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1. PROGRAMMATIC RATIONALE AND OBJECTIVES

This chapter discusses the programmatic role of QPS, quasi-symmetry, the relationship of QPS to
the U.S. and world stellarator program, and to NCSX and the Compact Sellarator PoP Program
in particular.

1.1. Programmatic Role of QPS

The most developed magnetic confinement approaches for fusion research are based on the
tokamak or the currentless stellarator. The tokamak has low plasma aspect ratio (R/ap ~ 3), good
neoclassical confinement, and the potential for a high volume-average beta limit ([BLJ~5-10%). But
al of the rotationa transform is provided by an interna plasma current, which leads to certain
disadvantages — the potential for disruptions and the need for a close conducting wal and active
feedback systems for stability against externa kink instabilities and verticd instability. Even
advanced tokamak (AT) concepts which derive most of the rotationa transform from a plasma
generated bootstrap current require some external current drive resulting in high recirculating power
inareactor. Currentless stellarators avoid this problem by creating the poloidal field with currents
flowing solely in external windings. But they have large plasma aspect ratios (R/lap = 6-11), leading
to very large reactor sizes (R=22 mfor the W 7-X-based HSR compared to R = 5.5 m for an AT
reactor), and have lower betalimits (B~ 5%).

Figure 1.1 shows the locations of major tokamak and stellarator experiments in aspace t ./l 4

Currentless ,Sfé’ﬂ@rators

Ll wras ‘}SX—W/CI:!S CTH
I \ LHD

W7-X
i NCSX QPs ]
o8 | e o
| Compact Stellarators
0.6 | 1
\_‘—‘
x
q) - -
T 0.4

Nonsymmetric
°
stellarators
0.2 [ Quasi-symmetric
[ ® stellarators

Decreasing Plasma Current ——>

| ; ) JT-60U
Axisymmetric
L ® tokamaks, MST MST C-Mod
0 P SR T TR NN TR SR N T N TR S A A S I T
0 0.1 0.2 3 0.4 .
a/R Axisymmetric To

Increasing Compactness ——>

Figure 1.1. Configuration space for toroidal experiments



(the fraction of the rotational transform supplied by coils) versus a/R (the inverse plasma aspect
ratio). The size (radius) of the points is proportional to the average plasma radius a for each
experiment with U.S. experiments shown as solid circles and foreign experiments shown as open
circles. We seethat existing experiments leave alarge unexplored areain this parameter space.

Figure 1.2 shows the “engineering Q” (the ratio of the net eectric power produced to the total
electric power required for operation of the power plant) versus the neutron wal power density.
Reactor redlizations of currentless stellarators, such as HSR or SPPS, achieve low recirculating
power, which trandates into high engineering Q, but their large size and high plasma aspect ratio
(R/a = 8-11) and moderate plasma 3 result in low wall fusion power densities. Tokamak reactor
studies based on AT physics, such as ARIES-RS and ARIES-AT, achieve high wall power densities
because of their compactness, but the large recirculating power needed for current drive and control
of the plasma reduces the engineering Q. The ARIES reactor studies have shown that the projected
cost of dectricity for these two approaches are comparable. There is a clear reactor advantage if
high power density and low recirculating power can be combined with ahigh 3.

The reduced bootstrap current in a QPS configuration, typically ~1/4 that in a comparable tokamak,
should lead to reactor configurations that are relatively insensitive to 3 and are robust against
current-driven modes (externa kinks), vertica instabilities, and disruptions. The QPS experiment
would test this approach at the concept-exploration level as part of an integrated compact stellarator
proof-of-principle program with emphasis on key physics issues: reduction of neoclassical
trangport, scaling of the bootstrap current, and configuration invariance with increasing 3, up to [0
~2.5%. Thelarger NCSX would demonstrate disruption-free operation near [B[+ 4% and test
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Figure 1.2. A Compact Stellarator reactor could combine the best features of stellarators and
tokamaks.



the physics of the quasi-axisymmetric approach with substantial plasma current. Both facilities are
needed to develop the knowledge base to choose the best configuration for a possible next step in
the devel opment of the stellarator concept.

Two scientific advances have occurred in recent years making it possible to find magnetic
configurations with the potential for an improved reactor concept. The first is the advance in
understanding particle orbits in highly complex magnetic fields when expressed in Boozer
coordinates, and the recognition of possible symmetries that are not apparent in the usua
configuration space. In these coordinates the drift motion is determined by a Hamiltonian that
depends only on the spatia structure of the magnitude of the magnetic field |B|. In a stellarator, |B|
can be expressed in a Fourier spectrum as

IB| = Z Bmn({) cos (M6 —ng)

where 6 and @ are poloida and toroidal angle variables in "Boozer" coordinates [1] and  is the
toroidal flux. In this coordinate system the magnetic flux surfaces are concentric toroids (y =
constant) and the magnetic field lines are straight lines in a 6—p plane. If the Boozer spectrum
consists of only asingle helicity (m, n), then the drift Hamiltonian admits a constant of motion that
limits the radia orbit excursion and in turn yields favorable neoclassical transport. This is the
three-dimensiona (3-D) analogue of the constant of motion P, in axisymmetric devices that
accounts for the good neoclassical transport in those devices. Although it is not possible in 3-D to
have asingle helicity in the Boozer spectrum, configurations are possible in which a single hdicity
dominates. In this case we speak of quasi-symmetry. Section 1.2 gives a more detailed discussion
of the different quasi-symmetries.

The second advance is the combination of computationa power and numericaly efficient
algorithms. It is now possible to carry out the extremely computationally intensive calculations
needed to evduate the physics of low aspect ratio 3-D systems. The physics properties of
stellarators (Boozer spectrum, equilibrium, transport, and stability) are determined by the shape of
the last closed flux surface, the pressure profile, and the rotationa transform profile. With modern
computers we are able to use these parameters as variables in order to obtain optimum
configurations at low aspect ratio that simultaneoudy have good quasi-symmetry, good neoclassica
transport, good stability, bootstrap current consistent with the MHD equilibrium, and good
engineering properties.

The U.S. stellarator community has recognized the opportunity to make a major advance in toroidal
reactor attractiveness through the investigation of compact stellarators with significant bootstrap
current. This approach would complement the much larger foreign program in large-R/a, current-
free stellarators and allow the U.S. to make an important contribution to the international stellarator
program. In effect thiswould fill in some of the blank areain Figure 1.1. In May 1998 the U.S.
stellarator community issued a plan for a Compact Stellarator Proof of Principle Program having
the objective to develop the knowledge base needed to make a decision on a Compact Stellarator
performance extension step. This has subsequently been adopted as a programmatic goal of the



DOE Integrated Program Planning Activity (IPPA) — within ten years to “determine the
attractiveness of the compact stellarator”.

Analysis and design efforts since 1998 have yielded two complementary lines of investigation for
low-R/a stellarator research based on different physics approaches — (1) quasi-poloidal symmetry
and (2) quasi-axisymmetry. If successful, either has the potentia for atractive, but very different,
compact reactor redizations.

(1) quasi-poloidal symmetry — very low aspect ratio (A = Rla ~ 2.7), good neoclassica and
alpha-particle confinement due to quasi-poloidal symmetry, very high (3 (stable to al modes
at [Bto at least 11%), confinement improvement with increasing 3, 1increasing with radius
(tokamak-like shear), ~1/4 the bootstrap current compared to asimilar tokamak due to strong
toroidal field variation, and reduced poloida viscosity affecting poloidal flow and transport
barrier formation.

(2) quasi-axisymmetry —low aspect ratio (A ~ 4), achieves good neoclassical confinement due to
quasi-axisymmetry, high B (I[B0= 4% to 6%), | decreasing with radius (stellarator shear),
~1/4 the bootstrap current compared to a smilar tokamak due to larger 1 than in a tokamak,
and low toroidal viscosity due to quasi-axisymmetry.

Although reactor studies at the leved of the ARIES tokamaks or the SPPS stellarator have not yet
been performed for compact Stellarators, simple scaing studies of existing quasi-poloidally-
symmetric configurations and coil concepts using the same rules as the ARIES studies have been
carried out (see Appendix C). This study shows that quasi-poloidally-symmetric configurations
have the potentiadl for a more atractive stellarator reactor than SPPS, which was already
economically competitive with ARIES-RS. Using the ARIES-AT model with B ,, = 12 T on the
coils gives compact stellarator reactors afactor of 2-3 smaller in R than other stellarator reactors for
the same assumptions.

To develop the knowledge base needed for a next step in compact stellarators requires that both
lines be investigated. Quasi-axisymmetry, drawing as it does on advanced tokamak physics and
being a more modest decrease in aspect ratio, is a more conservative step and has been judged as
appropriate for Proof-of-Principle (PoP) leve exploration as embodied in the proposed NCSX
device. The high-[3, quasi-poloidaly symmetric configuration envisioned for a reactor is very
different from any previous devicee. Compared to W 7-X (under construction in Germany), to
which it bears some resemblance, it represents a factor of 4 decrease in aspect ratio, has more than
twice the 3 limit, has the opposite shear, has significant plasma current, and employs avery different
spectrum of helicitiesin order to achieve confinement, stability, and bootstrap current control in the
face of amuch larger /R (B,,) field variation. As a first-of-a-kind device, the basic physics is
appropriately investigated first at the Concept Exploration (CE) level. We propose to investigate the
physics of quasi-symmetric stellarator configurations in a two-field-period device caled QPS
having R=0.9m, a=0.35m, and on-axismagneticfieldB=1T.



A concept-exploration-level QPS will: (1) broaden our understanding of toroidal magnetic
configurations through exploration of quasi-poloidal symmetry; (2) alow exploration of very low
aspect ratio (~2.6) 3-D stellarator physics; (3) lay the physics foundation for QPS configurations
having B limits that are high relaive to conventional stellarators, and (4) complement NCSX in
completing the knowledge base needed for advancing the development of the compact stellarator
concept to the next stage.

Role of the CE-scale device in the development of QPS physics. The proposed CE-leve device is
designed to have sufficient flexibility to change the controlling magnetic configuration properties: 1,
shear, magnetic wel, helical axis excursion, mirror ratio, and plasma current. It is the logical first
step in understanding the key physics issues important for optimizing and accessing high-3 QPS
configurations.

(1) It is criticd to understand quasi-poloida symmetry and its effect on neoclassica and
anomal ous transport improvement. In order to access the high-f3 quasi-poloidally-symmetric
configurations it is particularly important to understand how to obtain enhanced confinement
regimes, the dependence of energy confinement on quasi-pol oidal-symmetry features, and the
role (and control) of the ambipolar eectric field in confinement improvement a moderate 3
values ([B= 2-3%).

(2) Understanding the configuration dependence and 3 dependence of the bootstrap current a
very low aspect ratio is important for understanding the high-f3 quasi-poloidally-symmetric
devices, which derive a dignificant fraction of ther rotationa transform from bootstrap
current. W 7-X achieves very low bootstrap current throughout its operating range by
cancellation of the contribution from different magnetic helicities.

(83) The plasmaequilibrium changes from afirst stability regime to a second stability regime as 3
increases. By optimizing the plasma shape (outer flux surface), rotational transform profile,
and pressure profile for a target 3, ballooning stable configurations with good bootstrap
alignment in the range 2% < [B[k 23% were obtained. Understanding MHD stability at [B[]
< 2-3% is expected to begin to devel op an understanding of thistransition and the importance
of ballooning modes on confinement.

(4) The high-B QPS configurations have a high shear, tokamak-like transform profile (i
decreasing radialy) which could increase the size of magnetic idands and destabilize
neoclassical tearing modes. Mitigating this is the absence of the 1 = 1/2 resonance (internal
disruptions are suppressed) and other low-order resonances. Changing (and reversing) the
shear in QPS would dlow a careful study of the impact of stabilizing and destabilizing
magnetic islands and neoclassical tearing modes on confinement and equilibrium quality.

In addition to the information that the proposed experiment will provide that is specificaly of
importance to understanding quasi-poloidal symmetry and its implementation in high-
configurations, QPS will broaden our basic understanding of toroidal confinement physics. It will



also support the NCSX program and the world stellarator program by extending the data base to
much lower aspect ratio.

D
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3-D_equilibrium &t low aspect ratio. There are a number of basic questions related to the
existence of highly shaped equilibria & low R/a and to our ability to predict them
numerically. It was shown by Grad in the early 1970's that there is no mathematica
guarantee of existence of MHD equilibriain 3D. The most sophisticated MHD equilibrium
codes used to predict 3 show good magnetic surfaces exist. Understanding neoclassical
healing effects is important, but present-day codes are not capable of simulating this.
Stellarator experiments give practica (if not mathematical) demondtration of existence a
moderate and high R/a. QPS will extend this data base to very low aspect ratio, Rla = 2.6,
less than half that of existing stellarators. QPS can study equilibrium qudity, islands and
ergodic regions, through external coil variations which effect the plasma shaping (and hence
the |B| spectrum), 1 profile , and magnetic shear.

Physics of the bootstrap current. QPS can extend the study to very low aspect ratio of the
configuration dependence of the bootstrap current in stellarators. QPS aso has the
interesting property that the number of trapped particles in the toroidal ripples does not
vanish near the magnetic axis, thereby permitting finite bootstrap current at the plasma center.
While this is not so important for configurations — such as NCSX — which have a large
rotational transform contribution a the magnetic axis from externa coils — it mitigates the
need for seed current and on-axis current drive in the high- QPS. In addition, the direction
of bootstrap current and the sign of shear should decrease the size of magnetic islands as [3
increases.

Anomalous transport. There is no information on anomalous transport in stellarators a
aspect ratio <5. QPS can test the vaidity of transport scaling laws such as 1SS95 and extend
the database upon which such scalings are based.

Neoclassical transport. QPS will extends the understanding of neoclassical transport and the
role of quasi-symmetry in transport reduction to quasi-poloidal systemsand to very low
aspect ratio.

Poloidal flow and transport barrier formation. The direction of symmetry in a QPS is nearly
perpendicular to the magnetic field (far enough from the edge of the plasma), so damping of
the toroidal flow will be much stronger than in an axisymmetric system and for the same
radia eectric field the parald flow in QPS should be much smaler. On the other hand,
damping in the poloidal (symmetry) direction is expected to be much weaker in QPS, thus
allowing the possibility of both self-generated and externally-driven poloida flow. QPS can
study the impact of poloidal flows on electric fields and enhanced confinement as well as the
level of helical ripple than can be tolerated while achieving significant control of the eectric
field (and its shear) through externa momentum inpuit.



These objectives respond to the key scientific issues of fusion science that were identified in the
DOE Integrated Program Planning Activity as those that carry particular leverage for the progress
of fusion research.

1. Transport and Turbulence -- What are the fundamental causes of heat loss in magnetically
confined plasmas, and how can heat |osses be controlled?

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

The October 2000 report of the Fusion Science Assessment Committee (FUSAC) of the Nationa
Research Council described four major physics questions motivating research with various
configurations. Two of the issues were the need to (1) understand the stability limits to plasma
pressure and (2) understand classical plasmabehavior and magnetic field symmetry. The study of
MHD instabilitiesand  limits in QPS at low aspect ratio in a stellarator addresses the first issue,
and the study of equilibrium quality and the configuration dependence of the bootstrap current at
low aspect ratio in addition to the unique physics associated with quasi-poloidal symmetry address
the second issue.

1.2. Quasi-Symmetry

The shape of the last closed flux surface (LCFS), together with the plasma current (or transform)
and pressure profiles, completely determines the equilibrium, stability, and neoclassical confinement
properties of a magnetic configuration with nested (or approximately nested) flux surfaces. The
magnitude of the magnetic fidd, |B|, plays an important role in determining the properties of the
configuration.

Three types of symmetry are possible in atoroidal configuration:

(@ helical symmetry, as in an infinite aspect ratio (cylindrical) stellarator where only the ml = nk
terms in the above equation are non-zero, for pairs of integers (I, k) corresponding to a fixed
helical pitch I/k;

(b) toroidal symmetry, asin ideal tokamaks, reverse field pinches, and spherica tori where only the
n = 0 terms are non-zero (thisisaspecia case of helical symmetry with zero “pitch”; and

(c) poloidal symmetry where only the m= 0 terms are non-zero (infinite “pitch”). Since the drift-
Hamiltonian depends only on |B|, in such systems there is an ignorable coordinate and a
corresponding constant of motion, which leads to no viscosity in the symmetry direction and
low neoclassical transport. In areal toroidal system the nonsymmetric terms can be made small,
but not zero (except at one magnetic surface inside the plasma).

Figure 1.3 shows the Bmn spectrum for a low aspect ratio quasi-helical stellarator configuration
which exemplifies the first (and most general) type of quasi-symmetry. The nonsymmetric terms
can be made much smaller by going to larger A, as in the HSX (Helically Symmetric Experiment)
currentless stellarator. Physically HSX has Ap = 8, but has an effective magnetic aspect ratio of 400



based on the ratio [B|(m = 1, n = 0)/|B|(m = 0, n = 0) due to the /R field departure from helica
symmetry. The additional non-helically symmetric termsin the example shown in Figure 1.3 were
necessary to reduce Ay to 3.6 and increase the ballooning MHD stability limit.
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Figure 1.4 shows contours of |B| at r/<a> = 0.75 for the quas-helical stellarator example in Figure
1.3, athree-field-period (M = 3) compact stellarator with A, = 3.6 [2], a volume-average [BU= 2%,
and asmall bootstrap current. The pitch of the helica structure differs from that of the field lines,
indicating a variation of |B| (ripple) along the field lines. The variation of |B| along the dominant
helica structure indicates that this system is not purely helica (in contrast to a very large Ap
stellarator), as indicated by significant energy in components of the |B| spectrum with different
helical pitch. In general, acompromise is necessary between conflicting requirements in optimizing
a magnetic configuration. The purpose of an experiment is to clarify these compromises and the
role of the various optimization criteria.

Figure 1.5 shows an example of a quasi-axisymmetric stellarator, the magnetic configuration
chosen for NCSX (the National Compact Stellarator experiment) with Ap = 4.4 and [BU= 4%. In
this case the |B| structure is oriented in the toroidal direction and the pitch of thefield lines is closer
to that of the |B| contours. Then = 0 terms in the |B| spectrum are dominant and the n # O terms
arevery small (but non-zero). Magnetically (at least as far as neoclassical transport is concerned),
this configuration is therefore smilar to a tokamak and should have tokamak-like transport
properties, including a sizeable bootstrap current. In the case of NCSX, about 1/4 of the net
rotational transform is produced by the bootstrap current. Because the edge transform in NCSX is
much larger than it would be in a tokamak, the bootstrap current is much smaller than what would
be necessary to produce the same edge transform in a tokamak.
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Figure 1.5. |B| structure for a quasi-axisymmetric stellarator.



The third type of magnetic symmetry is quasi-poloidal symmetry, which is the basis for the QPS
concept-exploration experiment being proposed here. Figure 1.6 shows an example of a quasi-
poloidal stellarator with N = 2 field periods, Ap = 2.6, [BL= 2%, and amodest bootstrap current (57
kA forR=1m,B=1T)[3]. Thismagnetic configuration has a |B| spectrum with the m = 0 terms
dominant and the m # O terms small. Magneticaly, it looks like toroidaly linked mirrors with
rotational transform.
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1.3. Relation to the U.S. and World Stellarator Program

Categorization of the main experiments in the world stellarator program according to type of
symmetry and plasma aspect ratio isillustrated in Figure 1.7. The size of the circles is proportional
to their average plasma radius, red denotes the new proposed U.S. compact stellarators, blue the
existing U.S. gelarators, and green the foreign stellarators. The main emphasis of the U.S.
stellarator program is on exploring different types of quasi-symmetry over arange of plasma aspect
ratios, aunique niche in the larger world stellarator program.
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Figure 1.7. Characterization of stellarators by type of symmetry and plasma aspect ratio.

The main experimentsin the world stellarator program are listed in Table 1.1. The U.S. stellarator
program now consists of two CE-level experiments while the foreign program has facilities ranging
from the high-end CE to the Performance Extension level. The Helicaly Symmetric Experiment
(HSX) isnow operating at the University of Wisconsin and the Compact Toroidal Hybrid (CTH) is
now under construction at Auburn University. HSX will test the predicted benefits of quasi-helical
symmetry on neoclassical transport and the role of high effective rotationa transform on reduction
and control of direct loss orbits. QPS would play a complementary role in testing the predicted
reduction of neoclassical transport through reduced poloidal ripple. Shear in the ambipolar dectric
field should lead to reduced anomalous transport. The CTH stellarator will
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Table 1.1. World Stellarator Experiments

R |a (m) Vpi P
Device | Location Type R/a B (T
yp (m) m3) [ B (D] (mvw)
u.S. quasi-poloidal,
QPS (2006) bootstrap current 09 1035 26 2.1 1 1-3
NCSX |U.S. guasi-axisym.,
(2006) bootstrap current 14 [ 033 | 43| 30 | 17 | 6-12
W 7-X Germany | quasi-poloidal,
(2006) currentless 55 [ 052 | 106 | 30 3 30
LHD  |Japan helical torsatron, 39 |060| 65| 28 | 4 | 30
currentless
HSX |us. quasi-helical, 12 |o015| 80 | 05 | 1.3 | 02
currentless
CHS  |Japan helical torsatron, 10 |020| 50 | 08 | 2 2
currentless
W 7-AS | Germany |"educed I P-S, 20 | 020 100]| 16 | 25 | 2
currentless
CTH U.S. helical torsatron,
(2003) plasma current 0.75 | 0.18 4.2 0.5 0.5 0.1

study passive stabilization of current-driven MHD instabilities and contribute to our understanding
of kink and tearing modes in stellarators. QPS will use an Ohmic current to approximate the
optimized [B= 2% configuration at low collisondity, augment the bootstrap current in modifying
the rotational transform and shear for study of modified QPS configurations and neoclassica
tearing modes, and smulate (at [BO0up to 2%) the very-high-B QPS magnetic configurations of
reactor interest.

W 7-X has the closest magnetic configuration to that of QPS, but a a factor of 4 higher plasma
aspect ratio. The smilarities are that each has a dominant quasi-poloidal component in [B|. The |B|
contours on the r/a= 0.75 surface for the two-field-period, Rla= 2.6 QPS and the five-field-period,
R/a=10.6 W 7-X are compared in Figure 1.8. The |B| spectra B,,,(r/a) normalized to the average
magnetic field on the LCFS (W/Y, = 1) are compared in Figure 1.9. The B, term, the average
magnetic field, is suppressed in these figures. The magnitude of B, on axis is 0.88 for the QPS
reference configuration gh4 and 0.99 for W 7-X; itis 1 for both on the LCFS. The dashed curves
in Figure 1.9 indicate the quasi-poloidally-symmetric (m = 0) components of [B|. The degree of
quasi-poloidal symmetry varies with radius for both. The dominant m = O term is 1.65 to 2.07
timeslarger in QPS. However, the toroidal coupling is much stronger at the very low aspect ratio of
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QPS: the /R component in QPS is 3.75 times larger than in W 7-X, comparable to the ratio of
geometric aspect ratios (4.1). The helica components B,, for both configurations are of
comparable magnitudes across the plasma cross-section.

Our studies indicate that minimizing the non-quasi-poloidal components of the |B| spectrum does
not necessarily give the lowest transport at the low aspect ratio characterizing QPS. There are dso
significant differences in the QPS and W 7-X optimizations arising from the large difference in
aspect ratios. The cancellation of the bootstrap current in W 7-X which occurs over the entire
plasma cross-section is not present in the QPS design (due to the different ratio of B,,/B,, in the
two devices). Infact, the bootstrap current is an important component of the QPS optimization, and
althoughit is reduced by a large factor compared to an equivaent tokamak, it is not possible (nor
desirable) to entirely eiminate it and till retain good plasma properties. The reduction of
neoclassical transport in QPS is associated with the near aignment of B and grad |B|, while in
W 7-X it is associated with quasi-omnigenity, the approximate alignment of drift surfaces and flux
surfaces. Thisisindicated in Fig. 1.7 where the magnetic field lines more nearly cut, on average,
the |B| contours at 90°for QPS compared with W 7-X.
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Figure 1.7. |B| contoursat r/a= 0.75 for QPS (left) and W 7-X (right).
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Figure 1.8. |B| spectrafor QPS (left) and W 7-X (right).

1.4. Relation to NCSX and the Compact Stellarator PoOP Program

Asahigh-end CE-level compact stellarator, QPS both complements and supports NCSX, the main
element in the proposed U.S. compact stellarator program. Compact stellarators are hybrid devices
that rely on both 3-D shaping of the plasma (as in conventiona stellarators) and the plasma-
generated bootstrap current (as in tokamaks) to generate the required rotationa transform. The
flexibility inherent in having both 3-D shaping and plasma current allows exploration of a wider
range of toroidal magnetic configurations than possible in tokamaks and conventional stellarators.

QPS complements NCSX by exploring the quasi-poloidally-symmetric approach to compact
stellarator optimization, which could lead to a high-B ([B00= 10-15%) attractive compact stellarator
reactor, while NCSX will explore the quasi-axisymmetric (QA) approach amed a an attractive
compact stellarator reactor in the [B0= 4-6% range. For the reactor configuration, the quasi-
poloidal nature becomes stronger as 3 increases and the therma and apha-particle confinement
improve with . Programmatically, the QA NCSX connectsto the axisymmetric advanced tokamak
(AT) approach while QPS connects to the currentless high-aspect-ratio (R/a = 10.6) W 7-X
approach, but at afactor of 4 lower aspect ratio.

At the experimentd leve, the distinguishing characteristics of QPS and NCSX dlow each to
complement the other in extending our understanding of toroidal configurations. Table 1.2 lists
some of these features. NCSX achieves reduction of neoclassical transport by quasi-axisymmetry,
so NCSX should have similar transport behavior as a tokamak. On the other hand, QPS achieves
reduction of neoclassical transport by quasi-poloidal symmetry which produces approximate
alignment of the B and grad |B| directions. Since the radial motion of particles normal to the
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magnetic surfaces is given by the radid component of the B x grad |B| drift, this approximate
alignment reduces these drifts. This has the potentia to significantly reduce both neoclassica
energy and particle losses as wel as the parald bootstrap current arising from density and
temperature gradients. In the limit of exact poloida symmetry, the canonica angular momentum
P =Mmv, +eA, isconserved. Particle orbit excursionswould then be limited to the gyroradius in
the toroidal field, which is usualy much smaller than the poloidal gyroradius (banana width)
characteristic of orbit widthsin axisymmetric or quasi-axisymmetric devices.

Table 1.2. Features of QPS and NCSX

Feature NCSX QO0S
Scope of Experiment PoP-level CE-level
R, 0 B, Pheating 1.4m, 0.33m, 2T, 6-12MW | 09m,0.35m, 1T, 1-3 MW
Magnetic Symmetry Quasi-Axial Quasi-Poloidal
R/AO 4.3 2.6

Low-R/&0 toroidal mode
coupling effects on equilib-

High-f3 stability and

Key physics issue disruption immunity

rium, stability & transport
Enhanced Confinement || Tokamak-like drift orbits, Small B x B radial drift,
Route flow-shear stabilization reduced poloidal viscosity

In addition, QPS supports NCSX in exploring the low-aspect-ratio end of compact stellarator
optimization. With an Rla = 2.6, QPS has a significantly lower aspect ratio than NCSX. The
toroidal and helica coupling effects are much stronger a the lower aspect ratio. Initia reactor
scoping studies for the quasi-axisymmetric approach [4] examined both a three-field-period R/a =
4.4 configuration based on 1i383, the NCSX configuration, and a two-field-period Rla = 2.7
configuration, 2101, with good physics properties but for which an attractive modular coil set had
not been developed a the time that the NCSX configuration was chosen. While the two-field-
period Rla = 2.7 configuration led to a smaller reactor, the programmatic risk associated with this
configuration was deemed too high for a PoP-level experiment. The CE-level QPS is the correct
leve to address the issues associated with the lower vaue of aspect ratio in a compact stellarator
experiment. The understanding gained should alow us to have more confidence in a lower aspect
ratio extension of the QA concept, should that be deemed a desirable route for future exploration.
The combination of the PoP-level NCSX and the CE-levd QPS would establish the knowledge
base needed for decisions on the next (post-PoP) stage in the compact stellarator program.

1.5. Summary

Thereisalargeworld stellarator program focused on the high-aspect-ratio currentless approach to
stellarator optimization and a concept-exploration level stellarator program in the U.S. exploring
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unique aspects of stellarators research: quasi-helical symmetry a high aspect ratio in HSX and the
effect of ohmic current in a stellarator in CTH. The criticd missing component is optimization of
stellarators at low plasma aspect ratio that could lead to a more dtractive reactor than either the
advanced tokamak or conventional currentless stellarator. The proposed NCSX will explore the
tokamak-stellarator-hybrid quasi-axisymmetric approach a R/a = 4.3 that could lead to a reactor
with [B0= 4-6%. The unique contributions that a concept-exploration-level QPS would make are
(2) establishing the basis for a high-3 (BU> 10%) low-aspect-ratio (R/a = 2.7) compact stellarator
reactor and (2) exploration of very low aspect ratio (R/a = 2.6) and quasi-poloidal symmetry in
optimization of compact stellarators. This information is needed in the 10-year time frame both to
meet the objectiveslaid out by FESAC for the compact stellarator and as input for decisions on the
next step in the world stellarator program after LHD and W 7-X.

QPS is needed because there is no existing experimental database that would dlow one to
reasonably extrapolate to this high-f3 configuration. A CE-level experiment is aso the optimum
vehicle for studying the physics of quasi-poloidal symmetry and very low aspect ratio in a
stellarator with bootstrap current. QPS could make unique contributions relating to some of the
key fusion science areas outlined by the IPPA: the physics of neoclassical confinement
improvement at very low aspect ratios, flux surface robustness at [BIup to 2-3% in the presence of
strong toroidal/helical coupling, the dependence of bootstrap current on configuration properties a
low aspect ratio, and the el ectric potential and its influence on enhanced confinement regimes.

REFERENCES

[1] BOOZER, A. H., Phys. Fluids 24, 1999 (1981).

[2] SPONG, D.A., HIRSHMAN, S.P., WHITSON, J.C., et a., Nuclear Fusion 40 (March,
2000) 563.

[3] SPONG, D. A., et d., "Physics Issues of Compact Drift-Optimized Stellarators', 18th IAEA
Fusion Energy Conference, Sorrento, Italy, October 4-10, 2000.

[4] LYON, J. F,, et d., "Compact Stellarators as Reactors’, 18th IAEA Fusion Energy
Conference, Sorrento, Italy, October 4-10, 2000.

1-16



2. Quasi-Poloidally-Symmetric Configurations

This chapter describes the characteristics of quasi-poloidally-symmetric magnetic
configurations and relevant physics issues.

An important property of the QPS reference configuration is the approximate poloidal
symmetry of the |B| spectrum in the plasma interior (away from the edge of the plasma).
This feature identifies QPS as having unique properties not shared by other quasi-
symmetric configurations such asNCSX (a quasi-axisymmetric device) and HSX (a quasi-
helically symmetric stellarator). One such property is the presence of a finite number of
trapped particles al the way to the magnetic axis. Thisimpliesthat the bootstrap current can
be non-zero on axis (provided dp/dy # 0), thus obviating the need for a seed current to
generate finite rotationa transform on axis. Another is the small poloidal viscosity
compared to the toroidal viscosity, which should result in distinctly different flow control
strategy — and hence control of the radia electric fiedld — in QPS compared to quasi-
axisymmetric (or helical) configurations. Also, theinternally generated transform due to the
bootstrap current is small compared to the external transform in QPS, and makes the
equilibrium configuration somewhat invariant as (3 is varied.

2.1. Consequences of Poloidal Symmetry

The transport properties of QPS are direct consequences of the approximate poloidal
symmetry of the |B| spectrum. The dominant spectral coefficients of |B| in Boozer
coordinates for the reference QPS configuration are shown in Figure 2.1. In this coordinate
system the magnitude of the magnetic field can be expressed in a Fourier spectrum as

IB] = = Bmn(4) cos (m6 —ng)

where 6 and @ are poloidal and toroidal angle variables and y is the toroidal flux. It can be
seen that for interior magnetic surfaces away from the plasma boundary p = qu’2 =1 the
gpectrum is dominated by the m = 0, n = 1 (in field period units) “linked-mirror”
component, i.e., |B| exhibits approximate poloidal symmetry, 0|B|/06 = 0. Near the edge,
there is a /R component (m = 1, n = 0), of comparable magnitude tothem =0, n =1
component, which violates the quasi-poloidal symmetry. In addition thereisasmaller helical
component near the edge which decays away inside the plasma This structure is similar to
the large-A, W 7-X spectra associated with omnigenity-optimized transport. However, the
cancellation of the bootstrap current in W 7-X which occurs over the entire plasma cross-
section is not present in the QPS design, as discussed below. The effective magnetic aspect
ratio based onthem= 1, n = 0 component of [B| (the LR field) is A; ogneic = 9 Which is
2A, (here, A, is the geometric aspect ratio R/a). This indicates a reduction in the grad |B|
drift associated with this component of |B|. Thereis a substantial magnetic ripple associated
with the mirror field component, corresponding to amirror rétio (B, /B, ~2 for the QPS
configurations considered here.



Figure 2.1. |B| spectrum for the reference QPS configuration.

In the limit of exact poloidal symmetry, the canonical angular momentump, = mv, + eA,
is conserved. Particle orbit excursions would be limited to the gyroradius in the toroidal
fidd, which is usualy much smaler than the poloidal gyroradius (banana width)
characteristic of orbit widths in quasi-axisymmetric devices (e.g., NCSX or tokamaks). This
reduction in orbit size implies a concomitant reduction in the bootstrap current compared to
tokamaks. Thus QPS tends to operate either with a significantly smaller bootstrap current
than in axisymmetric devices (for the same 1, or 1/q, the potentid reduction is ~1/N) and/or
a lower 1 (higher g). Note that the implied smaler poloida flux in QPS does not
necessarily lead to increased neoclassical losses because the limiting orbit size is the
toroidal gyroradius, which remains quite small.

Poloidally symmetric plasmas are, in Boozer coordinates at least, smilar to “linked-
mirrors’ without end losses (which are eliminated due to the toroidal geometry). However,
because of the finite rotational transform in QPS, the magnetic field lines are generaly
ergodically distributed over the magnetic surface (except at rational surfaces), making the
transport and stability properties of QPS plasmas more closdly related to those of other
quasi-symmetric stellarators rather than to mirror-like (EBT) devices.

The effect of quasi-poloida symmetry on neoclassical transport can be understood from
Figure 2.2, which shows the |B| contours (solid curves) and magnetic field lines (red
straight dashed lines) for QPS at the magnetic flux surface S=0.7. Here S ~ (r/a)2 where r
isthe average radius of aflux surface. Since the radial motion of particlesisgiven by the B
x grad |B| drift, the approximate adignment of B and grad |B| directions implies a
suppression of these drift effects away from the magnetic surfaces. This has the potential
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to significantly reduce both the neoclassical energy and particle losses as wdl as the self-
consistent bootstrap current.

Figure 2.2. Contours of |B| on the r/a= 0.75 surface for the reference configuration.

QPS exhibits departures from quasi-symmetry which typically decrease rapidly away from
the edge of the plasma (see Figure 2.1). Such a departure from exact quasi-poloidal
symmetry in QPS is desirable to drive a smdl, but finite, self-consistent bootstrap current.
Typically, the bootstrap current varies from ~30% (at the center) to ~ 50% (at the edge) of
the vaue that would occur in a tokamak with similar 1 profile, as shown in Figure 2.3. The
presence of internal bootstrap current &t finite 3 values relieves some of the burden on the
coils for producing rotationa transform. This reduces the helical excursion of the cails,
producing a more compact configuration, and thereby facilitates the engineering of coils &
low aspect ratios. In addition, small bootstrap currents can increase ballooning stability
limits by reducing unfavorable helica curvature (although opposite, destabilizing effects
have also been observed in other configurations), without introducing vertical or kink modes
in the plasma. The calculations for the QPS reference configuration have been performed to
make the bootstrap current profile and magnitude approximately self-consistent with the 1
and pressure profiles. A low collison-frequency anaytic expression for the bootstrap
current is used as an approximation for j,. in QPS. Finite v* corrections, as well as the
effect of the radial electric field at low collisondities, have been caculated using both
Monte Carlo and DKES codes and are shown in Figure 2.4. Both effects tend to reduce the
magnitude of the bootstrap Onsager coefficient L5 for anticipated operating regimes of the
experiment. However, since the fraction of rotational transform arising in QPS from the
bootstrap current a or near the highest stable [B< 2% is typicaly small (1,d1;gq ~ 20%,
see Figure 2.5), the variation with  and v* of this internal current should have a minimal
impact on the experiment. The dependence of the bootstrap current at low aspect ratio on



both the temperature and electric potential remains an interesting experimental feature to be
measured.
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on the bootstrap current.
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Figure 2.5. Effect of the bootstrap current on the rotational transform profile for the
reference configuration at [B= 2%.

Note from Figure 2.5 that the bootstrap current flows aong the magnetic field so that the
rotationa transform it produces adds to the existing external transform arising from cails.
This feature, together with the positive shear throughout the plasma (1 increasing radialy
everywhere in the plasma), makes the QPS configuration stable to neoclassical tearing
modes, i.e. j,.*1"/t > 0. Thisis another desirable effect of the small self-consistent bootstrap
current in QPS, which is anticipated to reduce the size of magnetic idands as [3 increases.

The degree of quasi-poloidal symmetry for the reference QPS GB4 configuration, and for
improvements to it from the GB5 series, decreases on a flux surface in going from the
plasma interior to the edge, as indicated in Figure 2.6 which shows the ratio of magnetic
energy in non-quasi-poloidal modesto that in quasi-poloidal  modes vs. (W/Yeyqe )1’2 = r/a.
Near the plasma edge these configurations have a more quasi-omnigenous character.

Departures from poloidal symmetry can increase neoclassical transport in QPS in much the
same way that ripple losses deteriorate confinement in tokamaks in the low collision
frequency regime. This potentially deleterious effect for QPS has been estimated using
Monte Carlo techniques for both thermal and energetic (RF-heated) particles. In practice,
this evauation is performed after the optimization process is completed, due to the time-
consuming nature of Monte Carlo calculations as well as the statistical noise associated with
finite particle populations which makes it difficult to evauate numerically stable targets for
the transport optimization, as discussed in detail in Chapter 3. Near the edge of QPS, where
departures from poloidal symmetry are largest, omnigeneity can reduce the 1/v



transport by producing partia alignment of drift surfaces with magnetic flux surfaces. This
effect has been used to reduce the edge transport in QPS.
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Figure 2.6. Degree of quasi-poloidal symmetry versus minor radius for several
candidate QPS configurations.

The control of theradial profile of the eectric field is important for suppressing turbulence
and hence accessing enhanced confinement regimes in stellarators and tokamaks. In quasi-
axisymmetric devices, the plasma flow is viscously damped in the poloidd direction due to
magnetic pumping in the /R field and theradial field can be experimentally affected by the
magnitude of the toroidal flow. The quasi-poloidal symmetry in the interior of QPS causes
a damping process in the orthogona (toroidal) direction, since the dominant magnetic
pumping occurs due to the toroida ripple wells. This leads to much smaller toroidal flows
than in a quasi-axisymmetric system. Thus, the poloida flow will be the control knob
available for adjusting the level of turbulence in QPS configurations.



2.2. Quasi Poloidal Configurations at High Beta

Whereas the reference QPS configuration has relatively modest 3 limits (set by high-n
ballooning modes), it is related to a class of QPS-optimized stellarators which possess a
much higher 3 limit (30> 10%) and a moderate bootstrap current. Figure 2.7 shows the
outer flux surfaces of an N = 2, Rla = 2.6, [B[J]= 10%, quasi-poloidally-symmetric (QPS)
configuration with contours of |B| indicated in color. Figure 2.8 shows a higher-f ([BU=
15%), N = 3, Rla= 3.7 QPS configuration.

