
described in Milestone 2 are carried out. The resu l t s of these experiments 
should determine whether or not the heating and fueling systems presently on 
TMX-U are adequate to allow plugging at densi t ies greater than 

12 -3 2 x 10 cm . If they a re , we will need to control the r a t e of central ce l l 
density increase as outlined in Milestone 3. Once the beam target i s adequate 
(Milestone 1) and the cen t ra l -ce l l neutral-beam system output i s sufficient 
(Milestone 5) then experiments to reach 10 ^ wi l l be conducted (Milestone 6) .* 

We now l i s t the six milestones which will mark our progress toward 
13 -3 plugging at -10 cm . Particular emphasis i s placed on Milestone 2 which 

deals with understanding the physics behind our present inab i l i ty to sustain 
12 -3 axial plugging a t densi t ies greater than 2 x 1 0 cm . Included with 

Milestone 2 i s a table of the plasma parameters which we believe play a 
c r i t i c a l ro le in loss of plugging (LOP) . We Include a brief description of 
the experiments we feel are necessary to understand the ro le these parameters 
play (in LOP) and a l i s t of the diagnostics and measurements which we w.'li 
use. An overview of the resul t ing experimental program plan i s presented in 
Fig. 7. 

*This set of milestones (2-6) was baseci on the conventional picture of 
thermal-barrier potential confinement in a manner consistent with the TMX-U 
proposal and the models in the TREQ code. Nonconventional potential profiles 
wil l be recognizable from the data and may require some modification of the 
proposed experimental plan. 



TMX-U EXPERIMENTAL PLAtl FOR FYU7 H\LESTONES 
1986-1587 1987-1988 

/JUNE/JULY/ AUG/SEPT/ OCT/ NOV/ DEC/ JAN/ FEB/ MAR/APRL/ MAY/JUNE/JULY/ AUG/SEPT/ OCT/ NOV/ DEC/ JAN/ 

M*1 CASE A FUNDING 
M*1 PHYSICS RUN 
^CALIBRATE DIAGNOSTICS 

*PHKZ), PPCGRNDEP(MI) 
*PHI(Z), PPC FLOATED (Ml) 

*CC GAS REDUCTION BEFORE LOP <M3) 
* IOKG ECH POWER & CC GAS SCAN CM2A) 

^BARRIER FILLING (ANCHOR GAS PUFF & ICH PULSE) (M2B) 
*5KG ECH POWER BALANCE & AIMING (M2A) 

*I8GHZPLUGECH(M2C) 
<__ ! _ > M*2,3 
M*2&3 PHYSICS RUN 

CASEB 
FUNDING 

*CC PARTICLE ACCOUNTABILITY AND 
CONTROL (RADIAL TRANSPORT) (M3) 

AIR DEBUG *SLOSHING IONS 
< I > * BARRIER FILLING 012) 
o regetter (CC HEATING) 
o new dlags. * I OKG ECH( VLASOV) (M2) 
Optional: *CC POWER BALANCE/ 
o new gas cntr l HEAT PULSE (M2) 
o new gas Dox *CC 18GHZ & INNER 
o VI ascv antenna \ OKG ECH (M20) 

AIR DEBUG 
< I > 
o regetter 
o LENI mods 

< 

FIG. 6: TMX-U EXPERIMENTAL PLAN 
FOR FY87 

This program plan 1s an ambitious, 
milestone/goal oriented program which 
emphasizes detailed measurements of the 
plasma to allow us to understand our pre­
sent density limit of 2 x E12 cm-3. 

The experiments shown are arranged 
In a prioritized list which we believe will 
allow improved performance in a mini­
mum amount of time, it 13 our intent that 
we wil l only execute the minimum numbBr 
of experiments necessary to reach the goal 
of Milestone 6. 

Tht proposed experiments are based 
on our present belief that TMX-u is oper­
ating as predicted by thermal-barrier 
tandem mirror theory. If the THX-VJ 
experiments Indicate that this Is not the 
cese, we may need to alter this program 
to Illuminate the problem areeXs). 

_> M J 4,5,8.6 CASEC 
FUNDING M * 4 ,5 ,&6 PHYSICS RUN 

*CC CONFINEMENT & HEATING(ICH) 014) 
* LENI BEAM CURRENT WORK-UP (M5) 

*LEN! CC BUILD-UP (116) 
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Mllestone 1, Determine the axial potential prof i le during double-ended 
plugging and during loss-of-plugglng (September 1986). 

This milestone i s possible with the potential diagnostics: central ce l l 
plasma potential diagnostic, end loss ion spectrometers, end-cell time of 
f l igh t instrument, and end loss analyzers. 

—TERMINATION POINT FOR FUNDING CASE A— 

At th i s point in the TMX-U experimental program we would be able to pass 
the following Information to the TARA program: 

A. Description of the axial potential profi le in TMX-U before, during, 
and after loss of plugging. 

B. Limited evaluation of the importance of bar r ie r f i l l i n g , hot 
electron fract ion, and ECRH power at the plugging point on loss of 
plugging in TMX-U. 

Milestone 2. Evaluate the ro le of c r i t i c a l plasma parameters in the reduction 
of potential confinement during loss-of-plugging (March 1987): 

We believe that the following parameters play an important role in loss 
of plugging. The experiments In Fig. 7 were selected from Appendix I I based 
on our appraisal of which experiments have the highest probabil i ty of 
Illuminating the cause for LOP in the shortest possible time. Many of these 
experiments will yield data on more than one of the possible problem areas . 

a. Hot electron fraction within the thermal barr ier 

b. Thermal barrier f i l l i n g ra te -

c . Sloshing ion axial-densi ty prof i le and l i fet ime -

d. Centra l -cel l electron temperature and power balance -
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The rela t ionship of the experiments in Fig. 7 to these parameters i s 
shown in Appendix I I where we out l ine the experiments according to the 
c r i t i c a l parameters which appear under Milestone 2 . 

The experiments 3hown in Fig. 7 will also allow U3 to examine the 
effects of our heating and fueling ayslems on the plasma potent ia l p ro f i l e . 
This will not only allow us to increase our understanding of the ro le these 
systems play in plugging, but should also allow us to improve performance 
( i . e . , maximum plugged density) as our understanding increases. 

If the loas-of-plugging mechanism does not allow an ifflproyement in 
cent ra l -ce l l performance with the heating and fueling hardware in place on 
THX-U, we will determine what changes would be required and what implications 
these changes have to THX-U, Tara, Phaedrus, GAMMA-10, and MFTF-B. 

—TERMINATION WITH FUNDING CASE B— 

At th i s point in the THX-U experimental program we would be able to 
pass the following information to the Tara program. 

A. Evaluation of the Importance of barrier filling including an 
assesraent of the re la t ive Importance of charge exchange in the 
plugs, scat ter ing of the central ce l l passing ions, and anomalous 
processes. 

B. Evaluation of the importance of hot electron fract ion, including 
the importance of the beta shif t of the BCRH resonance, the maximum 
rate at which the plug density can increase while maintaining a 
large hot electron fract ion, and any l imi ts to the achievable hot 
electron density in TMX-U. 

C. Evaluation of the importance of ECRH power at the plugging point on 
loss of plugging, including the sens i t iv i ty to the 2& GH2 ECH power 
(resonance at 10 kG) versus 18 GHz power {resonance at 6.4kG) — 
related to changes in the sloshing ion turning point while plugged, 
and the maximum allowed sloshing ion density in TMX-U as a function 
of the plug ECH power. 

