EXECUTIVE SUMMARY

The concept-exploration-level quasi-poloidal stellarg@PS) can makeunique contributions to
development of the compastellarator,the niche identifiedfor U.S. improvement of the
stellarator. These contributions are (1) exploring key issues pertinent to @ (igjh> 10%) low
aspect ratioR/a = 2.7) compact stellarator reactor conceyid (2) exploration of thephysics
consequences of very low aspect ratio and quasi-poloidal symmetry on the optimizatiompatt
stellarators. This information is needed in a 10-year time frame both to meet the obieictioes

by FESAC forthe compact stellarat@nd as inpufor decisions orthe nextstep inthe world
stellarator program after LHD an@/7-X. Although there is a largeorld stellarator program
focused orthe high-aspect-ratio, currentless approach to stellarator optimization, and a concept-
exploration level stellaratgrogram in theJ.S. exploring unique aspects of stellaratesearch,

the criticalmissing component igptimization of stellarators &w plasma aspect ratio that could
lead to a more attractivieision reactor than either the advanced tokamak (AT) or conventional
currentless stellarator.

The QPS isneeded because there is no existing experimental datahadewouldallow one to
reasonably predict the behavior ofosv aspectratio, highf stellarator. A CE-level experiment,
although limited by heating capability to relativeljow [ (< 3%)compared tothe reactor
embodimentwould nevertheless allothe exploration of keyphysics issuegelevant to transport
(both neoclassical and anomalous) and stability in a configuration with quasi-peigitaletry.
The study ofthe physics of quasi-poloidal symmetry at very lagpect ratio in a stellarator with
finite bootstrap currenat finite ) uniquely differentiates the CE-lev€@PS fromthe W7-X
experiment.

QPS could make unique contributions relating to somi@keyfusion science areas outlined by

the DOE Integrated Program Plannirfgtivity (IPPA): the physics ofneoclassical confinement
improvement at very low aspect ratio, flux surface robustneéBslap to 2-3% inthe presence of
strong toroidal/helical coupling, the dependence of bootstrap current on configuration properties at
low aspect ratio, and the electric potential and its influence on enhanced confinement regimes.

1. Toroidal Confinement Approaches.

The most developednagnetic confinemenapproaches for fusion researee based on the
advanced tokamak (ATand currentless stellarators. Both umsadical (toroidal plus poloidal)
magnetic fields for confinement and stability. The AT apprdah lowplasma aspect ratid{ap

~ 3), goodconfinementproperties, a higlvolume-average betlanit ([B0~5-10%),and relies on
axisymmetry and a large bootstrap-driven toroidal plasma cuoerts good performance. Here
R andap are the toroidally averaged major and minor radius optagma. Challengedor the AT
approach (somexternal current drive and high recirculatipgwer in a reactorpotential for
disruptions,needfor a close conducting wall andctive feedbaclsystems forstability against
external kink instabilities andertical instability) result fromthe large internal plasma current
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needed to produce the confining poloidagneticfield. Currentlessstellarators are inherently
steady-state and avoid these problems by creating the poloidal field with ctlowitg solely in
external windings. But they tend to hdaege plasma aspect ratid?/g, = 6-11) whichleads to
large reactor sizeR(~ 22 m forthe W7-X-based HSRcompared tR ~ 5.5 m for amadvanced
tokamakreactor). Alsothey can have potentially larger neoclasstcahsport due to departures
from canonical symmetry, and have lower beta linft§{5%).

Compact stellarators could combine the best features of both confinement approaches by using 3-D
shaping ofthe last closedflux surface (LCFS), usingquasi-symmetry features to improve
neoclassical transport, and employing some bootstrap current to provide a frathierrexjuired
rotational transform. Here quasi-symmetry is a propermagneticconfigurations in which |B|
expressed in magnetic flux ("Boozer") coordinates has a predominant symmetry. In such a system
there is an ignorable coordinate in the drift Hamiltor(\hich depends only o}B|) and therefore

a corresponding constant of motion, whiebhds tolow viscosity inthe symmetry direction and

low neoclassical transport. Most importantly for a stellarator reabtnotorious “1¥” transport

hill, in which the neoclassicdbssesdue to departures from symmetry rise steeply Vatling

collision frequency \{), is greatly reduced in magnitude so that reactor temperatures become
accessible.