This class of QPS configurations exhibits properties of a tokamak-stellarator hybrid with a
|BJ-spectrum possessing quasi-poloidal symmetry similar to QPS, as shown in Figure 2.9.

e M

L& _
L4 _

L.

1.0

B Meld strenghbh o Tesla

0.8

Figure 2.7. |B| values and shape of the LCFS for a QPS configuration at [B[= 10%.
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Figure 2.8. |B| values and shape of the LCFS for a QPS configuration at [B= 15%.
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the N = 3 QPS configuration at [BC= 0 (left) and [BC= 23% (right).

Unlike the other plots of [B|(6, ¢) on a constant r/a surface in this document, the 6
coordinate is plotted for two poloidal turns (4m) rather than once around the torus
poloidally. The degree of quasi-poloidal symmetry increases with [3, as shown in Figure
2.10for theN = 3, Rla= 3.7 QPS configuration. The m# 0 terms decrease with increasing
3 and the By, term, the average vaue of |B| on aflux surface, decreases in the center as 3
increases.

These configurations have a high shear, tokamak-like transform profile (i.e.,, | decreases
radially) and have transport properties for both thermal and energetic particles which
improve with 3. The non-axisymmetric components of the |B| spectrum result in a reduced
bootstrap current compared to a tokamak with the same 1 and p profiles. These
configurations achieve bootstrap alignment (i.e., the bootstrap current supplies dl the
required equilibrium current) at substantially reduced values of field-aligned (parald)
current, 1/5-1/3 that of a smilar tokamak. This finite, but lower, current results in MHD
stability at higher values of 3: B> 20% for Mercier and ballooning stability and [P~
11% for vertical and kink stability.

In contrast with the concept-exploration QPS configurations, these hybrid QPS
configurations have only a small externa rotational transform arising from coils (typicaly,
leoils ~ 0.05-0.10, where 145 IS the rotationa transform due to externa coils). Thus the
rotationa transform profile is related to the interna plasma current profile much like in a
tokamak. For the configuration shown in Figure 2.8, | varies monotonically between 0.4 on
axis to 0.1 at the edge, with approximately half of the small edge transform arising from
currents in externa coils. Note that this profile completely avoids the | = 1/2 resonance
(internal disruptions are suppressed) and other low-order resonances.
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Figure 2.11. Bootstrap current and equilibrium current (VMEC) for QPS configurationin
Figure 2.8.

The main effect of the external coils in these configurations is to substantially reduce (but
not completely suppress) the self-consistent bootstrap current arising a finite (.
Configurations were optimized for alignment of the equilibrium and bootstrap currents.
Figure 2.11 showsthe profiles of the field-aligned (paralel) current, the predicted bootstrap
current, and the predicted bootstrap current in an equivaent tokamak (a torus with the same
axisymmetric boundary shape and rotational transform) as a function of the flux variable S
for the configuration shown in Figure 2.8. The reduction in bootstrap current in QPS (~1/5
- 1/3 that of the equivaent tokamak) is due to the approximate quasi-poloidal symmetry of
the [B| spectrum (similar to toroidally-linked mirrors). To achieve such a low equilibrium
current in a tokamak would require an oppositely driven current to cancel the bootstrap
current. Self-consistent bootstrap current profiles have been obtained in the range 2% < B0
< 23% which require little seed current (except in a very small volume near the magnetic
axis: to achieve the optimized rotational transform profile. Also, the L13 Onsager coefficient
(relating the bootstrap current to the pressure gradient) also decreases with 3 in such a way
that L13 ~ j,. is nearly independent of 3 for B> 7%. This leads to a nearly -independent
bootstrap current in this range and gives a degree of configurationa invariance smilar to



that achieved in W 7-X with zero bootstrap current. Figure 2.12 shows the bootstrap
transport coefficient as afunction of collisionality for several values of [BLI
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Figure 2.12. Approximate constancy of the bootstrap current with f3.

The presence of somewhat larger bootstrap currents (due primarily to the larger stable 3)
distinguishes these configurations from the very low bootstrap current QPS devices
previoudy discussed and results in reductions of both the helica curvature and the
connection length in QPS. This gives rise to the higher ballooning stability 3 limits
observed. The ballooning stability B-limit for these configurations was found to exceed B[]
> 23%. By optimizing the plasma shape (outer flux surface), rotationa transform profile,
and pressure profile for a target 3, ballooning stable configurations with good bootstrap
alignment in the range 2% < [BJ< 23% were obtained. For the three-field period, high-f3
QPS configurations, decreasing 3 while holding the shape and rotationa transform profile
fixed resulted in ballooning unstable configurations (unless 3 was lowered substantialy).
This is an indication that these plasmas are in the second-stable ballooning regime, as
shown in Figure 2.13. In addition to the good ballooning stability, these configurations
have good Mercier stability properties with a magnetic well over the entire cross section
producing the dominant stabilization effect. The configuration in Figure 2.8 is Mercier
stable except at the 1 = 1/5 resonance, which occurs deep inside the plasma.  The stabilizing
magnetic well increases with increasing 3, as indicated by the shift in the magnetic axis in
the flux surfaces at [B= 23% in Figure 2.14.
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The presence of finite plasma current in QPS configurations makes them susceptible to
vertical and kink modes. In spite of the finite plasma current and high (3, the configuration
shownin Figure 2.8 is stable to vertica modes and only weakly unstable to an external kink
mode for [B= 15%. Keeping the same shape but scaling [BLdown to ~11% (but without
modifying the rotationa transform) leads to stabilization of the kink mode. At this 3, the
Troyon factor (B, = B(%)[a(m)B(T)/I(MA)]) is By = 19. This is a significantly larger
value of 3 (for kink-stability) than in the equivalent tokamak with no wal stabilization. In
combination with the lower current compared with a tokamak, this feature gives rise to the
large Troyon factor. Stabilization of these low-n macroscopic modes should also be
possible through ether current profile tailoring (adjusting the bootstrap current near the
plasma edge) or dynamic feedback provided by suitable external coils as is done for shaped
tokamaks (although this is less desrable than passive sabilization afforded by the
combination of small external rotational transform and reduced internal current).

The quasi-poloida symmetry of these high-B configurations aso results in acceptable
neoclassical confinement times for both thermal and energetic particles. lon and electron
neoclassical confinement times were estimated using a Monte Carlo calculation. For <|B|>
=1 T and in the low collision frequency regime, we find Teneo/Tissos = 3-5 for expected
values of theradial electric field and with a confinement enhancement factor H-1SS95 = 1.
The electron neoclassical transport rate is a factor of 3-5 smaller and is hence negligible.
Under these conditions, anomalous processes should dominate the thermal transport. The
transport of the high-3 configurations has also been tested and enhanced using a drift
kinetic equation solver in the optimization code. Factors of 2 improvement in Tg,e, Were
obtained by minimizing the loca transport coefficients at severa surfaces without
sacrificing ballooning and kink stability. Furthermore, as [3 increases, the drift and flux
surfaces achieve better alignment (attaining a nearly “omnigeneous’ state). This not only
improves thermal transport, but alpha particle confinement is aso calculated to improve with
increasing 3. For the highest 3's we have attained in these configurations (in the range of
15-20%), alpha-particle energy losses are around 10% for areactor-scaledevice(B=5T, R
=10m).

The smal externa transform and low number of field periods in QPS result in relatively
smpler modular coils compared with conventional, lower current, compact QPS stellarators.
Preliminary modular coils for an N = 3, Rla = 3.7 compact stellarator have been obtained
with adequate distances between the plasma and the coils, as wel as between adjacent coils
needed for plasma heating and diagnostic access. Vaues of the ratio of coil separation to
minor radius are found which imply favorable scaling to compact-reactor sizes.
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3. QPS PHYSICS DESIGN

This chapter describes the physics optimization of the QPS plasma and coil configurations. the
optimization approach used to obtain the plasma configuration, the physics design requirements,
and the general properties of the QPS reference configuration.

3.1. Integrated Optimization Approach

The QPS reference configuration was determined through a systematic optimization procedure™*
that balances physics requirements (confinement quality, plasma stability to pressure and
current-driven modes, bootstrap current consistency), design goals (low aspect ratio, minimum
plasma width for good neutral shielding, rotational transform (1) profile which avoids low order
resonances, sizeable 1 from coils) and engineering constraints (adequate coil-plasma and coil-
coil separation, sufficient space in center for an Ohmic heating transformer and toroidal coils).

The low-A, QPS configuration evolved from a quasi-helical configuration at much higher A,.
During the optimization, as A, was lowered (from ~5 to ~2.5), it was found that the plasma
naturally evolved toward a quasi-poloidally-symmetric state. This was a consequence of
requiring the self-consistent bootstrap current to remain small (compared with that in an
equivalent tokamak having the same 1 profile), together with enforcing an omnigeneity constraint
to guarantee adequately low neoclassical transport levels (compared with the anomalous 1SS-95
scaling values). The reduction in bootstrap current required during the optimization (needed to
give good low-n MHD stability properties and greater configurational invariance with 3)
produced a configuration which naturally avoided the quasi-axisymmetric state being explored
by NCSX. To access the lower end of this range of aspect ratios, it was necessary to lower the
number of field periods, N. Keeping A/N, /N fixed was found to be a useful guide for
preserving certain physics features during the configuration optimization. In thisway, the lowest
A, achieved (A, ~ 2.5) was obtained for N = 2. The physics consequence of low N isto lower |
in systems with shear in order to avoid low order resonances m ~ N/i This generally increases
transport in configurations which rely on significant poloidal flux for orbit confinement. The
engineering consequence is toallow the stellarator coils to be “far away” from the plasma
surface (on the order of ~a/3) while still generating with modest coil currents the complex helical
field needed to produce the external transform and shear of the magnetic field. This coil-plasma
separation is the key parameter — which should be maximized — for determining the minimum
size of a stellarator reactor based on a compact plasma configuration.

Figure 3.1 illustrates the optimization procedure used to determine a low-aspect-ratio plasma
configuration with the desired properties. It starts with an initial assumed configuration (usually
at large aspect ratio) and proceeds through the following steps: (1) the 3-D plasma equilibrium is
calculated using the VMEC equilibrium code [1]; (2) the computed physics properties are
compared with the desired target properties and the difference )(2 is calculated; (3) the plasma
boundary shape and plasma profiles are adjusted; (4) steps (1)-(3) are repeated until no further
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Figure 3.1. The optimization procedure used to find the QPS plasma and coil configuration.

changesin )(2 occur. A Levenberg-Marguardt scheme is used to minimize )(2. Typicaly ~100s
iterations through this loop are required and may take severa hours of CPU time, depending on
the number and type of physics criteria that are computed to evaluate x>. The X measure in the
optimization loop is the difference between the desired weighted figures of merit for a particular
QPS configuration and that obtained at any stage during the optimization process. Typically, 30-
40 Fourier harmonics R, and Z,,,,, which describe the shape (R,,Z) of the last closed flux
surface (LCFS), and the expansion coefficients for the pressure and current density profiles (in a
Legendre seriesin the normalized toroidal flux S) are varied in the optimization until the value of
X2 converges to its minimum value. The optimization process at low aspect ratio proceeds in two
steps. Physics optimization criteria, targeting transport and stability properties of the plasma, are
initially chosen to find a suitable region of the multi-dimensional phase space (of boundary
harmonics) for further exploration. Once such a region is identified, coil and engineering
optimization criteria are added as targets to guide the optimization process toward regions of
phase space where a realizable set of coils for QPS might exist at these low aspect ratios. The
optimized configuration depends on the particular choice of physics and engineering targets and
the relative weighting among these. After such an optimized plasma configuration is found, a set
of coails is then determined that accurately recreates the desired LCFS, as discussed in Section
3.4. Targeting engineering criteria already at the physics optimization level helps to guarantee
that a set of coils with reasonable current densities and geometric parameters can be generated.
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3.2. Physics Design Requirements

The optimization process successfully integrates a complex, interacting set of physics and
engineering criteria. Because of the nonlinear dependence of these “target” criteria on the
independent boundary variables, it is often necessary for human judgment to intervene during the
optimization in order to guide the process towards an interesting physical state. This intervention
typically takes the form of changing the relative weights on the various (often competing)
physics criteriain order to eliminate local minima in the x* topography.

A list of physics and engineering targets that can be targeted for optimization and their
guantitative measures are given in Table 3.1. The first three targets are related to transport
improvement. The alignment of constant B,,,, and J (longitudinal adiabatic invariant) contours
with flux surfacesis used to minimize the direct loss of trapped particles. The alignment of

Table 3.1. Physics and engineering targets used in the optimization procedure

Targets Example
(Physics/Engineering)
Bounce-average omnigeneity (drift surfaces Brin = Brin(W)
and flux surfaces aligned) Brna = BraW)
J=J)
Target nearby quasi-symmetries Minimize B, if m(ég)(QP), orifmn#1
Local diffusive transport D, x from DKES
Current profile self-consistent I, [ () goesto O at edge
Limit maximum plasma current e.0. | <80kA
lota profile i(P=025p=004(p=a
Magnetic Well, Mercier V" <0, D, >0 over cross section
Ballooning stability <B>~2-4%
Aspect ratio R/a=25t035
NESCOIL targets/feasible coil design Complexity, B,,, Max. current density
Adequate shielding of neutrals Minimum "waist" thickness
Fit within vacuum bell jar Rix<15m
Limit outer surface curvature avoid strong elongation/cusps




constant B, contours with flux surfaces improves confinement of transitiona (i.e., near
trapped-passing boundaries) particles. Targeting nearby quasi-symmetries improves confinement
of all particles, but can generally only be achieved in an approximate sense. Targeting of
transport coefficients in the Drift Kinetic Equation solver, or DKES code [2] is done for a few
surfaces (3 - 5) in the “collisional” transport regime (v. > 1) where calculations can be performed
rapidly. However, this target often lowers transport rates in more collisionless regimes as well
and shows good correlation with (post-process) Monte Carlo analysis.

The next three targets deal with current and iota profiles. We try to maintain good alignment
between the plasma current profile used in the equilibrium calculation and that predicted by
collisionless bootstrap theory. Our design goal for the concept exploration experiment has also
been to supply a large fraction of the rotational transform from coils for good equilibrium
robustness. For this reason, during the optimization upper limits are placed on the amount of
plasma current. The current is usually required to go to zero at the plasma edge along with the
pressure profile. We have found that finite edge currents arising from edge pressure gradients
(associated with a pressure pedestal, for example) can significantly increase the ballooning
stability limitsin QPS without destabilizing external kinks. However, the stability limits reported
here were conservatively calculated for pressure profiles without such edge gradients, since the
properties of QPS plasmas have not been heretofore experimentally examined. |ota profiles are
targeted to avoid the mgor low order rational resonances when possible and to have significant
shear otherwise. For our CE designs we have targeted stellarator-like iota profiles. These also
provide passive stabilization of neoclassical tearing instabilities for the direction of bootstrap
current which characterizes the CE devices.

The next two targets relate to stability. We attempt to maintain a magnetic well and stability to
Mercier modes, except near rational surfaces where the Mercier criterion may become unstable
over very isolated radial regions. Ballooning stability is targeted using the COBRA code [3]
which can very rapidly evaluate ballooning eigenvalues. In addition to varying the outer surface
shape, thistarget can also vary the plasma pressure profile to improve ballooning stability.

The final five targets control geometric properties of the configuration (aspect ratio, minimum
“waist”, or thickness, of the plasma, overall size and maximum outer surface curvature) and ease
of coil design. We have found it necessary to target minimum plasma thickness and surface
curvature due to the fact that some of our optimizations (especially when heavy weight is placed
on transport and ballooning targets) led to very narrow width flux surfaces and flux surfaces with
sharp tips. The coil targets are obtained by running the NESCOIL code [4] to obtain surface
current solutions for coils at a fixed displacement from the outer flux surface of the plasma.
Targets based on this current sheet include the coil complexity (analytic measure of the
smoothness of the coils) and current density We have found that optimizing these parameters of
the sheet current solution leads to subsequent improved filamentary coil designs obtained from
the COILOPT calculation.



3.2.1. Transport optimization.

Typical transport targets include the degree of quasi-poloidal symmetry and the L11 Onsager
transport coefficient computed using the DKES code. At collisionalities slightly higher than
required for the onset to the 1/v regime, L11 can be obtained rapidly, and it is therefore feasible
to include the DKES calculation within an optimization loop. A good correlation between the
DKES results for L11 and Monte Carlo calculations is typically obtained for the QPS
configurations we have studied. This allows the DKES calculations to be used as a suitable
guide for improving thermal confinement, in spite of the neglect of non-local radial drift effects
in the DKES code.

Part of the transport optimization process is the determination of a bootstrap current that is
approximately consistent (at or near reactor collisionalities) with the internal equilibrium
stellarator current. Departures from this consistency will require driven currents. The bootstrap
current is calculated in terms of the transform (1) and pressure profiles, and it depends sensitively
on the |B| spectrum. This “bootstrap” consistency turns out to be a fairly limiting constraint on
the stability properties of the plasma at finite 3. However, not requiring the bootstrap current to
vanish (asin W7-X), but merely to be small compared to the equivalent tokamak value, allows
for some additional flexibility during the optimization process. In addition, the sign of the
bootstrap current should be consistent with the shear of the transform to promote reduction of
magnetic islands widths (island healing) and stabilization of neoclassical tearing modes.

3.2.2. Stability optimization.

To avoid low-order resonances, I/N < 0.2 was required in the optimization for the highest 3 ~ 2%
considered for the CE. Two configurations (GB4_NES12B, D) with different 1 profiles (Figure
3.2) satisfying this criterion were considered during the optimization procedure. These
configurations differ primarily in the amount of shear present in the transform profile, although
both satisfy the neoclassical tearing mode stability criterion. The configurations corresponding
to these profiles were Mercier stable over the entire plasma volume (with the exception of afew
isolated resonances, and very near the magnetic axis for the “high” shear case), as shown in
Figure 3.3 (here positive values are stable). The QPS configurations have a substantial magnetic
well (favorable average curvature due to both helical curvature and a small Shafranov shift) over
the entire plasma cross section and are stabilized primarily by the well rather than the shear
(bending) terms in the Mercier criterion (Figure 3.4). This applies even to the “high” shear
(reference) configuration, except near the edge, where the destabilizing geodesic curvature is
small anyway. The terms arising from the parallel bootstrap current are stabilizing but small.
The strong well stabilization implies that high-n resistive modes should also be stable in these
configurations.
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Figure 3.2. Comparison of | profilesfor (B) “high” shear and (D) “low” shear QPS
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Figure 3. 3. Mercier criterion for (B) “high” shear and (D) “low” shear QPS.
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Figure 3. 4. Shear, Well, and Geodesic Curvature contributions vs. radius for the "high" shear
(B, top) and "low" shear (D, bottom) QPS configurations.

The COBRA ballooning code [3] allowed us to rapidly evaluate high-n stability (ballooning)
during the optimization procedure. It uses a combination of variational methods with quartic
mesh extrapolation (Richardson’s method) to achieve, for a predefined accuracy, computational
speeds 10-100 faster than previously available for three-dimensional systems. The ballooning
growth rates vs. the radius for the (B) “high” shear and (D) “low” shear cases are shown in
Figure 3.5. The pressure profiles for the cases shown in Figure 3.5 have been optimized for
ballooning stability.
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Figure 3. 5. Ballooning growth rates from COBRA for the (B) “high” shear and (D) “low” shear
QPS configurations.




Finally, the computed self-consistent bootstrap currents in QPS for [BI< 5% are sufficiently
small so that low-n modes (kink, vertical displacement mode) are completely stable.

3.3. General Properties of the QPS Reference Configuration

The QPS reference configuration (GB4) is a two-field-period stellarator with Rla = 2.6, R=0.9
m, <a>=0.35m, <B> = 1T, and plasma volume = 2.1 m®. Figure 3.6 shows top and side views
of the last closed flux surface (LCFS) at [B[= 2% where the color shading indicates the 2.66:1
variation of [B| on that surface. Here magenta indicates the lowest |B| value and red the highest.
The most evident features are the two-field-period symmetry, the general poloidal banding of the
[B| contours, the helical magnetic axis, and the sharp ridge with a twist opposite to that of the
magnetic axis. Departures from the poloidal closure of the |B| contours indicate the departure
from quasi-poloidal symmetry (which is significant at the plasma edge). A better view of the
high-field inside end regions can be seen in the oblique view of the LCFS in Figure 3.7. The
magnetic field variation through the plasma is illustrated in the horizontal equatorial cross
section shown in Figure 3.8.
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Figure 3. 6. Top and side views of the outer magnetic flux surface for the reference QPS
configuration with |B| contours indicated by the color shading.
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Figure 3.7. An oblique view of the LCFS for the reference QPS configuration.
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Figure 3. 8. Magnetic field variation in QPS reference configuration on an equatorial plane cut.

The cross section of the plasma varies from bean-shaped to comma-shaped to triangular from the
beginning of afield period to halfway through it, as shown in Figure 3.9. These cross sections
show the helical excursion of the magnetic axis and the ridge of the LCFS as it moves toroidally
from the tips of the "bean" (normalized toroidal angle v = 0) to the end of the "comma" (v = 1/4)
to the tip of the "triangle" (v = 1/2) cross sections. The outward shift of the magnetic axisis
evidence of the magnetic well.
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Figure 3.9. Nested magnetic flux surfaces for the QPS reference configuration at three toroidal
angles: v =0, 1/4, and 1/2.

The approximate quasi-poloidal-symmetry of the QPS configuration can be seen by displaying
contours of constant |B| values on a flux surface. The appropriate coordinates for this are
"Boozer" flux coordinates [5]. In this coordinate system the magnetic flux surfaces are
concentric toroids and the magnetic field lines are straight lines in a 86— plane. The magnitude of
the magnetic field can be expressed in a Fourier seriesin terms of these coordinates as.

IB] = = Bmn() cos (M6 — n)

where 8 and @ are poloidal and toroidal angle variables in "Boozer" coordinates and ( is the
toroidal flux. The magnitude of |B| varies more weakly in the poloidal direction than in the
toroidal or radial directions, as shown in Figure 3.10. The degree of quasi-poloidal symmetry
decreases on a flux surface in the QPS reference configuration in going from the plasma interior
to the edge, as shown in Figure 3.11. Figure 3.12 shows the radial variation with p = (/2 ~ r/a of
the largest terms in the Fourier expansion of |Bl. Them =0, n = O term is just the average
magnetic field on a flux surface. This component increases weakly with p; this behavior
becomes more pronounced for the high-IBLJQPS configurations and aids in providing energetic
particle confinement. The next largest term is the bumpy (“linked-mirror”) m =0, n = 1
component, which dominates especially near the magnetic axis p = 0. The relative size of the
components of |B| which break quasi-poloidal symmetry is given by the Bmn terms with m # O.
The primary deviations from quasi-poloidal symmetry arise from the /R (m = 1, n = 0) and
helical (m =1, n = 1) components near the plasma edge. The QPS magnetic configuration is
similar to W 7-X in this respect, but at afactor of 4 smaller aspect ratio.

The QPS reference configuration was optimized at [BL1~ 2% including the self-consistent
collisionless bootstrap current. However, we have constrained the optimization to provide most
of the rotational transform from external coils. At [Bl= 2% the reference QPS configuration has
about 60 kA of bootstrap current (B =1 T, R = 1 m). Figure 3.13 compares the rotational
transform profiles at full B and in vacuum (3 = 0), i.e., with and without this level of bootstrap
current. Theiota profile maintains asimilar shape and decreases by less than ~25% when the
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bootstrap current is removed. In both cases the | = 2/5 resonance is avoided, except possibly at
the very edge of the plasma. At low B[] an Ohmically driven current can be used to approximate
the equilibrium that is obtained with the bootstrap current, as shown in Chapter 7. Variation of
the plasma current is also an important experimental parameter for studying current driven
instabilities, island formation, and the effect of different values of rotational transform on
transport. Studies of the influence of toroidal currents on plasma stability is of relevance to the
higher [Bconfigurations which form the reactor vision of the QPS approach to compact
stellarators.

3.4. An Improved Reference Configuration GB5

While the GB4 reference configuration fully satisfies the needs for the QPS CE-level
experiment, an "updated” reference configuration (GB5) that is similar in appearance to the GB4
configuration, but with significantly improved low-v* transport properties, has been found in the
last two months that could supercede the reference GB4 configuration. Our analysis so far
indicates that the GB5 configuration has similar stability properties as the GB4 configuration.
While the GB5 configuration has not been analyzed yet for kink and vertical stability, we do not



expect it to be significantly different than for the GB4 configuration. We also expect the coilsto
be similar to those for GB4 based on the NESCOIL sheet current parameter. However, the GB4
modular coils have been optimized from a number of physics perspectives using free-boundary
VMEC equilibria, and engineering analysis has been performed to assess the GB4 coil
feasibility. This has not been done yet for the GB5 configuration, nor the same level of transport
analysis. For these reasons we present GB4 as the reference QPS configuration, but it could be
superceded by the GB5 configuration during the conceptual design phase. Where available,
results for the GB5 configuration are compared with those for GB4 in the following chapters.
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4. Determination of the QPS Coil Set

The low aspect ratio (A = 2.6) and compact size of the two field-period QPS reference
configuration, together with strong three-dimensional shaping and helical variation of the
magnetic axis, present unique challenges for magnetic coil design. The coil system must be
capable of preserving the physics capabilities of a reference plasma configuration while
satisfying critical engineering design constraints. Favorable physics design characteristics are
maintained through the accurate approximation of the magnetic field at the plasma boundary.
Engineering constraints on coil current density and coil complexity are met through a
combination of optimization targets aimed at increasing the minimum values of coil-coil
separation, coil-plasma separation, and coil radius-of-curvature. In addition to these physics and
engineering criteria, project cost considerations have led to rigid spatial constraints in the coil
optimization model imposed by: (1) a maximum radial extent for modular coils in order to use
an existing vacuum vessel, (2) the need for adequate access in the center of the torus for the
center legs of the toroidal field (TF) and ohmic-current (OH) solenoid, and (3) the availability of
existing vertical field (VF) ring coils from ATF.

4.1. Approach used to determine the reference coil set.

Methods have been developed to design practical modular coils for NCSX and QPS that achieve
the desired physics properties while satisfying realistic engineering criteria necessary for their
manufacture, construction, and access requirements. The approach used to optimize the modular
coil set for the reference QPS configuration is illustrated in Figure 4.1.

A coil configuration consisting of modular, TF, OH, and VF coils has been selected for the
reference QPS design. The method for determining the modular coil set is a generalization of a
“reverse-engineering” [1] concept, which effectively separates the process of plasma
optimization from that of coil design. The plasma optimization was performed with the
STELLOPT code [2], while the coils were designed using the COILOPT code described in
Appendix A. The reference plasma configuration was found through an extensive search of QPS
parameter space by varying the plasma shape in a Levenberg-Marquardt optimization loop which
uses a sequence of fixed-boundary VMEC [3] equilibrium solutions to target various
equilibrium, stability and transport properties of the plasma. At low aspect ratios, it has been
found to be useful (even imperative) to restrict the extensive search parameter space by including
some figures-of-merit related to coil design in the plasma optimization step. This allows us to
find a plasma configuration with a boundary shape and normal magnetic field distribution that
can be reconstructed with a relatively small number of modular coils of moderate complexity
(“kinkiness). This ultimately results in a trade-off between plasma performance and project
cost, and has been included in the QPS physics optimization analysis in the form of current
density and complexity targets based on NESCOIL [4]. NESCOIL uses a surface-current to
provide the external magnetic fields that determine a given plasma boundary. These NESCOIL
solutions are easy to evaluate and therefore do not adversely impact the computational
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performance of the rest of the physics optimization. The simultaneous determination of both a
plasma boundary and filamentary coils is a computationally daunting task. Noteworthy is the
observation that configurations with reduced current densities and complexity at the sheet current
level also reflect similar improvements at the discrete modular coil level.

Winding Surface

n

Plasma Surface
Normal (B,,,,*n=0)

N
JCoils

* Filaments on
winding surface

Plasma

Modular

Ben

Plasma \ Inductance
From —4 From Plasma Matrix
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Vary “L” until L J; = Ben(Coils) =~ -Ben(Plasma)

Figure 4.1. Procedure used to determine the optimum coil set to create the QPS plasma.

Filamentary modular coils are arranged on a coil winding surface (CWS) that initially
approximately conforms to the reference plasma boundary, with adequate separation to allow
space for the plasma scrape-off region, plasma-facing components under the coils such as the
divertor plates, and the modular coil case. The CWS shape can be fixed or it can be varied as
part of the optimization process, which has the benefit of allowing for further improvement in the
physics and engineering objectives. Two methods are used for finding an optimum filamentary
coil set on the CWS. The first is to solve for a surface-current distribution on the CWS and then
to convert it to a discrete-filament representation. The second is to solve for the filament
geometries directly using a parametric representation of their trajectory on the winding surface.
The first method uses the NESCOIL code, described briefly in Appendix A (without the
discretization of this continuous distribution into coil filaments), and is incorporated in the QPS
physics optimization process (as noted above).

The second method for determining coils, a direct-filament method, has been used to design the
QPS modular coils. This method uses the COILOPT code, which optimizes the coil geometry on



a toroidal winding surface that is required to be well separated from the plasma boundary. A
parametric representation of the filamentary coils is used, with spatial-reflection constraints
imposed on the coils to ensure preservation of stellarator symmetry. In addition, parameters in
the representation of the winding surface geometry are varied to further improve the optimization
targets.

Methods for targeting magnetic surface quality as a coil design objective have been investigated
as part of the NCSX project. The most success has been achieved using the PIES code to
compute small modifications to the modular coil geometry determined by COILOPT.
Coefficients in the modular coil representation are adjusted to cancel the normal magnetic field
components at the dominant resonant island chains in the plasma interior. The resulting
modified plasma has significantly improved magnetic surface quality (residual islands widths are
greatly reduced) in NCSX.

4.2. Optimization constraints in coil design using COILOPT.

The COILOPT code solves the stellarator magnetic coil optimization problem by determining the
coefficients in an explicit representation of modular coils on a toroidal CWS, together with the
coefficients describing the spatial position of the optimal winding surface. Target functions in
the optimization problem include the error in the normal component of the magnetic field at the
plasma edge (B-normal), the lengths of individual coils, the minimum coil radius of curvature,
the minimum separation between adjacent coils and between the coils and the plasma, and the
minimum distance across the middle of the torus between opposing coils. These optimization
targets are summarized in Table 4.1.

Table 4.1. Optimization targets and figures-of-merit used in the modular coil design process.

Target Parameter | Value | Purpose

RMS field error on LCFS (%) OBims <2.0 Equilibrium reconstruction
Avg. field error on LCFS (%) OBave <1.5 Equilibrium reconstruction
Max. field error on LCFS (%) OBmax <10 Equilibrium reconstruction
Min. coil-coil separation (cm) Ace min >11 Min. coil current density
Min. coil-plasma distance (cm) | Acpmin >13 Access, flexibility

Min. radius of curvature (cm) Pmin >7 Coil fabrication

Coil length (cm) L. Lo Coil complexity

Min. | yeon| (cm) Vimin > 20 Access for TF, OH

The primary goal of the coil optimization is to find a solution satisfying engineering feasibility
constraints that will reproduce, or reconstruct, the targeted fixed-boundary equilibrium flux
surfaces and plasma properties when the coils and currents are used to create the external



magnetic field in a free-boundary VMEC equilibrium. Free-boundary reconstruction is an
important test of the accuracy of the magnetic field approximation problem and is more general
than a simple match to the optimized flux surfaces themselves. Indeed, small departures from the
targeted flux surfaces are acceptable provided that the physics properties of the free-boundary
equilibrium do not degrade those designed into the optimized equilibrium.

4.3. Examination of candidate modular coils for QPS

Figure 4.2 shows a top view of a modular coil solution obtained from COILOPT for the
reference plasma configuration gb4 (<R>= 1.0m, A = 2.6, B = 2%), containing N, = 8§ coils per
field period (4 unique coil types). Starting with an approximately conformal 16 cm winding
surface with 21 Fourier modes, a sequence of COILOPT solutions targeting minimum coil-coil
separation (Accmin), and minimum radius of curvature (pmin), are obtained, while increasing the

Figure 4.2. Top view of the plasma boundary (dashed line) and filamentary representation of the
reference modular coil set 0213b2 (solid line).
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surface with 21 Fourier modes, a sequence of COILOPT solutions targeting minimum coil-coil
separation (Accmin), and minimum radius of curvature (pmin), are obtained, while increasing the
number of modes describing the CWS. The winding surface, containing 41 Fourier modes in the
final calculation, is included in the optimization by allowing its coefficients to vary.

For the two field period QPS reference configuration (gb4), optimized modular coils tend to
extend into the inboard region of small major radius R, restricting room in the center of the
device for TF and OH coils. In order to maintain adequate space on the inboard side of the torus
in the optimized coil system, an additional penalty function is imposed on the minimum y-
coordinate (see Fig. 4.2) for selected coils near the v = 1/2 toroidal symmetry plane.

Modular coil solutions (with no auxiliary TF or PF coils) with N, = 8, 10, and 11 coils per field
period have been examined for the gb4 plasma configuration, with results summarized in
Table 4.2.

Table 4.2. Modular coil optimization results for QPS plasma configuration gb4 nesl12a.

ID N OBaye(%) OB max(%) Ace min(cm) Pmin(cm) Acp,min(cm)
0205b3 8 3.66 29.32 9.6 6.7 11.5
0206a4 8 2.06 14.95 10.0 6.7 12.0
0206a10 8 1.75 12.15 9.8 5.4 13.5
0205a2 10 2.37 15.28 8.5 5.7 12.3
0129a2 11 1.86 15.64 7.7 5.3 11.2

For N, = 8, modular optimization 0205b3 assumes coils on both symmetry planes (v =0 and v =
1/2), which implies 5 independent coil types in order to maintain stellarator symmetry. Errors in
the match to the normal component of the magnetic field at the plasma boundary for this case are
large, and a plasma reconstruction has not been attempted. In contrast, coil system 0206a4, also
with N, = 8, has no coil on either symmetry plane, reducing the number of independent coil types
to 4, and gives a much lower field error. Coil sets 0205a2 (with N, = 10 and no coils on
symmetry planes), and 0129a2 (with N = 11 and a coil on the v = 1 symmetry plane), both have
5 coil types. The optimizations with 5 coil types typically require constraints on the minimum-y
value for 3 coils (per field period, centered at x = 0) to preserve adequate space in the center.
Solutions with N = 8 and no coils on symmetry planes, however, only require the minimum-y
penalty for 2 coils.

The solutions discussed above assume uniform modular coil currents. Optimization 0206a10 is a
continuation of 0206a4 with variable coil currents. This solution also includes a pair of
axisymmetric VF coils located at R = 1.689m, Z = £1.0m, with variable coil current. Average
field error in this solution is reduced to 1.75% and a free-boundary VMEC equilibrium, using



this modular coil set to create the external field, compares favorably with the fixed-boundary
solution from which the target plasma boundary used for this analysis was derived.

Region of coil overlap

Figure 4.3. Reducing the total number of modular coils from 22 to 16 eliminated the coil overlap
problem on the inside corner.

4.4. Reference QPS Coil Configuration

Based on the results summarized in Table 4.2, together with a consideration of costs associated
with coil fabrication and power supplies, we have concentrated our efforts on improving the
properties of a reference coil configuration for the gb4 plasma with:

J eight modular coils per field period

. uniform modular coil currents

o no coils on symmetry planes

J a VF coil with fixed position and variable current.

We find that a significant reduction in field error is obtained, together with improvements in coil
geometry parameters, if a relatively small background toroidal field (1/R field), in a direction
opposite to that of the modular coils, is included in the optimization. Table 4.3 contains a sample
of COILOPT results where the optimization is started from different values of the background
toroidal field current (listed relative to the total poloidal current per field period I,01) and vertical
field coil currents. The VF coil current is varied in the optimization in all cases except 0214al,
where it is set to zero. The 1/R field is either fixed (e.g., 0216a2) or included as a free parameter
in the optimization (e.g., 0213b2). Solution 0213b2, chosen as the reference QPS coil
configuration for engineering design and analysis, results in an excellent plasma boundary
reconstruction, as shown in Figure 4.7.



The symmetry properties of the reference coil set are evident in Figure 4.4, where modular coils
are shown in u-v space (u and v are the normalized poloidal and toroidal variables, respectively,
used in NESCOIL) for one field period on the final (optimized) winding surface. The reference
modular coil design is presented in Figure 4.5.

Table 4.3. Optimization of 8 modular coils per field period, including one pair of vertical field
(VF) coils and a toroidal (1/R) field, for QPS plasma configuration gb4 nesl2a. Solution
0213b2 is the reference coil configuration.

D Tti/Tpot | Tmoa(kA) | Tvr(kA) | 8Bave(%) | 8Bmax(%) | Accmin(cm) | pmin(c | Acpmin(cm)
m)
0216al | -.071 | 366 201 1.42 9.52 11.5 73 13.2
0213b2 | -.121 | 374 205 1.43 8.66 11.4 72 13.4
0216a2 | -212 | 391 2205 1.38 7.03 11.6 7.7 13.3
0216a3 | -.283 | 403 208 1.49 7.51 11.6 6.9 13.4
0216a4 | -.071 | 366 -90 1.64 10.22 10.4 6.6 12.5
0216as | -212 | 391 -126 1.44 7.95 10.7 7.4 13.5
0214al [ -.107 | 372 0 2.03 11.90 8.6 6.6 12.9

2L
iz

t6r0|dal-v

Figure 4.4. Modular coils 0213b2 shown in u-v space for one field period.

poloidal-u
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Figure 4.5. The modular coil set 0213b2 for the QPS reference configuration.

4.5. VMEC Free Boundary Reconstruction for the QPS Reference Configuration

The modular coil set determined by COILOPT with only eight coils per period has an average
field error of 1.43% and a maximum field error of 8.66%. The distribution of these errors in the
u-v plane is shown in Figure 4.6. The line of maximum errors follows the path of maximum B
on the plasma from v = 0.15, u = 0.4 to v = 0.85, u = 0.6. The significance of this error is
determined by how well the free-boundary reconstruction of the equilibrium preserves the
physics properties of the original optimized fixed-boundary equilibrium.

The shape of the outer magnetic flux surface is the primary variable that determines the physics
characteristics of a stellarator configuration. It is therefore crucial that the QPS coil set
determined here reproduce the shape determined by the fixed boundary optimizer as accurately
as possible. It is important to verify that the free boundary flux surfaces (produced by the coils)
lead to similar physics properties as obtained for the original fixed boundary plasma. Figure 4.7
compares the flux surfaces from the fixed-boundary with the free-boundary calculation based on
filamentary coils. The surfaces are quite similar except for the narrow tip regions in the v=1/4
and v=1/2 cross sections.
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Figure 4.7. Fixed- and free-boundary equilibria are essentially identical for the reference QPS
modular coil set 0213b2.
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4.6. Multi-filament coil model

A single filament was used to represent each modular coil in deriving the reference 0213b2 coil
set. The actual cross-section coils shown in Figure 4.5 were obtained from the filamentary coil
set subject to engineering constraints on allowable coil clearances, minimum bend radius, twist
of the coils, and current density in the coils. A four-filament model (shown in Figure 4.8) was
then derived from the finite cross section coils in Figure 4.5 to test the accuracy of the single
filament representation for the modular coils. The comparison of the results from the original
single-filament coil set and the four-filament model of the coil cross section are shown in
Figure 4.9 for the vacuum case and in Figure 4.10 for the (B = 2% case. The crosses in
Figure 4.9 indicate where the filaments cross the toroidal plane in Figure 4.8. The single-
filament case has a slightly larger LCFS and more rectangularity than the four-filament case in
vacuum. A similar behavior is seen in the (B = 2% free-boundary VMEC cases in Figure 4.10.
The close similarity of the single-filament and four-filament models gives confidence in our use
of the single-filament model for the present level of calculations.

Figure 4.8. Four-filament representation of the QPS reference coil set 0213b2.
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Figure 4.10. Free-boundary VMEC flux surfaces for (§ = 2% at 0° (top row) and 90° (bottom
row) toroidally for the single-filament model (left) and the four-filament model (right).