D. Evaluation of the cause of the anomalous sloshing ion lifetime In 
TMX-U and i t s importance in plugging, in part icular the ro le i t 
play3 in barrier pumping. 

E. Lijnited analysis of the importance of controlling the build-up of 
the central ce l l density to maintain plugging. 
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Mileatone 3. Control cen t ra l -ee l l fueling and rad ia l transport to control the 
ra te of cent ra l cell density r i s e during plugging. Establish 30 
ms plugging duration and t o t a l pa r t i c l e confinement time 
greater than 10 ma (March 1987). 

Previous TMX-U experiments have indicated that when the radia l losses 
are small, plugging the axial losses r e su l t s in a rapid increase in the 
central ce l l density which in turn leads to LOP. During those experiments, 
we were able to control the non-aabipolar rad ia l losses by e l ec t r i ca l ly 
f loat ing the Plasma Potential Control (PPC) p la tes on the end walls of TMX-U. 
We were able t o minimize the arabipolar losses by t a i lo r ing the ICH power as a 
function of time (during the discharge) to "match" the plasma density. Our 
data base on control l ing airibipolar los ses , however, Is small, so we may need 
experimental time to increase our ab i l i ty to control asibipolar losses over a 
wider range of condit ions. 

We also believe that we may need to modify our present gas-fped 
control system by in s t a l l i ng feedback control so that the central ce l l 
density r i s e i s consistent with our existing ICH and ECH heating systems. 
Lastly, we are studying the des i rabi l i ty of Ins ta l l ing a Tera s tyle gas box to 
improve our gas fueling efficiency as 13 done in TARA and GAMMA 10. 

Milestone 4. Demonstrate a cent ra l -ce l l beam-target plasma with suff icient 
confinement for centra l -ce l l low-energy neutra l - In jec tors 

12 -3 (LEWI): n - 4 x 10 cm , t o t a l pa r t i c l e confinement time 
greater than 10 ma, duration of plugging greater than 30 ms 
(June 19&7>. 

This milestone capi ta l izes on the r e su l t s from Milestones 2 and 3 to 
increase the plugged cen t ra l -ce l l density to a level adequate for LEWI beam 
buildup to -10 J cm . 
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Mllestone 5. Increase low-energy-neutral-lnjector (LENT) current to permit 
reaching - 1 0 1 3 cm" 3. (June 1987). 

TREQ and analyt ica l calculations predict buildup from the target plasma 
of Milestone 4 to a plugged cent ra l -ce l l density -10 cm U3ing 170 atom 
amps of LEKI current at a mean beam energy of 1.3 kV. The present TMX-U LEMI 
beam system (10 beams) del ivers approximately 100 atom amps. An individual 
source operating on a t e s t stand has delivered 17 atom amps. The work up and 
optimization of the LENI beams will proceed in para l le l with the experiments 
on TMX-U as shown in Fig. 7. 

Milestone 6. Use low-energy-neutral-injectors to Increase cent ra l -ce l l 
plugged density to - 1 0 1 3 cm~3 (September 1987). 

TARA EXPERIMENTAL PLAN AND MILESTONES 

We have re-examined the parameters which Tara can achieve. We find that 
Tara has the potential to produce parameters which exceed those in the 
original proposal when the mirror trapped central ce l l d is t r ibut ion Is 
included. We have revised our goals in that l i g h t . The principal issue i s 
whether the machine can be exercised fast enough to reach these goals in FY 
•87. We believe that r e a l i s t i c a l l y , more than one year may be required to 
complete the objectives as these goals are highly success oriented and do not 
allow for time to deal with unforeseen technical or physics problems. Given 
adequate time we can make a tandem mirror work a t the desired performance 
leve l . The time to be allowed should be determined by how desirable i t i s to 
have a tandem mirror available a3 a reactor concept. 

Our program ia aimed at achieving plugged axicel l confinement with 
high central ce l l density. We wil l focus our a t tent ion in three areas . 

• S tab i l i ty in plugged operation employing one of three s tab i l i za t ion 
schemes described below. 

• Creation of halo plasma for increasing shielding of hot ions. 
• Optimize plugging experiments for higher density and central ce l l 

parameters. 
The program involves examining three s tab i l i za t ion schemes. In pa ra l l e l , we 
will continue to develop thermal barrier physics, i . e . , proper hot electron 
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fraction, barrier pumping and plug potential formation. As soon as any or the 
stabilization schemes yield desired reaulta, emphasis may change so as to take 
advantage of it and move more rapidly on plugging experiments. 

The effort through Deo. '86 is directed towards exploring i-ne 
compatibility of plugged operation with three stabilization schemes. The 
stabilization schemes are the outside anchor developed in the Tara proposal, 
magnetic limiter stabilization recently conceived of at MIT, and RF 
ponderomotive stabilization developed at UW. The outside anchor stabilization 
requires higher beta in plugged operation. The effective beta will be raised 
by generating a high beta hot electron component. As the core beta is 
produced by ICHF trapping of the stream, additional fueling from the 
transition is being perfected to maintain the anchor during plugged operation 
when central cell endloss is reduced. The results of the hot electron anchor 
will establish much of the physics of hot particle stabilization and will make 
contributions to other confinement concepts, notably tokamaks. 

The Magnetic Umiter/Halo Generator concept is a significant new idea in 
tandem mirror design. The divertor is expected to stabilize m = 1 
instabilities, characteristic of the HHD mode observed in Tara and to provide 

13 2 up to 1 x 10 cm of line density to shield the plug and central cell plasma 
from edge neutrals. It will thus improve stability and greatly improve the 
power balance by eliminating the transition and anchor plasma. Furthermore, 
the simplified coil set makes a significant improvement in the reactor 
configuration of a Tandem Mirror. Fabrication is underway and installation is 
planned for Aug. '86 with operation resuming in Sept. '86. 

Ponderomotive stabilization has proved successful on Phaedrus. It is 
both desirable to try this method on a larger machine and if successful, could 
lead to more rapid progress on plugging in Tara. Experiments are planned for 
this July with additional experiments in December. This work will be done in 
collaboration with the Phaedrus group. 

For Tara to establish high density, thermal barrier operation in FY '87, 
it must reach higher density than projected in the proposal. The new central 
cell configuration, developed since the proposal, permits Tara to achieve 
higher central cell density for the same thermal barrier pumping level as is 
given in the proposal. This i3 achieved by RF trapping to produce a central 
cell mirror trapped population. This mirror trapped population was not assumed 
in the initial design. Present operation without plugging has a central cell 
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mirror peak to local well density ratio of 2-3. The gas box design 
incorporates charge exchange reflux and is able to fuel the axi3 at higher 
density than can be achieved by Franck-Condons. The maximum density at the 
central cell mirror peak which is consistent with thermal barrier pumping is 

12 3 1 x 10 cm. With a density ratio of 2 in plugged operation, Tara can 
12 3 achieve a peak central cell plugged density of -8 » 10 cm . 