The main component of thoposedcompact stellaratgoroof-of-principle programthe National
Compact Stellarator ExperimefiNCSX), would usequasi-axisymmetryand some bootstrap
current to produce plasmas witfa, = 4.3 that havegood neoclassical confinemerdre stable at
[B~4% to ballooning modes, external kinks and vertical modes (without a conducting shell). The
smaller concept-exploration-level Helically Symmetric Experintel&X) is testing another quasi-
symmetry featuregquasi-helical symmetry

We propose to test the physics implications of the remaining type of quasi-syntivatigquasi-

poloidal symmetry, in aconcept exploration (CHgvel experiment. A concept-exploration-level
QPSwill: (1) broaden our understandingtofoidal magneticonfigurations through exploration

of quasi-poloidal symmetry(2) allow exploration of verjow aspect ratid~2.6) in astellarator;

(3) establish a database and lay the physics foundation for QPS configurations havihgrhitgh

relative to conventional stellarator(1~10% -15%), and (4)complemenNCSX in completing

the knowledge base needed for advancing the development of the compact stellarator concept to the
next stage.

2. The Potential of Quasi-Poloidal Symmetry.

The CE-levelQPS experiment beingroposedhere has been motivated by calculationghich
indicate the existence offagh{3 QPS withpotentially attractivdeatures for aompact stellarator
reactor. Recent magneticonfiguration optimizatiorstudies haveyielded verylow aspect ratio
(Rlap = 2.7-3.7) QPS configurations having gawebclassical confinement whieiie stable to all
modes (ballooning and moderate n modeghenrangepB]1= 10-15%. The B| spectrum of these
“high-B” QPS configurations is dominated by the toroidal mirror tems©,n = 1, in units of N
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= number of fieldperiods),even more so than in the case of the d&lwice. This results in a
reduced bootstrap curreflty afactor ~1/N) that is1/5-1/3 that of a tokamakwith a similar
transform profile but which is sufficient to produce a large fraction of the intieamaform profile
(similar to a high bootstrap fraction AT). Near the edge optasma, where is small ( ~ 0.1),

the externatransform from coils anthe bootstrap currentnake equatontributions to theotal
rotationaltransform. Thisfogether withthe relativelylow bootstrapcurrent ( < 0.4, high “q”)

leads to the higPB limits for thekink andverticalmodes. In additiorthe finite bootstrap current
seems to redudde helicalcurvature which leads to second-regime ballooning stability at these
high values of3. Studyingthe accessibility tdhis regime might bepossible inthe CE-level
experiment and remains assue for further investigation.These configurations also have a
magnetic well over the entire plasmigss section. In additiothesehigh{3 QPS configurations
have the property that the degree of quasi-poloidal symmetry and therefore the confinement of both
thermal and alpha particles improve §sincreases. Thideads to a type of configurational
invariance inwhich the bootstrap current remains nearly constant over a rand& ofThese
configurations offerthe possibilityfor a modestized, disruption-fregeactor at significanf,
requiring no externally driven current.

The large R = 5.5 m)Wendelstein7-X (W 7-X) stellarator under construction in Germany
exploits this type of quasi-symmetry to some extent (actually, it uses drift-orbit alignment with flux
surfaces, which ismore general than quasi-poloidal symmetry) to ob@iod neoclassical
confinement, but at an aspect raRé, = 10.6 that is much larger than that of ti@&E-QPS.
W 7-X is projected to be stable #l1= 5%. The mechanisnfor achieving configurational
robustness witlincreasingp is much differenfor W7-X ascompared t@QPS. W?7-Xachieves
essentially zero bootstrap current throughout its operating ranganisgllation of the contribution
from different magnetic helicities oiB|. WhereasQPS achievesreduced, buf3 dependent,
bootstrap current by a dominantly toroidal variation (“linked-mirror”) in |B|. The field rati@B

is reversed in QPS from that in WX, sothere is no cancellation effect @PS. Calculations of
the Onsager coefficient relating the bootstrap current to the pressure gshdierihat it decreases
with B in such a wayhat thebootstrap current is nearly independentBofor [B[1> 7%. This
imparts a degree of configurational invariance tortigdh{3 QPSthat is similar to that achieved in
W 7-X at zero bootstrap current.