4.7. Plans to improve the QPS coil configuration

We plan to continue efforts to optimize the QPS modular coils, together with TF and VF coils, to
further reduce field errors and coil current density requirements. There is also an effort
underway to merge the capabilities of the STELLOPT free-boundary physics optimization with
the COILOPT modular coil model in order to use parameters in the current filament
representation as independent variables to directly optimize physics properties. Modular coil
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solutions developed with the present “reverse-engineering” methods would provide good starting
points (initial solutions) for this improved coil design procedure.

4.8. Poloidal Field Analysis

The poloidal field coil (PF) set for QPS has three functions: (1) augment the equilibrium coil set
(modular and auxiliary TF) in order to adequately reproduce the physics of the reference
configuration; (2) vary the plasma configuration with, e.g., vertical and quadrapole fields in
order to study particular physics issues; and (3) provide a moderate volt-second capability in
order to induce toroidal plasma currents that will assist in plasma startup and configuration
variations. The PF coil set includes two pairs of existing axisymmetric coils, the ATF inner- and
mid-VF coils, a pair of elliptical coils, and a racetrack-shaped central solenoid. The geometric
properties of these coils are illustrated in Figures 4.11 and 4.12.
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Figure 4.11. Cross section of the QPS poloidal coil set for the "crescent" shaped symmetry
plane. This view shows the long dimension of the non-circular coils.
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Figure 4.12. Poloidal coil cross sections for both symmetry planes. The non-circular design of
the elliptical coil and OH solenoid are seen relative to the blue centerline.

The configuration and flexibility functions of this coil set are presented in Chapter 7. This
discussion will focus on the Ohmic heating (OH) function. Volt-second requirements are based
on the flux required to establish the desired plasma current (L/) and on the pulse length
requirements (V7). Estimates of the total plasma inductance, internal plus external, are in the
range of 1.0-1.5 puH, depending on the radial current profile. For example, analytical expressions
for the external inductance [5] of an axisymmetric torus of the same mean radius and average
elongation as the QPS reference configuration give a value for L., of about 0.72 pH. A flat
current profile, /; = 0.5, contributes an additional 0.32 pH to the total inductance of 1.03 uH.

These estimates suggest that a flux of about 0.1 Wb should be adequate to induce OH currents in
the range of 50-75 kA.

The plasma resistance is strongly dependent on plasma parameters and is expected to be in the
range of 1-10 pQ. The larger value results from combination of low temperatures, average
values less than 100 eV, and moderate Zeffs. Resistive loop voltages are thus expected to be in
the range of 0.1 to 1.0 V for typical plasma currents. This suggests that a flux capability of about
0.1 Vs will be needed to sustain 50-75 kA Ohmic currents for times of ~0.1 s. Smaller OH
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currents in combination with bootstrap currents could be maintained for times comparable to the
0.5 s modular coil pulse length. Thus about 0.2 Wb should be adequate for most experiments.
To meet this need a 2m-high racetrack central solenoid with a flux swing of 0.15 Wb (0.3 when
double-swung) is included in the reference design. Ideally, the flux from this solenoid would be
excluded from the plasma volume by a set of PF windings. Preliminary analyses for a 4m-high
coil indicated that a small current in the mid-VF coil pair, less than 10 kA (about 5% of the 200
kA in these coils used to produce the equilibrium fields) in each coil, will be sufficient to reduce
the field errors that result from the OH solenoid from ~0.5%, about 1/3 of the field errors in the
modular coil system, to the 0.05% range. At this level, field errors from the OH solenoid should
have a minimal impact on plasma properties. Similar compensation for the shorter, 2m solenoid
in the reference coil set is anticipated, given the additional flexibility of the elliptical coil and the
inner VF coil as well as the ability to split the solenoid into inner and outer pairs. This
calculation, however, remains to be done.

The above analysis and the estimate of 0.3 Vs capability did not include the fields and fluxes due
to image currents in the aluminum tank. Table 4.4 presents the inductance matrix for the
poloidal coils, the straight section of the aluminum vacuum vessel, and the plasma. The non-
circular components (central solenoid, elliptical coil, and plasma) are approximated by
equivalent area circular systems. Inductances are normalized to their one-turn equivalent values.

Table 4.4. Inductance matrix for the reference QPS poloidal coil System. All values are in
micro Henries. Self-inductances on the diagonal are shown in blue. The tank is modeled as a
single turn with the same height as the cylindrical portion of the vacuum tank.

PF1 PF2 PF3 PF4 PF5 | Tank | Plasma

PF1 inner 0.38 005 | 003 | 0.07 | 0.09 | 005 | 0.11
solenoid

PF2 outer 0.05 033 | 0.09 | 0.09 | 0.09 | 0.04 | 0.06
solenoid

PF3 elliptical 0.03 0.09 4.22 1.15 0.93 | 0.41 0.27

PF4 ATF inner | 0.07 0.09 1.15 11.05 | 6.10 | 2.28 0.87

PF5 ATF mid 0.09 0.09 0.93 6.10 14.34 | 4.14 1.16

Cylindrical tank| 0.05 0.04 0.41 2.28 414 | 3.18 0.68

Plasma 0.11 0.06 0.27 0.87 1.16 | 0.68 1.44
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The tank significantly complicates the poloidal design because its large mutual inductances with
other PF coils, as shown in Table 4.4, and its low resistivity. Mutual inductances of the PF coils
to the plasma are the 1/4 — 2 times those of the PF coils to the tank. Thus currents induced in the
tank by the PF coils (image currents) are the same order as those induced in the plasma. The
~4 pnQ tank resistance combined with the self-inductance of ~3 pH yields an L/R time constant
of ~0.75 s. As a result, the magnetic fields that result from driving a current in any one coil will,
during this time period, consist of the field due to that coil and the opposing field of its slowly
decaying image.

The presence of image fields complicates the design of both the equilibrium coil set discussed
earlier in this chapter and of the PF set. The mid-VF coil is used for producing equilibrium
fields and its image was not included in the modular coil design optimization. These image
fields largely cancel the fields produced by the mid-VF coil itself, and must be included in error
analysis and plasma reconstructions. While a new modular coil set could be designed including
fields from the image, its time dependence and non-axisymmetric structure due to tank ports
pose a significant challenge. The impact on the PF design is also significant. For example, the
mid-VF coil is strongly coupled to the tank, and, due to field cancellations by image currents,
much larger values of mid-VF current will be needed to cancel error fields from the OH
solenoid. Producing these currents on the OH time-scale will increase needed power supply
voltages. Calculations to estimate the power supply requirements to produce time variations on
the ~0.1 s time scale are planned, but not yet completed.

As a result of the issues discussed in the PF analyses, we are exploring replacing the cylindrical
component of the present vacuum vessel with a stainless steel structure. The time constant will
be smaller due to the 40-times higher resistivity of stainless compared to aluminum and the
potential reduction in thickness by a factor of two to three. These two effects would bring the
time constant down to ~10 ms, smaller than typical current and configuration evolution times.
The complications due to image currents on this time scale are likely manageable.

4.9. Summary

After examining several options for QPS coils, a reference configuration consisting of eight
modular coils per field period with uniform currents and no coils on the symmetry planes, and a
pair of existing vertical field coils, has been chosen as a reference for engineering studies. The
modular coil geometry and VF coil current were combined with a relatively small 1/R field in a
COILOPT optimization model to produce a QPS coil system satisfying physics performance
properties and engineering design criteria. Free-boundary VMEC reconstruction of plasma
properties and an analysis of vacuum flux surface quality show an accurate approximation of the
targeted plasma. A preliminary analysis of the QPS poloidal field suggests that a 2-m high
central solenoid in combination with the ATF mid-VF coil (also used in the reference
equilibrium coil set), the ATF inner-VF coil, and an elliptical coil should provide adequate volt-
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seconds of OH currents and sufficient shaping flexibility. The use of a stainless steel
replacement for the existing aluminum cylindrical vacuum vessel is appears to be a promising
solution to the long time constants of the aluminum component.
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5. MHD EQUILIBRIUM AND STABILITY

This chapter dealswith the MHD equilibrium and stability properties of the reference QPS
configuration: vacuum and finite-beta flux surfaces, possible existence of magnetic islands
or ergodic regions, bootstrap current alignment, ideal MHD stability of Mercier,
ballooning, kink, and vertical modes, and finally, a brief discussion of resistive MHD
stability.

5.1. Introduction

The MHD equilibrium and stability of the reference configuration are discussed in this
chapter. Animportant issue at the very low aspect ratio (A ~ 2.5) of QPSis the existence of
vacuum magnetic flux surfaces. The existence of magnetic idands or ergodic regions (both
effectively increase the actual aspect ratio) will be addressed, along with a discussion of the
sengitivity of vacuum flux surfaces to different coil currents. This is followed by a
comparison of the MHD equilibrium at finite 3 between the fixed and free-boundary
caculations. The QPS experiment has been designed to run with both Ohmic current
(particularly a low ) as well as a current profile fully compatible (*aligned”) with the
bootstrap current. The issue of bootstrap alignment and consistency (i.e, where the
bootstrap current is computed self-consistently from the 1 and p profiles, and the |B|
spectra) for the reference configuration will be discussed.

This chapter aso examines idedl MHD stability of Mercier, balooning, kink, and verticd
modes for the reference configuration. Finaly, the resistive MHD stability in QPS will be
discussed briefly.

5.2. Properties of Vacuum Configuration

Figure 5.1 shows a Poincaré plot of the vacuum flux surfaces obtained from following
magnetic field lines for the reference set of QPS coils using the AVAC code[1]. The outer
black curve in these figures is the last closed flux surfaces (LCFS) as obtained from the
free-boundary VMEC code for the same set of coils. A variety of | profiles, corresponding
to different amounts and sign of shear, are found to be accessible by appropriately varying
the modular, PF and TF coil currents. This gives the QPS experiment the flexibility to
investigate flux surface integrity, bootstrap current dependence, and neoclassical healing for
arange of magnetic configurations.
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Figure5.1. Vacuum flux surfaces from AVAC for the reference configuration.
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5.3. Calculation of Finite Pressure QPS Equilibria
5.3.1. VMEC Equilibria

The 3D equilibrium code VMEC [2] obtains equilibria by minimizing the plasma potential
energy I(Bz /2+p)dV . The VMEC code assumes nested flux surfaces exists and

therefore does not alow for the existence of magnetic islands. We expect that the VMEC
solutions are good approximations of rea equilibria when magnetic islands are smal.
Details of this equilibrium code are contained in Appendix A.

The VMEC equilibrium is sengtive to the current in the externa coils. A portion of the
outer flux surface with across section of the inner surfaces for a free-boundary caculation
of the reference configuration at <> = 2% are shown in Fig. 5.2. Flux surfaces for this
configuration are shown in Fig. 5.3. This calculation was performed using the modular coil
set described in Chapter 4.

For comparison, Fig. 5.4 shows the cross sections for the fixed boundary equilibrium used
to design the coils. A direct comparison of the outer cross sections of the fixed and free
boundary VMEC calculations for the reference configuration is shown in Fig. 5.5 (same as
Fig. 4.7). The outer surfaces are very similar for the two caculations. The X? errors
(weighted mismatch between targeted and actud physics parameters) for selected
optimization parameters for the free and fixed boundary caculations are shown in Table
5.1. Comparing the ratios of x? for the two calculations indicates the coils are able to
reproduce the physics properties of the fixed boundary configuration. Note that the
reference coil configuration was generated using an unoptimized pressure profile that was
dightly ballooning unstable at several surfaces. This givesriseto the nonzero ballooning x?
in the table. With optimized pressure profiles (see below), both of free and fixed boundary
configurations are ballooning stable at beta = 2% and have an associated x> = 0.

B foll strength in Teel

Figure 5.2. Partial outer surface and cross sections of the reference configurations.
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Figure 5.3. Free-boundary cross sections of the flux surfaces a <> = 1.9% for the
reference coil configuration with |, = 374 KA, |, = =205 KA, and |, = -341
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Figure 5.4. Fixed-boundary cross sections of the reference configuration.

Table 5.1. x* values for selected optimization parameters for the free and fixed boundary

calculations
X* (Baloon) X* (DKES) X? (Bootstrap)
Fixed Boundary 1.9x10° 6.2x10* 1.3x10°
Free Boundary 3.6x10° 6.0x10* 6.6x10"
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Figure 5.5. Outer cross sections for free and fixed boundary calculations of the reference
case.

5.3.2. PIES Equilibria

The PIES [3/4] code is a three-dimensiona equilibrium code that uses a genera
representation for the field, and is therefore capable of caculating idands and stochastic
field line trgectories. Details of the PIES code are discussed in Appendix A. The PIES
code is used to test for the existence of magnetic idands in the QPS reference configuration
and to verify the existence of good surfaces at finite [3.

Figure 5.6 compares Poincaré plots at the haf-period toroida symmetry plane (v = 1/2)
obtained from fixed-boundary PIES caculations for the reference Bl = 2% QPS
configuration. The top half of the figure shows a set of small magnetic idand chains and
the bottom half shows the result of varying the boundary modes (m,n) = (1,6), (1,5), (1,4),
(1,3), (1,2), (26), (25), (24), (23), (22), (3,6), and (3,5) and targeting the (1,6), (2,12) and
(2,11) resonances. The initid set of idands for the reference configuration are reduced,
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although they were not large before the surface healing process. Larger magnetic idands, as
occurred in the initidd NCSX configurations, could also be removed by a small adjustment
of the boundary shape in NCSX that had little impact on the other physics properties. In
regions where di/ds >0, the positive bootstrap current is predicted to lead to decreased
magnetic island widths in configurations of the type studied here. This is related to the
neoclassical stabilization of tearing modes that has been observed in tokamak experiments.
This neoclassical effect is being incorporated in the PIES code, but has not been included in
any of the calculations reported here. The calculations are therefore conservative in that the
caculated idand widths are likely to be larger than would be observed in an experiment
operated in a collisionless regime.

Calculations of free-boundary PIES equilibria were successful for the NCSX magnetic
configuration, but the PIES code has difficulty in caculating QPS equilibria because of the
sharp cornersin the low-aspect-ratio equilibrium flux surfaces. These points in the surface
are near a separatrix and PIES has a difficulty in extrapolating these surface to creste a
vacuum region outside the last closed VMEC surface. A singularity tends to develop in
these vacuum surfaces outside the plasma. Techniques to address this issue need to be
further explored.

Figure 5.6. Poincaré plots from fixed-boundary PIES calculations of the reference QPS
configuration before (top half) and after (bottom half) the NCSX idland healing process.
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A variation of the reference QPS coil configuration with unequal currents in the modular
currents was successfully analyzed for flux surface quality with the PIES code. This [B0=
2% QPS case had dightly smaller field errors (3B, = 1.1%, 0B, = 6.0%) but less
favorable coil-coil separation (A i, = 10.5 cm) and minimum radius of curvature (p,, =
4.6 cm). Figure 5.7 shows afixed-boundary Poincaré plot for this coil set in a polar (p, )
coordinate system which makes the magnetic field structure more readily visible. In this
plot the vertical coordinate p is constant on VMEC flux surfaces, and the distance of the
VMEC flux surface from the magnetic axis is measured dong the® = 0, @ = O line. The
horizontal (angular) coordinate 0 is identical to the VMEC angular coordinate. When
plotted in these coordinates, the Poincaré plot gives straight lines when the VMEC and PIES
solutions coincide. The closed surface a small p is due to the difference in VMEC and
PIES coordinates.
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Figure 5.7. Fixed-boundary PIES Poincaré plot for a QPS configuration with unequal
currentsin the modular coils.
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Figure 5.8. Free-boundary PIES Poincaré plot for the case shown in Figure 5.6.

A chain of m= 6, n = 2 idandsis seen in Figure 5.7 around p = 0.75 where a low-order
rationa surface (1 = 1/3) would exist. The size of the idands is larger in this case than for
the reference configuration in Figure 5.6. The free-boundary PIES caculation
corresponding to this case is shown in Figure 5.8 in p-6 coordinates and in Figures 5.8 and
5.9 in normal z-R coordinates. The bounding surface in Figures 5.9 and 5.10 is a
computational boundary that is 5% larger than the LCFS for the fixed-boundary
equilibrium to allow surfaces to protrude into the vacuum region outside the fixed-boundary
LCFS. At this stage in the cdculation, the 2/6 idand chain (around p = 0.65) has
diminished in size, but a4/11 idand chain has appeared that is disrupting the surface. The
calculationin Figures 5.8-5.10 has not fully converged. Extending this caculation further
leads to deterioration of the flux surfaces. An earlier reference case started with an island
chain as large as that shown in Figure 5.7 and converged to an equilibrium similar to that
shown in Figure 5.8.

Thiscase and theinitially smaller idand size for the QPS reference case support optimism
that the reference case will also converge to a reasonable equilibrium state, but this has not
been demonstrated and it may take further effort due to the difficulty in treating this case
with PIES.



Figure 5.9. Free-boundary PIES Poincaré plot in normal space coordinates for the case
shown in Figure 5.7.

Figure 5.10. Free-boundary PIES Poincaré plotsin normal space coordinates for the case
shown in Figure 5.8 at v = 0 (left) and v = 1/4 (right).

5.4. Bootstrap Current Consistency

5.4.1. Bootstrap alignment of the reference configuration.
The current profiles in the reference configuration for the QPS experiment have been
designed for alignment with the bootstrap current calculated from the VMEC equilibria

This means that the bootstrap current, which is calculated numerically based on a low-
collisonality formulation [5], should approximate the surface-averaged parale current
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required for equilibrium. (The bootstrap current is therefore consistent with the magnetic
spectrum of the configuration.) The VMEC equilibrium current and the predicted bootstrap
current profiles for the reference configuration are shown in Fig. 5.11 for  =2%. The
degree of agreement between the equilibrium and bootstrap currents is quite good. Also
shownin Fig. 5.11 is the predicted bootstrap current for an equivalent tokamak which is a
factor of 2-3 larger than the bootstrap current in the QPS configuration.
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Figure 5.11. Field-aligned current profiles from afixed boundary VMEC equilibrium (open
circles), predicted bootstrap (closed circles), and the bootstrap current in an
equivalent tokamak (green).

5.5. Neoclassical Healing of Magnetic Islands

The direction of the bootstrap current in the QPS configuration is such that it adds to the
existing external rotational transform arising from coils. Because the relationship jg5 d In
[t[/de > Ois satisfied, the effect of bootstrap current should be to reduce (heal) magnetic
island widths [6] for finite-3 QPS equilibria. Presently, the PIES code is unable to smulate
this effect. Part of the QPS experimental program will be to investigate neoclassical healing
(or itsreverse, idand enhancement) by atering the sign of the rotational transform through
changesin the external coil currents.

5.6. MHD Stability Properties

All the stability codes used here use equilibrium input from the VMEC code and are
therefore based on the assumption that nested (good) magnetic surfaces exist, a least
locally. For amore detailed description of the codes, see Appendix A.
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5.6.1. Description of MHD Stability Codes

The VMEC equilibrium code evaluates the Mercier stability criterion based on the
formulation of Ref [7].

The Code for Ballooning Rapid Analysis (COBRA) [8] was developed as part of the
NCSX/QPS design project to provide an efficient analysis of balooning stability for
compact, highly shaped stellarator configurations. The desireto include this analysis insde
astellarator optimization code was a primary motivation for its development, since previous
ballooning stability calculations were sufficiently slow to require post-optimization anaysis.
Significant speed enhancements (factors of hundreds of times) relative to previous codes [9]
have been achieved. Recently, aVMEC coordinate-based version of COBRA [10] has been
developed as a result of severa convergence problems associated with conversion into
Boozer flux coordinates. Namely, the marginal stability properties were sometimes
sengitive to the number of Boozer Fourier modes used in the transformation from VMEC
coordinates.

The three dimensional ideal MHD stability code TERPSICHORE [9] is used to caculate
the stability of globa (low n) MHD modes. The code determines the eigenvaues of the
ideal MHD equations by minimizing the perturbed plasma potential energy. It has been
used to analyze the stability of QPS configurations to both vertica (n=0) and kink (n=1)
modes. More details of the TERPSICHORE code can be found in Appendix A.

5.6.2. Mercier stability of reference configuration.

The QPS reference configuration is stable over the entire plasma cross-section except for a
few isolated resonances (Fig. 5.12). This configuration has a substantial well over the entire
plasma cross section due to a combination of helical curvature and a small Shafranov shift
(see Fig. 5.13). .It isstabilized primarily by the well rather than the shear (bending) terms in
the Mercier criterion (Figure 5.14). This applies everywhere except near the edge, where the
destabilizing geodesic curvature is small anyway. The terms arising from the net pardlée
bootstrap current are stabilizing but small. The strong well stabilization implies that high-n
resistive modes should also be stable in this configuration.

The reference configuration was optimized for Mercier and ballooning stability at <f>=2%.
A sequence of plasmas at <B>= 2, 3, 4, and 5% with toroidal plasma current scaled as 59,

83, 101, and 112 KA, respectively, were obtained in order to test the stability of the QPS
configuration a higher 3. As [3 increases, the magnetic wel deepens (Fig. 5.15). At =
3%, the plasmaremains Mercier stable across the entire cross section. At B = 4% and 5%,
1/5 of the outer cross section becomes first weakly and then strongly Mercier unstable.
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Figure 5.12. Mercier stability criteriafor the free-boundary reference configuration.
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Figure 5.14. Components of the Mercier stability criteriafor the reference configuration.
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Figure 5.15. The magnetic well for the reference configuration at <> = 2%.
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5.6.3. Ballooning stability of reference configuration.

The QPS reference configuration is sensitive to ballooning modes as analyzed by the
COBRA code. These set the 3 MHD sahility limits for the reference configuration. The
field line-bending term is weakened as a result of the smal number of field periods (the
connection length R/N is relatively long). This seems to be the dominant adverse effect on
stability in QPS.

The pressure profile for the reference configuration has been optimized for balooning
stability at <[3>=2%, with the constraint dp/dg = 0 at the plasma edge to avoid edge currents.
The optimized pressure profileis shown in Fig. 5.16. The ballooning growth rate (positive
isunstable) of the reference configuration is shown in Fig. 5.17. As 3 is increased above
2% (by scaling the pressure profile and increasing the plasma current to maintain bootstrap
alignment), a region of instability appears in the outer haf of the plasma for <> > 2.2%
(Fig. 5.18). For acoail configuration similar to the reference case, free boundary equilibria
with higher 3 limits were obtained by alowing an edge pressure pedestal. Those
configurations had a 3 limit of > 2.5%. This class of profiles may develop naturdly as a
result of H-mode physics.

1.6 10" I I I I

1.2 10*F

8000

P (N/m?)

4000

0 0.2 0.4 S 0.6 0.8 1

Figure 5.16. Optimized pressure profile for the reference configuration.
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Figure 5.17. Ballooning growth rate normalized to the Alfvén time from COBRA for the
reference configuration with the pressure profile shown in Fig. 5.16.
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Figure 5.18. Ballooning growth rates for free boundary VMEC equilibriaat <B>= 2.0, 2.2,
and 2.4%.

5.6.4. External kink and vertical stability of reference configuration.

The finite current in the QPS configuration makes it necessary to address the issue of low-n
idel MHD modes which can be destabilized by current and pressure gradients. The
TERPSICHORE stahility code was used to andyze verticd (n=0) and kink (n=1) mode
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stability of the reference configuration. This configuration is stable to both vertical and kink
modes a <fB>=2%. The verticd and kink stability of the previousy mentioned free
boundary beta scan up to <3>=5% were also analyzed. All the cases were stable to verticad
modes. Only the <B>=5% case with toroidal current of 112 kA was unstable to kink modes
with akink eigenvalue of 5.4%x10*.

The verticd stability is due primarily to the externa rotationa transform. An analytic
stability criterion for verticd mode in a large aspect ratio current-carrying stellarator has
been developed (for constant current density and constant external rotational transform)
[11]. The dahility criteria relates the fraction of edge rotationa transform,
F =1l externa ! total » tO the axisymmetric elongation, k:

KZ—K
>

T K%+1
The externd transform is stabilizing because the external poloidal flux enhances the field
line bending energy redive to the current-driven term for the vertical instability. For the
reference configuration, we have F =0.697, k =2.765, and (K 2 —K)/(K 2 +1) =0.565,

F

D)

resulting in the condition being well-satisfied. Thiscriterionismet for al of the casesin the
beta scan and is consistent with stability to vertical modesfor al of these.

5.7. Resistive Stability and Tearing Mode Comments

The reference QPS configuration avoids the 1=0.5 surface everywhere in the plasma and has
amonotonically increasing transform profile. In addition, the predicted bootstrap current is
only afraction of the typical Ohmic current in the equivalent tokamak. In addition, QPS
configurations have a deep magnetic well which has a stabilizing influence on resistive
modes. For these reasons, the resistive stability of QPS has not been considered to be an
important issue. Moreover, the lack of any numerical codes for caculating resistive
(tearing) modes in three-dimensional geometries compounds the difficulty of making an
accurate prediction for the stability of such modes.

5.8. Conclusions

The reference coil configuration reproduces the physics of the fixed boundary VMEC
equilibria.  The vacuum and finite pressure surfaces are robust and are not overly
susceptible to islands or ergodic regions.

The MHD stability limits are set by ballooning modes rather than kink or vertical modes.
The ballooning beta limit is approximately 2.2%. The actud ballooning beta limit may be
higher than thislimit if pressure profiles with edge pedestals are obtained. Kink and vertica
modes are not an issue for the QPS configuration.
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6. CONFINEMENT AND TRANSPORT

This chapter is the basis for our expectation that QPS will be able to obtain the plasma
parameters needed to achieve its physics objectives. The expected plasma performance is based
on 0-D projections from the standard stellarator confinement scaling; 1-D calculations of plasma
profiles; and neoclassical thermal confinement calculations including single particle orbits, the
effect of electric fields, and Monte Carlo transport calculations.

6.1. 0-D Plasma Parameter Projections

A large database exists for stellarators with aspect ratios R/a > 5. In 1995 a collection of data sets
from the world stellarators was used to obtain a common scaling relation that was the best fit to the
data. The globa energy confinement time t from these data sets is plotted in Figure 6.1 against
this so-called “1SS95” scaling relation, Tg!SS% = 0.079ap™*'R*CP O n**'B*®1°4 with R and
apinm,BinT,nin 10° m3, and Pin MW. W 7-ASand LHD have achieved energy confinement
times up to 2.5 times the TE!SS9S value. The confinement improvement is attributed by these
groups to the low shear in W 7-AS and the large plasma radius in LHD. QPS has both these
attributes, but there is no comparable data for comparison at the low aspect ratio of QPS, a factor of
2-4 below those of the experiments plotted in Figure 6.1. One of the objectives of QPS is to
determine the scaling of anomalous transport a very low aspect ratios and its connection with that
for the larger aspect ratio stellarators.

10

10

ISS95
T S
5 (s)

Figure 6.1. The experimental basis for the |SS95 stellarator confinement scaling relation.
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Figure 6.2. The combined stellarator and tokamak L-mode databases.

This same confinement scaling fits the L-mode database, as shown in Figure 6.2. This gives some
confidencein the generality of this expression.

The 1SS95 confinement scaling can be used to project QPS performance for various assumed
values of the density n, magnetic field strength B, and confinement improvement factor H-1SS95 =
Te/TE!SS9S, Figure 6.3 shows contours of [BIH-1SS95 in the experimentaly relevant P vs. n
plane. The loci of the Sudo density "limit", ng 4,(10%° M™) = 0.25[P(MW)B(T)4 R(m)a(m)?}]*?,
obtained from Heliotron-E data and 1.5 times that vaue are aso indicated. However, this is not
really adengty limit, just the value of density above which the stored energy peaked with increasing
density in Heliotron E. Density values higher than indicated by this scaling are routinely obtained
in stellarators: afactor of 1.2 higher was obtained in the ATF experiments and values between 1 and
2 higher are obtained in LHD experiments. In fact the best performance in LHD is obtained for n
= 2ng,4, Thedotsin Figure 6.3 indicate values of density and power used in the 1-D transport
caculations in the next section and the squares indicate values used in the neoclassical transport
caculationsin the following section. The Sudo density vaue and a vaue of 1.5 for H-1SS95 are
assumed in the estimates of the QPS plasma parameters. For these assumptions, the contours in
Figures 6.3 and 6.4 range in [BCfrom 0.75% to 3%, in Tg from 5 msto 20 ms, and in <T>, the
density average of the electron and ion temperatures, from 0.3 keV to 0.9 keV.
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Figure 6.4. Contours of constant Tg/H-1SS95 (left) and constant <T>/H-1SS95 inthe P vs. n
planeforB=1T.

6.2. 1-D Plasma Parameter Projections

The profile analysis used in the NCSX study was also applied to QPS. The caculations involve
three steps:

* estimating the E, necessary for ambipolar particle flux,

* estimating the ripple transport, and

» caculating the temperature profiles.
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The temperature profile calculations are solutions of the coupled power balance equations for the
electron and ion temperatures. The thermd diffusivities have two components. neoclassical ripple
transport and an anomalous transport model with an adjustable multiplier. The ripple transport
depends on the density and temperature profiles— and their gradients - as wel as the radia electric
field which, in turn, is established by requiring the helical particle transport to be ambipolar.
Consequently, dl parameters must be solved for smultaneoudy, so an iterative procedure is used
until the temperatures and transport fluxes have converged. By construction, the agorithm for
finding the ambipolar electric field searches for theion root at the edge of the plasma. The Shaing-
Houlberg analytic model used for neoclassica helica transport is based on a single-helicity
magnetic configuration in which the effective helical ripple calculated by the NEO code [R] is used
for al transport regimes. This procedureisjustified by: 1) a successful NCSX benchmark with the
GTC code, which makes no assumption concerning the collisonality regime, and 2) through the
ambipolar E, the electrons effectively set the overall level of transport and they are in the 1/v regime.
The effective helical ripple for QPS configurationsis shown in Figure 6.19(a).

The ripple transport is the low-collisonality non-symmetric component of the transport. It is an
upper bound which will exist only before superbanana effects drive the transport back down at low
enough collisondlities. The neoclassical axisymmetric (Chang-Hinton) transport used in the
NCSX studies is not rdevant for QPS because for quasi-poloidal symmetry the symmetric
component of transport can be quite low as aresult of the short toroidal extent and narrow radia
thickness of the banana orbits. For quasi-toroidally-symmetric devices the symmetric component
of transport can be much higher [R] than the ripple component (~ &,¥?) computed here a
moderately low collisionalities.

The anomalous diffusivity is adjusted in the calculations to match a target [BJor H-1SS95 vaue.
The power conducted by the anomalous term can then be compared to the neoclassical conduction
power as a measure of the confinement margin. Usually a simple spatially-uniform anomalous
transport model based on 1SS95 confinement scaling is used with a confinement multiplier H-
ISS95 = 1.5. The same multiplier is used for both the electron and ion diffusivities. Vaues of 2.4-
2.5 have been obtained in W 7-AS and LHD, so the vaue used here might be conservative.
Achieving a vaue for H-1SS95 of 1.5, or higher, would be a minimum objective of the QPS
experiments.

The power balance equations are solved with an assumed density profile shape, and assumed outer
boundary temperatures. Broad density profiles are typically observed in stellarators and RF power
deposition profiles are peaked on axis. The density and power deposition profiles used here are
shown in Figure 6.5. The heating power is initially split between ions and eectrons in the ratio
20%:80% for the high density ICRF and EBW hesating case and 0:100% for the low-density ECH
case. Coulomb collisional transfer between electrons and ions redistributes the power between the
two species.

Figure 6.6 shows the calculated ambipolar electric field and temperature profiles for an ICRF/EBW
casewith P=2MW at B =1T. Then>" density dependence of the 1SS-95 scaling favors
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Figure 6.6. (a) Assumed density profile and calculated radial ambipolar electric field, and (b)
calculated electron and ion temperature profiles for the reference gb4 configuration
forn,=10°m2and P e =2MW at B=1T.
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Figure 6.7. Power loss channels for the reference gh4 configuration for n, = 10%° m™ and
Pee=2MWaB=1T.

operation at high density for obtaining higher values of the confinement time 1z and [BL] The line-
average density is 10 m>, dlightly lower than the Sudo density "limit" for this case, n = 1.06 x
10° m™. Theradial electric field isin the "ion root" regime everywhere in the plasma, as observed
in stellarator experiments at higher densities. The ripple-induced transport is comparable with
anomalous transport out to r/a = 0.4 in Figure 6.7, but becomes much smaller than the anomalous
transport in the outer 5/6 of the plasma volume. The H-1SS95 confinement multiplier used here
(H-1SS95 = 1.5) gives [B= 2.32%, so there is some margin for enhanced anomalous transport or
neoclassical transport while still being able to obtain [BU= 2%. Targeting BU= 2% requires only
an H-1SS95 multiplier of 1.29. Whileinitially 80% of the power is assumed to go to the eectrons,
theion temperature is comparable with the electron temperature because the neoclassical |osses are
larger in the electron channel and there is sufficient energy transferred at these dengities.

Table 6.1 lists the parameters obtained with ICRF/EBW heating for different vaues of B and
heating power for the reference gb4 configuration and two lower-ripple variants, gb5 12d and
gh5 12c. The ripple-induced component of the transport is even smaler in these configurations.
Operation at B = 0.5 T gives dightly higher values of B[] =2.8%, for al three configurations, but
with lower vaues of plasma densty, temperature, and confinement time. The confinement
multiplier required for avalue of [B= 2% is H-1SS95 =1.06.

Ripple-induced transport can be enhanced by operation at lower density. Ripple transport is more
important at the higher temperatures obtained at lower densities because it has a strong temperature
dependence. Figure 6.8 shows the calculated ambipolar electric field and temperature profiles for
an ECH casewithP=1MW a B =1 T. The line-average density is 2 x 10"° m™, consistent with
second-harmonic 28-GHz X-maode or 53.2-GHz O-mode operation. Density values higher than
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Table 6.1. Cdculated plasma parameters for the reference QPS configuration and variants with

lower-ripple for ICRF/EBW-heated cases.

Case B P Ne, NSudo Te Ti = —-Er, B
T MW || 1019 m-3 | keVv | keV | ms max %
kV/m

0.5 1 5.0, 5.3 0.43 | 0.31 9.0 5.9 2.77

gh4 1 1 6.7, 7.5 0.64 | 0.48 | 18.3 10.0 1.41

1 2 10.1, 106| 0.72 | 0.55 | 15.1 10.8 2.32

0.5 1 5.0, 5.3 0.47 | 0.36 9.1 5.7 2.82

gb5_12d 1 1 6.7, 7.5 0.72 | 0.56 | 18.8 9.3 1.44
1 2 10.1, 10.6| 0.80 | 0.64 | 155 10.2 2.38

0.5 1 5.0, 5.3 0.48 | 0.37 9.1 5.7 2.81

gb5 12c 1 1 6.7, 7.5 0.76 | 0.61 | 18.9 9.2 1.46
1 2 10.1, 106| 0.83 | 0.67 | 15.4 9.9 2.38

the cutoff density were obtained in Heliotron-DR at high power density. The radia electric field is
in the "electron root" regime out to r/a=0.9. The electron temperature is much larger than the ion
temperature because all the ECH power goesinitialy to the electrons and the only power to the ions
is from collison transfer, which is smal a this low density. The ripple-induced transport
dominates out to r/a= 0.85 in Figure 6.9. The H-1SS95 = 1.5 confinement multiplier assumed here

gives [B[= 0.77%.
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Figure 6.8. (a) Assumed density profile and calculated radial ambipolar electric field, and (b)
calculated electron and ion temperature profiles for the reference gb4 configuration

forn,=2x10° m and Pecy = 1MW atB=1T.
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Figure 6.9. Power loss channels for the reference gh4 configuration for n, = 2 x 10*° m™ and

Power Flows (MW/m ?)

o
[&)]
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o
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T

reference gb4

Pey=1MWatB=1T.

Table 6.2 lists the parameters obtained with ECH heating for two vaues of B a 1-MW heating
power for the reference gb4 configuration and two lower-ripple variants, gb5 12d and gb5 12c.
The ripple-induced component of the transport is smaller in these configurations. Operation a
B =0.5T gives dightly higher vaues of [BL] = 0.87%, for dl three configurations, but with lower
values of plasma density, temperature, and confinement time. The effect of lowering the ripple is
illustrated in Figures 6.10 and 6.11. The ripple-induced transport is dominant only in the central
20% of the plasma volume (out to r/a = 0.45) in Figure 6.10 vs. the central 70% of the plasma
volume (out to r/a= 0.85) in Figure 6.9. The dectric field becomes stronger in the mid region of

helical ripple

Anomalous

the plasma as the ripple is reduced, as shown in Figure 6.11. The ambipolar potential

Table 6.2. Calculated plasma parameters for the reference QPS configuration and variants with

lower-ripple for ECH cases.

B Ne Te Ti Te _Er [BD
Case 19 -3
T 100" m keV keV ms | kV/m %
gbh4 0.5 0.5 152 (0.11 |28 -39.1 | 0.86
1 2.0 1.21 (0.23 |10.0 (-3.6 0.77
gh5 12d| 0.5 0.5 1.98 (0.11 |28 -245 | 0.87
1 2.0 148 (0.29 |10.2 (-7.4 0.79
gh5 12c| 0.5 0.5 2.30 |0.11 (29 -21.1 | 0.88
1 2.0 1.68 (0.33 |10.1 (-11.5]| 0.78
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Figure 6.10. Power loss channelsfor the reference Figure6.11. Increase of the ambipolar
gb5c configuration for n, = 2 X 10° m™ electric field with decreasing
and Py, =1MW atB=1T. ripple.

-0.5 I I I I

r/a

Figure 6.12. The ambipolar potential is more peaked and the value is comparable to T, for the
three QPS cases with different ripple.

is more peaked than the electron temperature profile but is comparable in magnitude, as shown in
Figure 6.12.



6.3. Neoclassical Thermal Confinement

The achievement of acceptable levels of neoclassical confinement has guided our QPS design
optimization efforts since the beginning of this project.****° The goal of this design has been to
develop a compact configuration in which neoclassical confinement times exceed the anomalous
stellarator 1SS95 scaling law by a significant factor (5 - 10). The rationae behind this target has
been to alow sufficient separation between neoclassca and anomalous levels so that noticeable
changes in confinement would be observable when (and if) this experiment accesses enhanced
confinement (i.e., turbulence suppression) regimes. Such regimes are now observed on most
existing stellarators and exploration of their mechanisms and thresholds in the presence of quasi-
poloidal symmetry is expected to form an important goal for a QPS experiment. The expected
neoclassica thermal confinement properties of our reference configuration have been evauated for
a variety of operationa regimes that can be accessed using the ECRH and ICRH heating sources
that are anticipated to be avallable for QPS. Table 6.3 lists plasma parameters that are projected,
based on different magnetic field strengths, different heating power levels at several frequencies, and
using 1SS95 scaling. Inthe following, we focus on the B = 1 T cases for the transport studies of
the QPS device.

TABLE 6.3. - PLASMA PARAMETERS FOR A <B>=0.5TO 1 T, N, = 2, DEVICE, BASED ON
ISS95 SCALING WITH ENHANCEMENT FACTOR H = 1.

Heating/ Magnetic field ~ Density (X°10*°m>) T, T; (keV) Vie, Vi <>
0.5MW ECHB*="1T 0.18 1.4,0.15 0.02, 1.6 0.7%
1 MW ECHB=05T 0.045 2.1,0.2 0.002, 0.22 1%
I MWICHB*="1T 0.83 0.5,0.5 0.68, 0.64 2%
I MW ICHB’=05T 0.59 0.4,0.25 0.75, 1.8 3.7%

These parameters are based on 1SS95 scaling for an earlier R, = 0.83 m device, for the indicated
levels of heating power and magnetic field strength, but are close to those that characterize the
current reference device. Since the more recent reference configuration will sample parameters
closeto these, they will be used as test cases for our current design. As can be seen, a significant
range of collisionality is covered by ECH and ICH heating scenarios. Aswill be shown below, this
will alow tests of transport in both D ~ 1/v and ~ v*?regimes; dso, for the ECH cases plasma
energy losseswill generally be dominated by electrons (which will be in the 1/v regime) while for
ICH cases losses will be dominated by ions. The tools used to evduate confinement in QPS
configurations include single particle orbit trajectories, J adiabatic invariant contours®, the NEO
code’, the DKES™* drift kinetic solver, and the DELTA5D® Monte Carlo code. In addition,
DELTASD has been benchmarked for one of our earlier quasi-helical configurations against the
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GTC?® gyrokinetic particle smulation code. In the following sections we describe these tools in
more detail and present results obtained with them for the QPS reference configuration (GB4).