Plugging efforts will be pursued during the period of evaluation of 
stability concepts. We will thereafter focus on improving central cell 
parameters. This will require a continued effort in ICRF heating to limit 
barrier filling at high density and to maintain an equal mirror trapped Ion 
component. A significant effort will be pursued in radial potential control 
and in limiting radial transport which might be introduced by the heating 
systems. We will use both the conventional plug ECH for potential generation 
as well as bounce resonance electron heating. Since power of the ICH 
transmitter is continuously adjustable, it may offer methods for initiating 
plugging on a slow time scale, making start up of plugged operation easier. 
The use of the HIBP together with endloss analyzers and potentially an LLNL 
ELIS to make plugging potential measurements will enhance understanding of 
thermal barrier plugging physics. 

The margins that we have for achieving these overall goals are 
12 3 reasonable. Tara achieved plugging results of n > 1 * 10 cm , similar to 

those obtained on Gamma-10, after only one month of plugging experiments. In 
order to improve these results on Gamma-10, the vacuum systems will be 
upgraded, rf power will be added to the central cell, and pump beams will be 
added, all over a period of three fiscal years. At the present time, Tara has 
all of these. In addition, the pressure in the Tara plug is an order of 
magnitude lower, the addition of a halo generator to Tara is a plus, Tara has 
900 kW of rf for the central cell, and Tara has double the beau current of 
Gamma-1 0. 
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Milestone Summary Through FY '87 Based on a $7.5M Budget, as Elaborated in 
Fig. 8: 

Milestone 1. Evaluate outside anchor stabilization in plugged operation. 
Aug. '86 

Stability in plugged operation requires that hot particle stabilization 
contribute to the effective anchor beta. Fueling of the anchor in plugged 
operation results from the transition outflow as opposed to the central cell 
stream in unplugged operation. These two effects will be established for 
outboard anchor stabilization of Tara. 

Milestone 2. Complete installation and begin operation of the Magnetic 
Llmiter. Sept. '86 

The magnetic limiter and halo generator is in fabrication and will be 
installed during Aug. '86. It permits both purely axisymmetrie stabilization 
and halo formation for charge exchange control at the low fueling levels of 
plugged operation. The method for stabilization removes the danger of trapped 
particle modes. Installation of the magnetic divertor is a significant 
machine modification and as such, may require several months to obtain good 
operating conditions and to learn how to operate with independent halo and 
core fueling and power balance. 

Milestone 3. Evaluate the central cell stabilization by the Magnetic Limiter. 
Nov. '36 

This milestone is to establish the fundamental goal of stabilization 
with the magnetic limiter. The magnetic limiter allows separate control of 
the edge plasma and thus plays an additional important role in achieving 
higher density operation. Successful stabilization with the magnetic limlter 
will have impact beyond tandem mirrors, providing new methods for 
stabilization of the FRC, Spheroraak and Drakon configurations. 
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Milestone H. Begin plugging experiments with floating end plates for radial 
potential control. Jan. '87 

Radial potential control has proven effective in improving operation of 
TMX-U and Gamma-10. Although potential control for transport in the central 
cell does not appear to be an issue, potential control will reduce rotational 
drive, leading to better stability. This milestone may be optional if 
adequate stability is achieved with grounded end plates. 

Milestone 5. Assess the improvement in stability using floating end plates. 
March '87 

The impact of potential control on the machine operation will be 
established. 

Milestone 6. Continue scaling in plugged operation. April '87 

At this time we will have evaluated the optimum method for stability in 
which to pursue plugged operation. We will continue to push up parameters in 
order to plug the central cell at the highest possible density. We will have 
available the detailed results from TMX-U in addition to Tara's, to formulate 
the best approach. 

Milestone 7. Establish n - 8 x 1 0 1 2 cm 3, T. = T - 100 eV. Sept. '87 e l e 

The goal will be to achieve the desired performance level by the end of 
FY '87. Successful achievement of this goal will naturally lead to improved 
parameters with emphasis on higher central cell beta in FY '88-



TARA TIMELIHE JUNE 1986 - JANUARY 1987 

June 

FISCAL YEAR 1986 

July August Sept. 

Experi- Anchor fuel require-
mental ments. X-ray TeH 
Meas. Stability w/wo hot 

elect, in anchor, 
ponderomotive 
stabilization 

Re-establish 
high confine­
ment mode then 
test Magnetic 
Lirclter 

Experi- Establish: Stability 
mental Hot fraction in barrier, analysis for 
Anal- limits, stability Magnetic 
ysis boundaries Limiter 

Major 
Hardware 
Work 

Major 
Mile­
stones 

UP-TO-AIR 
Magnetic Limlter, 
general repairs 

* Anchor plugged 
startup 

* Anchor hot e 
* Plug ICH 

plugging 

1 )Evaluate 
outside 
anchor 

Analysis 

2)0perate 
Magnet 
Limiter 

Halo 
Diagnostic fueling 
calibratn * Barrier 
Anchor RF buildup 
Diagnostic 
additions 

FISCAL YEAR 1987 

Nov. Dec. 

Build-up NB 
and pljg w/ 
Magnetic 
Limlter 
and Halo 

Pondero- Operate 
motive w/float-
tests ing 

plates 

Analyze Pondero­
motive Results 

UP-TO-AIR 
Add floating 
end plates 

3)Evaluate 
stab, by 
Mag. Lim. 

Plug with 
Halo and 
outside 
anchor 
Plug NB 
buildup 

Stability 
with 
plugging 

t)Begin 
exper.w/ 
floating 
plates 

* Establish 
operation 
w/o 
floating 
plates 



TARA TIMELINE JANUARY 1987-OCTOBER 1987 

Feb 

F I S C A L Y E A R 1 9 8 7 

April May June July August Sept. 

Experi­ Measure effects Raise cc Measure fuel. HIBP Optlmi ze RF power 
mental of end plates density and confine- radial and fueling for 
Keaa. on confinement ment effects scans highes it possible 

and stability at higher operating density 
density 

Experi­ End plate High Continue Relate cc 
mental effects density analysis of phi profiles 
Anal­ effects on high dens. to plasma 
ysis plugging plugging parameters 

confinement 

Major UP-TO-AIR 
Hardware Maintenance 
Work and changes 

as needed 

Major 5)Assess 6)Continue 7)Establish 
Mile­ floating scaling in n = 8E12/cm3 
stones end plates plugged 

operation 
Ti - Te = UOOeV 

Tasks * Measure plugging * Evaluate * Optimize * Plug with 
effect on barrier hot electron ICH & ECH 

* Evaluate Halo pumping fraction * Minimize 
conf. & power bal. heating 

« S.I. * Evaluate effects on 
life- stability potent ial 
time, in plugged asymmetry 
Hale opera 
benefits 

tlon 
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PHAEDRUS EXPERIMENTAL PLANS AND MILESTONES 

The proposed milestones for Phaedrus have two goals. Half are devoted 
speci f ica l ly toward optimizing rf ponderoraotive s t a b i l i t y for Tara-l ike 
parameters and half aim at strong axial plugging by taking advantage of 
thermal ba r r i e r s . 