2.1. Role of the CE-scaledevicein the developmenibf QPS physics. The proposedCE-level

device isdesigned to have sufficiefliexibility to change the controlling magnetic configuration
properties1, shear,magneticwell, helical axis excursionmirror ratio, andplasmacurrent. It is

the logical first step in understanding the key physics issues important for optimizing and accessing
high3 QPS configurations.

(1) Itis critical to understand quasi-poloidal symmetry and its effect on confinement improvement.
In order to access the highQPS configurations it iparticularly important taunderstand how to
obtain enhanced confinemem’gimes,the dependence of energy confinement on quasi-poloidal-

ES-3



symmetry features, anthe role (and control) ofthe ambipolar electric field in confinement
improvement.

(2) Understanding the configuration dependenceattependence of the bootstrap current at very
low aspect ratio is important for understanding the relationship to theBHaPs.

(3) The plasma equilibrium changes from a first stahiétyime to asecondstability regime a$
increases. Byptimizing the plasmahape (outer flusurface) rotational transfornprofile, and
pressureprofile for atargetf3, ballooning stable configurations wigood bootstraglignment in
the range 2% <PBli< 23% were obtained. UnderstandibiiD stability at B0 < 2-3% is
expected to begin to develop an understanding of this transitiothanchportance of ballooning
modes on confinement.

(4) The highf3 QPS configurationhave a highshear, tokamak-like transform profile 1 (
decreasingadially) which could increasthe size of magnetislands andlestabilize neoclassical
tearingmodes. Mitigating this is the absence of the= 1/2 resonance (interndisruptions are
suppressed) another low-orderesonances. Changing (and reversthg)shear in QPS would

allow a careful study of the impact of stabilizing and destabilizing magnetic islands and neoclassical
tearing modes on confinement and equilibrium quality.

3. QPS Contributions to Fusion Science

The proposed experiment will provide specific information of importance regarding quasi-poloidal
symmetry and itsmplementatiorfor high{f3 configurations. In addition, QP®ill broaden our
basic understanding of toroidal confinement physics in a number of ways.

(1) Threedimensionakquilibriaatlow aspectatio. There are a number of basggestiongelated

to the existence of highly shaped equilibria at low A, and to our ability to ptadictnumerically.

It was shown by Grad ithe earlyl970’sthat there is no mathematical guarantee of the existence
of MHD equilibria in3D. Stellarator experiments give demonstration of the practical, if not
mathematical, existence stirfaces at high A. QP®ill extend this database to velgw aspect
ratio, R/a =2.6, lessthan half that ofexisting stellarators. QP&an study equilibrium quality,
magneticislands,and ergodic regions througkxternal coil variationsvhich effect the plasma
shaping (and hence the |B| spectrumypfile , and magnetic shear.

(2) Physicsof the bootstrapcurrent. QPScan extend thatudy to very lowaspect ratio of the
configuration dependence of tlheotstrap current in stellaratorQPS also haghe interesting
property that the number of trapped particles in the toroidal ripples do not vanigshenezagnetic

axis, thereby permitting finite bootstrap current at the plasma center. While this is not so important
for configurations — such &8CSX —which have darge rotational transform contribution at the
magnetic axis from external coils — it mitigates the Meedeedcurrent and on-axis current drive

in thehighf3 QPS. In additionthe direction ofbootstrap current anthe sign of shear should
decrease the size of magnetic islandd mereases.
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(3) Anomaloudransport. There is no information on anomalous transport in stellarators at aspect
ratio <5. QPS can test the validity of transport scaling laws such as ISS95 andtlextdathbase
upon which such scalings are based.

(4) Poloidalflow andtransportbarrierformation. The direction of symmetry in @PS isnearly
perpendicular to the magnetic figlar enough fronthe edge of thelasma), sadamping of the
toroidal flow will be much stronger than in an axisymmetric system and featmeradial electric

field the parallel flow in QPS should be much smaller. On the bied,damping in the poloidal
(symmetry) direction is expected to be much weakép®g, thusallowing the possibility of both
self-generated and externally-driven poloidal flow. QPS can study the impact of pétmidalon

electric fields and enhanced confinement as well as the level of helical ripple than can be tolerated
while achieving significant control of theectric field(and its shear) througexternal momentum

input.