6.2.1. Single Particle Orbits

Asdiscussed above, the reference configuration (GB4) exhibits approximate poloidal symmetry in
its |B| spectrum for radii far enough from the plasma edge (see Figures 3.10-11 in Chapter 3). The
fact that poloidal symmetry cannot be achieved precisdly, leads to some level of direct orbit loss.
For particles trapped in the local magnetic wells, this loss occurs via a gradua outward drift over
many bounces. In Figure 6.13 we show the variation of |B| along a magnetic field line (going about
6 transits around the torus) for an inner and outer flux surface. For regions near the magnetic axis,
the ripple remains finite and the wells in |B| are rdatively symmetric. Here a reatlively smple
distinction between trapped and untrapped orbits is possible and there is only a single dominant
well structure in |B|. Near the outer flux surface regions, multiple trapping regions are present,
leading to possibilities for collisionless trapping and de-trapping near the transitional boundaries in
pitch angle space between trapped and passing orbits.

(@
I I
16 L Y = 0.003 'élége |
1.2 - .
|BI

0.8 |- .
0.4 |- .
0 | | | |

0 2 4 6 8

=j
Boozer (pBoozer
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Figure 6.13 Variation of |B| along afield line for (a) /Wy, = 0.003, (b) /Py, = 0.75.

Boozer

For passing and transitional particles direct losses can aso arise from the presence of drift surface
islands and regions of stochasticity which manifest themselves over many toroida transits. The
size of these idands is a function of the particle energy, with this type of loss most important for
more energetic ions. Also, both of these types of losses can be relaively sow due to the fact that
the (approximately) poloidally symmetric magnetic structure more nearly aligns B and [0|B| and
thus minimizes the B x 0|B| drift component normal to the magnetic surface to a greater degree
than is possible with other types of stellarator symmetry. Finaly, the effects of this direct loss are
minimized, at least for thermal particles, by the influence of the ambipolar electric field and by finite
collisonality.

A typicd direct orbit loss for a deeply trapped ion in our reference configuration is illustrated in
Figure 6.14(a). Figure 6.14(b) plots equivalent orbitsin the ATF torsatron (which was not designed
to be close to any form of quasi-symmetry) for comparison. For the case shown in Figure 6.14(a)
the bounce motion occurs within a single field period. As mentioned above, more complex orbital
motion can aso occur near trapped-passing transitional regions where orbits can be trapped over a
few bounces, become passing as they drift and then become trapped again. Some of the orbits
plotted in Figure 6.14(b) for the ATF device have this latter characteristic Figure 6.14(a) shows,
however, that the equivalent trapped orbit in the reference configuration with no eectric field (the
blue orhit) takes many more bounces to leave the confined volume than for atorsatron such as ATF
[Figure 6.14(b)]. Inreal time, the reference configuration orbit remained within the confined volume
for 4-5 times longer than the equivalent orbit in ATF. This dower radid drift is directly related to
the closer dignment of B and |B| in the QPS configuration, as mentioned earlier. The other
consequence of the slower radial drift which isillustrated in Figure 6.14(a) is the degree with which
orbits can become confined in the presence of small components of radia eectric field. Even with
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ep@)/e = 0.1 (cis the particle energy) the orbits close poloidaly and are therefore confined.
Although this leve of eectric fidld provides some degree of confinement of the ATF orbit (red
curve) the orbit remains rather pathologica and experiences multiple trapping/detrapping
transitions.

1
flux surface
0.5 - N
z o |
-0.5 ega)=0 -
-1
1 0.5 0 0.5 1
R-R,
1
flux surface
0.5
z o -
-0.5 [
-1
1 0.5 0 0.5 1

Figure 6.14 - Deeply trapped 500 eV orbits in QPS reference configuration, (b) deeply trapped
500 eV orbitsin ATF.
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Figure 6.15 - J* contours as a function of ambipolar potential with associated orbits (from

Figure 6.14) superimposed in magenta.
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These trapped orbit trgjectories in the reference configuration match rather well with longitudinal
adiabatic invariant contours. The reference configuration has been developed with most of the
transport weighting on a DKES collisional (v. ~ 1) transport coefficient target in order to improve
transport in thisregime. In Figure 6.15 we plot the contours of the longitudina adiabatic invariant
J* for the reference configuration with the associated orbits of Figure 6.14 superimposed in
magenta. As may be seen, the J* contours generaly provide a good guide as to where the orbit
trgjectory goes and show (in a more global way ) how the ambipolar potentia improves the orbit
confinement. The regions of white-space (no contours) in Figure 6.15 are associated with regions
(forbidden) which cannot be accessed due to v"2 < 0 a these locations for the fixed vaues of &/u
used in making these plots. For each of the plots in Figure 6.15 we have plotted only J* contours
for athe single value of e/ that is consistent with the pitch angle (v/v = 0.1) and potentials used in
the orbit calculation.

In Figure 6.16 we display several of the different types of orbits that are formed as the initiad pitch
angle of the particleis varied (asv//v isvaried the orbits are started at different flux surfaces so that
they don't lie on top of each other). Here 500 eV ions are followed in an electric potentia with
eP(Uyye) = 100V. Thev/v =0.1, and 0.3 orbits are locally trapped and precessing poloidally due to
the E x B and UIB X B drifts. Thev/v = 0.5 orbit is partialy passing (near 6 = 0° and 180°)

I
| outer flux
surface

0.5 -

-0.5 [

R-R
0

Figure 6.16. Variation of orbit topologies astheinitia value of v/v and starting flux surface are
varied.
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and locally trapped over the remaining portions of its trjectory. The vy = 0.7 orbit is somewhat
similar to atokamak banana orbit in that it is not localy trapped within aloca wel in the toroida
direction, but is reflected when it reaches a poloidal position where v, = 0. Findly, the vy = 0.9
orbit is untrapped over its entire trgjectory. These orbit features are also illustrated in Figure 6.17
wherewe plot the vy = 0.3, 0.5, 0.7, and 0.9 orbits along with their associated J* contours. The
color coding used hereisthat the black contour lines are for the localy trapped orbits (i.e., within a
snglewell of |B| as one moves toroidally); the purple contours are for the untrapped J* contours
and the magenta lines denote the guiding center orhit trgjectory.

@ (b)

Figure 6.17 Longitudinal adiabatic invariant contours associated with the v/v = 0.3, 0.5, 0.7, and
0.9 orbitsof Figure 6.16. Black contours are for locally trapped orbits, purple

contours are for untrapped orbits, and the actua guiding center orbits are displayed in
magenta.
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The wide range of different orbit topologies possible in these configurations and the finite
deviations of certain classes of orbits from flux surfaces (as illustrated in Figure 6.14 and Figure
6.16), haslead usto rely on globa Monte Carlo calculations of neoclassical transport( see section
6.3.4). We find, however, that even taking into account such loss channels, the overall loss can
generdly be maintained at an acceptable level.

6.2.2. Low-collisionality (1/v) Transport

Recently, a semi-andytic theory’” and code (NEO) have been developed for evaluating the local
diffusion coefficient L11 of thelow collisionality 1/v stellarator transport coefficient (at E, = 0) for
arbitrary |B| Fourier spectra.  This capability offers a smple and rdatively fast method for
categorizing levels of low collisondity transport in compact Stellarators. This coefficient is
proportional to €,* , where the effective ripple is €, . This is computed by matching the vaue of
L11 caculated for an arbitrary |B| spectrum with the anaytic form obtained from single hdlicity
caculations. Although this regime (collisonless, no eectric field) is somewhat idealized with
respect to what is accessed in an experiment, it does provide a useful measure of confinement.

This measure is not currently being used in our optimizations, but may be incorporated into the
stellarator optimization code a some point in the future. As will be discussed in the next
subsection, low density ECH plasmas in our configuration do access parameters which are fairly
deep into the collisionless regime and certainly benefit from minimizing 1/v type transport.

In Figure 6.18(a) we plot both the effective ripple coefficient e, ** obtained from the NEO code, the
smple helical ripple coefficient €,¥* which is based on measuring the variation of |B| within each
flux surface [€, = (B, — Bmin)/ (Brax + Brin)], @d results for alow collisionality DKES transport
coefficient that has been normalized to the NEO results a the Y/, = 0.122 flux surface. As can
be seen, the results from the NEO code and the DKES code show the same variation across flux
surfaces. For the QPS reference configuration, there isroughly an order of magnitude improvement
between €, and €%~ This difference provides a measure of the effect of the transport
optimization (i.e., the influence of the quasi-poloidal symmetry). In Figure 6.18(b) the variation of
g4~ isplotted as we artificially improve the quasi-poloidal symmetry of our device by reducing the
sze of the m # O components of the B 's which are used in the NEO calculation. This
demonstrates that € > is directly reduced by increasing the degree of quasi-poloidal symmetry.

Next, in Figure 6.19(a) and (b) we plot £4* as a function of (P/P,)""* for several different
stellarators. In Figure 6.19(a) results are given for both the current reference configuration (labeled
gh4) aong with severa similar two field period configurations that have improved levels of
transport (gh5_12a, gb5 12c, gb5 12d). Figure 6.19(b) shows results obtained for a number of
existing and planned stellarators in the world fusion program including the gb4 and gb5_12c
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Figure 6.18 - (a) €, ¥ and £,** for our reference configuration, (b) **with the components of |B|
which violate poloidal symmetry artificially lowered by a constant factor.

QPS configurations. The gb5_12c configuration fallsinto asimilar range of €,,** as W7-AS. Both
gb4 and gb5_12c configurations have values of €% wel below those of higher aspect ratio
torsatrons (ATF, LHD, CHS) except near the magnetic axis. The quasi-toroidally symmetric L1383
device can attain very low values of €_** near the magnetic axis due to the dominance there of n = 0
components in its B,,,, spectrum and the fact that the axisymmetric ripple vanishes at the axis. It
seems to be a characteristic of devices which have a predominantly quasi-poloidal symmetry (our
configurations and W7-X) that €** does not drop off as rapidly near the magnetic axis as for
quasi-toroidal and quasi-helical devices. Higher aspect ratio devices such as W7-X tend to have
less overdl ripple and spread in their B spectrum, leading to lower levels of €%, However, the
most highly optimized QPS configuration, gb5_12c, achieves vaues of ¢** that fal to within a
factor of 2 of W7-X over most of the plasma cross section. This is significant given that this is
attained in QPS at an aspect ratio that is a factor of 5 lower than that of W7-X. In comparing the
size of €% between devices with different symmetry, it should be noted that €,** is only a
measure of the low collisionality non-symmetric transport component. The symmetric component
of transport must also be added to this. In the case of quasi-poloidal and quasi-helical symmetry
this can be quite low as a result of the short toroidal extent and narrow radia thickness of the
banana orbits. For quasi-toroidally symmetric devices the symmetric component of transport can
be much higher™® than the ripple component (~ €,*%) computed here.

6-18



@ (b)

1€ \ 1 \ 3
0.1 F . 0.1 £ / ]
: z : ATF z
[ ] L d
gb4 gb4
0.01 e 0.01 y
e 32 [ gb5_12a \—’/ sﬁs/z i CHS 5_1J/
eff H i e F |
gb5_12¢ W7-AS HSX
0.0001 . 0.0001 ¢ 5
10° . 10° ¢ :
10° | | | | 10° ! ! \ \
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0-6/2 0.8 !
1/2 / 1
(W, ) CL)

Figure 6.19 - () &,,** coefficient for recent QPS reference configurations, (b) €., coefficient for
QPS and various existing and planned stellarator devices.

6.2.3. Neoclassical Transport Coefficient Studies at Arbitrary
Collisionality and Electric Field using the DKES Model

The drift kinetic equation solver code (DKES) was developed'™*? to calculate the full stellarator
neoclassical transport coefficient matrix for redistic magnetic field spectra having arbitrary
helicities. Thiscode isdescribed in more detail in Appendix A. This code can be used to caculate a
variety of the transport characteristics of QPS configurations. These include local transport fluxes
of density and hest, globa particle and energy lifetimes, collisona bootstrap current leves, and
self-congistent calculations of the ambipolar electric field. To date, only some of these options have
been devel oped, but in the future, we expect to use the DKES code and it’s projected enhancements
to be applied in increasing detail to the confinement analysis of QPS configurations. Limitations of
the current DKES model and its anticipated future devel opment are described in Appendix A.
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The transport coefficients calculated by DKES réelate the radia fluxes of density (I'), heat (Q) and
velocity (u-uy) to the thermodynamic forces (gradients in densty, temperature, and potential in
addition to the parallel eectric field) that drive them:

for ' 3T e U
0 T0s [ So2T T
[] [] 0 0

] ir r [J 34 T
| = —Q-Us =->DA A =[] — []
i D T |:| oo i |:| T |:|
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The coefficients f)ij are related to the monoenergetic L; coefficients that are the output of DKES
through the following velocity integrals and dimensiona factors:
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Herev,, isthe thermal velocity, Q isthe cyclotron frequency, K isthe energy (normalized to v,%), B
is the flux surface average magnetic field, p is the flux surface labd, and r is the average minor
radius of the pth flux surface. The reduced monoenergetic transport coefficients L;; are calculated
by DKES as afunction of two parameters related to collisiondity and the loca radia dectric fied:
Viv and E/N, where v is the velocity. In order to perform the above velocity integras, the L
coefficients must be obtained over a sufficient range of v/v and E /v for each flux surface of interest
so that the above integral's can be carried out to a high enough energy so that the K" e factor in the
integrand has decayed away sufficiently. For example, inthe case of the heat diffusivity coefficient
(D,,), this factor will be K* € which typically requires evauation of L, out to about 9 times the
thermal velocity.

DKES has been applied to the reference configurations over the ranges that are currently
numerically accessible. Although a sufficient range of collisionalities and eectric fields cannot be
accessed to do the required energy integrations for al parameters of experimentd interest, the
monoenergetic coefficients provide useful physical insights over the parameter ranges where they
can be converged. Also, a mixed model can be used where the DKES coefficients are employed
over the ranges where they can be converged and then asymptotic forms are used to extrapolate
outside these ranges. In Figure 6.20 we plot the DKESL,, coefficient for a flux surface about 1/2
of the way out (in flux) for our gb4 reference configuration as a function of collisionality and
electricfield. Alsoindicated by rectangular boxes are the approximate ranges of collisonality that
are accessed in calculating the D,, thermal diffusivity coefficient for ECH and ICH parameter
regimesa B = 1 T (see Table 6.1). These ranges are estimated as the intervals in viv and ENV
associated in going from thermal energies to 9 times thermal energies (for D, the integrand has its
maximum about halfway through thisrange). These intervals are: ECH eectrons (7 x 10° < nv <
103 8 x 10° < Elv <2 x 10*), ECH ions (6 x 10° <niv <7 x 10% 102 < Elv < 3 x 109, ICH
gectrons (3x 10°<n/v<4 x 10% 5 x 10° <EN <2 x 107, ICH ions (2 x 10° < niv < 3 x 107?,
2x10°<E/N <6x 109).
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asingle flux surface (halfway out in flux) showing approximate regimes for
electronsand ionsin ECH and ICH heating scenarios

In Figure 6.21 we plot the L ,, transport coefficient for the GB4 reference configuration over smilar
ranges of collisondity and eectric field. Bootstrap current profiles can be inferred from this
coefficient after extending the calculation to a full range of flux surfaces, integrating over energy
and multiplying by pressure gradients. Such a calculation has been carried out to completion for an
axisymmetric tokamak, indicating excellent agreement between DKES and low collisonality
asymptotic theories.*® This process has not been completed yet for our reference configuration.
As Figure 6.21 shows, it may be expected that the bootstrap current will be suppressed to some

extent by finite collisonality and electric field effects.
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We have evaluated DKES transport coefficients at Y/, = 0.5 and E/v = 0.0001 for the gb4 and
gbb series of configurations that were analyzed using the NEO codein Figure 6.19(a). The results
are shown in Figure 6.22.
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Figure 6.22 - Dependence of DKES L, transport coefficients on collisionality for gb4 and gh5
configurations.

6-23



As may be seen, smilar improvements are evident in going from gb4 to gb5 configurations as
shown by the €32 coefficient (which is ameasure of the level of the 1/v transport regime that occurs
inthisfigure for v/v < about 0.01).

A find application of DKES in anayzing our configurations is in the caculation of the
self—consistent ambipolar eectric field; in certain regimes, the level of this field can exert a strong
influence over neoclassical confinement times. Also, control of this eectric field and its local shear
is expected to be a critica element in the achievement of turbulence suppression and enhanced
confinement regimes. There are severa approaches under consideration for addressing this issue.
First, one can use DKES coefficients to calculate ion and electron fluxes and then search for roots.
These fluxes can be expressed in terms of the DKES transport coefficients as follows:

- _p(e I 3T _ZeE0 5 ey T
ri_ Dll(Er)EE 2T T E DlZ(Er)T
_ pe(E 3T L B0 pe gy
re_ D11(Er)aﬁ 2T+ T a D12(Er)-|-

In the following Figure 6.23 we give an example of the dependence of these fluxes on the radia
electric field using DKES for an earlier reference configuration. As more results become available
for the DKES database of current reference configuration, similar calculations will be applied to this
device. In this case we have extrapolated the monoenergetic coefficients to asymptotic limits in
regimes where it was not possible to obtain converged DKES results. For example, at the lower
collisondlity, large eectric field ranges for calculations such as in Figure 6.20, we have matched
over smoothly to av¥? scaling. We have chosen parameters characteristic of the ECH heated regime
with T,>T,. Asmay be seen the electric field that equalizes electron and ion fluxes is the negetive
(inward pointing) electron root. As will be shown in the next section, this is quditatively in
agreement with Monte Carlo results for ECH regimes where the overal dectric field leve has been
also varied in order to equalize electron and ion fluxes through the outer flux surface.
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Figure 6.23. Self-consistent ambipolar electric field roots using the DKES transport coefficients
for electrons and ionsin ECH regimes.

The next step beyond this method of calculating the eectric field is to attempt to dynamically
balance the ion particle fluxes that are caculated within the Monte Carlo smulation the particle
fluxesfor electrons obtained from DKES. Such a hybrid diffusive fluid electron — guiding center
ion model should avoid the time scale separation problems and noise leve problems inherent in
using particle models for both electrons and ions.

6.2.3. Monte Carlo Calculations

Global Monte Carlo particle simulations have provided the most frequently used method for
estimating global energy lifetimes in QPS configurations. Due to the fact that the full guiding
center orbits are followed, this modd includes both diffusive and direct orbit losses. Monte Carlo
calculations have been based on the DELTASD code (see Appendix A for a description of this
code).

For the evaluation and comparison of different configurations, the global confinement option of
DELTASD based on diffuse profiles has been used most frequently. In this case the initid loading
of particlesis determined by the assumed density and temperature profiles. We have typically used
flat density profiles and parabolic squared temperature profiles. In Figure 6.24(a) we show a
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scatter plot of typical initia particle energiesvs. flux aong with the assumed temperature profile for
~12,000 particles. These particlesareinitialy distributed randomly in poloidal and toroidal angular
locations. Their trgjectories are integrated in time until they intersect the outer magnetic surface; as
they leave this surface their exit energy is added to the accumulated energy loss and they are then
re-seeded back into the plasmawith random initial conditions and energy chosen from a probability
distribution that is consistent with the assumed profiles. In Figure 6.24(b) we show a plot of the
typical energy loss rate through the outer magnetic surface, expressed as a percentage fraction of
the initid energy. Both the instantaneous signa and the moving time-averaged result is shown,
indicating that a steady state is generaly achieved where losses are balanced by sources. We
typically only use the time-averaged results for energy lifetime predictions.
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Figure 6.24 - (a) typical Initiadl Monte Carlo particle loading in energy and radius, (b) Energy loss
rate through outer flux surface showing both raw signa (blue) and time-averaged signal (black).

We have generaly used a fixed profile for the ambipolar potentia that varies inversely with the
temperature profiles. An example of typica potentid and temperature profiles is shown
Figure 6.25.
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Figure 6.25 - Temperature and ambipolar profiles used in the Monte Carlo calculations.

Keeping this potentia profile fixed, we have then varied the central vaue @0) from negative to
positive values to obtain approximate ambipolar states where the electron and ion particle losses
through the outer flux surface are balanced.

In following Monte Carlo particle distributions in the presence of an eectric potentiad and for times
on the order of collisonal energy exchange times, steps must be taken to insure that the average
energy of the test particle distribution remains relatively constant in time. If this is not done, then
steady-state conditions are not obtained and the definition of a confinement time becomes
problematical. Within our model there are a number of mechanisms which can cause changes in
the ensemble averaged particle energy over time. These include: energy exchange between the
diffusing particles and the fixed background plasma as the initially more energetic particles from
near the magnetic axis move radialy outward into the cooler portions of the background profile,
increases or decreases (i.e., eA@) in the particle kinetic energy as particles move radidly through
the potentia profile, the effective heating which is built into our particle replacement procedure (as
particles |eave the outer magnetic surface, they are replaced back at their same initial flux surface a
a potential energy of epand a kinetic energy obtained from sampling the locad Maxwelian
distribution). We find that for the case of ions, especialy a high collisonaities, these sources and
sinks of energy approximately balance out and no adjustments need to be made. However, for
electrons, collisiona energy scattering effects generally tend to drain energy out of the test particle
distribution over time; if energy scattering is not present, then the opposite trend of kinetic energy
gain often occurs due to the radid movement of electrons through an increasing eectrostatic
potential while conserving their total energy (this feature is built into the guiding center orbit
equations). In this case we have adopted a procedure that is similar to that used by Lotz
Nuhrenberg, and Schititer** which is to keep the kinetic energy of the test particles constant. This
is implemented in the current calculations for electrons by including only pitch angle scattering and
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resetting the kinetic energy at each time step to its vaue prior to the time step (i.e, in effect we
instantly relax the kinetic energy xeA@resulting from movement through the varying electric
potential). This approach is expected to error in a conservative direction with respect to
confinement time estimates in that it doesn't alow the equilibration with the local background
plasma (and resulting lower particle energy) which would normally be expected in a more self-
consistent calculation. In the future, we expect to explore more self-consistent methods that include
collisona energy transfers balanced by loca heating alocated over the whole ensemble of
simulation particlesin order to maintain a steady-state.

Using Monte Carlo calculations we have examined confinement characteristics for the parameters
of the<B>= 1T ECH and ICH cases given above in Tablel. This caculation alows us to
examine the dependence on electric field and plasma parameters of both the particle flux through
the outer magnetic flux surface and the global energy lifetimesfor both electrons and ions. Taking
into account the energy loss channels of both species, we can then make direct comparisons to
empirical 1SS95 energy confinement times.

In Figure 6.26 we plot the particle flux (through the outer flux surface) and the energy confinement
time variation with the dectric field for the reatively high densty, equa eectron and ion
temperature ICH case from Table 1 [n(0) = 8.3 x 10" m?® T(0) = T,(0) =0.5keV]. As can be
seen from Figure 6.26(a), the ion and electron particle fluxes are balanced for an ambipolar dectric
field with |e[@(W,,)/kT(0) > 0. This is the ion root, as is often observed in higher densty
stellarator plasmas. Figure 6.26(b) shows the variation of the energy confinement times with eectric
fied. For the vdue of the dectric fiedd where the global particle fluxes are ambipolar from
Figure 6.26(a) the electron energy lifetime is ~210 ms while the ion lifetime is ~315 ms. At
|€l@(Wey,e) KT (0) = O, the electron energy lifetimeis ~244 mswhiletheion lifetimeis ~65 ms. The
ion lifetimesrise very steeply for positive values of |ej(W,,.)/kT(0). The electron lifetimes remain
large and are not strongly dependent on the electric field due to their high collisionality.
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Figure 6.26 - Variation of (a) Edge particle fluxesfor ions and electrons vs. electric field for the
ICH heated case, and (b) Energy lifetimesfor ions and electrons vs. electric field

for the ICH heated case.

We can then combine the eectron and ion energy loss rates shown in Figure 6.26(b) to obtain a

global plasmaenergy confinement time using the formula:

TiT®
Tgloba] — E*E

where a, = W./(W, + W), o, = WJ/(W, + W), and W, and W, are the volume-averaged stored
energies in the ions and electrons. Figure 6.27 shows the variation of this globa energy
confinement time with [j@(W,,,)/KT(0) and indicates the level of global confinement time predicted

aJL+aJE

electrons

point at which

n,electron - n,ion
for the outer surface

ions

-1 -05 0 05
ep(p /KT (0)

edge e

by the 1SS95 empirical stellarator scaling law for these parameters.
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Figure 6.27 - Variation of global neoclassical confinement time from Monte Carlo (in blue) with
electric field for ICH heated parameters and comparison with 1SS95 empirical
stellarator scaling law.

The neoclassicad Monte Carlo confinement time exceeds T, by a factor of 6.3 [for
|el@(W,) KT L(0) = O] to 15 (at the point where the globa particle fluxes balance). Clearly, for
these parameters, anomal ous transport will dominate and neoclassical will limit confinement, except
if enhanced confinement regimes are present.

We next used Monte Carlo to analyze the opposite extreme of the spectrum of parameters that
should be accessible in the QPS device; i.e, the low dengity, high eectron temperature, low ion
temperature ECH case from Table 1 [n(0) = 1.8 x 10" m?®, T(0) = 1.4 keV, T,(0) =0.15keV]. In
Figure 6.28 we plot the electric field variation of the particle flux and the energy confinement times
for ionsand electrons. As can be seen from Figure 6.28(a), the ion and electron particle fluxes now
become balanced for an ambipolar electric field with [ej@(W,)/kT(0) < 0. This is the electron root,
and is often observed in ECH plasmas with T, >> T. where the electrons dominate the transport
(reference W7-AS and CHS €electron root papers. Figure 6.28(b) then shows the variation of the
energy confinement timeswith electric field. For the point where the particle fluxes are ambipolar
from Figure 6.28(a), the electron energy lifetime is ~10 ms while the ion lifetime is ~35 ms. The
ion lifetimesrise very steeply for positive values of |e|@(W,,,.)/KT(0) due to the large electron-ion
temperature ratio (TJ/T, ~ 10). Since the dectric field is eectrodtaticaly confining for ions in the
|e@(We,) KTL(0) > O direction, it is difficult to populate the Maxwellian Monte Carlo ion
distribution with enough tail ions to provide sufficient losses to define a confinement time for
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|€]@(Weye) KT(0) in the 0.25 - 1 range [equivaent to |e|@(Wy,)/KT,(0) =2.5-10]. On the other
hand, ion lifetimes monotonically decrease as [€|@(Y,.)/KT(0) variesfrom 0 to -2. For this sign of
the potentid, tail ions are not restrained eectrogtaticaly and due to the large eectron-ion
temperature ratio these electric fields can drive sufficiently large E x B drifts in the low temperature
ions so as to begin unwinding their rotational transform; this effect can enhance losses for localized
groups of passing ions with energies and pitch angles such that the poloida component of their
paralel motion aong the field lines matches their poloida E x B drift.

The electron root is of interest with respect to enhanced confinement regimes since it can lead to
large potentials and electric field shear and improved ion confinement. It is expected that higher
electron temperatures would increase the electron particle flux in Figure 6.28(a), leading to a larger
ambipolar electric field. Figure 6.28(b) indicates that for the range of [el@(W,e)/KT(0) which has
been smulated, the ion confinement is decreasing with increasingly negative vaues of
|e]@(Weye)/KTL(0). However, it would be expected that as one moves further to the left on
Figure 6.28(b) than has been smulated, the ion confinement will again begin increasing a some
point.
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Figure 6.28. Variation of (a) Edge particle fluxes for ions and electrons vs. electric field for the
ECH heated case, and (b) Energy lifetimes for ions and electrons vs. electric field for
the ECH heated case.

Using the above formulafor the overall global lifetime and the results from Figure 6.28(b), we plot
in Figure 6.29 the variation of the globa energy confinement time with [el@(W,.)/KT(0) and

indicate the level of globa confinement time predicted by the 1SS95 empirical stellarator scaling law
for these parameters.
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Figure 6.29. Variation of global neoclassical confinement time from Monte Carlo (in blue) with
electric field for ECH heated parameters and comparison with 1SS95 empirical
stellarator scaling law.

In contrast to the ICH case, here the neoclassical lifetime is comparable to the anomalous 1SS95
lifetime. Based on this prediction, both types of transport should be present at roughly equal levels.
Thislowered level of neoclassical confinement for the ECH as compared to ICH parameters reflects
the lower collisiondlity, in particular for the electrons in the ECH case and their sampling of the 1/v
regime of transport, as wasindicated in Figure 6.20.

Next, in Figure 6.30 we compare Monte Carlo energy confinement times between the QPS gb4

reference configuration (gh4) and the ATF torsatron for ECH and ICH parameters. This is based
on the full-size ATF and shows roughly afactor of 2 improvement in confinement in each case.
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Figure 6.30 - Comparison of energy lifetimes between the QPS reference configuration (gb4) and
the ATF torsatron at [e|((y,)/KT(0) = O for (8) ECH parameters and (b) ICH
parameters.

Asmentioned earlier, improvements have recently been made over the gb4 reference configuration
with respect to transport optimization. These configurations have been denoted the gb5 123, . . .
gb5 12d series. We have picked the gb5_12a configuration to compare with the gb4 device using
an equivaent set of Monte Carlo runs for electrons and ions in ECH and ICH heating scenarios.
Based on the low collisiondity DKES and €** results, the gb5_12a transport coefficients were
about afactor of 4 —5 lower than those of the gb4 configuration.

In Figure 6.31 we compare the energy lifetimes for the gb4 and gb5 12a configurations for |CH
parameters. The ion energy lifetime is improved for the gb5_12a device, but the electron energy
lifetime is somewhat lower. These differences are likely within the inherent noise levd of the
Monte Carlo smulation. However, since the losses are dominated by the ion channel, the global
energy lifetime, shown in Figure 6.32, is higher for the gb5 device (the equivaent gb4 result was
shown in Figure 6.27) and indicates afactor of 7 —8 improvement over the 1SS95 prediction.
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Figure 6.31 - Comparison of electron and ion energy lifetimesvs. electric field between the gb4 and
gb5 configurations for the ICH heating parameters.
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Figure 6.33 - Comparison of electron and ion energy lifetimes vs. eectric field between the gh4
and gb5 configurations for the ECH heating parameters

In Figure 6.32 results for gb4 and gb5 12a configurations are compared for the ECH heating
scenario.  Here more significant confinement time improvements are obtained for the gh5 12a
device, especially for the electrons. Since the eectrons are well into the collisionless 1/v regime, it
would be expected that their confinement would be more sensitive to configuration optimizations
that improve €,¥. For these parameters, the energy losses are generally dominated by electrons,
The global confinement timeis plotted in Figure 6.34 and compared with the 1SS95 scaling resullt.
Significant improvements are evident over the gb4 results of Figure 6.29. Previoudy (gh4), the
globa Monte Carlo confinement time was approximately equal to the 1SS95 time. With the
improved gb5_12a configuration the global Monte Carlo confinement time now exceeds the | SS95
result by afactor of ~2.
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Figure 6.34 - Comparison of global neoclassica energy lifetime vs. electric field for the gb5
configuration with the 1SS95 lifetime for the ECH heating parameters.

6.2.4. Comparisons of Transport between Fixed and Free Boundary
Configurations

Animportant test of the modular coil design for our reference configuration isto check that one can
reconstruct the origina physics properties of the configuration using the free boundary equilibrium
obtained from discrete coils. We have checked thisissue with respect to transport properties by: (a)
using the NEO code to caculate €*, and (b) caculating Monte Carlo energy lifetimes for fixed

and free boundary configurations.

Results for € ** are shown below in Figure 6.34 for fixed and free boundary configurations.
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Figure 6.34 - £,* vs. flux surface |abel as obtained from the NEO code for fixed and free
boundary (based on the gb4 modular coil design) equilibria.

It is interesting that based on this measure, the free boundary configuration actualy improves
confinement dightly in going from the fixed to free boundary configurations.

In Figure 6.35 Monte Carlo energy lifetimes are shown vs. smulation time for ions and electrons

for the ICH regime parameters [i.e,, n(0) = 8.3 x 10" m?®, T (0) = T,(0) =500 €eV]. Here we have
calculated lifetimesfor E, = 0.
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Figure 6.35 - (a) lon energy lifetimes and (b) electron energy lifetimes vs. simulation time for fixed
and free boundary (based on the gb4 modular coil design) equilibria.

As may be seen, theion energy lifetimes[Figure 6.35(a)] are quite close between the fixed and free
boundary configurations with the fixed boundary confinement being dightly higher. For the
electron smulations [Figure 6.35(b)], there seems to be a tendency in the opposite direction - i.e,
for the free boundary case to have dightly higher confinement times (after theinitial transients) than
the fixed boundary case. The electron lifetimes show more dispersion, but this is largely due to the
larger noise levels that characterize electron simulations. These larger noise levels are related to: (a)
the shorter time steps required for the higher electron velocity and collisionality prevent using as
many particles as for ions, (b) the higher lifetimes for eectrons imply a smaler sample size of
escaping particles (used to compute the globa lifetimes), and finaly, due to the higher
computational requirements of following electrons, it is difficult to run the smulation for longer
than afraction of the energy confinement time.

In conclusion, these tests show that the reconstructed free boundary equilibrium based on modular
coils preserves the transport properties of the reference configuration both in the collisionless (1/v)
regime (based on the £, ** coefficient of the NEO code) and for the more collisonal ICH regime

(based on Monte Carlo calculations).
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7. Configuration Robustness and Flexibility

The QPSreference configuratiomas optimized for good neoclassical confinement and MHD
stability and bootstrap alignment@tl= 2%. The QPS modular coils, along wikie value of the
current in the outer VF coils and the auxiliary Ti€ld, werethen optimized to reconstruct the
desired physicperformance obtainetbr the original fixed-boundary configuration, subject to
engineering constraints othe coils. The plasma obtainedrom a free-boundaryVMEC
reconstructiorwas found tchave approximately the sarplysics properties (stabilityransport,
aspect ratio) as thiexed-boundary configuration fothe samepressure andurrent profilesthat
were used in the original fixed-boundary configuration optimization.

However, to be useful for physics studies the QPS experiment must also:
(1) have good flux surfaces for the vacuum configuration (to promote ease of start-up);

(2) have a path from the initial (vacuum) state to the optimized (Brotdow v*) state
(accessibility);

(3) berobustenough that it does not require only the optimized pressure and current profile for
good performance (robustness against profile uncertainties and perturbations); and

(4) beflexible enough to explore a range of interesting magnetic configurations, not just the
optimized magnetic configuration (flexibility).

7.1. Quality of the Vacuum Configuration

A requirementfor a usefulstellarator experiment is that should have good flux surfaces in
vacuum. This is necessary for batbnfirming that there are no significant fieddrors in the
external coil configuration (as compared with the calculated vacuum configuratiorihaalmiv-3
(low-power or lowv*) plasma configurations should laecessibldor experimentaktudy. Also,

poor vacuum surfaces generally lead to poor plasma confinement and make it difficult to obtain the
higher-parameter plasmas of interest.

Vacuum flux surfaces are calculated by followmggnetic field linesvith the AVAC Biot-Savart
code.[1] Convergence studies show that accurate results for the flux surfac@$ aredobtained
when each coil is represented by 100 segmentdielddines arefollowed for up to 10Goroidal
transits. Figure 7.1 showtbe last closedlux surface (LCFS)obtainedfor the free-boundary
VMEC vacuum case and thiix surfacesobtained by following fieldines. Bothare calculated
usingthe same representatiéor the coils and the same current in thedular, VF,and TFcaoil
sets. While VMEC assumes good flux surfaces arahnot calculate magneiglands or ergodic
regions, AVAC makes no such assumption. thesecoils, excellent agreement @btained, and
only a small region at the edge has broken surfaces. Theluase inthe leftside of Figure 7.1
is for the same current in the outer VF coildasthe [B0= 2% referencease. The rightside of
Figure 7.1 shows that a reasonable fit is also obtained when the outer VF coil current is reduced by
a factor 2 and the plasma is allowed to shift outward. In Figure 7.1, the flux surfaces from
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Figure 7.1. Flux surfaces from following field lines and the LCFS obtained from the free-
boundary VMEC code for the vacuum case wjthe1204 kA (left) and 100 kA (right).



following field lines with AVAC are shown in color and the ouserrfacesobtained fronthe free-
boundary VMEC calculation are indicated by the outer black curve.

7.2. Accessibility of the Reference Configuration

Given goodvacuum fluxsurfaces,another requirement is that the optimiz&ute-3 magnetic
configuration be accessible frattme initial (vacuum) state. Thisapabilityhasbeen examined by
calculating a sequence of finifiefree-boundary equilibria in whictie pressureprofile shape was
held fixed and the value gi[lwas varied from 0 to 2% (Figure 7.28)his modifies theotational
transform profile and shear as shown in Figure 7.2b. The main effect on the stiaeGES is

a smalloutward shift (Figurer.3), except at the half period locatiqFigure 7.3c) where the
surface becomes more triangulaBascreases. Aimilar effect can be obtained by changing the
vertical field, as indicated in Figure 7.1.
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Figure 7.2. Varying the peak value of the pressure for a fixed profile shape (a) changes the shear
in the rotational transform profile (b).

All the cases inthe sequence ar®iHD stable toballooning, kink,and vertical modes. The
ballooning growth rate as calculated by the COBRA code is shown in Figuréhedneoclassical
confinement improves dBllincreases as indicated in Figure 7.5 by the decreabe DKES L11
transport coefficients. Here L11 is the transport matrix coefficient relpdirigle (or energy) flux

to the density (or temperature) gradient obtained from the DKES code. The corresponding value of
the particlediffusivity D or the heatdiffusivity X is obtained by integrating thgroper energy
moment over the distribution function.
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7.3. Robustness of the Reference Configuration

7.3.1. Profile sensitivity.

The pressure and surface-averaged parallel current profiles for the reference case plsisovenare
in Figure 7.6. The reference current profile was chosgual to theébootstrap current (this is so-
called bootstrap “alignment” witthe equilibriumcurrent). Totest the sensitivity of the reference



case to th@ressure andurrentprofiles, test profilesthat areboth more andesspeaked than the
reference case wenhosen. These profilesareshown in Figure 7./and are consistentith the
NCSX reference profiles [2].
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Figure 7.6. Reference pressure and surface-average parallel current profiles as a function of the
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Effect of Profiles on PlasmaShape. All of these cases weren at[B]= 2% with atotal
toroidal current of 60 kA. The effect of tvarious current profiles othe plasmahape isshown
in Figure7.8. Thecases shown in Figuré8 wereall with the referencg@ressure profile. The
effect of the different pressure profiles on the plasma shape is weaker than the effecaabtize
currentprofiles. While the plasmahape is sensitive to changes [[fi] and thetotal toroidal
current, it is only weakly affected by modifications in the pressure and current profiles.

Effect of Profiles on Rotational Transform. The rotationatransform profileis, of course,

more sensitive to modifications of the current profiled, to a lesser extenthanges in the
pressure profile. Figure 7.9a shows the rotational transform profileésefdhree different current
profiles withthe referenc@ressure profile. Using aBdhmic currentprofile, a weakly reversed
shear profile is obtainedThe two bootstrapcurrent profiles (the reference case #mel low-edge
current case) have similar rotational transform profiles. Figure 7.9b shows the rotational transform
profiles for the three different pressure profiles with the reference current profie.variation of

iota with the different tespressure profiles isimilar for the other test currerprofiles. The
pressureprofile only has alarge impact on the rotationtensform ifthe current is forced to be
bootstrap consistent (which was not the case for these calculations).