The s t a b i l i t y experiments are designed to provide an option in the event 
that MHD stable plasmas are not achieved with magnetic l im i t e r s . They involve 
investigations of ponderoraotive s t ab i l i t y a t a frequency well above the ion 
cyclotron frequency produced by antennas similar to those on Tara and in 
ra is ing Phaedrus parameters from the present n = 10 cm , T + T - 50 eV to 
T > 100 eV, T, > 200 eV. e i 

Thermal ba r r i e r - l ike configurations have already been achieved in 
Phaedrus with u-grad B pumping in an axisymmetric geometry and in Phaedrus 
with passive pumping in an axicell-to-quadrupole t r ans i t i on . Extensions of 
these configurations should allow us to achieve improved central ce l l 
parameters and to study generic rf issues such as ponderomotive effects on 
s t a b i l i t y and t ranspor t , localized heating, and potent ia l modifications in 
parameter regimes of in te res t to toroidal systems. 

A funding level of $2.0 M is a f l a t budget with our current budget and 
would allow us to operate with a r e a l i s t i c level of supplies and expendables 
and to replace one technician and (on a temporary basis) one s c i e n t i s t , who 
have l e f t the group. 
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PHAEDRUS MILESTONES 

August 1986 1. Evaluate rf stability using central cell ICRF at - 1*u c i at 
n - 1.0 x io 1 3 cm"3, T - T J = 50 eV. 

Sept. 1986 2. Add plug ECH (14 GHz, 20 kW each plug) and determine bulk 
electron temperature increases. 

Jan. 1987 3- Using end cell ECK end plug and central cell ICRF achieve 
bulk electron temperatures >100 eV at central cell densities 
at ?1.0 x 10 cm"3. 

April 1987 4. Establish the scaling of passive thermal barrier pumping at 
central cell d 
30 and 200 eV. 
central cell densities at -1.0 * 10 cm and T, between 

June 1987 5. Evaluate the basic physics issues of rf drift pumping. Carry 
out initial drift pumping studies using single pumping 
frequencies and measure the effect on the net trapping rate 
in the thermal barrier. 

August 19B7 6. Determine the scaling of the ion plugging potential at 
n >_ 1.0 x 10 1 3 cm"3 and T > 100 eV. 

Nov. 1987 7. Optimize rf stabilization by using phasing of two double-
dual-half turn antennas to achieve k• • and m control. 

Nov. 1987 8. Establish the scaling of yVB pumping of thermal barriers at 
n - 1.0 x 10 and T, between 30 and 200 eV. 
c 1 
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FUTURE TANDEM MIRROR PROGRAM 

Success in achieving the plugging goal of -10 era accompanied by a 
validated theoret ical understanding of the processes involved would be an 
Important step in assessing the potential of the tandem mirror as a reac tor . 
At that time the expected performances of MFTF-B and a tandem mirror reactor 
would be reevaluated, based on the theoret ical picture emerging from the 
experimental r e s u l t s . Independent of the technical circumstances, proceeding 
with MFTF-B In FY6S would depend on an improvement in the fusion budget. 

In any case, a strong program could be carried out in TMX-U and Tara in 
FY.88 end beyond with the goals of broadening the mirror-physics data base and 
improving the reactor concept, pending a bet ter budgetary climate. These 
physics studies would es tabl ish the ful l set of models used in the evaluation 
and design of future machines, and might also lead to improved confinement 
parameters with modest upgrades of e i ther f a c i l i t y based on r e su l t s in FY87. 
Examples of a FY88 physics investigation include 

• Plug-physics studies to explore the density and other l imi ts on 
sloshlr.g-ion mlcrostabi l i ty and i t s dependence on the ^lug mirror 
r a t i o , the ECH absorption efficiency and profi le control , hot-
electron micros tabi l i ty , and thermal barrier dr i f t pumping. 

• S tab i l i t y studies to explore l imi t s due to beta, ro ta t ion , L. apped 
p a r t i c l e s , e t c . 

• Transport s tudies to explore par t ic le and heat t ransport in a 
configuration lacking magnetic flux surfaces, effects of non-
symmetric raat ing and fueling, scaling comparisons with theory of T, 
B, and n, and impurity accumulation and l . re t ime, especial ly in 
longer pulse operation. 

Tara, pa r t i cu la r ly , i s capable of longer pulse operation. An important part 
of these studies would be the further development of theoret ical models used 
to scaled to future devices. 

Examples of areas for concept improvement, suggested by the MINIMARS 
reactor study, include the magnetic geometry, heating techniques and the i r 
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absorption ef f ic iencies , barrier pumping techniques, and di rec t conversion 
techniques, a l l of which impact the reactor evaluation in a s ignif icant way. 
Even if MFTF-B were further delayed, a successful improvements program would 
continue to build the case for i t s r e s t a r t . 

Success in achieving the FY87 density goal in Tara'a axisymmetric 
geometry would point toward modest upgrades of e i ther Tara or THX-U leading to 
improved performance. In either machine, these modifications would reduce the 
bar r ie r - loss of central ce l l ions to approximately the level of Pastukhov 
axial loss . In Tara, the modification would be to increase the t h r o t t l e coi l 
f ie ld from 30 to 50 kG (requiring only power supplies) and add dr i f t pumping. 
This would ra ise the centra l ce l l mirror r a t i o and (at constant temperature) 
permit a roughly 3 times higher thermal central ce l l density for the same 
barr ier pumping. In TMX-U, by converting to an axisymmetric geometry with 
smaller end ce l l s and using the high f ie ld t h r o t t l e already fabricated, the 
n-r would potent ia l ly r i s e to the mid-10 range. Similar modification of the 
HFTF-B f ac i l i t y in the same way would be straightforward, chiefly by 
rearranging s l igh t ly tlie equipment aire, Jy ins ta l led or planned for the 
machine. The modification would lead to improvement factors of 4 to B in 
MFTF-5's potent ia l nx values. 

On the other hand, i f the FY88 fusion budget permits, success in the 
FY87 program could open the way di rec t ly to operation of MFTF-B, which is 
f lexible enough to take advantage of resu l t s from ei ther TMX-U or Tara. Tne 
current plan, cal l ing f i r s t for a 0.5-sec ope-ation in HFTF-B, would have as a 
goal ni -10 cm s, a reasonable step up from the -10 value of Tara or 

1 3 - 3 TMX-U. The fu l l capabil i ty of MFTF-B to reach n t E - 10 ran s could s t i l l . 
follow in a l a t e r phase Dy adding the equipment necessary for 30 sec 
operation. 

LLNL/Tara Cooperation and Support 

LLNL would be able to lend support to an experimental program at Tara by 
both long and short terra assignments to MIT and by data analys is , modeling and 
theory work done at LLWL. As an upper l imi t , we would ex, ct 1-2 fu l l time 
assignments to MIT, approximately 1-2 man-years of time a t MIT dis t r ibuted 
over v i s i t s of 2-li weeks, and approximately 2-3 man-years of time spent at 
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LLNL. This level of support would vary, depending on the durati.-" of TMX-U 
operation. 

Experimental support would be chiefly in the area of diagnostics and the 
manpower to operate them. Example instruments would include an End Loss Ion 
Spectrometer (ELIS), an Extreme Ultraviolet (EUV) spectrometer, a Time of 
Flight (TOF) charge exchange analyzer, Germanium X-ray detectors , an H-alpha 
camera, and basic CAHAC equipment. 

Problems that warrant theore t ica l a t tent ion as seen today include 
modeling using the TREQ ra te code, Fokker-Planck codes, and Monte-Carlo codes 
studies of maorostability in the d iver tor-coi l geometry or using ponderonotive 
s t ab i l i z a t i on , several aspects of ECH theory and modeling, and studies of ion 
microatabi l i ty e f fec t s . While good work has been done In most of these areas 
by the small Tara theory group, LLNL brings a larger group capabil i ty having 
long experience in mirror problems and a wide variety of developed theore t ica l 
and computational t oo l s . 