These objectivesespond tahe key scientifiassues of fusiorscience thatvere identified in the
DOE Integrated®’rogram Plannind\ctivity as thosethat carry particular leverader the progress
of fusion research. The specific issued addressed by the CE QPS experiment include:

1. Transport and TurbulenceWhat are the fundamental causes of heat loss in magnetically
confined plasmas, and how can heat losses be controlled?

2. Plasma Fluid Behavior and Macrostabilitwhat are the fundamental causes and nonlinear
consequences of plasma pressure limits in magnetically confined plasma systems?

3. Wave-particle Interaction What are the fundamental causes and nonlingar-sequences
of wave interactions with thermal and non-thermal particles?

4. Plasma-wall Interaction What are the fundamental processesurringnear the boundary
of a confined plasma and hosanthe interaction between th@asma and materiasurfaces
be controlled?

4. Relation of QPS to Other Stellarator Experiments.
QPS is both complementary and supportive of other stellarator experiments.

(1) Low aspect ratio: QPS is unique in havthglowest aspectatio of any stellarator1/2 that
of CHS, presently the stellarator with the low&t,. Figure 1 showshe aspect ratio of present
and proposed worldtellarators wheréhe size of the circles is proportional to tresssectional
area of theplasma. QPSwill allow significant extension of thelatabase on 3D equilibrium,
stability, neoclassical and anomalous transport toRGy.

Geometric effects become importantl@av R/ap, leading to the need tstudy their impact on
equilibrium and transport and to benchmark experiments with theory and computation. In
addition, the quasi-poloidal symmetry is expectetedal tolow poloidal viscosity and hence low
rotation damping in the poloidal direction, as contrasted with low helical viscosit$Xand low
toroidal viscosity in NCSX.
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Figure 1. Inverse plasma aspect ratio for the world stellarators.

(2) Quasi-poloidalsymmetry. The quasi-poloidal symmetry dPPS complements thejuasi-
axisymmetry of NCSX and the quasi-helical symmetryH8X. It tests quasi-poloidal symmetry
at ~1/4 the aspect ratio &aV7-X. It will allow investigation of thephysicsassociated with
neoclassical transport reduction athe low poloidal viscosity associated with quasi-poloidal
symmetry at an aspect ratio unattainable in any other stellarator experiment.

(3) Bootstrap currentThe bootstrap current properties QPSare expected to be quite different

from those oNCSX, HSXand W7-X. The bootstrap current will be much smaller than in a
guasi-axisymmetric devicNCSX) with the same and larger thathat inW7-X for comparable

device scale and plasma parameters. The mechanism for bootstrap control in QPS will primarily be
the adjustment of the toroidal ripple relative to the smallercbmponent ofB|. QPS iexpected

to have finite bootstrap current on-axis.

5. QPS Physics Design Optimization

QPS is based on amptimized two-field-period, quasi-poloidally symmetric, low-aspect-ratio
stellarator configuration with Bw plasma (bootstramurrent. The base QPS configuration was
determinedthrough a systematioptimization procedurehat balancedphysics requirements
(magneticsurface quality,ballooning/Mercier/kink/verticalstability, bootstrap consistency, and
neoclassical confinemeiuality), design goals (low aspectratio, maximum plasmawaist for
good neutralshielding,rotational transform = 1/q mostly from coils, and ani(r) profile which
avoids major resonances) aneéngineering constraints (adequate coil-plasma armbil-coil
separationminimum coil bend radiusand sufficient space in the cenfer an Ohmic current
transformer and toroidal field [TFoil legs). Figure 2 showthe last closedlux surface for the
QPSreference configuration and thg| |contours orthat surface. Heremagenta indicates the
lowest B| value and red the highest. Figure 3 shows cross sections thiheugfagneticurfaces
indicating the surface shaping, helical axis excursion, and global magnetic well.
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Figure 2. Top and side views of the QPS magnetic configuration.
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Figure 3. Nested magnetic flux surfaces at the beginning, at 1/4, and at 1/2 of a field period.