Effect of Profiles onMHD Stability. The effect of the tegirofiles on ballooning stability is
shown inTable7.1. The referencg@ressureprofile is stable aff1= 2% for the two bootstrap
current profiles but the majority of surfaces are unstable for the Ohmic cprodite. Indeed, for
the Ohmiccurrent profileall the cases were unstable on naajority of the surfaces (cases
highlighted in red in Table 7.1). Thislikely due to thevery flat iota profile associatedith the
Ohmic current profile as shown in Figure 7.9a. Both the flatter and more pa@ssdre profiles
had regions of localized, weak ballooning instability for both the reference cprodité. This is
also the casefor the more peakegressureprofile with the low-edge current bootstrap profile
(cases highlighted in yellow in Table 7.1). This ceae be made stable bgwering [B0to 1.9%
(this wastested and confirmefibr all the cases) or possibly by slightly modifyirtge pressure
profiles (this wasnot tested). The flatter pressureprofile with the low-edge current case was
unstable over roughly a quarter tbe surfaces with anaximumgrowth rate similar to th€Dhmic
cases. If the case is mstable onall surfacesthe numbersindicate the largest balloonirgyowth
rate (normalized to the Alfvén time) and the fractiorsoffaces unstable. Growthtes >0.05 in
these unitsare considered significant and difficult to stabiliséth modest pressur@rofile
variations. More details on the effect@hmic current on ballooning stability are described in the
section 7.4.1.

Table 7.1. Effect of profiles on the ballooning stability.

<J-B>! P- Reference Flatter More Peaked

Reference Stable 0.052; 6/41 0.016; 3/41

Ohmic

Low-edge bootstra Stable 0.028; 6/41
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Figure 7.9.Rotational transform profiles for the (a) test current profiles with the reference
pressure profile and (b) test pressure profiles with the reference current profile.

Effect of the Test Profiles onConfinement. The effect of the profile variation omansport
was analyzed using the DKES transport code. The radial transport coefficient, LTthjoubsed
on three radial surfaceS= 0.3,S= 0.5, andS= 0.7. The L11transport coefficientfor all the
combinations of tegpressure andurrent profilesareshown inTable 7.2. Forall the pressure
profiles, the Ohmiccurrent profile had théowest transport coefficients. This ligely a result
primarily of the larger rotationdransform associated witthe Ohmiccurrentprofile. For the
outermost surface teste8 € 0.7), the variation of L11 i£6% around araverage 00.78. The
pressureprofile variation seems to have a westfect on thetransport coefficients (thexception
being L11 on th& = 0.3 surface forthe cases with a®hmic currentprofile). Weconcludethat
the transport is not sensitive to profiles.

Table 7.2. Effect of profiles on confinement as measured by the DKES transport code.

Reference Flatter More Peaked
<J-B>1 P-1s=03,05 07 s=03,05, 0.7 s=0.3,05, 0.7
Reference 1.06; 0.91; 0.8)f 1.07; 0.93; 0.82 1.07; 0.90; Q.79
Ohmic 1.06; 0.77; 0.74 0.81; 0.79; 0.15 0.81; 0.75; 4.73
Low-edge bootstrap 1.02; 0.88; 0.f8 1.03; 0.89; 0.79 1.03; 0.86;(0.77



7.4. Configuration Flexibility

The sets ofmodular coils, TF coils, VF coils,and theOhmic current solenoid provide the
flexibility needed to modify the plasma configuratiorstady modifications of equilibrium surface
quality, MHD stability, and neoclassictiansport. Different currents inthe modular coils allow
changing rotational transform and shear, the helical axis excursion, the mirrardineftbnent, the
plasmashape,and the plasma aspeettio. Currents irthe VF coils carshift the magneticaxis
radially andshapethe plasmasurface. Currents ithe auxiliary TF coils 4B = +0.15 T) can
change rotational transform astlear,and the OHsolenoid(+0.15 V-s) can beused todrive a
plasma current and change or revargemagnetishear. The combination can besed torepair
outer flux surfaces that were destroyedniggneticislands,induce magneticsliands to bound the
plasma orfor open divertorstudies,and testmagneticislands control and neoclassidalring
modes stability.

B RN o o~ Mm@k o@D -
L e e B ML B e e

Figure 7.10. Cross sections of free-boundary flux surfaces at the beginning, 1/4, and 1/2 of a
field period for dpB= 2% equilibrium with a 60-kA self-consistent bootstrap current
profile (top row) and a 60-kA Ohmic current peaked on axis (bottom row).



7.4.1. Ohmic current.

The QPS experiment will have the capability to openatk both Ohmic-driven current and boot-
strap-aligned current. This nfirmed in Figure7.10 which shows the free-boundary flux
surfaces fothe [B0= 2%, bootstrap= 60 kA case and a case wippil= 0 and bhmic = 60 KA.
The finitef3 bootstrap current antie Ohmiccurrent produce have different current distributions
and produce different rotational transform profifesth opposite sign othe magneticshear), as
shown in Figure 7.11.

A sequence oB[l= 0 free-boundary VMEC calculations was done whil plasmaDhmic current
varied throughthe similar values as in th@[0= 0 to 2% sequence in Figur&s2 and 7.3.
Figure 7.12 shows the assumed current density profiles and the regultagghe Ohmiccurrent
is increased from 0 to 60 kAThe same improvement in neoclassical confinemetfit increasing
current is seen in both cases (Ohmic vs. bootstrap current) dieepdédferences in theransform
profile, as illustrated in Figure 7.13.

Figure 7.12 shows that the Ohmic current solenoid can be used to change the shstmllfrator
shear (stabilizing) tdokamak shear (destabilizingjor studies ofmagneticisland control and
stabilization of neoclassical tearing modes.
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Figure 7.11. Free-boundary calculations of the rotational transform profile and current profile for
Ohmic and bootstrap current for the QPS reference configuration.
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Figure 7.12. Ohmic profiles of field-aligned current and rotational transform as a function of the
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Figure 7.13. DKES L11 transport coefficient evaluated ors th8.7 surface as a function of the
total toroidal current for an Ohmic current scdB(at O and for thgs scan shown
in Figure 7.2.

7.4.2. Vertical Field control.

The vertical field coils can besed forcontrolling plasmaositioning, shapeand rotationatrans-
form. Theplasma equilibrium in th@PSdevice is sensitive to the current in the exteweslical
field coils. Vertical field scans have been conducted atBoth 0 andBU= 2%.



The rotational transform profiles af3= = 0 for different values of the current in tiertical field

coils areshown in Figure7.14. Asthe current in the VF coils becomes maregative, the
rotational transform profile increases time core and decreases at duge,reducing theshear
acrossthe profile. The fieldfrom the VF coilsshifts the plasma to smaller majoadius as the
current in the VF coils becomes more negative. The minor radius is relatively unchanged as the VF
coil currentchanges. The resulting variation of the aspect ratidriam 2.88 to 2.47 as,} goes

from O to —200 kA, (-204 kA ishe nominaldesign pointfor the referenceconfiguration). The
variation inR andR/a is shown in Figure 7.15.
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Figure 7.14. Rotational transform profiles as a function of the toroidal flux va8éiiehe
reference configurationfat O for different values of the current in the external
vertical field coils.

At finite B (IBC= 2%), the plasma equilibrium was more sensitive to variatiottgeinerticalfield.
The VF coilcurrent, |, wasvaried from-185 to —216 kA(the valuefor the reference case is
—205 kA). Within this rangethe effect on the rotation&dansform profilewas weak though the
trend was the same as in the zbeta case: oaxis, | rises from0.23 to 0.24,and at theedge,l
drops from0.40 to 0.39 as,} goes from —185 to —216 kAThe plasma remained ballooning
stable throughout this variation ifp] TheDKES L11 coefficients had a 5% variation within this
range of variation of } (with L11 decreasing ag:/became more negative). The effect of varying
the current in the vertical field coils on the plasma shaghasvn in FigureZ.16. The field from
the VF coils shifts the plasma to smaller major radiuth@surrent in the VF coils becomes more
negative.
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reference case for different values of the current in the vertical field coils.



7.4.3. Auxiliary TF Coils.

The QPS experiment will have the flexibility to vary the external toroidal field by roughs T,
or +15% at <|B|> =1 T and £30% at <|B|> = 0.5 T. tdsi the effect of varying external toroidal
field on the plasma&quilibrium, the current in the toroidal field coilsas varied by+20% and
+40% fromthe reference value @59 kA. Overallthis variation hadittle effect on theplasma
equilibrium. The rotationakransform profiles for this scaare shown in Figure7.17. As the
magnitude of the current in the external toroidal field coils is increased from 156388 thA, the
edge rotational transform increases from 0.38 to 0.41. This is dloe tact that the toroidal field
generated by the external toroidal field calsbtracts fronthe toroidal field generated by the
modular coils.
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Figure 7.17. Rotational transform profiles for the reference case with the current in the external
toroidal field coils varied by +40% around the reference value of —257 KA.

The effect of the external toroidal field on the plashape is shown in Figuré.18. As the
current in the toroidal field coils becomes maregative,the plasmatends tobecome more
elongated and in the 1/2 field period cross section it also becomes more triangular.

7.5. Summary.
Our studies indicate the following.
» Good vacuum magnetic surfaces exist for a range of mid-VF currents.

» The reference configuration wiB(= 2% is accessible via a sequence of stable configurations
with good transport at progressively higlfieand self-consistent bootstrap current starting with
3 = 0and no toroidal current.

» Pressure profile variations have a weaker effect on plasma shape than current profiles, but
both have a weak effect.
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Figure 7.18. Variation in the outer surfaces as the cases shown in Figure 7.17.

 Ballooning stability is more sensitive to pressure profiles than current profiles. Both flatter and
more peaked profile¢ead to decreasestability. Ohmic-like currentprofiles are generally

destabilizing.

Transport is generally insensitive to profile variations.

Ohmic current profiles reverse the sign of the shear from stellarator-like to tokamak-like shear.

Transport improves with increasing current for both Ohmic currefits @&and bootstrap
current with self-consistent betas.

Changing vertical fields results in a weak variation of the shear with modest variations in the
plasma position, shape and confinement (for VF currents from —185 to —216 kA with a —204 kA

reference level).



» The auxiliary TF field is mainly useful for tuning edge transform values for optimum surface
quality.
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8. RF Heating Systems for QPS

Extensive, fully operational high-power RF heating systems are available at ORNL for
use on QPS (Table 8.1). Although the ORMAK vacuum tank was designed to
accommodate neutral beam injection (NBI) heating, and NBI was first used for auxiliary
heating of atokamak in ORMAK, the cost of refurbishing a 1-MW neutral beam line and
creating a second beam line for balanced NBI, the cost of their installation, and their
operating cost is not compatible with the budget for a concept-exploration-level
experiment. Two types of high-power long-pulse heating systems would be used on
QPS: gyrotron systems for electron cyclotron heating (ECH) and electron Bernstein wave
heating (EBW), and RF transmitters for ion cyclotron range of frequency (ICRF) heating.
Both ECH and ICRF have been used successfully on world stellarators. QPS has large
access and the proper conditions for ECH, EBW, and |CRF, which allows extending RF
heating experience to a new regime: heating, current drive, profile control, and flow
control in a poloidally symmetric configuration at very low aspect ratio. Lower hybrid
heating systems are also available for parallel electron heating, but their utilization would
probably be limited to use of the 2.45-GHz system for resonant ECH cleaning at
0.0875T.

Table 8.1. RF Heating Systems Available for Use on QPS

Type of RF Heating Power and Frequency Range

1.2 MW at 28 GHz, 0.3 MW at 27.7 GHz,
ECH/EBW 0.2 MW at 35 GHz,
0.6 MW at 53.2 GHz, 0.2 MW at 56 GHz

2 MW at 6-20 MHz,
1.5 MW at 40-80 MHz

ICRF

1 MW at 2.45 GHz,
0.1 MW at 800 and 915 MHz

Lower Hybrid

8. 1. Electron Cyclotron Heating

The QPS experiment will use high power ECH for plasma startup and heating at low
density (low electron collisionality). A power level of up to 1 MW at primarily 28 GHz
and also at 53.2 GHz and 56 GHz is available using existing and installed gyrotrons and
power supplies at ORNL. The baseline launcher design for QPS will be designed for
high first-pass absorption. This is essential due to the absence of an interior vacuum
vessel. Unlike in a close-fitting metallic vacuum chamber, multi-bounce power will be
less likely to be absorbed in the plasma due to the large surface area and complicated coil
and support structures in the large vacuum tank.

8-1



The QPS power supply and control systems are based on the existing and fully
operational ATF hardware which includes: a 90-kV, 50-A cw power supply, vacuum-
tube-based modulator/regulator, PLC control and interlock system, and other controls.
The high-voltage DC power supply is voltage regulated and has high speed crowbar
protection to minimize arc damage to the gyrotrons. Five gyrotron sockets and magnets
areinstalled including three from ATF and two from the RF test facility (RFTF).

8.1.1. High-power gyrotrons

The available gyrotrons are different models built by Varian Corp. (now CPl) and used
on either the EBT/RFTF or ATF experiments. Their frequencies range from 28 to 56
GHz. There are five 28-GHz gyrotrons, one 27.7-GHz gyrotron (which would need some
refurbishment), a 35-GHz gyrotron, three 53.2-GHz gyrotrons, and a 56-GHz gyrotron.
All of these tubes are rated to 200 kW cw. The 28-GHz gyrotrons have a large diameter
collector which should be capable of >300 kW for 1-s pulses (Varian ran an identical unit
at 340 kW for >1 hour before its window failed). The 27.7-GHz tubes should also be
operable at 300 kW for a 1-s pulse. The 28-GHz tubes are the primary choice since they
alow experiments with >1 MW at either 0.5 T or 1 T, which corresponds to the second
harmonic or fundamental resonance, respectively, at the plasma center. The 53.2-GHz
and 56-GHz tubes can be used at 1T, which would allow the power to be absorbed at the
second harmonic resonance at the plasma center. The 35-GHz tube could be used at 0.5
T or 1 T to provide slightly off-axis second-harmonic heating or at 0.6 T with on-axis
heating.

All the 28 GHz-tubes are of similar design, although the newest tube has a higher output
mode purity (>93%). The older 28-GHz tubes have a mode purity of ~80 %, athough the
mode mixture is in a form that can be reconverted to a single mode. The lower-mode-
purity 28-GHz tubes have a mode mixture that is primarily TEO2 with some TEO1 and
TEO3 power. The non-TEO2 power can be recovered and recombined with the TEO2
power using a mode re-converter installed in the output waveguide above the tube. The
newer 35-56 GHz tubes all have high mode purity, typically >92%. High mode purity is
desired to provide the simplest, most efficient transmission and launching system. The
newer 35-56 GHz tubes all have high mode purity, typicaly >92%. The lower-mode-
purity 28-GHz tubes have a mode mixture that is primarily TEO2 with some TEO1 and
TEO3 power. The non-TEO2 power can be recovered and recombined with the TEO2
power using a mode re-converter installed in the output waveguide above the tube. The
vacuum quality is the principal gage of the tube's useful lifetime. These tubes have
integral Vac-ion pumps that keep the vacuum quality good and allow monitoring during
operation. Some of the older 28 GHz tubes have developed small vacuum leaks in a
lower body cooling channel. A fix for this problem has been developed and it is antici-
pated that these tubes will be repaired, possibly in-house, to restore the vacuum to the full
cw/long pulse operating capability. The 28-GHz tubes use water-cooled copper magnets.
Some magnet power supplies will need to be acquired to support operation of more than
three 28-GHz gyrotrons.



8.1.2. Transmission systems

The waveguide transmission systems are designed to provide high mode purity transmis-
sion to the launchers so that control of the launch beam quality and polarization can be
maintained to maximize the coupling efficiency. High mode purity is obtained by mini-
mizing the number of bends, keeping the waveguide diameter small, and maintaining
maximum straightness. The 28-GHz frequency is too low to use simple miter bendsin a
reasonably small waveguide diameter, so corrugated TEO2 or HE11 bends must be used.
Designs for these bends are already developed and have been used in the past at ORNL
and elsewhere. A waveguide diameter of 38.2 mm (1.5") will be used for bends and
straight sections between the bends. Figure 8.1 shows the proposed 28-GHz ECH
waveguide configuration. The 53.2/56-GHz transmission systems can use 1-2 miter
bends and smooth wall waveguide, as was done on ATF. Three essentially complete
evacuated transmission systems based on 63.5 mm (2.5") copper waveguide are available
from ATF and would be used with only slight reconfiguration on QPS. Figure 8.2 shows
the arrangement of the ECH systems for QPS and Figure 8.3 shows the QPS ECH power
supply configuration.

A waveguide-type mode converter located near the QPS vacuum vessel would be used to
convert to HE11 mode for a polarized, narrow-beam launcher. Two possible techniques
for this mode conversion are well developed and the designs are already available from
previous projects at ORNL. One technique is the TEO1-TM11-HE11 approach, which
can be done in the largest-size waveguide but is less convenient for polarization
adjustment in the waveguide. A grooved reflector inside the launcher can provide
polarization adjustment and beam focusing. The TEO1-TE11-HE11 approach provides
polarization adjustment in the waveguide by rotating the plane of the converter; however,
it requires a smaller waveguide diameter.

Waveguide vacuum barrier windows are needed at the QPS vacuum vessel. Since QPS
will operate in a pulsed mode with <1-s plasma pulse length, edge-cooled single-disk
windows are adequate. The window material will be either low-loss quartz or aluminum
nitride with metal o-ring seals. The windows will be located after the HE11 mode
converter section in the last waveguide joint before the vacuum vessel.

8.1.3. Launchers

A relatively narrow beam of the appropriate linear polarization needs to be launched
towards the plasma center. High first-pass absorption will be achieved with a pl asma
density in the range of 0.1 to 1 times the cutoff denS|ty which is ~ 0.92 x 10" m’® for
28-GHz O-mode operationat 1 T or 0.46 x 10" m™ for X-mode operationat 0.5 T. Itis
likely that a high-field launch approach can be adopted for 1-T operation, which would
couple to a plasma density of ~1.8 x 10 ¥m® For operation at 1 T, the 53.2/56-GHz
tubes can operate at a similar plasma density using low-field-launched X-mode.

To achieve a narrow launch beam from a corrugated waveguide carrying the HE11 mode,
a focusing mirror can be used, placed near the edge of the plasma. This mirror, or a
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second flat mirror, can be grooved and rotatable to provide polarization rotation for
adjustment between O or X mode launch, aswas used on ATF.

8.2. Electron Bernstein Wave Heating

EBW is an important heating technique for QPS that could provide effective electron
heating at high density. High-f3 (and hence high-density) plasmas with wpe >> Qcg, asin
NSTX, cannot use ECH, EC current drive, or EC emission (ECE) diagnostics [which
measures Tg(R,1)], so the use of electron cyclotron (EC) waves for heating and current
drive of magnetically confined plasmas has been traditionally limited to a plasma density
range below cutoff of waves at the cyclotron frequency of interest. EBWSs can propagate
in these "overdense" plasmas and have high optical thickness (t ~ 1000 in QPS) for good
absorption at ECE resonances. Operating at overdense conditions using the EBW mode
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Figure 8.1. QPS 28-GHz ECH Waveguide Configuration.
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is currently under investigation on MST, CDX-U, NSTX [1, 2, 3] and elsewhere. EBW
emission on these experiments can provide information on the viability of EBW heating.

The in-plasma mode conversion of EC waves to EBW offers the possibility of greatly
extending the useful density range over which high frequency ECH-type heating
techniques and capabilities can be used. The EBW wave propagates only where the
plasma frequency exceeds the cyclotron frequency. This necessitates a wave tunneling
process for coupling power from outside the plasma. |dealized modeling of the EBW
tunneling physics indicates that high coupling efficiency is theoretically possible through
two different routes. Both routes require very precise control over the launched beam
direction and quality.

FUSED-DISCONNECT i i
e E ' -90kV 7A per tube
RG-220
. o RECTIFIER
Changer TRANSFORMER CAPACITOR
HVDC power supply -90 kV, 50A BANK
12 UF
X2062K
TETRODE
SERIES I oy
REGULATOR -
|
‘ Ve
Q GYROTRONS
O GUN
O ANODE ‘ ‘
(‘) CROWBAR MODULATOR
| N
SERIES REGULATOR CAGE OIL TANK
IN GYROTRON AREA

Figure 8.3. QPS ECH Power Supply Configuration (installed and operational).

8.2.1. Direct X-mode conversion. One approach is direct X-mode conversion (perpen-
dicular launch) via wave tunneling through the critical layer. The X-mode conversion
process (emission) is illustrated in Figure 8.4 [3]. It has the advantage of a relatively
simple launcher, but may have low coupling efficiency. The X-mode conversion depends
strongly on the plasma density profile at the extreme edge in front of the antenna
Optimal coupling may require a small local limiter to steepen the density gradient. One
concern is that large density fluctuations in front of the antenna might interfere with the
process.
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Figure 8.5. O-Mode to EBW Mode Conversion (O-X-B) Possible with Oblique Launch.

8.2.2. O-X-B Mode conversion. An alternate method is O-X-B mode conversion
heating, which is also compatible with high- operation. The O-X-B scenario requires
O-mode propagation to the cutoff and a mode conversion at the turning point. The O-X-
B mode conversion process (emission) isillustrated in Figure 8.5 [3]. Onceit is excited,
the absorption of the mode converted wave is extremely high. Density fluctuations can
also interfere with this process. The use of O-X-B EBW for heating has been
demonstrated in one experiment (W 7-AS); however, the state of the technology and
experimental database are limited.

8.2.3. EBW launcher issues. EBW heating will be guided by an understanding of EBW
emission. The EBW emission results from CDX-U, MST, MAST, and NSTX have been
very encouraging. The CDX-U and NSTX results indicate that when steep edge grad-
ients are present, emission coupling efficiencies of up to 20% can be obtained.
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Optimized launching structures and edge profiles should lead to higher efficiencies. The
emission and launching requirements can be explained via the CDX-U example
illustrated in Figure 8.6 [3]. Aswith ECH, the requirements for the launchers are that a
relatively narrow beam of the appropriate linear polarization be launched toward the
plasma center. To achieve a narrow launch beam from the proposed corrugated
waveguide carrying the HE11 mode, a focusing mirror can be used placed near the edge
of the plasma. This mirror or a second flat mirror can be grooved and rotatable to
provide polarization rotation for adjustment between O or X mode launch as was used on
ATF. Asexamples of what can be done on QPS one launcher option for NSTX is shown
in Figure 8.7. A second option utilizing the ECH launcher hardware used on ATF is
shown in Figure 8.8.
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Figure 8.6. O-X-B Mode Conversionin CDX-U.
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8.3. lon Cyclotron Range of Frequency heating

ICRF is an important heating method for QPS. In QPS, ICRF can provide effective
electron heating, ion heating, and may also be used for current drive or flow control. The
| CRF options for QPS in priority order are:

(1) direct electron heating or High Harmonic Fast Wave (HHFW) heating at 220 MHz for
bulk electron heating;

(2) mode conversion heating (at ~15 MHz for B =1 T) using ion Bernstein wave mode
conversion at the two-ion-hybrid resonance layer for bulk electron heating;

(3) magnetic beach heating (<14 MHz at B = 1 T) for bulk ion heating;

(4) minority-species heating (~14 MHz at B =1 T for H minority in a He plasma) for
either heating via an energetic H tail population with ~5% H concentration or bulk ion
heating with ~30% H concentration;

(5) fast wave and HHFW current drive and flow control (=20 MHz).

There is good access for a variety of possible antenna structures between, and on the
plasma side of, the modular field coils. The plasma volume, minor radius and field
geometry are comparable to devices where ICRF has been used successfully (CHS, W7-
AS). In particular, minority and mode conversion heating were observed on CHS and are
now in use on LHD with single-strap high-field-side antennas. Mode conversion and
magnetic beach heating have both been observed on W7-AS with a two-strap high-field-
side antenna

HHFW has recently been observed on NSTX with a multi-strap low-field-side antenna
and calculations indicate it can be successful on QPS. The ICRF options offer the
flexibility to support a broad set of physics studies. The opportunities and issues
associated with the various heating options are discussed below.

The ICRF plans for QPS build on successful results from other stellarators, mirror exper-
iments, ST's, and tokamaks. There are multiple requirements for the ICRF. Fortunately,
these needs can be met with a limited number of antenna structures and within the
frequency bands of available high power RF at ORNL: 2 MW at 6-20 MHz and 1.5 MW
at 40-80 MHz. One important requirement is to heat electrons at both low and high
density. HHFW and mode conversion heating can both provide electron heating. lon
heating is also of interest in QPS. Mode conversion and magnetic beach heating can
provide bulk ion heating. lon tail heating can be obtained with minority ion heating.

8.3.1. High harmonic fast wave heating

Theinitial heating for QPS will be ECH. An important mission for QPS is high-[3 studies
where high density is needed. HHFW appears to be the best choice for an initial ICRF
heating system for QPS and is particularly valuable for reaching high 3. HHFW has been
successful at heating electrons on NSTX [4,5] with fields and plasma parameters similar
to those expected on QPS. The electron temperature in an NSTX target plasmawith ng ~
3.5 x 10™ m™ was increased from 500 eV to 900 eV with the application of 2 MW of
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HHFW heating (Figure 8.9). The results of a calculation, for QPS parameters, using the
PICES full wave code [6] are shown in Figure 8.10. The moderate, single pass,
attenuation of the wave is apparent in Figure 8.10a. The central deposition of the
electron heating is evident in Figure 8.10b. The calculation indicates that for a plasma
with [B0= 1% at 1 T, the HHFW single pass absorption at 60 MHz can be 20%. The
single pass absorption as a function of n, for the QPS plasma parameters at 0.5T and 1.0T
in Table 8.2 isshown in Figure 8.11. The HHFW single pass absorption at 0.5 T with [B0
= 1.2% can be >30%. Figure 8.11 shows that an antenna launch spectrum with a
maximum near n, of 20 would work well for HHFW electron heating in QPS for
operation at both0.5Tand 1 T.

lectron Temperature t= 0.23 s Electron density t= 0.23 s
1'07 0317;/5 ‘ ‘ ‘ | | 5H“H“‘H‘H“H“H“H‘
. 03172/5
0.8j Fea h 4 - b
& |
§ 0.6/ 1 E 3f -
© —
P 045 1 2 2r -
L é) L
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0.0 1 ! ! | | | 0 I
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Figure 8.9. Plasma Heating with HHFW on NSTX.

Figure 8.10. PICES calculation of the RF electric field (Ieft) and the power absorbed in
electronsin QPSat 1 T and [B= 1% for 60-MHz HHFW heating.
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Figure 8.11. Single-Pass Absorption Calculations for HHFW Heating on QPS.

Table 8.2. QPS Plasma Parameters for the HHFW Calculationsin Figure 8.11.

ECH power 28 GHz 53 & 56 GHz
perpendicular electron heating | 4 @ 300KW ea. | 4 @ 200KW ea.
2m 28 2M 53
Parameter low high
B (T) 0.5 1.0
R (m) 0.83 0.83
a (m) 0.35 0.35
Vp (m3) 1.78 1.78
P (MW) 1.0 0.5
n (1019 m-3) 0.45 1.8
<B> (%) 1.5 1.02
Te (ms) 2.25 12.1
Teo (keV) 3.1 2.1
Tio (keV) 0.30 0.23
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A 1.5-MW FMIT transmitter is available in the 40-80 MHz range. The plasmaloadingin
QPS should allow at least IMW to be coupled to the plasma. The antennas would be
located on the outboard side and in alow field region. For heating, a pair of single strap
antennas would be adequate. The antenna/strap spacing can be the same as that of the
modular field coils on the outboard side (interleaved). This strap separation would

provide an ny of ~20. The design would draw from the experience on W 7-AS as well as
the substantial experience on tokamaks.

There are a suite of ICRF technology modeling tools available to aid in the design [7].
The models have been refined by comparisons to prototype antennas, and experimental
results. The transmission lines, tuning and matching circuits and the antenna power
coupling can al be modeled. The mechanical design will be simplified due to the lack of

disruption currents. In addition, no active cooling would be required for pulse lengths
lessthan1s.

The design could be very similar to the antenna boxes used on NSTX. The NSTX array
is shown in Figure 8.12. The NSTX antenna has a low profile that would be
advantageous on QPS. A single element is shown in Figure 8.13. In figure 8.12 the
boron nitride frame around the antennasis visible. It has been used quite successfully asa
local limiter to protect the antennas. For QPS, the antenna boxes could be placed

between modular field coils as shown in Figure 8.14a. The cross section of an NSTX
style antenna at the ¢ = 0 plane is shown in Figure 8.14b.

—

[

(IR

'r l |
|

Figure 8.12. The NSTX HHFW Antenna.
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Figure 8.14. (a, left) HHFW Antenna Elements between QPS Cails. (b, right) Side
view.
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Figure 8.15. Multi-Strap HHFW Current Drive Array on QPS.

If at some time current drive and or flow drive is desired, there is adequate space for a
multi-strap array (Figure 8.15) similar to that used on NSTX for HHFW current drive
(Figure 8.12). An alternative design would be a low radial profile combline antenna. A
low profile combline antenna is under consideration for NCSX [8]. A combline antenna
has been successfully used on JFT-2M and one is planned for LHD [9].

8.3.2. Mode conversion heating

An important alternate method is mode conversion heating, which can provide both
electron and ion heating. It is also compatible with high-b operation. Mode conversion
has been used for heating on CHS [10], W7-AS [11], LHD [12], and TFTR [13]. The
typical stellarator experiments involve a hydrogen minority (10%-40%) in a deuterium
plasma. Bulk electron heating is observed on CHS and LHD near the two-ion hybrid
resonance layer (~15 MHz at 1 T). The two-ion hybrid resonance is accessible from the
high field side. In the vicinity of the resonance, the fast wave converts to an ion
Bernstein wave, where it rapidly damps on the electrons. Long-pulse operation has been
obtained with ICRF aone or in conjunction with ECH or NBI heating. Depending on the
specific geometry and the minority ion concentration, ion heating can compete with the
electron heating. Thus, the relative fraction of ion or electron heating can be controlled
by adjusting the minority hydrogen concentration. This is illustrated in the CHS
discharge shown in Figure 8.16.
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Figure 8.16. Mode Conversion Heating of Electrons and lonsin CHS

8.3.3. Magnetic beach heating

Two 1-MW BBC transmitters are available in the 6-20 MHz range. The plasma loading
in QPS should allow at least 1.5 MW to be coupled to the plasma. The antennas would
be located on the inboard side and in ahigh field region (Figure 8.17). For heating, a pair
of single strap antennas, with one transmitter per strap, would be adequate. To avoid
mechanical interference with the magnetic field cails, the straps would be mounted from
the top or bottom (Figure 8.18a), similar to that in CHS and LHD. The antenna/strap
spacing would be the same as that of the modular field coils on the inboard side. This
strap separation would provide an n,, of ~30. As described above the mechanical design
would be simplified by the lack of disruptions and no requirement for active cooling.
The CHS and/or LHD mode conversion antennas would provide a good starting point for
the design.
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Figure 8.17.

Magnetic beach heating has been demonstrated on W7-AS [14]. Thisis similar to the
magnetic beach heating utilized on mirror experiments and requires a launch location
where the field decreases toroidally away from the antenna. The magnetic beach
geometry for W 7-AS and the inside antenna location are shown in Figure 8.19. This
figure shows a horizontal cross section of a half field period in W 7-AS with |B| contour
lines for a mirror configuration with the two-ion-hybrid resonance (MC) and associated
cutoff.

The main appeal of magnetic beach heating is the possibility to heat bulk ions. Heating
bulk ions will increase the plasma 3 and will allow ion confinement properties of QPS to
be studied. Heating of bulk ions will also allow comparison to the confinement of tail
ions that may be generated in mode conversion or minority ion heating. The results of
magnetic beach heating on W7-AS are shown in Figure 8.20. Beach heating was
successful at heating both ions and electrons with an ECH target plasma and is also
capable of sustaining an ICRF only portion of the discharge.

A sufficient field gradient (mirror ratio of <0.9) is required so that, the ion cyclotron reso-
nance is excluded from the high field plasma cross-section near the antenna, but exist
over some portion of the cross-section, at the low end of the field period (beach). The
cross section for the beach location on QPS is shown in Figure 8.21. The toroidal field
variation in QPS is more than adequate to meet the requirement. A toroidal cut is shown
in figure 21a. The beach geometry in W 7-AS (Figure 8.19) is quite similar to the QPS
geometry (Figure 8.21b). The main difference is due to the larger aspect ratio (R/a ~
10.6) and higher number of poloidal field periods (N = 5) in W7-AS compared to QPS
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(Rla~ 2.6, N = 2). The antenna locations on QPS are also shown in Figure 8.21b as red
bars. The inside launch antenna location and design described above for mode
conversion heating would also work well for magnetic beach heating. This eliminates the
need for additional antennas. The only change would be to adjust the frequency to be set
above the local ion cyclotron frequency.

8.3.4. Minority ion heating

Minority ion heating has been utilized on essentially all | CRF-heated confinement experi-
ments. It tends to be ineffective in experiments with small and modest minor radius due
to direct ion orbit losses. Thus minority ion heating cannot be depended on for
improving plasma parameters on QPS, but it can be used to study direct orbit losses as a
function of plasma configuration and b. Minority ion heating can be tried with either the
low-field or high-field antennas described above. Figure 8.4b shows the nearly vertical
[B] contours in this cross section of QPS. Thisis very similar to the heating geometry on
standard tokamaks.

8.4. Conclusions

QPS offers new opportunities for RF heating a low-aspect-ratio quasi-poloidal magnetic
configuration. While ECH will be the mainstay for electron heating, EBW is a good
option for high-f3 operation. ICRF has been very successful on similar-sized stellarators.
The access and conditions look favorable for ICRF heating on QPS. There are several
possible | CRF antenna designs for QPS: high-field-side antennas may be possible similar
to those on LHD, CHS, and W7-AS or low-field-side antennas similar to those on NSTX.
In addition, HHFW, mode conversion & magnetic beach heating look possible.

There are a number of open issues that need to be addressed on RF heating for QPS: first
pass absorption for ECH and ICRF, ICRF antenna size and directivity, outside or inside
launch (or both?), and the EBW coupling efficiency.
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9. THE QPS FACILITY
9.1. Introduction

The proposed Quasi-Poloidal Stellarator, QPS, is a small, low aspect ratio, concept exploration
experiment with a non-axi-symmetric, poloidally symmetric magnetic configuration. The
nominal QPS design parameters are <R>= 0.9 m, <a>=0.35m, B=1 T, and 0.5-s pulse length.
The facility consists of the stellarator core, the plasma heating, diagnostics and data acquisition
systems, the power supplies and cooling systems, and the test cell.

The stellarator core consists of the modular coil set that provides the primary magnetic field
configuration, auxiliary coils including vertical field, toroidal field and an ohmic heating
solenoid, machine structure, and a vacuum vessel, as shown in Figure 9.1-1. The modular coils
represent the most difficult part of the facility design and fabrication. The coil set has two field
periods with 8 modular coils per period. Due to symmetry, only four different coil geometries
are required. Several fabrication options are under consideration, but the baseline concept uses
flexible copper cable conductor wound on a form and vacuum impregnated with epoxy. The coil
form also provides the support features that allow the coils to be connected into an integral
structure.
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Outer
Toroidal
Field
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Vertical
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Diagnostic
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Figure 9.1-1 The QPS facility stellarator core




The vacuum vessel is an existing, external “bell-jar, with the modular coil set and vertical field
coils in the same vacuum region as the plasma. This approach has been commonly used for
small experiments, such as the HI1 device in Australia. The coils must be canned for
compatibility with the vacuum, but inside the vessel there is good access between the modular
coils for plasma diagnostics and heating.

The QPS device would be located in a new building in the 7600 area of ORNL (near the X-10
site). Existing long pulse plasma heating systems (0.6 MW ECH, 3 MW ICRF), power supplies
(>40 MW), de-mineralized water system, and other equipment are available for this experiment.

The QPS device is estimated to require 4 years from start of design to first plasma. Status of the
engineering design and analysis are described in the following sections.

9.2. General approach

QPS is a small concept exploration experiment intended to investigate a compact stellarator
configuration with quasi-poloidal symmetry. The coil set consists of modular stellarator coils, 3
pairs of vertical field (VF) coils, an ohmic heating (OH) solenoid, and a set of toroidal field (TF)
coils. The nominal device parameters are listed in Table 9.1. The concept exploration mission
imposes some additional constraints on the QPS device, which include:

Minimum cost

Short schedule (~ 4 years for first plasma)

Maximum flexibility, including access for diagnostics and heating
Maximum use of existing facilities and equipment

Table 9.1 QPS General Design Parameters and Requirements

Parameter Value
Major radius, R, 09m
Minor Radius, a 0.35m
Aspect ratio, Ry/a 2.6
Toroidal field at R, B,

From modular coils 1T

From TF coils +/-0.15T
No. of Field Periods 2
No. of Modular Coils 16
Plasma current, 1, <70 kKA
Flattop Pulse length ~0.5s
Auxiliary drive power, P« 1-3 MW
Coil resistive power, Pre <50 MW
Total s.s. heat removal, Pcoor <2 MW




9.3. Determination of Device Parameters

The QPS device parameters (magnetic field, pulse length, average major radius, auxiliary coil
sets, and heating power, are set by a combination of physics and practical considerations,
including mechanical constraints, available equipment, and cost. Here we describe the reason for
these choices.

Average magnetic field on axis <B,js> =1 T. The available high-power plasma heating systems
are designed for 1-T operation. Restricting the magnetic field to 0.5 T would preclude use of the
0.6-MW 53.2-GHz ECH system, which is resonant at the second electron cyclotron harmonic at
B=0095T, or use of the 1.2-MW 28-GHz ECH at the fundamental resonance at B =1 T. The
cutoff density varies as BZ, so there is a factor of 4 difference in the density achievable with ECH
between operation at B=0.5 T and B=1 T. The “maximum” useful density with ion cyclotron
range of frequency (ICRF) heating or electron Bernstein wave (EBW) heating is related to the
Sudo density “limit” ng,4, = 2.5[PB/Ra2 Y2 This density “limit” is nominally the density at

] /
which the stored energy no longer increases with increasing density, however, the best results are
obtained at densities up to twice this value in LHD. The combination of power availability and
operating density make a significant difference in the plasma parameters expected with the
standard stellarator confinement scaling, ISS-95 [R],

1SS95
221 p0.65 5-0.59_0.51 0.83. 0.4
Tg =0.079ap R>P 7"7"n " B"u 7,

Confinement times up to ~2.5 times this value are now obtained on W 7-AS and LHD.

Flat-top pulse length #f5¢.top = 0.5 s. The current waveform and flat-top time are determined by
the coil parameters, the power supply, and the coil heating from a base temperature. Figure 9.3-1
shows the modular coil current waveform for different coil temperature ranges. About 1 s is
required to reach B = 1 T with the existing power supplies and about 0.75 s is required for
ramping the current back to zero, so very little is saved by having a short flat-top time. A flat-
top time of ~0.5 s is needed to allow time for eddy currents in conducting structures (the
aluminum vacuum tank and the coil cases) and plasma currents (bootstrap and Ohmic) to come
to equilibrium and to keep the temperature rise in the modular coil conductor to a reasonable

value. The coil temperature rise and the plasma heating systems allow long-pulse operation at
half field.

Average major radius R = 0.9 m. Since the machine cost increases with size, we set the major
radius at the minimum value compatible with the QPS physics goals and engineering constraints.
The limiting factor is the minimum distance needed between the modular coils so coils do not
overlap. The minimum distance between the filamentary coils, A., is determined by the coil
optimization discussed in Sect. 4.3, but the minimum distance between actual coils is determined
by the width w and radial depth d; of the finite-cross-section modular coils. Both the width and
the depth are important because of the twist of the coils, so the diagonal length d of the winding
pack is the relevant scale. The optimum aspect ratio of the coil cross section, A, = d;/w and




QPS Modular Coil Current vs Time, | —+RT.20-65¢C

for various coolant temperatures —8—Elev temp. 45 - 100 C
16 coils in series, 16 turns per coil, 2600 volts
8.2 x 12 cm cross section, .43 copper fraction,
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Figure 9.3-1. Modular coil current flat-top time depends on the initial temperature
of the coils.

hence d, is set by engineering constraints. Here d = [R<B>(1 + 1402)/(2140Nmﬂsj)]1/2 where Neoils

is the number of modular coils and j is the current density in kA/cm’ averaged over the coil
winding pack.