Theory support would be valuable not only in understanding Tara i t s e l f , 
but a lso in projecting Tara r e s u l t s to MFTF-B and beyond. The performances of 
MFTF-B and reac tors are projected on the basis of a set of physics models not 
yet fully validated by experiment. Successful plugging at higher density will 
mean ei ther validating these models or replacing them with o thers . In the 
l a t t e r case, projections to future machines must be reevaluated. 

Applied Plasma Physios Support 

Since RF ponder emotive stabilization plays an important role in both 
Ti_ a and Phaedrus in FY67, the SAI-Boulder group should continue i t s theory 
work in t h i s area in collaboration with the experimental groups. The SAI 
group has developed substantial , capabili ty in th i s area and has been 
successfully collaborating with-the Phaedrus group. In addit ion, SAI could 
contribute t o s t a b i l i t y analysis in the Tara l imiter geometry and 
ponderomotive effects on trapped par t ic le modes. 

The APP mirror experiments continue to play an important ro l e in 
developing new concepts and carrying out detailed experiments. For example, 
r e s u l t s from LAMEX were fundamental In the development of the magnetic-limiter 
s t ab i l i z a t i on concept a t MIT, Constance has generated new data on hot 
electron eauillbrium, heating and s t a b i l i t y with applicat ions to thermal 
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barrier and hot particle stabilization concepts. We recommend the 
continuation of these types of experimental programs. 
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IV. BUDGETS AMD INSTITUTIONAL IMPACT 

As was stated in the Introduction, we shall consider the three budget 
cases shown in Table 2. 

Case A. 

13 -3 
Having adopted achieving -10 cm density with thermal barr ier end-

plugging as the highest p r io r i ty goal, we believe that the minimum-cost option 
to provide a fa i r chance to meet th is goal i s to extend TARA operation for the 
fu l l FY'87 at an incremental cost of $3.OH. We also believe that the chances 
of succeeding on TARA would be substantial ly improved with the help of key 
experts and equipment from LLNL and additional technicians on Phaedrus, 
leading to a t o t a l incremental cost for t h i s case of $3-9M as shown in 
Table 2. 

Case B. 

This case permits TARA to operate as in Case A but also extends TMX-U 
operation through mid-FY87 in order to u t i l i z e the greater diagnostic 
capabil i ty of TMX-U to understand and solve the LOP problem. The FI'87 
fiinding for Case B in Table 2 provides 6 months operation plus termination 
cos ts . 

Case C. 

This case permits both TARA and TMX-U to operate for the full FY'S? and 
provides the largest probability for achieving the plugging goal. 

institutional Impact 

The institutional Impact at HIT and Wisconsin would be positive in all 
three cases, since the funding increments would avoid disruptive terminations 
of staff that must otherwise occur. 
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Table 2. Budgets for Mirror Program Options Cln 
millions of $). 

Case A Case B Case C 

P r e s e n t OFE Budget 
TMX-U 2 .0 2 ,0 2 . 0 

TAHA ' 1.5 1.5 1.5 

Phaedrua 1.6 hi JjA 
8.1 8.1 8.1 

Increments 

TMX-U 0* 8.0 13-0 

TAHA 3.0 3 .0 3 .0 
LLNL suppor t of MIT 0 .5 0 .3 0 

Phaedrus 0.1 _0 .4 _ 0 . 1 . 

3 .9 11.T 16 .1 

*See Text 



-02-

At LLNL, the impact has two facets , which are different for the three 
cases: 

Impact on LLHL Manpower 

The present OFE budget, and Case A a l so , ca l l s for a major reduction in 
the LLNL staff at the end of FY'86 and makes no provision for experimental 
operating funds in FY'87. In par t icular , the $2M for THX-U in Case A merely 
covers a portion of the physics s tsff that would bring the project to a close 
and analyze and document the f inal r e s u l t s . Actual operation of TMX-U would 
be terminated in September. Discussions have been held with OFE seeking ways 
to extend the operation of TMX-U two months Into the Tall in order to do a 
bet ter job of preparing for the major fusion conference at Kyoto and making 
bet ter use of the f a c i l i t y for Tara and the internat ional mirror community 
before shutt ing i t down. This additional operation would require operating 
funds of $1.25M per month over and above the Case A budget. 

Case B, in which TMX-U operates part of the year, would defer the staff 
reduction problem by 6 months but ultimately require the 3ame large s taff 
reduction as Case A. Thus both Cases A and B would require a rebuilding of 
the operating staff if TMX-U were to be res ta r ted in FY88. 

Case C would continue the TMK-U staff for the ful l FY87, but at a 
reduced level (about 2/3) compared to FY86. I t would provide the best 
position for continuing the mirror as a fusion option. 

impact on LLHL Commitments t o Toroidal Program 

1. FY87 

LLNL has a strong commitment to mirror research and an Institutional 
responsibility to put the large investment in MFTF-B to good use eventually. 
Thus, LLNL places high priority on continuing its leadership role in the 
mirror program if funding permits. 

At the same time, In proposing to terminate mirror activity the OFE 
recognized strengths at LLNL that could contribute to the tokamak program and 
structured the FY87 budget accordingly, as shown in Table 3. 
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Table 3 . LLNL FY87 budget - present OFE budget case 
(in mill ions of $ ) . 

Total 

Residual 
core s taff 

funds Included in 
the to t a l s 

Mirror 
MFTF-B 

TMX-U 

15 

_2 

17 

Toroidal 
Dill Support 6 6 
ETR 1.5 1.5 
Bean Contracts 7.3* 0 

1U.8 7.5 

Totals 31.8 

* This item represents contract costs outstanding 
for a jo in t purchase of neutral beam sources 
for TFTR and Dili nade through LLNL. 

**For comparison, core staff funding in FY86 
was approximately $21M. 
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In FY87, the primary LLNL obligation is to provide support for Dili at 
GA Technologies. Discussions are In progress to determine how best to provide 
this support, within the constraints of the LLNL budget shown In Table 3. 
This discussion applies both to the present circumstance in which the mirror 
program would be terminated and also to Case A in which Tara (but not TMX-U) 
would continue operation for the full FY87. As was noted above, this budget 
only provides funds for outstanding contractual obligations, a minimal 
maintenance 3taff to mothball MFTF-B, and a residual core staff - dominantly 
physicists - that is less than half of the FY86 level. In particular, no 
funds are provided for operating expenses or new equipment (e.g. ECH) deemed 
critical to the Dili program (a topic of ongoing discussion with OFE). 

Turning to Cases B and C r In presenting Case C to OFE at its Spring 
program review, LLNL recommended that the staff support for a continued mirror 
effort be provided by the existing knowledgeable staff on TMX-U but with the 
understanding that other funds would be found to provide the support to Dili 
that would otherwise be provided by LLNL. The same recommendation applies to 
Case B. The OFE concurs in this view in light of the high priority it places 
on the Dili program. Thus, the incremental costs to extend TMX-U operation 
under Cases B and C should be regarded as a net increase In the combined LLNL-
GA funding that would require additional funds from Congress or reprioritizing 
the overall OFE program. 