6. QPS Engineering Design Optimization.

A set of 16 modular coiléshown in Figure 4 consisting of foudlifferent coil shapes) habeen
optimized to recreate the referer@®Smagneticconfigurationshown in Figure 2. These coils
satisfy the required physics constraints on allowable differences in the magnetic fieldQ@F8e

and engineering constraints on allowable minimum distances between coils, between the LCFS and
the coils, and acrosshe middlefor TF coil legs and ohmic currerslenoid,and minimum bend
radius for the coils). In addition there are two sets of vertical field coils, 12 toroidal field coils, and
an ohmic current solenoid designed to provide experimental flexibility needed to change the
magnetic configuration propertias $¢hear, magnetic ripple, aspect ratio, etc.) for determthiig

effect on the plasma behavior (equilibrium, stabilitpnsport, etc.).The coilsets, used toreate

the QPS configuration, including the existing large outer poloidal fieldsetjhare shownwith the
existing vacuum tank in Figure 5The center stack contains the cerégs of the toroidal field

coils and the ohmic current solenoid; the retiegs forthe TF coils are outside the vacutamk.
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The absence of an internal vacuum vessel darge access between cdis plasma heating and
diagnostics.

Figure 4. Top view of the modular coils and the LCFS for the reference QPS configuration.

The main device parameters are listed in Table 1. The ECH/EBW and ICRF transmitters, power
supplies, and associated equipment are also existing equipment.

Table 1. QPS Device Parameters

Average Major Radius 0.9 m
Average Plasma Radius 0.35m
Plasma Volume 2.1 m
Maximum On-Axis Average Magnetic Field 1fér 0.5 s
Additional Toroidal Field +/-0.15T
Ohmic Current Capability +/- 50 kA
ECH/EBW Heating Capability 0.6-1.2 MW
ICRF Heating Capability 1-3 MW
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Figure 5. The QPS Experiment.

7. Projected Performance .

QPS should bémited by anomalous (turbulent) transport atng available heatingower rather

than instabilityf3 limits or neoclassical transport losses. Possible exceptions may occur if very low
collisionality is reached irwhich electron neoclassicatansport may dominate or if a large
confinement improvement is achievedchthat3 can bepushed beyondtability limits. Either

case would be very interesting to study.

Projected MHD stability limits for the referen@PS configuratiorare 2-3% from fixed-boundary
equilibria and free-boundary equilibri@alculated directlyfrom the coil sets). The reference

ES-9



equilibria are stable t@1> 2% for Mercier modes,but this criterion is routinely violated in
stellarator experiments without significagitfects. The stability comed$rom a globalmagnetic
well, not shear, and th@lasmashould bestable against resistive tearingpdes. Fixed-boundary
equilibria are stable t@[1= 2.6% and free-boundary equilibrare stable tdB[1= 2.4% against
high-n ballooningmodes. Similarly, fixed-boundamquilibria are stable t@3(1> 3% and free-
boundary equilibria are stable@ 1> 2% forexternal kinkmodes andvertical instabilities. Both
types ofequilibria are stable t@3[1> 5% for neoclassical tearinghodes becaustne bootstrap
current is in the direction to reduce magné&tlands andstabilize thesanodes. Optimization of
plasmapressure profiles anithe currents inthe different coilsets isexpected to yield highe
limits as was found in related NCSX calculations. Highealuesmay bepossible depending on
the effect of the instabilities on the energy confinement time.

Neoclassical confinement times al@ng enoughthat anomalous confinemerghould be the
determining factorfor energy confinement. For the high-collisionality (high-density low-
temperature) plasmas expected at highevith ICRF or EBW heating,the global neoclassical
energy confinement timgeNC withouttaking intoaccount the expected ambipolar electric field is
>6 times thestandard (ISS-95¢onfinementtime Tg!SS92 A large improvement irtgNC is
obtained for even a smatdlectricfield. Forthe low-electron-collisionality plasmas expected with
ECH at low densityTgNC = TgISS-93 put higher values may be obtainteadt TENC if energy
scattering is included along with sufficient heating sources to maintain a steady state.