For a given coil geometry, A../R = K is a constant and the minimum value of R is set by
2 2. 2.
Rinin = d/(Ac-c/R) = <Baxis>(1 + ‘Ac )/(2AchoilsK ]) o 1/K J

The fact that Ry, oc 1/K? is the reason why we have put emphasis on increasing A../R in the
design of the modular coil set. More effort will be placed on shaping the modular coil cross
section and orienting the winding pack where the modular coils come closest to each other.
Once R has been reduced to the point that adjacent modular coils touch, as in the reference QPS
design, further reduction in R can only be reduced by increasing ;.

Coil current density j and coil operating temperature. Only about 44% of the modular coil cross
section is occupied by the winding; the rest is structure and winding form. The maximum value
of j is set by the allowable coil temperature and power supply limits. Figure 9.3-2 shows the
required start temperature for the QPS modular coils for three conditions: a peak temperature of
65 C (limit for room-temperature-cured epoxy), 100 C, and the 2600-V limit for the power
supplies. The maximum practical current density in the conductor is ~8.4 kA/em® (only about
44% of the modular coil cross section is occupied by the winding; the rest is structure and
winding form). Higher current density requires operation of the coils below room temperature.
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Figure 9.3-2 Operating temperature and power supply constraints for the QPS

As discussed in Chapter 10, even a 20 C temperature difference (start temperature of 0 C) results
in a large differential collection of condensables on the coils, which would come off into the
plasma during a discharge. The benefit in current density is small, ~5%, and a costly vacuum
liner would be required. Lowering the temperature to get a significant increase in current density
requires thermal insulation to reduce the heat loss in addition to the vacuum liner. The most cost
effective solution is to operate with room-temperature coils, which limits the current density to
~8.4 kA/em”. Lower current density, which would ease the construction of the coils, would
result in a larger R and more cost.

Heating power: 0.5 MW initially, increasing to 3 MW. The existing ECH systems provide 1.2
MW at 28 GHz and 0.6 MW at 53.2 GHz. The ECH power will be phased in started with 0.5
MW (two sockets) and increasing to 1 MW (four sockets) after initial operation. The existing
ICRF systems provide 2 MW at 6--20 MHz and 1.5 MW at 40-80 MHz. A reasonable goal is 2
MW of ICRF power in the second stage of operations.

External vacuum vessel. A large existing vacuum tank is chosen as the QPS vacuum vessel.
While an internal vacuum vessel is the more conventional approach for maintaining good
vacuum conditions, it has several serious drawbacks for application to QPS. Because the shape
of the inner bore of the modular coils changes dramatically (from bean-shaped to comma-shaped
to triangular) in half a field period, an internal vacuum vessel must have a similarly contorted
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shape. However, in this approach, it is necessary to allow sufficient space between the vacuum
vessel and the modular coils to allow the modular coils to slide over an interior vacuum vessel
during assembly. The modular coils cannot be jointed because of the current density required.
Because the shape of a modular coil differs from the vacuum vessel over most of a field period,
extra space must be allowed between the vacuum vessel and the coil bore, which reduces
significantly the space between the plasma and the vacuum vessel. In addition to the complex
coil assembly process, the many sections of an interior vacuum vessel must be welded together,
which presents difficulties for the last sector that is welded, and the ports must be welded to the
vacuum vessel after the modular coils are installed. The ports would severely limit access for
heating, diagnostics, and in-vessel components such as divertor plates, and it is not possible to
have personnel access into an internal vacuum vessel in the QPS case. Care must be taken in the
fabrication and welding of an internal vacuum vessel to ensure that the permeability of the
vacuum vessel remains low and that there are no leaks due to the many welds. This results in an
expensive vacuum vessel and extra cost in the assembly process.

In contrast, the existing external vacuum vessel allows assembly of the modular coil set without
the constraint of an interior vacuum vessel, as illustrated in section 9.7, and allows maximum
access to all parts of the interior of the vacuum tank for installation of in-vessel components such
as divertor plates, ICRF antennas, diagnostics, etc. The extremely good access is important for
diagnostics in taking advantage of various sightlines through the plasma and access to the
different sectors of a field period through the large open areas between the modular coils. The
large interior volume allows large-area gettering for high effective pumping speeds. The
external vacuum tank approach has been used successfully on a number of experiments.

There are also some disadvantages with this approach. Because the coil sets are inside the
vacuum tank, they must be vacuum canned, and it is more difficult to bake the in-vacuum
components and maintain good vacuum quality. However, various standard techniques can be
used to ensure adequate vacuum quality, as discussed in Chapter 10.
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9.4 Modular Coil Set

The modular coil set consists of two field periods with 8 modular coils per period. Due to
symmetry, only four different coil shapes are required. . The coil winding geometry, generated
using physics optimization codes, must be expanded from a single filament path to a solid model
geometry with a finite cross section capable of carrying the required current. This is
accomplished with a code that orients the cross section to be approximately normal to the
outermost plasma surface, but optimizes the twist of the coils for better coil-to-coil nesting. For
QPS, the winding surface is not a simple offset from the plasma surface, but is generated as part
of the coil optimization procedure and ranges well away from the plasma in some locations.
Figure 9.4-1 illustrates the plasma to coil distance variation.

The finite cross section modular coil set with plasma is illustrated in Figure 9.4-2, and the
modular coil parameters are listed in Table 9.4-1.

Table 9.4-1 Modular Coil Parameters

Minimum Maximum
. Coil Center | Coil Center A.verage M in
Coil to Plasma to Plasma Distance Rati
Distance Distance (cm) 10
(cm) {cm)
M1 20.4 42.5 30.5 2.1
M2 13.7 37.2 24.1 2.7
M3 14.3 40.3 26.3 2.8
M4 14.9 35.8 253 24

Figure 9.4-1 Distance from QPS flux surface to coil winding center




Parameter Value

No. of Field Periods 2

No. of Modular Coils 16
Toroidal field at R, B, 1T
Current per coil 337 kA
Average winding length 5.07m
Winding cross section ~100 cm®
Copper packing fraction in cable 70 %
Winding accuracy +/- 1 mm
Coil circuit resistance (all coils, bus and power supply) 91 m-ohm
Coil circuit time constant (all 16 coils) 0.2s
Coil resistive power, Py ~ 45 MW

This coil set geometry is preliminary but has relatively good engineering properties. One of the

Figure 9.4-2 QPS finite cross-section coil winding geometry

9-8




most important properties is sufficient bend radius to avoid “kinking” of the cross section. This
problem is often not apparent for the filament models of the coils, but can appear when finite
cross sections are modeled. In addition to “kinking”, there are constraints associated with
interference between adjacent coils as well as limits on the proximity of the coil to the plasma.
Space must be provided for the coil structure, winding cross section, tolerance, and vacuum
enclosure. Additional space may be needed in certain areas to accommodate FW structures. As
the design progresses, a number of iterations will be necessary to ensure that the physics
performance goals and engineering constraints are both satisfied. Most of these engineering
constraints have already become part of the coil winding path optimization process. Figure 9.4.3
compares the winding shape for each of the four coil types.

Several fabrication options are under consideration for the modular coils, but the baseline
concept uses flexible, copper cable conductor wound on a form and vacuum impregnated with
epoxy. The coil form also includes the support features that allow the coils to be connected into
an integral structure. The primary support feature is a contoured “I-beam” shape that follows
the shape of the coil winding. The windings are laid up by hand on either side of the “I-beam”
web, as shown in Figure 9.4-4.

The winding form structure is fabricated as a casting. Due to the complexity of the shape, the
pattern geometry must be tested and iterated to obtain a net accuracy within Smm of the true
shape anywhere in the section. At this point the casting is stress relieved in a fixture and re-
measured. Reference points are located, and all the structural interface features are machined.
Instead of making the winding cavity undersized and contour machining it to the required size
and accuracy, the cavity would be oversized in most areas. A very accurate, multi-part set of
patterns would be created using rapid prototyping techniques (such as stereolithography or
laminated object modeling) and these would be accurately positioned in the casting. The space
between the winding pattern and the structure would be filled with an epoxy grout. The pattern

1.9 m

=

Coil 1 Coil 2 Coil 3 Coil 4

Figure 9.4-3 Modular coil shapes
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Conductor Cavity Conductor Wound Sideplates Welded
Machined Directly into Structure to Structure

Figure 9.4-4 Winding and cast structure for modular coil

would be removed leaving a very accurate, molded winding cavity. This idea is illustrated in
Figure 9.4-5. In some areas, where the windings are very close together, there may not be room
for the epoxy grouting. In these areas the web of the I-beam would be locally machined to exact
size. Of course, a fully machined winding cavity would be considered if the cost were favorable.

The preferred option for the conductor is a flexible cable design. A typical design would consist
of a standard braided cable of fine copper wire (36 gage, for example) that would be pulled
through a “turks head” into a rectangular cross section. The conductor would be wrapped with
fiberglass tape and hand wound into the winding cavity of the coil form. Once a single layer of
conductor is in place a series of chill plates are installed and the second layer of conductor is
wound into place. The chill plates consist of a copper sandwich containing a serpentine cooling
passage with inlet and outlet pipes for the gas cooling. The chill plates avoid the need for
cooling the conductor internally, which is impractical for the turn lengths needed for QPS. Gas
cooling is used to avoid electrical failure modes common to water cooled coils.

After winding is complete, the final geometry is verified and the assembly is vacuum pressure
impregnated with epoxy to complete the insulation system. The primary advantage of the
flexible cable design is low cost, both to purchase the conductor and to wind it. The primary
disadvantage is the loss of copper area compared to a solid conductor. A packing fraction of up
to 75% can be assured, although 80% is theoretically possible. The design is based on a packing
fraction of 70%. A second disadvantage is that the conductor has little inherent strength, and
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Figure 9.4-5 Modular coil winding cross section

must be almost continuously supported by the integral coil structure. Other winding options,
such as a “dry cable”: design with no epoxy impregnation, have been considered but these would
require significant R&D to provide confidence that conductor motion would not cause fatigue
failure. It is very unlikely that a winding using all solid conductor would be feasible due to the
highly contoured winding path. Finally, this system requires a slightly compliant layer between
the outside of the coil and the winding form to accommodate relative thermal expansion.

After the winding pack is completed, thin side sheets are welded in place to provide a high-
vacuum “can” for the windings. This step must come after the epoxy impregnation to allow
vacuum leak checking of the can and to avoid contamination of the winding during welding.
Some development will be required to insure that no distortion of the coil occurs during the
welding process. In local areas requiring reinforcement, intermittent ribs are bolted to the
flanges of the “I-beam” as structural retainers for the windings.

The modular coil windings will be cooled with room temperature gas, but additional
performance may be possible by using refrigerated gas below room temperature. Figure 9.4-6
illustrates the dependence of pulse length on coolant schemes, including cryogenic cooling, and
on current density. The current density in the copper for the modular coils is a function of
number of turns, packing fraction of the cable, insulation thickness, and chill plate thickness.
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Figure 9.4-6 Pulse length vs current density in copper for various coolants

Figure 9.4-7 shows the range of current density as a function of number of turns and copper
packing fraction. The design point is 16 turns with a cable packing fraction of 70%, yielding a
net current density of about 8 kA/cm”2.

The modular coils are powered in groups of four by a set of existing solid state power supplies.
The goal is to allow the current in any set of four coils can be independently controlled from 0 to
125% of the nominal value. The pulse length depends on the operating temperature of the coil
set, the current density in the copper, and the voltage available from the power supplies. The
basic electrical characteristics of the modular coils are listed in Table 9.4.2. Since the coils are
located in a vacuum, they can be operated over a wide range of temperatures. As illustrated in
Figure 9.3-1, reducing the temperature only slightly below room temperature can have a marked
effect on the flattop time, and taking the coils to cryogenic temperatures enables flattop times of
several seconds. The total power as a function of current density is shown in Figure 9.4.8.

The coil leads will consist of commercial coaxial conductor routed through vacuum conduit,
where the coil sets will be connected in groups of four. Cooling gas will flow through the
conduit to supply the coils. The coil return gas will flow through a separate pipe.



Table 9.4-2 Electrical parameters for modular coil set

Parameter Coil 1 Coil 2 Coil 3 Coil 4
Single turn length, m 5.97 4.93 4.82 4.57
No of turns 16 16 16 16
Max current / turn, kKA 21.1 21.1 21.1 21.1
Resistance at RT, m-ohms 6.2 5.1 5.0 4.7
Circuit resistance, m-ohms 26.5 22.2 21.8 20.7

Current density vs number of turns
QPS, 337 kAmps per coil,

2 winding packs per coil, chill plate =2.5 mm

12000

o 11000 - copper
§ 10000 packing

. fraction
= N 9000 -
> —a
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Figure 9.4-7 Current density vs number of turns for various values of packing fraction
in copper
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Modular coil resistive power vs current density for two operating temperatures
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9.5 Auxiliary coils: OH, VF, and TF coils

Three pairs of vertical field (VF) coils, an ohmic heating (OH) solenoid, and a set of toroidal
field (TF) coils are provided in addition to the modular coils to reduce errors and for enhanced
experimental flexibility. As shown in Figure 9.5-1, all these coils are located outside the
modular coil set. The OH solenoid and inner legs of the TF coil set are contained in a
centerstack assembly that occupies the center of the bell jar vacuum vessel. This arrangement
allows these coils to operate in air, eliminating the need for vacuum electrical feed-throughs and
separate vacuum jackets. The inner and mid VF coils will require vacuum jacketing because
they are located inside the main vacuum vessel.

Center Stack
Includes:

* TF Inner Legs
» Solenoid

Outer TF Leg ,.
VF Coils

Figure 9.5-1 Auxiliary coil illustration

VF coils and OH solenoid

The OH solenoid and mid VF coils are new coils, while the outer two pairs of coils are re-used
from the ATF experiment. The mid VF coil is configured in an elliptical shape to better match
the plasma shape, but this shape has not been finalized. The coils are standard hollow copper
construction, and are sized to match existing power supplies as closely as possible. Table 9.C-1
lists the VF coil design parameters. No fast control coils are provided.
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Table 9.5-1 VF coil parameters

PF1, PF2 PF3 PF4 PF5
Parameter OH coils Mid VF QOuter VF-A | Outer VF-B
Current/coil, MA-turns 1.28 0.1 0.1 0.22
Radius , avg— (ax b), m 0.10x .9 0.75x 1.5 1.33 1.69
Height, m +/-.25,.75 1.27 1.23 1.04
Winding width, dr, cm 3.1 8 10.7 17.5
Winding height, dz, cm 4 x50 10 16.4 19.6
Gross current. density, A/cm’ 4225 1800 570 642
No. Of turns 4 x45 8 16 24
Current per turn, A 14340 12500 6250 9200
Resistive voltage/circuit, V ~400 27 116 99
Resistive power/circuit, MW 5.7 0.29 0.32 0.92
Approx. Wt./coil, tons 0.23 0.13 0.9 23

The OH solenoid must provide the required flux and must fit within the racetrack-shaped
opening in the center of the modular coil set. The TF coil center legs occupy the same opening,
so the solenoid is wound around the outside of the TF coil legs. One of the constraints on the
modular coil design was to provide sufficient space for the solenoid, which is a tradeoff between
current density in the solenoid windings and required flux. Figure 9.5-2 shows that for a flux
requirement of +/- 0.15 V-s and current density of "4500 A/cm”2, the clear opening through the
modular coils and structure must be at least 140 mm. The solenoid design is evolving, and the
final capability will depend both on the geometry and the details of the power supply matching.

Centerstack width vs current density in solenoid
length =900 mm, 70 mm reserved for TF + can + clearance
250 width
T 230 A
£ 210
>
o
£ 190 1 IA_ thickness —m—+/- 0.05 V-s
2 170 - '
—A&—+/- 0.1 V-
3 1501 —0—+; 815VVS
§ 130 - DU
] 110 | ——+/-0.2V-s
S i -
£ 90 - —0—+/-0.25 V-s
2 70 -
50 T T T 1
0.0 20 4.0 6.0 8.0 10.0
gross current density in solenoid (kA/cm*2)
Figure 9.5-2
OH solenoid capability as a function of centerstack width and current density in the
windings.
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Toroidal Field Coils

In addition to the VF coils there is set of toroidal field (TF) coils. The TF coils consist of a set of
straight inboard turns that thread through the bore of the solenoid and a set of outer legs that
return outside the “bell jar” vacuum vessel. All of the TF conductors are thus completely located
outside the vacuum space. The inboard turns consist of straight copper conductor with internal
cooling holes for water cooling, and the outboard turns are simply rolled copper buss-bars. To
facilitate installation and removal of the bell jar dome, the coils are jointed at the top and bottom
of the centerstack. A set of semi-permanent jumpers connect the flat centerstack with the
radially spaced outer return legs. The crossovers and feed buss are at the bottom of the
centerstack. Figure 9.5-3 illustrates the TF coil set and relation to the plasma and bell jar.

The existing power supplies and cooling system are adequate to drive the TF set to an average
field on axis of +/-0.15 Tesla. The TF coil current will be controlled independently from the
modular coils. Table 9.5-2 lists the TF coil parameters.

Figure 9.5-3
TF Coil geometry relative to plasma
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Table 9.5-2 TF Coil parameters

Parameter Value Remark

Field capability +/-0.15 T Field at 0.90 m

No. of outboard return legs 12 Bundle of 4 turns each
Total number of turns 48

Current per turn 14 kA At full field

Circuit voltage at full current 191V All turns in series
Power at full current 2.7 MW

Temperature rise in centerstack ~2.5C/s




9.6 Structural concept

General description

The support structure is composed of two basic systems. The primary structure is formed by the
set of modular coil winding forms, VF coil structural rings and shear panels, which are bolted
together at assembly into an integrated structure. The secondary structure consists of the
external vacuum vessel and pedestal support columns, which provide the base for the machine as
well as the support system for TF coil return legs.

The modular coil structure is shown in Figure 9.6-1. The modular coils are directly attached, via
the vertical web structures and flanges, from coil to coil and from coil to the VF coil ring
structures, to form an integrated structure that reacts centering loads and twisting moments. The
details of this structure are still being developed, but the intent is to take advantage of the coil
form castings to provide most of the features necessary for both winding and reacting the forces
in the coils. The centering load will be taken as a compressive hoop load in the vault formed by
the modular coil set. The torque produced by the out-of-plane forces acting on the modular coils
will be transmitted between coils via the cast bridging structure at the inner and outer perimeter
of the coil vertical webs and to the PF rings. Any net torque will be carried between the upper
and lower VF rings and bridging structure via two large shear panels on the outer perimeter of
the outer VF ring structure. A pair of vertical shear plates is also located in the bore of the
machine. The bore is very crowded, so the inner shear plates have openings corresponding to the
innermost regions of coils 1 and 2.

PF Enclosure
+ Structure Inner Shear Plate

Coil
Structure Outer Shear Panel

Figure 9.6-1 Support structure system
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Magnetic field and force analysis

The magnetic fields and forces were calculated using the MAGFOR program, which handles the
complicated modular coil winding geometry with 20 node iso-parametric bricks. A model was
constructed that includes the modular coils, the TF centerstack turns, the VF coils, and the plasma.
The calculated fields for the nominal 1 Tesla operating case are shown in Figures 9.6-2 and 9.6-3.
As shown in the figures, the maximum field at the modular coil conductor is only 2.1 T, about
twice the average field on axis. The peak field in the other coils is significantly lower.

The forces on the coil set are rather complicated, because in addition to the nominal centering force
there are large vertical loads on each of the coils. The vertical forces balance out in total but cause
substantial local loading on the structure. The net forces are illustrated in figure 9.6-4

Bmod (T)
210

307-kA

1.64

1.44

1.2

Rl

Figure 9.6-2 Electromagnetics model and field contours at the nominal 1 Tesla
operating scenario
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The force distribution on the modular coil windings were also calculated, and these are plotted as a
function of winding perimeter in Figure 9.6-5. As expected, the forces peak on the inboard region.
The force plot represents the total running load on the pair of winding packs for a given coil. In
general, the loads on the two winding packs are toward the structural web for most loading
conditions and in most locations. However, in a few regions around sharp curves the outside

winding pack will tend to pull away from the coil form structure. In these regions a reinforcing
band may be required to retain the winding.

2500
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Figure 9.6-4 — Distribution of force on the four types of modular coils per unit length vs
a normalized poloidal location
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Structural design studies and analysis

A preliminary finite element structural analysis has been performed using electromagnetic loads
for the nominal operating scenario: 1 Tesla from the modular coils, 0.15 T from the TF coils and
the nominal currents in the outer VF coils. The finite element model includes the I-beam cast
structure and a series of constraints that simulate various methods of supporting the coils. The
winding stiffness was not included in the analysis. The structure was modeled with plate and beam
elements, and the analysis was performed using the ANSYS Finite Element Code.

The most successful system of constraints was to tie the coils together directly with shear panels.
This is very difficult to do in practice because the complex geometry does not lend itself to planar
bolted joints. However, it is possible to obtain a simple reference surface by providing a ring
structure around the VF coils. A vacuum enclosure is needed around the VF coils in any event,
and it may be possible for this enclosure to double as the backbone of the structural system.

The results for a moderately interconnected structure are illustrated in Figures 9.6-6 through 8. For
the nominal load case, this support structure will deflect approximately 1 mm and experience Von
Mises stress due to torsion and bending of less than 100 MPa (14 ksi) in most general regions.
There are some localized areas, however, that experience stresses over 200 Mpa. The structure has
not been optimized, but it should be relatively easy to locally reinforce the casting to reduce both
the stresses and deflections. The goal will be to reduce all the stresses to less than 100 Mpa and
keep the deflections to less than 1 mm for the final structural configuration.

Figure 9.6-6 Analysis model with beams representing coil-to-coil structure
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Figure 9.6-7 Deflections for structure with intercoil support
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Figure 9.6-8 Modular coil Von Mises stresses at 1 Tesla
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9.7 Vacuum system and PFCs, (external vessel, pumping, wall conditioning and
power and particle control)

The QPS vacuum vessel is a large, existing bell jar. The vessel has numerous ports and is
divided into a reinforced flat base, a lower spool piece, a middle spool piece and a dished head.
The head and base are made from 300 series stainless steel, but the spool pieces are fabricated
from aluminum. The vessel is illustrated in Figures 9.7-1 and 2. To improve the vacuum
quality, the large seal surfaces will be re-worked to accommodate double o-rings with interstitial
pumping. Thermal insulation blankets and heaters will also be added to provide a bakeout
capability with a temperature goal of 100 to 150 C. The temperature limit will be based on the
differential thermal expansion of the vessel head and spool pieces and on the temperature limit of
the solenoid winding in the centerstack The basic vessel parameters are listed in Table 9.7-1.

Table 9.7-1 Vacuum Vessel Parameters

Baseline material 6061 Aluminum and 304l ss
Nominal outer radius 1.9m

Max height 4.9 m

Thickness 1.3t02.5 cm

Inside surface area ~75 m2

Enclosed volume ~45 m3

Bake out temperature 150 C

Operating temperature 20-100 C

Thermal growth during bake out 0.3 cm radial

Studies are under way to assess the effect of the aluminum spool pieces on the ability to quickly
ramp the current in the vertical field coils. It may be advantageous to procure new, stainless
steel vessel sections to replace the aluminum sections. The cost of the new sections will be
partially offset by eliminating the need to refurbish and modify the seals on the existing vessel.
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Figure 9.7-1 Vacuum tank and dimensions
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Vacuum Pumping and wall conditioning

The vacuum boundary is given by the existing aluminum bell jar. The vacuum conditions will
be determined by the out-gassing rate of the bell jar, all internal components, and the leak rate.
The vacuum seals are viton o-rings and are bake-able up to 150° C. The centerstack casing may
be limited to 100C due to the difficulty of isolating this structure from the solenoid coils. To
reduce the leak rate as much as possible, the main seals are differentially-pumped double seals.
Applying a mild fore-vacuum to the space between the seals, will reduce the leak-rate by orders
of magnitude. Hence, the targeted leak-rate of Qleak<10'5 Torr-1/s should be achieved easily. Any
graphite surfaces such as the divertor baffle plates should be baked at 300 °C to drive out the
water.

The out-gassing rate of Al can be as favorable as that of stainless steel; for Al with conventional
surface cleaning and baking at 150° C, out-gassing rates of <10 Torrl/sm™ have been achieved
[1]. Assuming a surface area of 75 m” for the bell jar and doubling it for other in-vessel surfaces,
will result in total out-gassing rates of 1.5x10” Torr-I/s. The base pressure will be provided by a
set of turbo-molecular pumps with 1000 L/s effective pumping speed. That will provide a base
vacuum of <10 Torr based on the leak rate and 1.5x10™° Torr based on the out-gassing rate.

The pumping will be accomplished through the large, 22 inch ports located on the midplane of
the vessel. Each of the four ports will be equipped with a spool piece that can accept an existing
25 cm turbomolecular pump with its isolation valve. A microwave screen will be required over
the pump opening to prevent damage from the ECH system.

If necessary, large area titanium pumping can be activated in the top of the bell jar. This area will
be baffled so that the titanium is prevented from reaching the walls of the main discharge
chamber. Transient pumping speeds of ~10° I/s can be achieved. This pump can be activated if
either the partial pressure of impurity gases gets too high or if the pressure of neutral hydrogen
increases to the point that density control becomes a problem.

Wall conditioning will include glow-discharge cleaning in hydrogen for chemical cleaning of the
surfaces with chemically reactive atomic hydrogen and in helium for physical scrubbing and
hydrogen depletion of the surfaces. For uniform glow discharges, two or more electrodes will be
installed. Surface modifications by film deposition such as boronization or other techniques is
foreseen for the main plasma chamber. Boronization will be installed with the more benign
Trimethylboron (as opposed to the highly toxic and pyrophoric Diborane).

Limiters, Divertors and First Wall

There are no plans for a separate first wall structure on QPS, only local baffles in the form of
divertor structures near the ridgeline of the plasma. The basic concept is illustrated in Figure
9.7-2 — 3. As shown in the figures, symmetrical baffles would be placed between the coils and
the plasma in the region where most of the particle losses are expected. The baffles would be
coated with boron carbide rather than carbon to avoid the need for a high temperature bakeout.
Additional limiter or baffle structures can be provided as upgrades later in the QPS program.
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The modular coils, which represent the closest approach to the plasma, are operated at or above
room temperature as described in section 9.3. In order to reduce gas evolution from the coil
surfaces, it may be possible to retrofit low-Z or low-Z- coated covers over the plasma facing side
of the coils that can be independently heated. This upgrade would also be useful to allow the
coil operating temperature to be reduced.

Plasma
Surface

y/
i
J‘/

- ..

nvelope
elope

Figure 9.7-2 Divertor baffles relative to plasma

Figure 9.7-3 Divertor baffles relative to coils
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9.8 Diagnostic and heating access

Access to the plasma for heating and diagnostics is extraordinarily good for QPS because the
only constraints are associated with the external vacuum vessel and the modular coil structure.
Port locations and sight lines do not have to be determined a priori, and there are no long, port
duct extensions to constrict viewing angles. Antennas and launchers can be mounted inside the
vacuum region free from the typical port limitations. Figure 9.8-1 illustrates the plasma view
through the large 22-inch ports.

In order to save cost, gate valves will not be used for the major port openings, but some
individual diagnostics applications that require a retractable configuration may need to use a gate
valve. Reentrant ducts will be used where needed.

Diagnostics that need to be replaced will require a vacuum opening. This can be done by letting
the vessel up to dry nitrogen for short periods or waiting until the next general opening if the
diagnostic does not present a leak problem.

Plasma

(6) 12" Dia Ports
(4) 22” Dia Ports
(18) 8” Dia Ports
(23) 6” Dia Ports

for Coil Leads, Personnel
Coolant Feeds, etc. Access Door

Fig 9.8-1 Diagnostic access through external vessel ports
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Maintenance access

Maintenance inside the vacuum vessel can be accomplished in three ways: By reaching through
the ports in the vessel, by entering the vessel through the large man way, or by removing the
vessel lid. These approaches are illustrated in Figure 9.7-2

Fig 9.8-2 Maintenance access via man way or by removing vessel dished head
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9.9 Machine Assembly
Device Location

There are presently two possible locations for the QPS experiment, one at the ORNL site and the
other at the Y-12 National Security Complex. Both locations would be equivalent in terms of
capability and infrastructure. The current plan calls for the QPS device to be located in the 7600
area of the Oak Ridge National Laboratory (near the X-10 site) in a new facility to be
constructed in FY 2003. The location is shown in Figures 9.9-1 and. 9.9-2. The infrastructure is
described in detail in Appendix C of this proposal. The device will be mounted above a pit to
provide better access for diagnostics and utility routing and to avoid carbon steel reinforcing in
the concrete pad. A safety enclosure (75 x 50°) will surround the device and a new control
room (50’ x 25”) will be located adjacent to the enclosure.

Two 20- ton capacity cranes are available for device assembly and maintenance. The total
estimated weight of the QPS device is about 60 tons, as described in Table 9.9-1

Table 9.9-1 Component quantities and weights

Component Quantity Est. wt., each Total weight
(tons) (tons)

External vacuum vessel 1 10.7

Base 1.5

Lower Ring 1.1

Mid Section - 4.7

Head 3.4
Modular coil assemblies 2 5.8 11.6
(avg, with associated cast structure)
OH Solenoid, PF-1 ,2 4 25 1.04
Elliptical VF coil, PF-3 2 0.25 0.5
Outer VF coil, PF-4 2 0.9 1.8
Outer VF coil, PF-5 2 23 4.6
Outer ring structure 2 2.6 5.1
Elliptical coil structure 2 .8 1.6
Inner shear panels 2 9 1.8
Outer shear panels 2 .8 1.6
TF Coils

Inner leg assembly 1 1.4 1.4

Outer legs and jumpers 12 0.5 6.5
Centerstack casing 1 3.0 3
leads, local bus, misc clamps 1 1.0 1.00
Base support pedestals 3 1.0 3
Grand Total, stellarator core 56.8
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Figure 9.9-1
Plan view the new Energy Sciences Research Building in the 7600 area of the Oak Ridge
National Laboratory, near the X-10 site
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Alternate Device Location

As an alternate to the new facility described above, the QPS device could be located in Building
9201-2 at the Oak Ridge Y-12 National Security Complex, between columns 16 — 19 and
columns D — F. This location is shown in Figure 9.9-3. This location would also take advantage
of existing facilities and equipment, which minimizes the cost and schedule for the project. The
device would be mounted on the reinforced concrete pad that was built for ATF and would
utilize the existing ATF safety enclosure and control room. Two 20- ton capacity cranes are
available for device assembly and maintenance.
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Figure 9.9-3 Alternate location for QPS at the Y-12 National Security Complex

9-34



Machine Assembly Sequence

The QPS stellarator core will be assembled to the extent possible at an outside vendor’s site and
installed on the reinforced concrete pad in the ATF area. Assembly at the vendor’s site helps
insure the accuracy of the completed system, since problems will be identified in a place where
they can be more easily remedied. It also puts more of the responsibility for quality with the
fabricator. However, due to the large weight of the completed stellarator core, only
subassemblies of the machine can be handled for subsequent final assembly. While the total
weight of the modular coil assembly may just be under the crane limitations, a fully integrated
assembly must include the centerstack and this component definitely puts the total weight over
the limit.

The present plan calls for the complete modular coil set to be pre-assembled, aligned, and all
holes match reamed at the vendor site, then split apart into the two field periods. These would be
shipped and reassembled on site.

The main assembly steps both on and off-site are listed below and illustrated in Figures 9.9-4
through 9.9-6

Machine Assembly steps at Vendor'’s site

Set up measurement and alignment datums

Prepare half period coil/vessel sub-assemblies (Figure 9.9-4)

Align and pre-fit two half period assemblies around centerstack
Disassemble and ship two field period subassemblies to assembly site

Remaining Machine Assembly to be done on-site

Install and level pedestal attachment features on pad

Install vacuum tank base

Pre-positions lower outer and mid VF coils (PF-3,4,5)

Install centerstack on base

Install lower TF turns

Install / align coil field period sub-assemblies on vessel base (Figure 9.9-5)
Install upper, outer and mid PF coils and support ring covers (Figure 9.9-6)
Connect cooling lines to gas manifold around base

9. Perform coolant leak check

10. Connect buswork to coil leads

11. Perform low current electrical check

12. Install vacuum tank spool piece, dished head, and outer TF coil legs (Figure 9.9-7)
13. Leak check vacuum vessel

14. Install machine diagnostics and [&C

15. Perform pre-operational checkout and coil tests

16. Install auxiliary heating systems

17. Install plasma diagnostics

e A R
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Field Period
J <

Figure 9.9-4 Assembly of modular coil field periods with structure: pre-assemble / fit up
two field periods, then disassemble into single period subassemblies for shipment to site

Center Stack

Assembly
ATF mid VF Caoll
Vessel Base
Inner VF Coil
Support Columns

Vessel Lower
Spool Piece

Figure 9.9-5 Install base and pre-position lower VF coils
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Second Period

One Period Sub-Assembly InPslt:aﬁ:g(ijlsin
Sub-Assembly Installed Around Support Ring
Installed Around Center Stack ~ Center Stack

Center Stack _

Figure 9.9-6 Install centerstack, two field periods and upper VF coils
Route all leads/cooling through lower spool piece

Vessel Quter
Lid TF Coil

Vessel Upper Support Ring
Spool Piece : N - Cover

Figure 9.9-7 Install main spool piece, TF legs, upper head
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9.10 Ancillary Systems

The following sections describe the ancillary systems, which include the device support facilities
such as the coil power supplies and water cooling system, as well as experimental support
systems and facilities such as the diagnostics and control room. The QPS device has been
conceived to take advantage of as many existing facilities and systems as possible.

Power Supplies

Existing power supplies owned by ORNL's Fusion Energy Division were evaluated to determine
their compatibility as magnet power supplies for the coils as proposed for the QPS device. Power
supply voltage and current ratings were matched to the amp-turn requirements of the modular
coil set, the OH solenoid and the three pairs of vertical field coils to determine a satisfactory
number of turns for each coil. The power supplies included in this study were the Advanced
Toroidal Facility's (ATF) helical field power supply and ATF's three vertical field power
supplies, and six power supplies on standby from the Large Coil Test Facility (LCTF). Table
9.10-1 summarizes the power supply capabilities and coil assignments

Table 9.10-1 Coil Power Supply Assignments

Coil Set Power Supply

Modular Coils, Existing ATF helical field power supplies, 4 each

4 groups of 4 coils 650 V open circuit voltage, 30 kA pulsed current

OH solenoid, PF-1,2 Existing ATF VF coil power supply

2 pairs of solenoid coils in series | 625 V, 15kA pulsed

Elliptical PF coils PF-3 Existing LCTF power supplies x 2

1 pair of coils in series 12V, 25 kA

Outer PF coils, PF-4,5 Existing ATF VF coil power supply

2 pairs of coils 625 V. 10 kA pulsed rating (PF-4 is powered alternately
or in series with another coil set)

TF coils Existing ATF VF coil power supply

1 circuit, 48 total turns in series 625 V. 15 kA pulsed rating

Modular Field Coils

The ATF helical field power supply consists of 8 modules that are presently connected to operate
at 62.5 kA on a continuous duty cycle. This system is readily compatible with the modular field
coils consisting of 4 circuits of 4 coils each.. The buswork must be modified to provide separate
connections to each power supply module.
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Vertical Field coils and OH solenoid

Each of the three pairs of OH / vertical field coils will be driven by separate power supplies. The
ATF VF coil supplies match the OH and outer VF loads well and will be used by these circuits.
The mid VF coil requires lower voltage and can be accommodated by two of the LCTF low
voltage power supplies. The LCTF power supplies would have to be relocated and installed near
the QPS device.

Toroidal Field Coils

The toroidal field coils will be driven by a single ATF VF coil supply. This limits the toroidal
field to about +/- 0.15 T. Further optimization of the coil design is planned to better match the
capability of this power supply.

Cooling system

Cooling for the QPS will be provided by an existing demineralized water system located in the
7600 area of ORNL, either directly for water cooled components or through a helium gas heat
exchanger. The water system consists of a closed-loop demineralized water facility with a
nominal summer continuous cooling capacity of >2 MW. The system has the capability to
supply 750 GPM at 60 psi.

The coil gas cooling system will utilize an existing compressor rated at 200 horsepower to
compress gas to 100 psi. The compressor skid has an integral heat exchanger through which the
gas is circulated.

As shown in Table 9.10-1, the QPS magnets and ancillary systems have an equivalent continuous

thermal load of ~ 600 KW. The QPS will require about 400 gpm for a differential inlet

Table 9.10-1 QPS Device Cooling Requirements

System Cooling Load (kW)
Peak Avg.*

Modular coils 48.700. 82.

VF coils 2,600. 4.

Ancillary equip., power supplies, | 15,000. 500.

etc. (est.)

MACHINE TOTAL 65,300. ~ 600.

*Assumes 1 second ESW pulse every 10 minutes
and outlet temperature of 10 F. The water will be distributed to the helium compressor, power

supplies, gyrotrons, and other ancillary equipment. Inlet and outlet ring headers will distribute
the cooling gas from the heat exchanger to the 16 Modular coils (two circuits each) and the 5
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pairs of VF coils (one circuit each). Each cooling circuit for the magnets will be connected to
the headers outside the vacuum vessel. The lines will incorporate a manual flow control and
shutoff valve, a flow indicator and inlet and outlet thermocouples. The flow indicators and
temperatures from the thermocouples will be monitored in the control room.
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9.11 Schedule

Schedule Estimate

The QPS schedule is based on an engineering estimate of design, fabrication, assembly and
installation times for the major components and systems.
schedule logic, identify the critical path, and make a first estimate of the total time required.
Based on the best estimate so far, it appears possible to reach first plasma approximately four
years after start of Title I design. This assumes that the conceptual design is completed and the

funding profile is not a constraint.

The summary estimate is shown in Figure 9.11-1.

QOS PROJECT
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Project Start

Preliminary study and preparation of proposal
Physics Validation Review

DOE validates QOS project

R&D

Engineering Design

Fabrication

Site Preparations & Facility

Y
—
&
& o

Startup
83 |First Plasma ® u
84 |target date for first plasma & o0

Figure 9.11-1 Overall project schedule
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9.12 Summary

A systematic study of the QPS facility has been completed, including pre-conceptual design of
the stellarator core, identification of ancillary equipment and infrastructure requirements, and an
estimate of the construction cost and schedule. The design is based on a two field period
configuration with 8 modular coils per period. The average major radius is 0.9 m and the
average minor radius is 0.35 m for an aspect ratio of 2.6. For experimental flexibility, an ohmic
heating solenoid and 3 other pairs of vertical field coils are provided, as well as a set of toroidal
field coils producing +/- 0.15 Tesla. The coils and associated structure will be located inside an
existing “bell jar” vacuum vessel, avoiding the need to fabricate a complex internal vessel.

The QPS experiment will be located in a new building planned for the 7600 area of the ORNL
X-10 site. The existing Fusion Energy Division infrastructure, including power supplies, cooling
systems, experimental enclosure, control room, etc. will be moved or duplicated at the new
facility.