2. FY'88 

As was discussed in Section I I I , a possible outcome of continuation of 

the mirror program in FY'87 would be a decision to r e s t a r t TMX-U in FY'88 

(Cases A, B) or to continue i t s operation (Case C). On the other hand, a 

cooperative program on Dili and other toroidal a c t i v i t i e s at LLNL in i t i a t ed in 

FY'87 would have a natural follow-on in FY*B8. Moreover, LLNL finds i t s e l f in 

a unique position to contribute to the success of the CIT and ETR by applying 

to tokamaks a high power microwave heating technology developed at the 

Laboratory. A proposal to move Alcator C to Livermore in order to t e s t t h i s 

concept i s currently under review. Since no FY"87 funds are provided for t h i s 

experiment in the present OFE budget, any substant ia l financial impact of 

proceeding with i t would probably be delayed to FY*88. 
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If OFE chose to do so , i t could support both a mirror and a toroidal 
program a t LLNL in FY'86 with no overall increase in LLNL funding r e l a t i v e to 
FY'87. Outstanding obligations for both MFTF-B and Beam Sources are ful ly 
paid under the present OFE budget for FY'87 (Table 3) , and by FY'88 the cost 
to maintain MFTF-B in standby condition i s only $2M if a l l contractual 
obligations are ful ly paid in FY'87 as provided in the plan. Then, in effect , 
a r e s t a r t (or continuation) of TMX-U in FY'88 could be paid for from rol loff 
of MFTF-B mirror expenditures and a substant ia l toroidal effort could be 
funded by a continuation of the FY'87 toroidal program level in Table 3. 

However, since nei ther MFAC nor the mirror community can foresee F„''8S 
budgetary conditions at t h i s time, i t 3eems best to resolve any confl ic t 
between mirror and toroidal a c t i v i t i e s in FY'88 in the future through normal 
OFE management procedures. The high pr io r i ty that LLNL accords i t s 
responsib i l i ty to continue leadership of the mirror program has already been 
s t a t ed . 
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APPENDIX I . PRELIMINARY RESULTS OF THE TMX-U POTENTIAL MEASUREMENTS 

During the l a s t TMX-U experimental run, which ended in March, 1986, we 
made s ignif icant progress in our ab i l i t y to measure the axial potential 
p ro f i l e . We now have several diagnostics in operation which provide 
suff ic ient information to permit determination of the potential at several key 
axial locat ions , and hence to infer the axial potent ia l profi le in the 
machine. The i n i t i a l resu l t s we have obtained with these diagnostics are very 
encouraging, but we require additional operation to gain confidence in our 
in terpre ta t ion of these data. 

These i n i t i a l resu l t s indicate that we have a thermal barr ier 
configuration during the period with good to ta l pa r t i c l e confinement. After 
the loss of plugging, the potential at the barr ier remains lower than the 
inner mirror potent ia l , but the potential at the outer sloshing ion turning 
point i s less than the potential at the midplane of the central c e l l . The 
measured d is t r ibut ion function of ions confined in the thermal barr ier is 
Maxwellian with the same temperature as the passing ions Just before the loss 
of plugging whereas the d is t r ibut ion of the potent ia l ly confined ions has a 
lower apparent temperature than the passing ions during the period with good 
par t ic le confinement. This auggeata that co l l i s ional f i l l i n g from the central 
ce l l i s playing a ro le in the reduction of axial confinement. 

Ear l ier modeling indicated that ECH power l imita t ions are also pitying a 
ro l e . Hence, we believe that our next experiments should examine both the 
effect of co l l i s iona l f i l l i n g and the effect of ECH on the axial potential 
p rof i le . (TMX-U milestones 1 and 2 in section I I I . ) 

The information avai lable from the diagnostics which provide the data 
necessary to measure the axial potential profi le i s summarized in Table 1-1. 
The Plasma-Potential-Diagnostlc (PPD) is a heavy-ion beam probe which 
determines the potent ia l a t the midplane of the central c e l l . The Time-of-
Flight analyzer (TOF) i s a charge-exchange analyzer which measures the 
d is t r ibu t ion function of ions at the thermal barr ier with kinet ic energy in 
the range 50 -?V < E < 1500 eV, and Ji a pitch angle of 22.5°. Examination 
of t h i s d is t r ibut ion function permits ident i f icat ion of phase space 
boundaries, which, in turn, determine the potential difference between the 
barr ier and the inner mirror (6<Mt)), and the potential difference between 
the barrier and the plug {fi<|> b ( t ) ) . The End-Loss-Ion-Spectrometers (ELIS) 
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Table 1-1. Potent ia l - sens i t ive diagnostics on TMX-U. 

Diagnostic Location Measurement Limitations 

PPD Cen t ra l c e l l midplane • ( r , t ) | 2 - 0 n

e o > 5 * 1 0 1 1 cm" 3 

TOF Eas t p lug mldplane « « b ( t ) 50 eV < E < 1500 eV 

(West p lug mi dpiane) « - > a b ( t ) 
£LIS East end 

West end 
max 

' ( i n n e r m i r r o r ) 
B ( * ) vmax 

(pump beam) 

j i , > 0 . 3 mA/cm2 

ELft Eas t end 

West end 

$ ( r , t ) max * < 1500 V 
max 
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measure the energy spectrum of the lon3 which are lost axially. Detailed 
examination of this spectrum permit determination of the maximum potential in 
the plug region C* m a xtt) J, the magnetic field at the maximum potential 
(B(L,t)), the potential at the inner mirror (*. . (t)), and the max r Tinner mirror v ' 
potential at the location of the pump beam footprint (4 ,_ (t)). 

r * Tpump beam 
Final ly , the End-Loss Analyzers (ELA) are a set of four gridded analyzers 
which provide the energy spectrum of the end losses (ions or e lec t rons) . 
These devices can provide the maximum potential along a f ie ld l i n e . Some of 
them are capable of being moved across the end-loss fan, hence they provide 
radia l information. 

We have used these diagnostics to obtain the axial potential prof i le 
both during the period with good to ta l par t ic le confinement, and after loss -
of-plugging. The machine was operated in the standard thermal barr ier 
configuration with sloshing beams, fundamental and second harmonic ECH, 
central ce l l ICH, and the potent ia l control plates floated (10 fi to ground). 
When the sloshing beams were turned on, the axial losses decreased, permitting 
the central ce l l density to r i s e rapidly. This led to a 1033 of plugging. 
The spectra measured on the TOF analyzer during the period with good par t i c le 
confinement, j u s t before loss-of-plugging, and j u s t after loss-of-plugging are 
shown in Fig. 1-1(a), 1-1(b), and 1-1(c) respect ively. The corresponding 
poten t ia l s for plugged operation and jus t after loss-of-plugging are shown in 
Fig. I-2(a) and I -2(b) . While plugged, the TOF spectrum consists of two 
Maxwellian populations; a low energy, barr ier trapped species, and a higher 
energy passing ions species. The energy at which the spectrum t rans i t ions 
from one population to the other ( 250 eV in Fig. 1-1(a)) determines the 
phase-space boundary between these populations, and hence i s a measure of the 
potent ia l difference between the inner mirror and the bar r ie r , i . e . the 
thermal barr ier depth. The relat ionship between the energy at which the break 
in the spectrum occurs and the potential difference i s dependent on the 
viewing angle of the TOF analyzer anc the mirror r a t i o between the inner 
mirror and the bar r ie r . For TMX-U the break at 250 eV corresponds to a 
potent ia l difference of 90 V. The lack of a break in the spectrum between 250 
eV and 1000 eV Indicates that the phase space boundary between the passing 
iona and the loss cone occurs above 1 keV. Thi3 permits a measure of the 
minimum Ion confining po ten t ia l . If the loss cone boundary occurred at 1 keif, 