AssumingTg = 1.5[g!SS-95and densityn = 1.51s,40 as found in sometellarator experiments
givesTe = 2.1 keV,T; = 0.4 keV,and[p0= 0.94% for 1.5 MW ECH &8 =1 T. For 2 MW

ICRF + EBW, T =0.5 keV,T; = 0.5 keV, andB= 3%. IfTg = 2.25¢/SS-9as found in W 7-

AS, these values should baultiplied by a factor ofL.5. If noimprovement ovetSS-95values

can beobtained, these valustiould bedivided by a factor ofl..5. In either case thavailable

heating power allows the plasma parameters needed for the QPS physics objectives.

8. Plans for Completing the Design and R&D.

The reference plasma amwil configuration are adequater the QPS mission,but further
improvements have been identified that can be made in both; thediscargsed in Chapters 3 and
4. Refinement of the plasma aodil configuration will bepursued duringhe remainder 02001

to improve thephysics capabilities and reduce treost of the coils. Chapter 9 describes a
preconceptual design that should be adedoatde QPS missionput improvements are needed
in the modular coils, the force support structtine, central stackith the TF coil centelegs and
Ohmic currentsolenoid,and fabrication techniqudsr the modularcoils, as discussed ithat
chapter. The majoremphasis irthe engineeringtudies will be increasinthe confidence in the
design and reducinthe cost of buildingQPS. Thesephysics andengineering desigmasks,
described in Chaptet2, are needed to prepafer a ConceptualDesign, Cost,and Schedule
Review, planned for April 2002.
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9. Cost and Schedule .

An accurate estimate of the cost of QPS can not be obtained until a condepigalis completed.
However, the estimate based on the present preconceptual desigthesagie costing approach
and assumptions as the NCSX studygives anestimated total projeatost of 11.5 M$ in FY-
1999 $ (13.9 M$ in as-spent dollars), which the largest component is the modutanils.
Various cost reduction schemes were investigated including redieirsize of the modulazoil
set. While cost savinggan be realizethrough takingadvantage of th&&D neededor NCSX
and staging the heating and diagnostic systems, reducing the major radius of the coddidaiis
not effective in reducing the overalbst becausthe coilcross sectiongiterfere aR decreases.
Reducing thecoil cross section by increasing the coil curredensity further wouldrequire
operating the modular coils at cryogem@nperatures, necessitating a complex and expensive
internal vacuum liner to prevent absorbed condensables on the coils from flooding the plasma.

The pace of th&€PS projectwould depend orthe DOE budget preparation schedule and the
annual budgetor the QPS program, which ieequested at thieigh end ofthe range defined by
FESAC for aCE-levelprogram. Figure 6 givethe projectedunding profile. The earliesttime
that actual fabrication of QPS could begin is October 2003. detesis determined by the Project
Validation Review in May2002 for inclusion of QPS constructiontite FY-2004 budget, which
follows the April 2002 ConceptuaDesign, Costand ScheduldReview. Approval to construct
QPS would depend on a successfuicome of thesesviews. Title | andTitle Il design, R&D,
and development of prototype modular coils and validation of fabrication techmguids occur

in FY-2003, but award of construction contracts mastait the beginning oFY-2004. First
plasma would occur at the end of FY 2006.
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10. Program Management.

The QPS is proposed byak Ridge National Laboratory with Princeton PlasmRaysics
Laboratory as the principabllaborator. Thesewvo national laboratories are collaborating in the
design, operation, and physics research for the QPS project. ORN1ieHaadresponsibility for

project execution and PPPL provides important support in key physics and engineering areas. The
University of Texas at Austin has been a partner in the development of the QPS con&tpirend
university participation in the program will be a goal. The ORNL-led team of senior physicists and
engineers has extensive experience in stelladgsign, constructiorgnd operation, awgell as in

other fusion projects much larger than QPS.

In the conceptual design and fabrication phases, strgaggcipation with a university andPPL

will be sought to broaden involvement and reduce costs. ORNL will contineeddhe team and
necessarily be responsible for all procurement, fabrication, installation, testing, and commissioning
in these phases. Inthe experimental operations phabe QPS program@RNL would further
broaden patrticipation with collaborating universities and atieitutions. Thisnodelwas used
successfully inthe ATF program and led taumerous studertheses. It also fitsvell with
ORNL's goal for broaderparticipation of universities in ORNkesearch. It isanticipated that
ORNL technicians will be needetbr operations andfacility modifications, but~1/2 the
participants in the physics program will be from PPPL, universities, and foreign institutions.
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