Some of the remaining issues associated with design and construction of the stellarator core
include:

e Optimizing the coil set geometry to increase the space between coils and the bend radius
of the winding path while minimizing the local twist of the cross section.

e Casting the modular coil forms within a tolerance of +/- 5 mm.

e Preparing an accurate winding cavity by grouting and/or machining and winding the coils
within the acceptable geometric tolerance of +/-1.0 mm.

e Vacuum “canning” the coils without causing distortion.

e Providing a structural support concept that maximizes access to the plasma and
minimizes deflection of the coil set

e Performing a tradeoff study between re-using the existing aluminum vacuum vessel
sections and buying new stainless steel sections. This relates both to vacuum quality and
to the long time constant of the aluminum shell.
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10. PLASMA-WALL INTERACTIONS AND VACUUM QUALITY

10.1. Relevance of the Plasma Boundary Program to the QPS Mission

It has been established over the past two decades of fusion research that the control of neutrals
and impurities is a prerequisite for enhanced plasma confinement. To this extent, power and
particle handling has become a key element for optimizing the performance of any fusion
device. Even though the control of plasma-surface interactions and the development of
plasma-facing components (PFCs) are not primary objectives of QPS, they become secondary
objectives in support of the QPS mission.

To achieve good plasma performance, influx of both neutrals and impurities into the core
plasma should be minimized in QPS. This can be achieved through the boundary
configuration and choice of materials and design of the PFCs on the one hand, and through
optimized plasma operation on the other hand. It has been demonstrated in the past that
reduction of recycling and impurity influx both has led to improvement of confinement in
tokamaks [1, 2, 3] and stellarators [4, 5], athough the question of the relative importance of
neutrals vs. impurities has never been resolved.

The effect of neutrals on plasma confinement in toroidal configurations is not fully
understood, but it has been shown that charge-exchange (cx) processes in the edge can cause
enough momentum removal from the edge to result in friction forces comparable or larger
than the effect of neoclassical damping [6, 7]. This damping of the plasma rotation by cx-
friction is a possible candidate for causing limitations on plasma performance.

The impurity story in toroidal devices is complex and we are just beginning to understand
some of the details. The goa of impurity control is to reduce the concentration of intrinsic
impurities such as oxygen and carbon as far as possible by wall conditioning and other
methods. This has dramatically improved plasma confinement as e.g. in the VH-mode [3] or
Supershot-mode [8]. Subsequently, another improvement of plasma performance was
achieved by seeding the plasma edge with extrinsic impurities, such as neon, which were
selected to produce a particular radiation profile in the edge [9]. The result was a plasma with
a radiating mantle and improved confinement. It has been shown that impurity injection
reduced long wave-length turbulence in the edge which is assumed to be responsible for
anomalous transport [10]. Radiating mantles might turn out to be well suited for operation in
ergodic boundaries of stellarators, because radiation distributes power fluxes more uniformly
to the walls than conduction and convection which could help to simplify the surface
interaction of the complicated three-dimensional boundary plasma structures with limiters or
divertor plates.

Overall, to accomplish the goals of the QPS program, it is clear that we need to achieve
plasmas with the highest possible confinement and pressure for given machine capabilities. At
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a given magnetic configuration, the control of recycling neutrals and impurities is a key
ingredient towards achieving this goal.

10.2 Vacuum and Wall Conditioning
10.2.1. Vacuum Vessel and Pumping

A comparison between a vacuum vessel, more or less conformal with the plasma, and a bell
jar housing the plasma, the coils and most of the other machine components, led to the
decision to utilize an existing aluminum bell jar (cf. discussion in section 3.6) which had been
used in the past for the ORMAK experiment [11]. This eliminates the need for building avery
complex three-dimensional vacuum vessel and it simplifies many issues which are a
conseguence of the complex plasma and coil shape. In particular, it greatly enhances the
access to the plasma for heating and diagnostics. But, on the other hand, this solution requires
vacuum-tight casing of all in-vessel components.

The achievable vacuum is given by the applied pumping speed, the total leak rate and the
outgassing rate of all internal surfaces. Practical pumping speeds which can be applied to QPS
are typically S=5000 Ls" at the pumps or S,; = 2500 Ls* at the vacuum vessel, provided by
two existing Bal zers turbomol ecular pumps.

Typical leak rates in today's plasma devices with all flanges, seals, etc. are Q_ < 10° Torr-Ls™.
This should be achievable in the QPS bell jar if the main seals are double-seals with
differential pumping. The required base pressure prior to plasma operation in the bell jar isp,
< 107 Torr; which would require pumping with an effective speed of S, = 10° Ls*. The
assumed effective pumping speed of 2500Ls™ should be sufficient to reach the required base
pressure.

Outgassing rates depend on material and treatment. With the aluminum bell jar and stainless
steel casings of the coils, we will have approximately equal surface areas of aluminum and
stainless steel in the vacuum vessel. The outgassing rates of aluminum have been measured
to be similar to stainless steel [12]. Typical values for aluminum are 6 x 10°® Torr-Lms™ for
fresh aluminum and 4 x 10" Torr-Lm™?s* for aluminum baked at 100°C for 20 hours[12]. We
see that baking can reduce the outgassing rate up to four orders of magnitude. Assuming that
the residual pressure due to outgassing should not exceed the pressure caused by the leak rate,
we need to aim at atotal outgassing rate which is also Q,< 10®° Torr-Ls*. The total surface
area of the bell jar is approximately 75 m? (Al) and we allow for the in-vessel components
about the same surface area, i.e. we have a total surface area of approximately 150 m?,
resulting in an allowable outgassing rate of 10° Torr-Ls*/150m?, i.e. 6.6 x 10® Torr-Ls*m?.
Hence, we need an outgassing rate approximately two orders of magnitude below the value of
fresh aluminum, which should be achievable with mild baking. The residual outgassing for
stainless steel baked for 20 hours at 100°C was measured at 1 x 10°Torr-Lm?s* [12], well
within our criterion for the maximum allowable outgassing rates.
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The differentially-pumped seals (viton o-rings) in the bell jar can make up a fairly large
surface area and may contribute significantly to the overall outgassing rate. The outgassing
rate for viton is quoted as 4 x 10° Torr-Lm?s* initially [13] and 1.8 x 10° Torr-Lm*s* after 4
hours of pumping. Estimating a total surface area of 4 m* of exposed viton, and a pumping
speed of S, = 2500Ls™, the pressure due to the viton outgassing will be p = 2.8 x 10°Torr,
clearly above the needed value. Baking viton in air for 4 hours at 150°C can reduce the
outgassing rate by more than two orders of magnitude. This procedure will provide the low
outgassing rates leading the required base pressure.

Previous experience using the existing bell jar in the ORMAK experiment yielded base
pressures of p =2 x 107 Torr at room temperature with 2 x 10*L/s pumping speed [14]; these
values are consistent with the above estimates for viton outgassing. When ORMAK was
cooled down to liquid nitrogen temperatures, base pressures of 10 Torr were achieved.

10.2.2. Vessel Bakeout

Unbaked metal vessels can release up to 100 monolayers (~10* particles per m?) of water
molecules at elevated wall temperatures or by plasma bombardment. Baking can reduce
outgassing rates by orders of magnitude, in metals as well as in graphite. The necessary
temperature depends on the binding energies of the outgassing species. For metal walls, bake-
out temperatures of 150-200°C for 24 hours can reduce outgassing by 3-4 orders of
magnitude, after which the base pressure is usually in the 10® Torr range, with hydrogen
being the dominant residual gas. This residual hydrogen originates from the manufacturing
process and can be driven out by baking at temperatures of 400°C. This latter technique is
used in UHV applications and usually results in residual pressures in the 10*°Torr-range.
Since hydrogen is the working gas in fusion devices, the high-temperature bake is usually not
required in metal vessels used in fusion applications. For graphite walls, on the other hand,
there is considerable evidence that baking to about 350 °C is the first necessary step toward
achieving optimum wall conditions. This is the temperature necessary to drive out the water
molecules located in the graphite pores in quantities up to ~1Torr-L/g. Therefore, using
significant amounts of graphite in the plasma vessel, usually requires high-temperature
baking. If non-graphite plasma-facing components can be utilized for the device, baking
requirements are relaxed and the lower baking temperatures can substantially reduce the
engineering requirements of the device. Choices for materials of PFCs will be discussed
below.

10.2.3. Glow Discharge Cleaning

Glow-Discharge Cleaning (GDC) is today's standard wall conditioning technique for fusion
devices. Most experiments use two or more fixed GDC anodes. GDC can be carried out in
hydrogen isotopes for chemical clean-up of oxygen etc. or for wall pre-loading with specific
hydrogen isotopes, or it can be performed in helium which provides physical cleaning by
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sputtering and hydrogen removal by particle-induced desorption. Given uncertainties about
GDC initiation and performance in the QPS geometry, the Helium Glow Discharge Cleaning
(HeGDC) equipment should be designed for 2 ports with 4.5 inch O.D. flanges equally spaced
toroidally for fixed wall anodes. These anodes will be used for both GDC and gaseous
boronization. To reduce the pressure during the GDC, pre-ionization filaments or rf-assisted
glow will be used, if necessary. This reduces the working pressure to values of <10 Torr,
which is easier to handle by the turbo-pumps for long duration pumping.

10.2.4. Boronization

Boronization is a much desired wall conditioning technique, because it has led to improved
performance in every single fusion machine to which it was applied. Boronization
dramatically reduces the oxygen content of the plasma by gettering and provides low-
recycling walls. The QPS boronization method should be sufficiently convenient and
economical to be an operational tool that can be applied quickly and as often as required. It
should also have minimal environmental, health, and safety impact. It should be possible to
use hydrogenated or deuterated boron compounds depending on subsequent plasma
operations.

A suitable and comparably effective candidate compound for QPS boronization is
Trimethylboron [B(CH,), or B(CD,),] which is presently in use on many fusion devices.
Trimethylboron (TMB) is about a 1000 times less toxic than diborane and nonexplosive.
TMB boronization was first tested on TEXTOR where it was found to be comparable in
effectiveness to Diborane and considerably safer [15].

For the standard boronization procedure we follow a prescription used by Kugel on NSTX
[16]. Specific safety measures are applied, which have become standard operating procedures
in many fusion devices of today. Power supplies of ~450V, ~1A per anode will be used. A
mixture of 90% He and 10% TMB [B(CH,), or B(CD,),] isinjected into the HeGDC until the
TMB is consumed. This application is followed by HeGDC to remove the co-deposited
hydrogen or deuterium from B/C film [16].

10.3. Plasma-facing Components and Divertor Configuration
10.3.1. Limiter vs. Divertor Operation

The difference between divertor and limiter operation is often not very obvious, thereforeit is
useful to define the main characteristics of the two modes of operation as we will use them in
this proposal:

1. Divertor plates intercept open field lines. This could be islands or stochastic regions outside
the separatrix. Hence, divertor plates have some edge plasma as buffer between the solid
surface and the confined core plasma. This is advantageous for neutrals re-ionization and
high recycling operation as well as for impurity screening. For symmetric operation in a
stellarator, one set of divertor plates for each field period is needed.
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2. Limiters intercept closed field lines of the confined core plasma. Here, the connection
lengths are long (at least several toroidal revolutions), and the solid limiter surfaceisin direct
contact with the confined plasma. The limiter acts as a major recycling source of neutrals as
well as a mgjor impurity source released into the main plasma. But, on the other hand, the
limiter provides a well-defined plasma edge and may prevent uncontrolled plasma-
interactions of islands or stochastic regions at certain parts of the wall.

Limiter operation might be the best way to start operation of QPS, while in later stages the
advantages of a separatrix should be fully utilized by having any solid surfaces remote from
the main plasma, controlling neutrals and possibly impurities by divertor baffles.

10.3.2. Magnetic Topology Outsidethe LCM S and Divertor Configuration

First results on field-line tracing outside the last closed magnetic surface in QPS show that the
connection lengths of field-lines launched within a few cm outside the LCMS are long
(several toroidal revolutions). This looks favorable for effective power and particle control
with PFCslocated outside the LCMS, i.e. in divertor configuration.

To determine where power and particles leave the confined plasma, i.e. as guidance for the
design of the plasma-facing components, we have started to generate field-line plots outside
the LCM S for the top, inside and outside of the cross-sections at the start and halfway through
the field—period. First results of Poincaré plots, with an examplein Fig. 10.1, indicate that the
areas of most pronounced island formation and strongest clustering of field line punctuations
are in the top and bottom of the bean-shaped cross-sections (¢ = 0). In the particular plot
shown in Fig. 10.1, a total number of 30 field lines were launched, starting at the outboard
midplane separatrix, 2 mm apart from each other. These field lines were followed many
revolutions, until they intercepted a conformal surface at 10 cm from the LCM S, where they
were stopped. The plot clearly indicates island formation outside the LCMS, in particular at
the top and bottom of the cross-section. These are the areas where the interception of the
boundary energy- and particle flows will be most efficient. Approximate shape and positions
of top and bottom divertor baffles are indicated. It is clear, of course, that the baffles have 3-D
configurations and change their shape as a function of toroidal angle @.
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Fig. 10.1 Puncture plots of 30 field lines launched at the outer midplane separatrix, 2 mm
apart; outer black contour: 10-cm conformal surface; blue objects: schematic divertor baffles.

The three-dimensional view of the divertor baffles (gray) along with the plasma surface (red)
is depicted in Figure 10.2. The figure shows a schematic view of the divertor baffles; the
exact shape and location, i.e. poloidal and toroidal extend, will be optimized with the aid of
neutrals modeling.

divertor 7

baffle

Figure 10.2 The QPS plasma surface (red) and the divertor baffles (2 per field-period)
running along the helical edge of the plasma
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10.3.3. Power and Particle Handling

Power and particle handling is to a large extend determined by design and material of the
plasma-facing components (PFCs). The PFCs are typically designed for handling up to 80%
of the total input power and, ideally, to provide some neutrals control.

As discussed above, the materials choice for the PFCs aso has a strong impact on the baking
temperature and, therefore, on the engineering of the device. For our baseline design, we
consider the use of locally in-situ bakeable graphite or boron carbide for the PFCs. Boron
carbide has the advantage of having a low atomic number Z with some promise not to need
the high-temperature bake-out like graphite. It's main weakness in comparison with graphite
is the lower thermal shock resistance. But for the power fluxes anticipated in QPS, this
shouldn't present a problem. Boron carbide has been tested for limiter applications and
showed thermal shock fracture under conditions of 24 MW/m? for t = 0.5s[17]. The PFCsfor
QPS will be designed in away so that the power flux does not exceed 10 MW/m? for 0.5 s.
The actual materials choice and necessary bake-out temperatures have yet to be finalized.

The total heating power in QPS will be 1.4 MW: 0.4 MW of ECH and 1.0 MW of ICRF and
the pulse duration will be < 1 s, redlistically not above 0.5 s. With a given input power, the
necessary surface area of the divertor plate is determined by the maximum allowable surface
temperature. If we specify a maximum allowable power flux of 10 MW/m? for 0.5 s, a surface
area of 0.14 m* would be necessary under the assumption of uniform power deposition.
However, since we don't know the distribution of the power flux at this point, we need to
specify a peaking factor (or an area factor) to design for safe power handling. Peaking factors
of 3 are common in designing PFCs if some experience is available, but since we are very
uncertain about the QPS boundary at this stage, we assume a peaking factor of 5 to be on the
safe side. This means that we need a surface area of 0.7 m?.

To estimate the area of the divertor baffle, we can measure the poloidal length of the divertor
baffles from Figure 10.2 to be about 0.5 m. Assuming that each baffle covers about 60
degreestoroidally, then the total toroidal length would be 2/3 of the toroidal circumference, or
about 4 m. This would result in atotal divertor baffle area of 2 m?, i.e. the total available
surface area is more than sufficient to handle the power and stay well below the limits of
boron carbide. The main question remains, of course, how the power flux in the edge is
distributed, i.e. what peaking factors result due to islands and other features in the boundary
topology.

Particle and impurity control play a key role in optimizing plasma performance. |mpurity
control starts with the materials choice and the proper design of the PFCs. Proper design
includes, e.g. that the field lines intercept the PFC surfaces at shallow angles to spread out the
heat flux as much as possible and prevent excessive power flux densities and surface
temperatures. To provide the magnetic topology for the PFC design, we will study the
magnetic field configuration outside the LCMS in detail. Detailed power flux estimates will
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be performed by using field-line-following codes to generate foot prints on the divertor
baffles and estimate the area "wetted" by the plasma.

Control of neutrals has been shown to improve plasma performance, from the first H-mode
observation resulting from closely fitting divertor baffles [2] to the control of recycling by
wall conditioning with pumping surfaces [1]. In QPS the effort to control neutrals will consist
of several components: the first element of control is given by the PFCs which will be shaped
and positioned so as to minimize the neutral density outside the confined plasma, the second
means of control will be given by wall conditioning with hydrogen-pumping films as created
by boronization, and the third way of reducing neutral densities will be provided by large-area
getter panelsin the top of the bell-jar. While the wall conditioning and large-area getter panels
are means of reducing the neutrals density in the bell-jar overall, the PFC design will be more
specific and will be guided by plasma boundary neutrals transport codes such as DEGAS [19].
Finally, the gas puff nozzle will be positioned at a coil location close to the plasmato enhance
direct fueling of the plasma rather than filling of the bell-jar with neutral gas.

10.4 Operation with Pre-Cooled Coils

The coil temperature range from the beginning to the end of the pulseis a crucial parameter
for the necessary coil size as well as the pulse duration. Details are discussed in section 3.6.
Since under the present design option the coils are located inside the vacuum vessel, the coil
temperature can potentially become an impurity control issue. If the temperature of the coil
casings is below ambient temperature, the concern is that impurities in the residua gas will
accumulate on the cooler surfaces between shots and then be released under plasma
bombardment during the subsequent discharge.

To estimate the effect of cooler surfaces within the bell-jar, we calculate the impurity surface
coverage on the cooler surfaces. The difficulty is that surface physics effects are usually
studied under “clean” conditions, i.e. on super-clean single crystal surfaces with well defined
conditions such as adsorption energies, etc. However, technical surfaces deviate grossly from
these ideal surfaces by having various degrees of surface roughness, oxide layers,
contaminants, and ill-defined adsorption energies, sticking coefficients, etc. Hence,
guantitative estimates have to be taken with a grain of salt, but still should give us a rough
idea of the effects of impurity accumulation at cooler surfaces.

In the following, we discuss the basic adsorption/desorption considerations for impurity
accumulation. The controlling parameter is the time for which an adsorbed particle stays on
the adsorbing surface, the “time of sojourn” 1, which is given by the Frenkel equation [18]:

1(T) = 15exp(E p/RT),

with 15 = 1013 s the period of vibration of the particle on the surface, E; [kJ/moleg] the
activation energy for desorption, R = 8.314 [JK.moleg] the gas constant, and T [K] the
absolute temperature. As an example, the results are shown in Figure 10.3 for the surface
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adsorption of O, on stainless steel, with an adsorption energy of 71 kJ/mole and for the
temperature range of 270 K to 350 K. Assuming an ambient temperature of 300 K and a coil
casing temperature of 273 K, i.e. a temperature difference of only 27 degrees, Figure 10.3
shows a factor of about 16 in the time of sojourn for this relatively small temperature
difference.

Other relevant residual gases are O,, N,, CO, CO,, and C;H; which al have desorption
energies in the range of 66 to 74 kJmole; the only gas with significantly higher desorption
energy on stainless steel is H,O with about 94 kJmole. Methane, CH, has much lower
desorption energies in the range of 50 kJ/mole. For water molecules with about 30% higher
desorption energies than oxygen, the difference in sojourn timeis a factor of 41.
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Figure 10.3. Time of sojourn of O, molecules adsorbed on stainless steel, as a function of
surfacetemperature: T=4saT=273Kandt=0.24sa T =300K..

S0, due to the exponentia dependence, relatively small differences in substrate temperatures
can lead to fairly large differences in the sojourn time of the relevant species on the surface.

In equilibrium, the amount of gas on the surface is determined by the balance between the
rates of adsorption and desorption. The rate of adsorption R, is given by

Ra= @ ”TV =a@35102 P (1)

M D’

with a=0...1the sticking coefficient, n and v the density and mean velocity of the gas
molecules, p the gas pressure, M the molecular weight, and T the gas temperature in Kelvin.
The sticking coefficient can vary strongly with the surface conditions and we take here a
typical value of a =0.1.

The rate of desorption Ry, is given by:
10-9



_ED
RD:E:EQRD— (2)
T To

where N is the surface coverage on the substrate in particles per unit area.

In equilibrium, we have R, = R, and the surface coverage as a function of temperatureis:
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The equilibrium surface coverage in particles per cm? is then, with a = 0.1 and M = 16, the
gas temperature T = 300 K, p = 5 x 10° Torr: for T=273 K, N =1 x 102 cm? and for T =
300 K, N = 6 x 10'° cm™@ . Figure 10.4 shows the equilibrium surface coverage for the
temperature range of 270 to 350 K.
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Figure 10.4 Equilibrium surface coverage N (particles per cm?) for particles with 71 kJ/mole
desorption energy as afunction of substrate temperature T.

Since we have not changed the sticking coefficient or any other parameter as a function of
temperature, the surface coverage shown in Figure 10.4 reflects essentially the sojourn time.
By equating equations (1) and (2), we obtain the equilibrium surface coverage, but we don’t
know anything about the time in which the equilibrium is reached. So, in order to investigate
if the equilibrium coverage is even reached between shots, we need to calculate the evolution
dN/dt of the coverage:

_ED
dN » P N RT
— =a B500“ F—— - —e . 4
dt JMO 15 “)
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The solution of this differential equation for T = 273 K and for T = 300 K is depicted in
Figures 10.5a and 10.5b.
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Figure 10.5a Evolution of surface coverage for substrate temperature of 273 K and 10.5b
evolution of surface coverage for substrate temperature of 300 K.

As expected, at lower temperature the desorption rate is slowed down and it takes a larger
number of adsorbed particles to reach equilibrium, i.e alonger time to reach equilibrium. But
in either case, the time to reach equilibrium is short in comparison with the expected time
between shots which is likely to be in the range of 600 s. In other words, all species with low
desorption energies, around 70 kJ/mole or lower, will reach equilibrium coverage between
shots.

Since the surface coverage increases exponentially with the activation energy for desorption,
increased desorption energies will quickly lead to higher surface coverages. Water molecules
with 94 kJ/mole can build up significant fractions of a monolayer (i.e. ~5 x 10**m™) within the
nominal 600 s exposure time between discharges.

Conclusions. The above discussion on adsorption/desorption leads to separate conclusions for
species with low and higher binding energies. First, we look at low desorption energies up to
71 kJmole; if the total low-temperature surface area is as large as the vacuum vessel and
roughly 1/4 of it is exposed to the plasma, then the total number of impurities accumul ated
here and available for the plasmais: N, = (9 x 10" cm?) x (10* cm?) x (15 m?) = 1.35 10"/
particles. This would be less than one percent of the plasma inventory. This seems to be
manageable, although not desirable, because we have to keep in mind, that mgor
uncertainties in the estimates are in the sticking coefficients and in the desorption energies,
both of which depend strongly on the surface conditions.

The situation for species with higher desorption energies appears to be quite different. Within
about 600 s between shots, desorption of these species remains low due to the high surface
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binding energy. For the assumed partial pressure of 5 x 10° Torr and a sticking coefficient of
0.1, significant fractions of a monolayer can be accumulated. This would clearly be a
sufficient number of impurity particles to contaminate the plasma significantly; so, this
situation needs to be avoided. A possibility to remedy the surface build-up of impurities
would be to apply surface coatings such as boronization which should lower the sticking
coefficients as well as the surface binding energies thus lowering adsorption and increasing
desorption. But this would be a fix for the case that all else fails and is not a recommendable
strategy. Overall, this analysis indicates that the existence of surface areas with lower than
ambient temperatures in the vacuum vessel, even if the temperature difference is only
between 273 and 300 K, should be avoided if at all possible.

10.5. Initial Experimental Plasma Boundary Program

Initially, it will be most important to analyze the boundary topology and measure the most
significant plasma parameters, using basic edge diagnostics. Once we have a first
experimental picture of the plasma boundary, we will be able to design more advanced
diagnostics and determine the optimum locations within the 3-dimensional boundary. At this
stage, we will study the plasma boundary in order to optimize the plasma-wall interactionsin
support of improved plasma performance of QPS.

M agnetic Boundary Topology:

Since the topology of the plasma boundary is 3-dimensional and complex, with ergodic
regions and island areas and probably also well-ordered laminar areas near the coils, flux
surface mapping is the first experimental task to be accomplished in the edge plasma program.
Usually, this is done in vacuum and, accordingly, yields the vacuum flux surfaces. The
applied technique consists of a radially moveable electron gun and a fluorescent mesh. The
flux surfaces are obtained by taking pictures of the electron beam intercepted by the
fluorescent mesh while changing the radial position of the electron gun. The flux surface
images are taken with a tangential view of a charge-coupled device (CCD) camera. This
method of mapping the flux surfaces has been applied to about all of today's stellarators, from
ATFto LHD [19].

Power- and Particle Control:

In the area of power- and particle handling, measuring the global power balance will be
among the first tasks. Thisis important because 1) we need to know through which channels
the plasmaenergy islost and 2) it is necessary to monitor the power flux to the plasma-facing
components to ensure that they don't get excessively hot. The balance between input power,
radiation, convection and conduction to the plasma-facing components will initially be
measured with a bolometer array, infrared-sensitive cameras and instrumented wall
components such as divertor baffles.

In the area of particle control, the most important technique will be wall conditioning, as
described above. In addition, recycling control by well-positioned neutrals baffles will
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contribute to keep the neutrals concentrated in the areas where they are born. The main
diagnostics to investigate recycling patterns will be H-alpha arrays viewing the divertor baffle
areas and the "skinny" cross-section of the bean shape.

For the initial operation, we will also have a survey spectrometer which will be used to
determine the main plasma impurities and also to determine causes and remedies of possible
thermal collapses by radiation, which often occur during initial plasma operation.

Edge Plasma Parameters:

The initial set of edge plasma diagnostics will consist of filter-scope arrays to monitor H-
alpha and impurity lines, a survey spectrometer, Langmuir probes, cameras for infrared and
visible light, a bolometer, and instrumented divertor baffles. With this set, we will be able to
measure the basic edge parameters such as density, temperature, particle fluxes, heat fluxes,
and major impurity radiation. Since the edge plasma s 3-dimensional and non-uniform, it will
be important to probe the overall topology and characteristic features of the boundary. To be
able to do this, larger areas of the edge need to be diagnosed to determine the location of the
features to be investigated. This will be accomplished with a combination of imaging
techniques (cameras), scanning probes, and modeling of the edge.

Optimization of Plasma-Wall Interactions:

At a later stage, the goal of the plasma edge program will be to determine the best
combination of power- and particle-intercepting baffles with most effective wall conditioning
techniques. Designing the divertor baffles so as to spread out the power flux as much as
possible and simultaneously controlling the neutrals where they are generated, which is most
likely in the top and bottom of the bean-shaped cross-sections. Optimization of the divertor
baffles for neutrals control will accomplished with the help of neutrals transport codes such as
DEGAS [20], atechnique we have successfully applied to tokamaks in the past [21].
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11. EXPERIMENTAL PROGRAM

This chapter describes the experimental programto achieve the QPS objectives and discusses the
diagnostics needed to carry it out.

QPSisahigh-end CE-level experiment that explores a compact stellarator concept. This concept is
both complementary and supportive of the NCSX, the main element in the proposed Compact
Stellarator proof-of-principle program. QPS is complementary to NCSX in that it explores the
low-aspect-ratio, quasi-poloidally-symmetric gpproach to compact stellarator optimization. This
aspect of the program requires understanding of the properties (equilibrium, confinement, stability)
of low-aspect-ratio quasi-poloidally-symmetric configurations and their relation to the low-aspect-
ratio quasi-poloidally-symmetric high- reactor vison. The QPS is supportive of the NCSX
program in that it provides knowledge needed to extend the NCSX quasi-axisymmetric (QA)
approach to lower aspect ratio for amore attractive QA reactor [1].

Asahigh-end CE-level experiment exploring a new approach, QPS needs to address the range of
physicsissues outlined by FESAC and the IPPA: MHD equilibrium and stability, confinement and
transport, plasma heating, and particle and power handling. However, the funding constraints of a
CE-level experiment dictate that these studies cannot be conducted a the same depth or to as high
parameters as for a PoP experiment, so a CE experiment must select a few areas for in-depth
physics studies. For QPS these areas are equilibrium quality and energy confinement at very low
aspect ratio. The difference between a PoP mission and a CE mission is not in the concept being
explored but in the experiment capability: the device size and plasma heating power (and hence the
plasma parameters), the suite of diagnostics available for in-depth studies, and the size of the staff to
carry out the experimenta program. The plans presented in this chapter are preliminary, and will
evolve as a better understanding of costs (potential budgets) and of detailled physics issues is
developed. They will also evolve through the expected contributions of the broader stellarator
community as a result of direct experimenta participation in the program and through expected
advisory committees.

11.1 Phase 0 — QPS Commissioning

The purpose of the device-commissioning phaseis to confirm that the capability needed to carry out
the QPS experimental program is as designed, to correct any problems that are uncovered, and to
ready QPS for the experimenta physics program. The testing would include: (1) checkout of the
coils, power supplies, and associated controls; (2) checkout of the vacuum conditions including the
pumping system, controls, and bakeout and wall conditioning systems; (3) checkout of the machine
controls and safety systems; and (4) "first plasma’ with low-power ECH to demonstrate that dl
systems are functional and to uncover any problems that need correction before routine operation.
This phase only requires basic machine diagnostics (vacuum system readouts, coil currents, power
supply signas, interlock signas, low level ECH power) and a minimal set of diagnostics to verify



attainment of first plasma. These include, eg., a CCD camera, diamagnetic loops, 2-mm single-
channel interferometer, and hard X-ray detector. The same diagnosticswould also dlow initid tests
of the Ohmic heating system including coils, power supplies and controls.

After commissioning the QPS facility, five phases are envisioned for the QPS experimental
program:

* characterization of the vacuum flux surfaces for the range of magnetic configurationsto be
studied

* initial low-power ECH plasmastudiesatB=05T

¢ plasma heating and confinement studiesat B=1T

* plasmaedge and divertor studies

* MHD equilibrium and stability limit studies at higher 3.

The length of each phase and of the experimental program is uncertain and depends on operations
funding. With nomina funding, a four to five year program is likely. Table 11.1 outlines the
diagnostics and physics issues that will be emphasized in each phase. The diagnostics needed to
take full advantage of the QPS capabilities are listed in Table 11.2 aong with the phase of the
physics issues for which they are first needed. The diagnostics in blue require more effort and
would be in the later stages of the program. Diagnostics in red will be important in taking
advantage of the physics opportunities that QPS allows but will require resources that may be
outside of the scope of the proposed program. Collaboration will be a key component of the
diagnostic strategy.

11.2. Phase 1 — Characterization of Vacuum Configurations

Study of equilibrium quality a very low aspect ratio and the flexibility to vary the magnetic
configuration properties is essentia to the QPS experimental program. The first experimenta
phase will be devoted to characterization of the quality of the vacuum magnetic surfaces for the
magnetic configurations previoudy identified in the pre-operational physics modeling studies as
configurations of the most interest for the experimental program. This will also alow experimental
verification of the accuracy of the coil systems. An eectron beam and fluorescent mesh (as has
been used by Auburn and ORNL on the Auburn Torsatron, Uragan-3, and ATF, and, more recently,
by the THI1 and HSX teams) or fluorescent rods (as was used on W 7-AS) and CCD camera will
be used to obtain pictures of the flux surfaces at the two symmetry planes. This technique can also
be used to determine drift orbit deviations from flux surfaces (as on HSX) and infer the largest
components of the [B| spectrum. The measurements will be carried out with different magnetic
field strengths and compared with the vacuum-field flux surface calculations from AVAC. These
measurements will be used to verify the absence of significant field perturbations from the coil
leads, from coil misalignments or fabrication errors, or from any magnetic structures outside the
vacuum tank.



Table11.1 QPS Experimental Plan

Resource/Phase Phase 0 Phase 1 Phase2 Phase 3 Phase 4 Phase 5
Objective Commissionin Vacuum Configuration Heating, Power, MHD
g configuratio | characterizati | confineme particle limits
ns on nt control
Heating ECH 500 kW | ECH 1 MW ECH +
B=05T B=10T ICH
2 MW

CCD camera, H-alpha filter
Fast diamagnetic loop

2 mm interferometer
Fluorescent screen/rods

Soft X-ray arrays
Spectroscopy

Rogowski coils/magnetic loops
Bolometers

Probes

Charge exchange

YAG Thomson scatterina
Reflectometer

Filtered CCD cameras
Divertor probes

IR camera

Divertor bias plates

Edae interferometer
Heavy ion beam probe

High frequency magnetic probes
Fast X-ray array

Under
discussion




Table 11.2. Physics Areas and Diagnostic Needs

PROGRAM AREA

PHYSICS ISSUES

DIAGNOSTIC

VACUUM MAGNETIC
GEOMETRY, FLEXIBILITY

startup/low beta geometry:

dominant |B| components, ergodic
regions, islands, aspect ratio, ellipticity,
triangularity, helical axis, etc.

electron beam with fluorescent screen or rods
and CCD camera: low energy -- flux surfaces;
high energy — lowest |B| components and
energetic orbits.

MHD EQUILIBRIUM,
ROBUSTNESS OF FLUX
SURFACES

finite-beta geometry:
flux surfaces, magnetic axis shift, interior
ergodic regions and magnetic islands

soft X-ray diode arrays

YAG Thomson scattering

BOOTSTRAP CURRENT

variation (reduction) with coil currents,
effect on magnetic islands, ergodization
of flux surfaces, and tearing modes

Rogowski coils, magnetic loops

POWER BALANCE

power deposition

power losses

fast diamagnetic loop, YAG Thomson scattering,
reflectometer

bolometers, spectroscopy

fast ion loss cups

TRANSPORT

electron density profile
electron temperature profile
ion temperature profile
electric field

2-mm/FIR multi-channel interferometer
ECE, Thomson scattering
spectroscopy, charge-exchange
probes, spectroscopy, HIBP

MHD INSTABILITY

frequency spectrum, mode structure,
correlations

high frequency magnetic probes
soft X-ray array

PLASMA EDGE,
DIVERTOR GEOMETRY

limiting aspect ratio, edge magnetic
structure and islands, diverted flux
bundle

Langmuir probes, filtered CCD cameras, edge
interferometer, IR camera, bias on divertor plates




11.3. Phase 2 — Initial Low-Power ECH Plasma Studies

Initid plasma investigations will be at low power (<500 kW) 28-GHz ECH, a B= 05T, and a
preliminary set of diagnostics to gain experience with different magnetic configurations and to
characterize the global plasma parameters for the reference configuration. The first objective will be
obtaining good vacuum conditions for the initial plasma studies through a combination of baking,
glow discharge cleaning, and titanium gettering. The second experimental emphasis will be on
studying the effects of small, but finite, beta ([BJ< 0.3%) on the equilibrium and surface quality.
Thirdly, the configuration dependence of transport scaling, and bootstrap current at these betas will
be examined.

Breakdown characteristics with ECH and ECH combined with OH will be studied in order to
compare different wal conditioning and plasma startup scenarios. Initid hydrogen and impurity
ionization rates will provide an understanding of hydrogen and impurity recycling and wall
conditions.

Theinitial affects of finite betawill be examined. Magnetic configurations with good surfaces that
were identified in the mapping of the vacuum flux surfaces will be studied for deterioration at finite
B asindicated, e.g., by smaler plasmavolumes. At these betalevels, bootstrap currents should be in
the 10 kA range and can be measured with external poloida and saddle Rogowski coils. The
magnitude of the bootstrap current and its dependence on magnetic configuration parameters will be
compared with low-collisionality bootstrap current calculations from the DKES and BOOTSJ to
begin the development of an understanding of finite beta plasma currents. A long-term effort to
integrate diagnostic measurements with 3-D VMEC calculations for equilibrium reconstructions
will beinitiated.

Global confinement studies will be conducted with low-density (ne < 5 x 1018 m3) low-
collisondity (ve* ~ 0.1 and vi* ~ 1) plasmas with Te < 1 keV and Tj << Te. Comparisons with
global scaling models such as 1SS95 will be made. Ohmic heating currentsin the 50 kA range will
be possible and the influence of transform magnitude and profile (OH tends to reverse the shear as
shown in Chapter 7) on confinement in this regime can be examined.

This phase of the experimental program requires a basic set of plasma diagnostics. the visible
camera (with different filters), diamagnetic loops, 2-mm interferometer (upgraded to a multi-channel
system), and hard X-ray detector used in the commissioning phase plus diagnostics needed to
characterize the global plasma parameters: Rogowski coils for measurement of the bootstrap
current, an array of magnetic loops for characterizing the moments of the plasma current
distribution, awide-angle bolometer and visible spectrometer for impurity investigations, and a few
single-channel soft X-ray detectors with Be filters for determination of the electron temperature and
low-frequency fluctuations. Boronization to supplement the large-area titanium getter pumping and
installation of divertor plates would occur in this phase of the program if needed.



11.4. Phase 3 -- Plasma Heating and Confinement StudiesatB=1T

After experienceis gained in Phase 2 on basic plasmaoperationat B = 0.5 T with low power ECH,
the experimenta program will focus on plasma heating and confinement studies at low aspect ratio.
For these studies, QPS will be brought to full magnetic field and heating capability and an
expanded set of diagnostics will be installed. The plasma performance in this stage is limited by
ECH density cutoffs than by the heating power. The ECH power will be increased to 1 MW by
ingtalling the remaining gyrotrons. The best mix of 28-GHz and 53.2-GHz gyrotrons will be
decided during or before the second phase of the experimental program.

This phase of the program alows extending study of anomalous transport, interna transport
barriers, and the possible impact of poloida flows on dectric fields and enhanced confinement to
low-aspect-ratio QPS configurations. The low electron collisionalities obtained with high-power
ECH will alow a comparison of observed transport levels and their scaling with equilibrium
parameters (shear, transform) with neoclassica electron confinement. The additiond plasma
diagnostics needed in this stage of the program are measurements of the electron temperature (ECE
and soft X-ray) and Thomson scattering, and the electric field (edge probes, spectroscopy).

Preparation for the next phase of the program will require increasing the density with Ohmic
heating and pellet injection so EBW hesating can be explored and | CRF heating demonstrated.

11.5. Phase 4 -- Plasma Edge and Divertor Studies

Characterization of the plasma edge is important for understanding the equilibrium flux surfaces
and the size (aspect ratio) of the plasma. While this issue will be examined to some levd in earlier
phases of the experimenta program, the control of plasma energy and particle transport needed to
optimize confinement is particularly sensitive to this set of physics.

Edge idands or ergodic regions can determine the plasma radius and lead to further flux surface
deterioration as 3 increases. The sign of the shear in QPSisin the direction theoreticaly to reduce
magnetic island and stabilize tearing modes. The Ohmic current capability should cause the reverse
to occur. Edge magnetic idands and ergodization of the boundary can be studied using edge
Langmuir probes, Hy measurements, edge interferometer measurements, and an IR camera to map
the footprint of the edge islands on limitersinserted into the plasma. The open viewing geometry is
an advantage for these studies.

Optimization of the size and location of the divertor plates under the modular coilsis needed for the
higher-power phase of the experimenta program. The pattern of the flux bundles that strike the
divertor plates can be measured using an IR camera, and the current and power density in the
exiting flux bundles can be measured with probes. The power flow aong different flux bundlies
can be influenced by biasing the divertor plates as in the IMS experiment. The biased plates can
also be used to increase the particle confinement time, asin the ATF experiment.



11.6. Phase 5 -- MHD Equilibrium and Stability Studies

This phase of the program requires operation at full power and high density. An improved divertor,
depending on the results of the divertor/edge plasma program, may be necessary during these 2-
MW experiments in order to effectively handle the power with optimum confinement. EBW and
| CRF heating will be used at the~2 MW leve for these studies based on the experience gained in
Phase 3. Higher power isin principle available (1.2 MW at 28 GHz, 0.6 MW at 53.2 GHz, 2 MW
at 6-20 MHz, and 1.5 MW at 40-80 MHz), but may needed for presently anticipated beta-limits and
confinement.