I f . D n i M Ch»M trii H.MI9 >* IMMS M 
AirU| JBOJ M"lcl> W f l w w 

It- I 

5 I f I 

I t - • 

W 

N \ ^ • 
i i 1 1 — \ a — i — — i 1 - ; i « , 

• Ti I» 1 ^ I * * • • * - • 3 Zoarp' t**T> 

T 1 1 1 1 1 1 1 1-
ftvi of 5 Chop* fra* 2 t . K S 5 *D £S.fc4B3 M 

Jujt bcfsr* leif-of-plugging 
(b) 

S I "W gV 9 —1 1 1 1 1 , — • 1 I 
Chopl f r sa 3 B . W B t o 51.183 n 

Juat aftir lou-of-plafgisg 

T - 120 «V 

: (c> 

Fig . I - l - Time of F l ight spectra measured wi th 
good t o t a l p a r t i c l e confinement ( a ) , 
j u s t before l o s s of plugging ( b ) , and 
Juat a f ter l o s s of s lugging ( c ) . 

-49-



Measured axial potential profile for shot 18 on 
13 March, 1986 m 

During good 
particle confinement 

m 

A PPD 
• TOF 
0 ELIS 
D T , 8n (n 0 /n ) 

After loss of plugging 

Midplam Z (iTl) Midplaiw Z ( m ) 



-51-

the potential difference between the barrier and the plug would be 650 V a3 
shown in Fig. I-2(a). The TOF spectrum just before loss of plugging (Fig. I-
1(a)) indicates a single Maxwellian distribution, suggesting the barrlar-
trapped ions are in equilibrium with the passing ions, i.e. the barrier has 
filled in. Since there are no breaks In this spectrum, we are unable to 
determine either the thermal barrier depth or the ion confining potential. 
After the loss of plugging, the passing ions appear in the spectrum above 550 
eV. The break in the spectrum at 550 eV is a measure of the potential 
dif^rence between the inner mirror and the barrier. The ions confined in the 
barrier appear up to energies of 280 eV. The break at 280 eV is then a 
measure of the potential which confines these ions, i.e. the potential 
difference between the barrier and the outer potential maximum. 

During plugging, the potential inferred from the data (Fig. I-2a) is 
qualitatively that which is expected in thermal barrier operation. The 
thermal barrier depth of 90 V is fairly small. The central cell electron 
temperature measured after the loss of plugging on the shot shown in Fig. 1-1 
was 115 eV. Although not measured at any other time on this shot, we 
typically find the electron temperature to be lower during plugging. Hence, 
it is reasonable to conclude that the thermal barrier depth is only 
1 £ SiWT _< 2, i.e., a very shallow barrier. The potential difference 
between the inner mirror and the barrier is somewhat higher after the loss of 
plugging as is the temperature of the ions confined in the barrier. The ratio 
of the barrier depth to the temperature of the ions remains roughly constant, 
but is slightly higher during plugging. This is consistent with a weakly 
pumped barrier in which the barrier depth is only 1-2 times the confined ion 
temperature. 

The ion confining potential is very large during the period with good 
axial confinement. As discussed above, the confining potential indicated in 
Fig. I-2(a) is a lower limit, reflecting the fact that we did not observe the 
phase space boundary on the TOF spectrum up to an ion energy of 1 keV. This 
high confining potential can be maintained if the fundamental ECH power is 
high enough that diffusion by the ECH dominates over collisional diffusion for 
the electrons confined in the plug. As the central cell density increases! 
the plug density also increases because of the weak barrier pumning. Hence, 
as the central cell density increases, collisional diffusion of the plug 
electrons becomes more important while ECH diffusion decreases for fixed ECH 
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power. This would then lead to a loss of the ion confining potential as Is 
seen in Fig. I -2(b) . This model suggests that the loss of plugging ar ises 
from a combination of weak barr ier I?n pumping, and low ECH power. 

We have modeled the ion dis t r ibut ion in the barr ier using the multi-
region Fokker-Planck code SMOKE. In th i s calculat ion we specify the passing 
ion density and temperature at the inner mirror, and calculate the bar r ie r -
trapped and sloshing ion densi t ies and d is t r ibut ion functions consistent with 
the anchor gas pressure and sloshing beam current . We have also included an 
anomalous sloshing ion loss r a t e , which provides the barr ier pumping. The 
r e s u l t , for the d is t r ibu t ion while plugged, i s shown in Fig. 1-3. The 
temperature of the passing ions i s specified to be that obtained from the TOF 
spectrum shown in Fig. 1-1(a), T. = 0.125 keV. We show the calculated TOF 
spectrum in Fig. I~3(b). This spectrum agrees well with the experimentally 
determined spectrum. The phase-space d is t r ibut ion function shown in Fig. 
I-3(a) indicates that the ion d is t r ibut ion i s pa r t i a l l y pumped. The 
calculated TOF spectrum for the condition extant ju s t before loss-of-plugging 
Is shown in Fig. I-H, I n . t h i s case, the passing ion density i s higher, and 
the passing ion temperature i s s l igh t ly lower. As before, the calculated TOF 
spectrum (Fig. 1-Mb)) agrees well with the measured one (Fig. I - 1 ( a ) ) . The 
phase-space d is t r ibu t ion shown in Fig. I - t ( a ) indicates that the barrier 
trapped ions are nearly in equilibrium with the passing ions. This suggests 
that the pumping provided by the sloshing beams i s ineffective against the 
col l ia ional f i l l i n g r a t e from the higher passing ion density. 

These i n i t i a l r e su l t s not only indicate that the diagnostics in TMX-U 
are capable of determining the axial potential p rof i le , but they also indicate 
a possible mechanism for the loss of plugging. If ear ly experiments on the 
next experimental cycle confirm the importance of co l l i s ional barr ier f i l l i n g , 
we must control the r a t e of r i s e of the central ce l l density to enable the 
central cel l heating systems (ICH and beams) to heat the Ions and hence 
control the barr ier f i l l i n g r a t e . We have examined these effects in the past , 
but the ava i l ab i l i t y of the barrier-trapped ion d is t r ibu t ion function permit a 
more effective experimental study. Direct measurements of the passing ion 
d is t r ibu t ion permit more detailed control of the central ce l l heating and 
fueling r a t e to be t te r match the col l i s ional f i l l i n g r a t e with the avai lable 
pumping apeed. This should permit achieving a higher central ce l l density for 
a given barr ier density. Furthermore, an ab i l i t y to bet ter match the f i l l i n g 
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flu. 1-3 Fokker-Planck simulation of the time-of-flighc spectrom neasured during 
good total particle confineoent. (a) Contour plot of the local distri­
bution function at the barrier, (b) Ion distribution f-mction along the 
tine-of-flight viewing angle. 
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Fig. 1-4. Fokker-Plar.ck simulation of the time-of-flight spectrom measured 
just before loss of plugging, (a) Same as in Fig. 1-3. (b) Same 
as in Fig. 1-3. 
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and pumping rates may permit operation with deeper thermal barriers tnan 
indicated In Fig. I-2(a), thus permitting better utilization of the 
fundamental ECH power, and hence plugging at higher barrier densities. 

t 
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APPENDIX II: OUTLINE OF THX-U EXPERIMENTS FOR DETERMINING ri\UGES OF LOP 

We believe that the following physios issues are important to 
understanding the I033 of plugging (LOP) phenomena in THX-U. We expect that 
the majority of the experiments addressing these issues will be performed 
under plugged conditions, but allow that some Investigations will require an 
initial period of experimentation without plugging before meaningful plugged 
experiments can be performed. 

We also recognize our responsibilities to the graduate students CO who 
are presently finishing their dissertations on TMX-U. Some of the experiments 
performed before September 31, 1986 will be dedicated to their needs. 

We direct the reader to Fig. 7 of the milestone section of this report 
for the experimental program which will investigate the following physics 
issues under Milestone 2, 

The following outline has the format: 
1. Topic area 

A. Physics issue 
1. Classification of physics issue 

a. Detail of physics issue 
1. Experiment 

Date scheduled {See Fig. 7) 

I. The fraction of mirror confined (hot) electrons at tne barrier 
midplane is too small . 

A. The thermal barrier is filling with cold ions • 
1. The filling process is classical, i.e., collisional processes 

determine the filling rate, 
a. The central-cell passing ions are filling barrier. 

1. Modulate the passing ion density and temperature by 
modulating ICH power 
August 1986. 

ii. Scan the ICH power and the central cell gas feed to 
vary the inner mirror density and T ^ 
January 1987 
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b. Charge Exchange of the sloshing ions i s f i l l i n g the 
ba r r i e r . 

i . Puff gas into the plug to vary the sloshing ion 
charge exchange r a t e . 
August 1986 

i i . Measure the ionization r a t e a t the plug midplane 
with an H-alpha camera 
August 1986 

c . Impurities are accumulating in the ba r r i e r . 
i . Monitor/inject impurities Into ba r r i e r . 

2. The barr ier f i l l i n g r a t e i s anomalous. 
i . Reduce the central c e l l ICH power coupled into the 

plugs by changing the cent ra l c e l l magnetic f i e ld 
prof i le , 

i i . Monitor plasma i n s t a b i l i t i e s 
B. The hot electron fueling i s insuff icient to maintain a large 

fract ion of hot electrons in the b a r r i e r . 
1. The la rge , plasma beta generated by the hot electrons sh i f t s 

the cold plasma resonance magnetic f ie ld outside the ECH wave 
pat tern . 

i . He-aim the 5kG (barr ier ) power towards a larger 
vacuum magnetic f ie ld 
September 1986 

i i . Synchronize the magnetic f ie ld t o the beta sh i f t 
2. Either the 5 KG (barr ier) or 10kG (plug) ECH power i s 

insuf f ic ien t . 
a. The 10 kG power i s absorbed on plasma edge and does not 

penetrate to pl.-ama core. 
1. Vary timing of 10 kG and 5 kG ECH and sloshing ion 

beams and nonitor the radia l prof i le of the X-Ray 
emission with the X-Ray camera, 

i i . Modulate the 5 kG (barr ier) and the 10 kG (plug) ECH 
to determine the r e l a t i v e importance of each in the 
formation of mirror confined electrons and cavity ECH 
f i e ld s . 
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b. The central cell density rises too quickly during 
plugging so that the available 5kG (barrier) ECH power 
can not create and heat hot electrons at the same rate. 
i. Control the central cell fueling rate. Use feedback 

control of the central cell gas feed as necessary. 
July 19S6 and January 1987 

c. The central cell electron temperature (T ) is too 
low. 
i. See section on T 

ec 
3- Based on potential neasurements, the barrier is ao deep that 

the central cell electrons can not reach either ECH 
resonancei so there is no source of hot electrons from the 
central cell 

1. Puff gas Into the plug and barrier regions to 
supply a source of cold electrons 
August 1986 

ii. Vary aiming of 5kG ECH 
September 1986 

iii.Create a second source of hot electrons on the 
central cell side of the plug using the inner, 1 OKG 
ECH system 

iv. Modulace the 5 kG (barrier) and the 10 kG (plug) ECH 
to determine the relative importance of each in the 
formation of mirror confined electrons and cavity ECH 
fields. 

II. Sloshing ion axial profile and lifetime 
fc. Large potentials move sloshing ions away from a point ao there 

is no density at the 10 kG ECH resonance 
i. Use 18GHz heating in plugs 

September 1986 
B. The 10 kG ECH power (per unit sloshing Ion) is too low 

i. Sean 10kG ECH power and central cell gas 
August 1986 

ii. He-install Vlaaov type ECH antennas 
Optional - October 1986 
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Sloshing ion density Is too low because of anomalous losses 
i . Scan the sloshing ion beam current , both 40 and U7 

degree beams 
January 1987 

i i . Monitor the sloshing ion l i fet ime versus the plug 
potential to determine If the sloshing ion orb i t la 
being distorted by the DC e l e c t r i c f ie lds in the 
plugs (nakes sloshing ions more susceptible to charge 
exchange on background ga3 ) . 

i i i .Monitor the plug i n s t a b i l i t i e s , in par t icular look 
for the Post-Rosenbluth convective loss-cone mode 
near the outer sloshing ion turning point . 

Sloshing ion density i s low because of charge exchange 
i . Puff gas into the plugs 

August 1986 
Loss of plugging occurs because T i s low. The available plug 
ECH power i s not sufficient to heat electrons out of the plug 
potent ia l peak as quickly as they co l l i s iona l ly sca t te r into the 
potent ia l peak. This causes the plugging potential to be small 

1. The low electron temperature can be explained by a c lass ica l 
power balance. 

i . Scan 10kG ECH power and central ce l l gas 
August 1986 

i i . Re-instal l Vlasov-type ECH antennas 
Optional - October 1986 

i i i .While plugged, use the central ce l l neutral beams 
and/or the cen t ra l -ce l l 18GHz to provide a heat 
pulse. Then measure/calculate the change In electron 
temperature. 
February 198T 

2. Ambipolar losses cause a large electron heat l o s s . 
1. Monitor ionization r a t e and compare i t to the 

measured axial and non-amblpolar rad ia l loss r a t e s . 
Adjust the machine operation to eliminate ambipolar 
losses (as done previously). 
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li. Monitor MHD and trapped particle modes/look for 
fluctuation induced transport 

3. Radial electron energy transport 13 anomalously large. 
i. Perform heat pulse experiment outlined above (III-

1iii.). 
February 1987 

IV. Non-conventional reasons for LOP 

1. Inner potential peak required to reduce barr ier f i l l i n g 

i . Re-aim 5kG ECH toward central ce l l side of plug 

midplane 

2. Axial potent ia l profi le not as expected 

I . Puff gas at outer sloshing ion turning point to 

create a source of cold electrons 

I I , Vary the aiming of the 5kG (barr ier )ECH 

3. Plasma Instabilities 
I. Trapped particle mode and/or MHD resulting from 

ineffective hot electron anchoring/stabilization 
II. Instability of the mirror confined ( ICH or beams ) 

central cell ions 

PQ60604S/MM 