Equilibrium studies of the magnetic surfaces at low 3 and low bootstrap current would be examined
in earlier phases of the experimental program. However, breakup of magnetic surfaces is more
probable at the higher 3 values and larger bootstrap currents, and more important to separate from
instability limits. Higher bootstrap current and Ohmic current will alow

» comparing the effects of different current profiles on equilibrium quality (islands,
ergodic regions) and on itsrepair

*  study of the configuration dependence of the bootstrap current at low aspect ratios

»  changing the magnetic transform and shear to study stabilizing and destabilizing
magnetic islands and neoclassical tearing modes

»  changing the magnetic transform and shear with OH vary stability boundaries.

Study of large idands or ergodic regions in the plasma interior will require a YAG 50-Hz multi-
chord Thomson scattering system for point measurements with fine spatial resolution at many times
during the evolution of the discharge and soft X-ray diode arrays to tomographically reconstruct the
interior flux surfaces with lower spatial resolution but with high temporal resolution (<< 1 ms). The
higher-[3 capability allows study of (3 limits and instability characteristics at [BU< 2-3% for different
magnetic configurations at very low aspect ratio using arrays of high-frequency magnetic loops and
soft X-ray diodes.

References
[1] Lyon, J. F., et ., "Compact Stellarators as Reactors', 18th IAEA Fusion Energy Conference,
Sorrento, Italy, October 4-10, 2000.



Chapter 12 -- Project Plans and Management

This chapter discusses the schedule, cost, and organization of the QPS project.
12.1. Project Schedule

12.1.1. Schedule Considerations

The QPS physics and engineering design efforts leading up to this review have produced the
physics basis for the QPS CE-leve experiment as a part of the compact stellarator proof-of-
principle program. QPS is both complementary to, and supportive of, the principal experiment in
the compact stellarator PoP program, NCSX. The reference plasma and coil configuration are
adequate for the QPS mission, but further improvements have been identified that can be made in
both; these are discussed in Chapters 3 and 4. Refinement of the plasma and coil configuration will
be pursued during the remainder of 2001 to improve the physics capabilities and reduce the cost of
the coils. Chapter 9 describes a preconceptual design that should be adequate for the QPS
mission, but improvements are needed in the modular coils, the force support structure, the central
stack with the TF coil center legs and Ohmic current solenoid, and fabrication techniques for the
modular coils, asdiscussed in that chapter. The major emphasis in the engineering studies will be
increasing the confidence in the design and reducing the cost of building QPS. These physics and
engineering design optimizations are tasks that are done after a pre-conceptual design study for a
Physics Validation Review. These tasks are needed to prepare for a Conceptual Design, Cogt, and
Schedule Review, planned for April 2002.

A proposed schedule for the QPS project is shown in Figure 12.1. The actua pace of the project
will depend on the DOE budget preparation schedule and the QPS funding profile. The earliest
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Figure 12.1. Projected QPS budget profile.
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time that actud fabrication of QPS could begin is October 2003. This date is determined by the
Project Vaidation Review in May 2002 for inclusion of QPS construction in the FY-2004 budget,
which follows the April 2002 Conceptua Design, Cost, and Schedule Review. Approvd to
construct QPS would depend on a successful outcome of thesereviews. Title |, Title I, R&D, and
development of prototype modular coils and validation of fabrication techniques would occur in FY-
2003, but award of construction contracts must await the beginning of FY-2004. The pace of
construction and commissioning of QPS depends on the annual budget for the QPS program,
which is requested at the high end of the range defined by FESAC for a CE-leve program. Key
dates for QPS prior to start of fabrication are shown in Table 12.1.

Maximum advantage will be taken of the paralel physics and engineering design efforts and the
results from the R& D tasks in the larger NCSX project as it prepares for its Conceptua Design,
Cogt, and Schedule Review in April 2002 and Project Vdidation Review in May 2002. The DOE
budget preparation schedule dictates that QPS hold to the same schedule. The fact that the same
joint team is doing both and examining similar issues will maximize the team’s efficiency and
minimize the effort needed to prepare for the QPS reviews.

12.1.2. Completing the Design and R&D.

For the remainder of FY 2001, the focus of the physics activities will be on any follow-up
caculations that are needed as a result of the April PVR and preconceptua design studies in
preparation for conceptua design studiesin FY 2002. The primary physics activity

Table 12.1. Required Tasks and Dates before Construction of QPS

Task/Milestone Date
Conduct Physics Validation Review of QPS 04/01
FY-2003 Project Validation Review of QPS 05/01
Update the QPS Reference Configuration 09/01
Complete conceptual design and cost estimate for QPS 04/02

Conceptual Design Review

Complete documentation needed for the FY-2004 Project 05/02
Validation Reviews of QPS

Complete design for prototype QPS coils 08/02

Update conceptual design for QPS 09/02

Start Title | design for QPS 10/02

Complete procurement of prototype QPS coils 07/03
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will be refinement of the modular coil designs for QPS and exploration of the configuration
flexibility inherent in the QPS modular coils, TF coils, vertica field coils, and ohmic current
solenoid. Methods to smplify the 3-D surface on which the modular coils are wound will be
explored in order to reduce the complexity of thiswinding surface. A new parameterization for the
winding surface will be explored and a multi-filament model for the modular coils will be
incorporated into COILOPT. The coil geometry will be optimized and development of the basic
design concepts will proceed. Specific engineering tasks will include:

Cail modeling. 3-D Pro-Engineer CAD models will be constructed of the coil set and structure.
These models will be used to verify geometric feasibility and for discussions with shops and
potential vendors.

Field, force, and structural analysis. Scoping calculations will be performed to assess the fields
and forces aswell as preliminary analyses of the structural response of the revised coil assembly.

Cost and schedule. The cost will be re-assessed for the revised coil configuration, and the size and
performance will be adjusted as needed.

In FY 2002, conceptua physics and engineering design activities will be completed and advanced
conceptual design and R& D will accelerate. The primary physics activity will be refinement of the
modular coil design, which will be findized for the optimized QPS configuration. Confinement
anaysis will be largely completed for QPS configurations of interest. DKES will be used to
caculate energy-integrated transport coefficients over the full plasma volume of QPS, and these
coefficients (coupled with Monte Carlo ion loss caculations) will be used to predict the self-
consistent ambipolar eectric field. Improved redism of ICRF heating in experiments and apha
particle confinement in reactors will be incorporated in the confinement calculations. Exploration of
the interesting new family of high-beta, QPS/tokamak hybrid devices will continue and their
suitability as reactors will be evaluated. The 1-D TOROPT reactor optimization and assessment
code will be used to scope out issues for further analysis with the ARIES group in preparation for a
larger study of compact stellarators as reactors. This systems code incorporates 1-D stellarator
transport including self-consistent electric fields with the ARIES materials assumptions and costing
algorithms. Advantage will be taken of development of increasingly redlistic tools for the modeling
of three-dimensional systems along with improvements to the Oak Ridge Stellarator Optimization
Code and the COILOPT and genetic algorithm coil optimization codes. These developments will be
applied to assessments of equilibrium, stability, transport, and RF heating to support the design and
operation of QPS.

Pre-conceptual engineering design, analysis, and integration for the QPS device will be carried out
for the April 2002 Conceptual Design, Cost, and Schedule Review. Requirements for each
subsystem, including the modular coils, TF and VF coils, support structure, etc. will be finalized and
used as abasisfor conceptua design. Tasksin the mgor areas will include:

Modular coil design. The geometry of the finite cross section coils will be iterated to reach a
balance between the physics requirements and a feasible mechanica design. The magnetic fieds
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and forcesfrom al coilswill be calculated. The coil winding pack design concept will be developed
that optimizes the tradeoff between geometric, pulse-length, and cost requirements. The number of
turns, current dengity, etc. will be selected. Fabrication options will continue to be evauated with
input from potential vendors. Selection of a cost-effective fabrication concept is critical to meeting
the cost and schedule objectives, and this activity will recaive significant attention throughout the
design phase.

Support structure. A concept for the structural configuration of the modular coils will be developed,
including the winding form and support interface locations.

Integration and assembly. A basic assembly concept will be developed and interfaces for pumping,
cooling, electrical leads, plasma heating, and diagnostics will be identified.

R&D. An assessment of concept features will be made to identify R&D that may be needed. Every
attempt will be made during the design process to avoid the need for R& D work, but at a minimum a
prototypical modular coil will be required.

Cost and schedule. A complete, baseline cost estimate and project schedule for the conceptual
design review will be prepared, along with conceptua-level Systems Design Description documents.

In FY 2003, activitieswill focus on engineering design and R&D. Physics activities will be limited
to studies that are needed for the QPS design and long lead time preparation for operation.
Advanced conceptua design and R& D that was begun after the April 2002 CDR will be completed
as will Title | design of most components. Detailed design of many components for QPS will
begin, and design of the modular coils and external vessel will be completed. Specificaly, this will
include;

Modular coils and coil structural forms. The detailed geometry and fabrication features for the
coil set will be finalized based on the results of the R&D. Detailed analyses will be performed,
including coupled thermal and structural analyses and analysis of coil fault conditions. The extra
burden of fault conditions and the thermal performance of the coils are the primary issues that will
effect the design and should be verified before the prototype coil design is completed. The
geometry selected for the coil set will be used to produce detailed drawings and procurement
specifications of the coil winding forms and conductor. If possible, the winding form geometry will
be specified with 3-D CAD datato minimize the number and complexity of the drawings required.

TF and VF coils. Detailed design of the TF and VF coil setswould begin, including the integration
of the TF coil center legs and Ohmic solenoid within the centerstack assembly.

Intercoil support structure, integration and assembly. Detailed design of the intercoil support
structure will be completed. Particular attention will be paid to the assembly scheme and how to
insure geometric accuracy of the modular coil placement.

External vacuum vessel  All required modifications to the existing bel jar will be identified.
Detailed drawings and specifications will be prepared for the centerstack assembly as well as dl
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necessary modifications to the existing bell jar, and potential vendors will be solicited to perform the
work.

Analysis. Structural analysis of the coil winding and structure will be performed using detailed
magnetic force and temperature distributions. The stress distribution in the coil insulation and the
gross coil deflection will be the primary concerns. Fault conditions due to shorted coils will be
assessed. Detailed transient thermal analysis of the coilswill be performed and reconciled with the
R&D tests. The temperature rise, subsequent temperature gradients, and cooldown time will be of
primary interest. All remaining structural analysis, including integrated analysis of the TF and VF
coil setswill be completed.

R&D. The primary issues are the modular coil winding, structure fabrication, thermal performance
and vacuum performance. A complete modular coil winding form will be procured and prototype
winding will begin. The vacuum properties of the coil winding form casting and methods for
vacuum canning of the completed coil will be determined. These features are most critica to a cost
effective design. Theintent will beto involve at least one industrial supplier in the R&D work, and
give that vendor or vendors the option to bid on fabrication of the entire coil set. Results of the FY
2002 and 2003 R& D, including fabrication and testing, will begin to be folded into the final design.
All R&D will be completed early in FY 2003 to alow timely input into the detailed design of the
modular coil set.

12.1.3. Construction and Commissioning Phase

Construction activitieswill be beginin earnest in October 2003. It is expected that the modular coil
central I-beam with the support members will be cast at avendor and machined as necessary for the
coil winding process, as determined in prototype development in FY 2003. It is anticipated that the
coil winding will be done at a collaborating university. ~1-mm accuracy will be required in the
winding process as determined in coil prototype development in FY 2003. After fabrication of the
individua modular coils, the complete set will be assembled to the extent possible at the outside
vendor’s ste, which helps to ensure the quality of the fina product by placing more of the
responsibility with the fabricator. However, due to the large weight of the completed assembly, only
subassemblies of the machine can be handled for subsequent final assembly. The complete
modular coil set would be pre-assembled, aligned and pre-fit around the centerstack, and al holes
match reamed. The coil set will then be split apart into the two field periods for shipping and
reassembly at the QPS site. The assembly procedure and preparations for commissioning are
described in Chapter 9. The commissioning phase discussed in Chapter 11 requires connecting the
cooling lines to a gas manifold around the base and performing a coolant leak check, connecting
buswork to the coil leads and performing low-current electrical checks, leak-checking the vacuum
vessdl, ingtalling machine diagnostics and 1& C, performing pre-operational checkout and coil tests,
installing two gyrotron systems, and installing the base set of machine and first-plasma diagnostics.
First plasmais projected for the near the end of FY 2006.

12-5



12.2. Project Cost

QPS is being designed as the minimum-cost facility needed to carry out the QPS mission. Factors
determining that need are discussed in Chapter 4. The main determinant on the size is the need to
have non-intersecting (buildable) modular coils with a redlistic current density.  Existing
components, power supplies, and plasma heating systems will be used to a maximum degree and
only aminimum set of diagnostics is included in the project. Instalation of the remaining plasma
heating system and additional diagnostics will be covered in the operating budget.

The QPS project has been categorized by DOE as a Mgor Item of Equipment (MIE) activity and
the project cost defined accordingly. The same costing procedure used for NCSX was adopted for
QPS. The same Work Breakdown Structure (WBS) established for NCSX was used (with minor
modifications) to define the scope of work and tabulate cost. The criteria for determining the scope
of work in the Project Cost were the same as used for NCSX:

» thefacility must be fully capable of supporting theinitial experimental objectives;
 thefacility must be fully capable of accommodating required upgrades.

Maximum advantage was taken of the extensive costing study for NCSX including the same
costing agorithms and assumptions, and the same contingency was applied system by system.
Advantage was taken of lower labor rates a a loca universty, smilar to what was done in
congtructing HSX. Although the estimate is as complete as possible within the limits of our current
understanding, there are large uncertainties in some of the systems as reflected in the contingencies
for those systems, which ranged from 10% to 50%. In estimating the contingency, technicd,
schedule, and cost risk factors were considered for each WBS element as in the NCSX study. The
technical risk factor was based on the current state and level of the design. The schedule risk factor
was based on criticality to the overall schedule. The cost risk factor was based on the estimating
methodology used. The overal contingency added up to ~26% of the total without contingency.

The cost estimate was based on a four-year period from the start of Preliminary Design (Title 1)
until first plasma. R&D activities prior to the start of Preliminary Design were also included in the
cost estimate. A summary of the Project Cost by WBS eement is provided in Table 12.2. The
overal cost is$11.5 million (in FY-1999 $) including contingency. When inflated to the expected
years of expenditure this cost becomes approximately $13.9 million.

In the conceptual design process, a bottoms up schedule will be developed. The cost will be re-
estimated consistent with that schedule and any design changes that occur during the course of the
conceptual design.

12.3. Project Organization

The QPS is proposed by Oak Ridge National Laboratory with Princeton Plasma Physics
Laboratory as the principa collaborator. These two national laboratories are collaborating in the
design, operation, and physics research for the QPS project. ORNL has the lead responsibility for
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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 concept.

Table12.2. Cost Summary

Description FY 1999 $
Fusion Core Systems $6220 k
Vacuum Vess $381 k
TF Coils $896 k
PF Coils $482 k
Machine Support Structure $762 k
Modular Coils $3,699 k
Auxiliary Systems $519 k
Diagnostic Systems $193 k
Power Systems $123 k
Central 1& C & Data Acquisition Systems $255 k
Site & Facilities $38 k
M achine Assembly $823 k
Project Oversight & Support $581 k
Preparationsfor Operations $260 k
Subtotal Without Contingency $9061 k
Contingency (~26%) $2393
TOTAL $11,454 k

Management for the Project is within the ORNL organization, reporting to the Department of
Energy through the Director of the ORNL Fusion Energy Division.

The physics concept development phase of the QPS project has been carried out by an integrated
national team, led by ORNL, with participation from severa universities (to date, the University of
Texasat Austin, University of Montana, University of Tennessee, and the Universidad Carlos 111 de
Madrid, Spain) in addition to PPPL. The QPS work has benefited from the work done for the
NCSX project through the participation of the QPS team in the NCSX project. The physics and
engineering tools developed at ORNL and elsewhere for the NCSX project were applied to the QPS
work. The national team approach has facilitated cost-effective knowledge transfer and resource
sharing within the DOE system of laboratories and been effective in broadening nationa
participation in the program. Good communication is maintained cost-effectively through frequent
teleconference meetings and web-based data sharing, with little need for travel. Input from the
larger fusion community has been obtained from two QPS Project teleconference meetings in
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addition to presentations at national and international conferences and seminars a different
institutions.

In the next (conceptua design and fabrication) phases, stronger participation with a university and
PPPL will be sought to broaden involvement and reduce costs. ORNL will continue to lead the
team and necessarily be responsible for al procurement, fabrication, installation, testing, and
commissioning in these phases. In the experimental operations phase of the QPS program, ORNL
would further broaden participation with collaborating universities and other ingtitutions. This
model was used successfully inthe ATF program and led to numerous student theses. It also fits
well with ORNL's goa for broader participation of universitiesin ORNL research. It is anticipated
that ORNL technicians will be needed for operations and facility modifications, but ~1/2 the
participants in the physics program will be from PPPL, universities, and foreign institutions.
Collaborators will be encouraged to bring specialized diagnostics for studies on QPS and a strong
theory interaction will be fostered. Responsibility for physics areas will be shared among the
participants in the QPS program. A national QPS Program Planning Committee will be created to
reflect the breadth of the participation in the QPS program.

The QPS Project is strongly supported by the highest levedl of ORNL management and appears in
the Laboratory’s institutional plan. The QPS will serve as a foca point for the Confinement,
Theory, and Plasma Technology programsin the ORNL Fusion Energy Division, to bring back the
younger fusion researchers now mostly involved in other areas a ORNL, serve to attract new post
docs and permanent staff, and re-establish our support of southeastern universities.

The ORNL team of senior physicists and engineers has extensive experience in stellarator design,
congtruction, and operation, aswell asin other fusion projects much larger than QPS. These same
people have major physics and engineering design responsibilities on NCSX, which will add to the
efficiency of their QPS work. The key personnel to date and their responsibilities are:

Program Direction

« Jim Lyon (Program Manager): overal project and program issues.
« Don Batchelor: Theory program coordination.

e Stan Milora (Fusion Division Director): ORNL management.

Physics

» Steve Hirshman (Physics Head): configuration optimization.

* LeeBery and Dennis Strickler: modular coil design.

e Buff Miner and Prashant Vaanju, U. Texas. modular coil design.

» Don Spong: confinement and transport.

*  Andrew Ware, U. Montana: MHD equilibrium and stability.

e Don Monticello, Stewart Hudson, G.Y. Fu, PPPL: MHD equilibrium and stability.

» Raul Sanchez, Universidad Carlos 111 de Madrid, Spain: MHD equilibrium and stability.
* Peter Mioduszewski: vacuum quality, power and particle handling.

e Dave Rasmussen and Tim Bigelow: RF heating.
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Engineering

» Brad Nelson (Engineering Head): overall engineering design and construction.
« David Williamson: modular coil design.

* Mike Cole: QPS systems.
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Appendix A. Codes for Physics Assessments and Design

Physics and engineering design of the QPS experiment required development of new tools or
extension of existing tools for magnetic configuration optimization, MHD equilibrium and stability,
neoclassical transport and energetic orbit confinement, and design of complex coils. The magnetic
configuration optimization procedure is described in Sect. 3.1 and is implemented in the ORNL
code called STELLOPT.

A.1l. MHD Equilibrium and Stability Codes
A.11l. VMEC

The ORNL VMEC equilibrium code [1] has been used for the routine generation of three-
dimensional (3-D) equilibriafor stability and transport studies, and it has been incorporated in the
configuration optimizer for generating candidate QPS configurations and assessing coil set
flexibility. The VMEC code solves the 3-D equilibrium equations using a representation for the
magnetic field that assumes nested flux surfaces. It uses an inverse moments method, in which the
geometric coordinates R and Z are expanded in Fourier series in both a poloidal angle variable and
the toroidal angle(for three dimensions). The coefficients Ryn and Zmn in this series expansion are
functions of the normalized toroida flux s, where s= 0 isthe magnetic axis (which can be a hdica
curvein three dimensions) and s=1 is the plasma boundary. Here, m is the poloidal and n is the
toroidal Fourier mode number. The boundary Fourier coefficients Rymn(1) and Zmn(1) can either be
constant (corresponding to a "fixed-boundary" equilibrium calculation), or they may be self-
consistently computed from the MHD force balance equation at the plasma-vacuum boundary (for
a "free-boundary" cdculation [2]). Internaly, VMEC computes an additional "renormalization”
stream function (A) which is used to optimize, dynamically and a every radid surface, the
convergence rate in Fourier space for the spectral sum = (Rmn2 + Zmn2). In the origind VMEC,
radial mesh gridding is staggered, with the Rmn(S) and Zmn(s) coefficients defined on integral radial
mesh points § = (j-1)/(Ns-1), where Ns is the number of radia nodes, and the lambda coefficients
on haf-integer mesh points interleaving the Rmn, Zmn mesh.  This scheme has been proven to lead
to excdlent radid resolution as wel as minima mesh separation (at least for large aspect ratio
plasmas and with limited angular resolution meshes).

VMEC has been used as the primary design tool for al of today’s existing stellarator experiments.
As such, it has been extensively benchmarked against other 3D equilibrium codes including the
Chodura-Schltter code, BETA, PIES, and HINT. In addition, experimenta “benchmarking” of
VMEC calculations has occurred via el ectron fluorescence mapping of vacuum magnetic surfaces in
ATF and HSX (see the HSX web site). Recently, X-Ray emissivity measurements at finite 3 on
W7-AS[3] have confirmed the accuracy of the VMEC flux surface calculations.

Significant improvements have been made to the VMEC code in the context of the NCSX and QPS
design efforts. It has been redifferenced to improve the convergence both on finer angular and
radia meshes aswell asfor equilibriawith awide range of rotationa transform profiles. In VMEC,



the inverse equations are cast as second order equations (in radius) for the Fourier components of
R, Z, and A. As noted above, A has been previoudy differenced radialy on a mesh centered
between R, Z nodes, which greatly improved the radia resolution. This could be done to second
order accuracy (in hg = L/[N¢-1]) since no radial derivatives of A appear in its defining equation, J° =
0 (here, J isthe contravariant radial component of the current). Near the magnetic axis, however, a
type of numerica interchange instability (mesh separation) has been observed as the angular
resolution isrefined. Thisbehavior has prevented the temporal convergence of 3-D solutions with
large numbers of poloidal (m) and toroidal (n) modes (typicaly, m ~ 6-8 was the practica
limitation). It hasalso produced convergence problems for equilibria with low 1 (<<1) where field
lines must encircle the magnetic axis many times to define magnetic surfaces. The new differencing
scheme computes the stream function on the same mesh as R and Z (athough the output values of
A continue to be on the centered-grid for backwards compatibility), which leads to numerical
stabilization of the origin interchange. To avoid first order errors (in hg) near the plasma boundary
resulting from the new representation of A, the radia current J° continues to be interndly
represented (in terms of A) on the interlaced-grid. This maintains the good radial spatia resolution
associated with the origina half-grid representation for A. As a result, computation of accurate,
convergent solutions with substantially higher mode numbers is now possible using VMEC (m <
20). This corresponds to much finer spatial resolution and significantly improved force balance in
thefinal equilibrium state. It also alows the calculation of equilibria with lower values of 1, which
were difficult to obtain with the previous differencing scheme.

An additiona improvement in the output from VMEC includes a recalculation (once the VMEC
equilibrium has been obtained) of the magnetic forcebalanceF=J x B - Op = 0. The radid ([Js)
component of F is solved in terms of the non-vanishing contravariant components of B (B" and BY)
and the metric elements determined by VMEC, as a magnetic differential equation for Bs. An
angular collocation procedure (with grid points matched to the Nyquist spatial frequency of the
modes) is used to avoid aliasing arising from nonlinear mode coupling of the Fourier harmonics of
R and Z in the inverse representation of the equilibrium equation. The accurate determination of B,
together with the higher angular resolution afforded by the larger limits on the adlowable m,n
gpectrain VMEC, permits an accurate assessment for the parallel current (which contains angular
derivatives of Bs) asafunction of poloida mode number, to be performed.

A.12. PIES

Three-dimensional magnetic fields can have magnetic isands and regions of stochastic field lines.
The VMEC code uses a representation of the magnetic field that assumes nested flux surfaces. The
PPPL PIES code [4] isa 3-D equilibrium code that uses a genera representation for the magnetic
field which is capable of caculating equilibria with isands and stochastic field line trgjectories.
There is an extensive set of publications on the algorithm, implementation, vaidation, convergence
properties and applications of the PIES code (see references 9-13, 16-40 in Chapter 4 of the NCSX
PVR documentation).



The PIES code solves the MHD equilibrium equations using a Picard iteration scheme,

Ox B™ =J(B",

0-B™ =0,

where B" isthe magnetic field at the start of the n" iteration, and J(B") isthe current found from the
force balance equation, J x B = [p, and the constraint 1 - J =0. This scheme is closely related to
the Picard algorithm widely used to solve the axisymmetric Grad-Shafranov equation in the form
A* Yni1 =jo( Yn). Aswith the Picard iteration scheme for the Grad-Shafranov equation, under-
relaxation is used to extend the domain of convergence of the Picard iteration.

An advantage of the Picard scheme is that it provides an accurate calculation of resonant pressure
driven currents, which are believed to play an important role in determining island widths At each
iteration, the code solves for the current from the force balance equation. Writing J = uB + J;, Jg
=Bx Op/B®gives, B -Ou= -0 - J. Integration of this magnetic differential equation gives an
accurate method for determining the currents. In implementing a numerical scheme for solving the
magnetic differential equation, explicit upper bounds on the associated numerical errors were
derived and are used to alow the specification of required tolerancesin the code.

Asthe PIES code iterates, the pressure and current are flattened in islands and stochastic regions.
Several numerical diagnosticsin the code allow the determination of the location of these regions.

The PIES code has been validated by testing of the individual components, by interna checks in the
code that monitor the accuracy with which the equilibrium equations are satisfied, and by
comparison with analytic solutions and with other codes. Anaytic solutions against which the code
has been compared have included Solove' ev equilibria, large-aspect-ratio stellarator expansions,
helical force-free Bessal function equilibriawith idands, and analytic solutions for saturated tearing
modes with narrow islands. Comparison of PIES with other codes has included: comparison with
axisymmetric j-solver equilibria for TFTR and DIlI-D; comparison with Biot-Savart vacuum field
solvers; comparison with marginal stability for tearing modes caculated by a linearized resistive
time-dependent code; and comparison with VMEC [5]. Ref. [5] contains a careful comparison
between the VMEC code and the PIES code solutions. The devices modeled werethe ATF and TJ-
Il stellarators, for transforms where low order rationals were absent. The flux surface shape,
location of the magnetic axis and the vaue of | as a function of flux surface were monitored as a
function of 3 and radia resolution. An extrapolation in radial resolution was used to verify the
guantitative agreement of the codes. The comparison with VMEC was continued in reference [6].
There, therotationd transform as a function of radius was in excellent agreement between the two
codes for the W7-X stellarator, at [BC= 5%.

In the context of the NCSX design effort, several modifications have been made to the PIES code
that have increased its speed by about an order of magnitude, alowing routine application of the
code to evauate flux surfaces in candidate NCSX configurations. The speed of the code was im-



proved by modifications to use an improved method for PIES initidization with a VMEC solution,
to convert to a spline representation for field line following, and to store matrix inverses.

Compared with VMEC, the PIES code has a more time-consuming algorithm, which is needed for a
general representation for the magnetic field. Timeis saved by initializing PIES using a converged
VMEC solution. For this purpose, the under-relaxation scheme in PIES has been modified to
provide an improved coupling to the VMEC solution. This involves blending with the VMEC field
inthefirst PIES iteration. The previous under-rel axation scheme blended the current rather than the
fields. The under-relaxation was skipped in the first PIES iteration, dlowing a large step from the
VMEC fidd, and dowing the ultimate convergence. The PIES code follows magnetic field lines as
apreliminary step to solving the magnetic differential equation determining the Pfirsch-Schliter
current. Conversion from a Fourier representation to a spline representation of the field has sped
up the code by about afactor of two.

In each iteration of the PIES code, a discretized Ampere'slaw issolved by the inversion of a block-
tridiagona matrix. The elements of the blocks are determined by metric elements of a "background
coordinate system"” that does not change from one iteration to the next, alowing time to be saved by
storing the inverses of the blocks. For high resolution calculations, this changes the scaling of the
code's execution time from m°n’k to a much more favorable m°n*k where m and n are the number
of the poloidal and toroidal modes retained, and k is the number of radial grid surfaces.

A.1.3. COBRA
The standard ballooning mode equation in magnetic coordinates is
pY (ko/B?) ®-B e+ O(k/B)B+ @ -p/B® (kypxB)sk®=0

where ko = [ - q()B -q'(e- 0,) with 6, being the radial wave number. In this equation, the
first term accounts for inertia, the second term corresponds to the field line bending energy, and the
last term corresponds to the destabilizing drive due to bad curvature (k) and pressure gradient (p').
The ORNL ballooning code COBRA [7] solvesthe ided ballooning equation for the growth rate y
using a finite difference scheme. The ballooning mode equation then becomes a matrix equation.
The computation can be done in an extremely efficient and accurate way by taking advantage of the
Stirm-Lioville character of the balooning equation. This property allows one to estimate the
growth rateto 4" order on the mesh step size along the magnetic field line by variationaly refining
a2™ order estimate obtained from a standard matrix method. Fast evaluation is made possible by
coupling this process to a Richardson extrapolation scheme, that will extrapolate to zero mesh step
size from a few previous evauations of the growth rates computed on very coarse (and therefore
very efficient to evaluate) meshes. Important speed enhancements (of hundreds of times) relative to
standard codes have been achieved in thisway.



A.1.4. TERPSICHORE

Stability of QPSto global finite-n external kink modes and verticd modes was analyzed using the
3D MHD gtahility code TERPSICHORE [8]. The code determines the eigenvalues of the ided
MHD equations by minimizing the perturbed plasma potential energy. It uses a pseudo-plasma
mesh method for evaluation of the magnetic perturbation in the vacuum, treating it as a pressureless
and currentless plasmathat can be solved consistently with the interior plasma perturbations.

A.15. AVAC

The ORNL code AVAC [9] integrates magnetic field line equations in rea space Cartesian
coordinates. AVAC computes the magnetic field, vector potential, and their partial derivatives due to
aknown current distribution in vacuum and without permeable materias. It evolved from the field
line orbit code FLOC [10]. Filaments of each coil center or multi-filaments for the cross-section of
the coils are input into the code. From these closed polygons, the magnetic field is calculated using
the Biot-Savart Law at arbitrary locations in the plasma region. The current distribution is
represented by filamentary circular and/or polygona current loops. The Cartesian components of
the magnetic field are used in the field line equations to determine the location of the field line in
cylindrical R,@.Z space. Thefield linesare integrated to fixed values of the toroidal angle and these
locations are saved to generate puncture plots. The code first locates the magnetic axis and then
expands into the plasma region searching for magnetic field lines that stay inside the coils for a
specified number of field periods. The rotationa transform is calculated as the limit (for a large
number of trangits) of theratio of the poloidal trangits to the toroidal transits of the field line.

The current distribution is represented by filamentary circular and/or polygona current loops. The
basic magnetic quantities can be expressed in arelatively simple closed forms for these two specia
shapes of current loops. Therefore, calculation of field lines, guiding center orbits, etc. in such field
configurationsis carried out by AVAC in arather straightforward way with high accuracy.

A.2. Neoclassical Transport Codes
A.2.1. DKES

The drift kinetic equation solver code (DKES) was developed [11,12] to calculate the full stellarator
neoclassical transport coefficient matrix for redistic magnetic field spectra having arbitrary
helicities. This code calculates monoenergetic transport coefficients on a single flux surface as a
function of collisonality and radial eectric field by using Fourier expansions in toroida and
poloidal angle variables and Legendre expansions in pitch angle. By splitting the distribution
function into separate pieces that are symmetric/antisymmetric with respect to time reversd, a
variational form was devel oped based on the entropy production rate. The utility of this formulation
isthat upper and lower bounds are automatically obtained for al the transport coefficients, resulting
in a convenient measure of the discretization error. The convergence of the upper and lower bounds
can then generaly be improved by adding more terms to the Fourier/Legendre expansions. This
becomes important a low collisonaities where the distribution function develops increasingly



narrow boundary layer structures in velocity space near the transitions between the various classes
of trapped and passing orbits.

For a given configuration, the DKES transport matrix can be developed for a range of flux surfaces
after a database of monoenergtic coefficients with dependencies on collisionality, eectric field, and
flux surface label is accumulated. Energy integrations must then be performed which involve
multiplying by a Maxwellian times appropriate powers of veocity. For this purpose, a separate
post-processing code (LI1JS) is used. This code makes two-dimensiona spline fits to the
collisionality (v/v) and electric field (E/v) dependence of the coefficients and then uses an adaptive
routine to carry out the energy integration.

There are several numerical issues that currently limit the ranges of collisonality and electric field
over which DKES can be applied. As mentioned above, increasing numbers of Fourier and
Legendre modes must be included as the collisiondity is lowered in order to converge the upper
and lower bounds on the transport coefficients. At some point in this process, one encounters
either memory or CPU time limits which prevent further decreases of collisonadity. These limits
are exacerbated at |ow aspect ratio due to the larger mixture of helicities in the equilibrium magnetic
field which lead to requirements for larger number of modesin the representation of the distribution
function. The constraint dueto the CPU time limit has recently been extended by using OpenMP
parallelism for certain parts of DKES; on the 4 processor per node IBM-SP Eagle system a
ORNL this has resulted in a speed-up of about a factor of 3. For low aspect ratio cases without
electric field, we currently find that it is generally not possible to go below the range of v/v = 10° to
10° m™. When the eectric field is finite another numerical limitation entersin; thisis caused by ill-
conditioning of the linear system of equations that must be solved to obtain transport coefficients.
Thislimit isaso apparently more severe for low aspect ratio devices. Evidence of this limit shows
up through high vaues of the residuals (caculated by substituting the solution back into the
origina equations). This can be partially solved by solving the linear system in quad precision.
However, this can dow the code down by a factor of 20-30 and generaly makes it impossible to
afford to be able to add sufficient modes to converge the upper and lower bounds on the transport
coefficients below somelevel of collisonaity. The aboveissuesas wdl as the extenson of DKES
to higher dimensiondity will be addressed by an ORNL Seed Money project which will
reformulate the representation of the distribution function to better take into account the high
gradient boundary layer regions.

A.22. GTC

GTCisagellarator Monte Carlo transport code [13] developed at PPPL; thisis an outgrowth of an
earlier tokamak gyrokinetic turbulence code. It uses domain decomposition in the toroidal angle and
MPI language cdls for interprocessor communication to achieve paralldization. The transport
properties of thermal ions and electrons can be studied by tracking the loca particle and energy
fluxes through a set of annular flux surfaces. Both &f and full-f options are available. Hamiltonian
guiding center equations for each particle are advanced using a Runge-Kutta integration scheme.



As particles |eave the outer flux surface they are not replaced, alowing the total number of particles
to decay in time. We have used this code to benchmark confinement times derived from the
DELTASD code for isolated cases, however, the different particle replacement drategies has
prevented exact comparisons.

A.2.3. DELTASD

DELTASD isaMonte Carlo transport s mulation code that follows groups of particles on different
processors in pardlel using the MPI language for inter-processor communication. It has been
adapted to both the Cray T3E and IBM-SP computers. DELTASD is an outgrowth of an earlier
serial Monte Carlo code [14] developed at ORNL. This solves four coupled Hamiltonian guiding
center equations for each particle, advancing the particles in the two angular coordinates (poloidal
and toroidal angles in Boozer coordinates) and the conjugate momenta.  Equilibrium magnetic
fields are obtained from the VMEC selarator equilibrium code which are then transformed to
Boozer coordinates. Collisions with a static background plasma consisting of electrons and one
background ion species are smulated using a Monte Carlo collision operator based on pitch angle
and energy scattering terms, taking into account the full velocity-dependent potentials. Collisions
are allocated on afixed time step At,, which is chosen so as to maintain VAt ,, << 1 and to dlow a
smooth granularity in modeling the collisional processes. The time integration step for the orbit
integration is controlled by the ordinary differentia equation solver LSODE which internaly
chooses an integration time step so as to maintain a prescribed accuracy level. Asparticles leave the
outer flux surface, they may either be replaced back at their initid location (for therma plasma
global transport options), or, not replaced (in the case of beam and alpha slowing-down options).

DELTASD currently includes options for following populations of therma plasma ion and
electrons, aphaparticles, injected beam ions, and ICRF tails. For the case of ICRF tals, a Monte
Carlo version of a quasilinear diffusion operator has been included. Several options are available
for evduating therma plasma confinement; these include calculations of the loca diffusivity of
particles started a a single magnetic surface, the energy and particle loss rates through the outer
magnetic surface from particles started out a a single surface, and the energy loss rates and
confinement time for a distribution of particles distributed throughout the volume. Also, data on
particle and energy fluxes passing through a set of annular flux surfaces is retained. In addition,
there is an option to evaduate the bootstrap current. Particle loss locations can be plotted
superimposed on the 3D rendered outer flux surface as a post-processing option. For the
evaluation and comparison of different QPS configurations, the option of energy loss rates and
confinement time for a distribution of particles distributed throughout the volume has been used
most frequently.



A2.4. BOOTS]

The bootstrap code used in the configuration optimization is based on the physics analysis and
computer implementation described in Ref 15. The underlying analytical modd is vdid in the long-
mean-free path limit. Limited benchmarking has been performed against the NIFS bootstrap code,
which relies on similar physics, and Monte Carlo and DKES codes. Accurate agreement with the
Monte Carlo codeis difficult in the low collision frequency regime of interest due to relatively poor
statistics achieved so far. Smilarly, accurate DKES results in this regime are difficult to obtain
because of the large number of pitch-angle modes required to resolve the sharp velocity-space
boundary layers.

A.3. Coil Optimization Codes
A.3.1. NESCOIL

The Neumann Equation Solver code NESCOIL [16] is used to find the continuous current
distribution that minimizes B-normal. NESCOIL uses a Green’s function method to solve for a
current potential on a given coil winding surface (CWS) enclosing the plasma, reproducing the
prescribed plasma magnetic geometry to ahigh level of accuracy. To improve the targeting of both
physics objectives (represented by B-normal) and engineering objectives (i.e., low current density,
gentle bend radii of the coils) for QPS, a singular vaue decomposition (SVD) technique was
developed. The new code, NESVD, runs asfast asthe origina NESCOIL code, which enables it to
be placed within an optimizer loop so that the shape of the coil winding surface can be adjusted to
yield further improvementsin the target criteria. A newly developed method [17] based on a genetic
algorithm (GA) isavailable, if desired, to convert surface current potentials computed in NESCOIL
or NESVD to an optimized set of discrete coils.

A.3.2. COILOPT

The COILOPT [18] code solves the stellarator magnetic coil optimization problem by determining
the coefficientsin an explicit representation of modular coils on a toroida CWS, together with the
coefficients describing the spatial position of the optima winding surface. Target functions in the
optimization problem include the error in the norma component of the magnetic field at the plasma
edge (B-normal), the lengths of individual coils, the minimum coil radius of curvature, and the
minimum separation between adjacent coils and between the coils and the plasma. The engineering
(geometric) constraints are introduced in the form of weighted pendty functions. The plasma
boundary shape arises from a fixed-boundary VMEC equilibrium (which results from the physics
optimization process), and the part of the normal magnetic field due to currents in the plasma is
computed with the BNORM code.

Modular coils are represented by a current-carrying filament (corresponding to the center of a coil
cross-section) with awinding law given by a Fourier series for the toroidal and poloidal angles, @
and 8, of theith cail in terms of the curve parametric t:



@(t) = Za,cos(kt) + b, sin(kt),
6,(t) = t + Zc, ,cos(kt) + d sin(kt).

The parameter t, (0 < t < 2m) must be specified (for example, in terms of arc-length along the coil)
for this representation to be unique. The secular term in the poloida angle corresponds to the net
poloidal current carried by the modular coils (thereis no net toroidal current for modular coils). All
the calculations reported here were done with the unique choicet = 8, for each coil, which precludes
wind-backs in the coils where ¢(6) is not single-valued. (Inclusion of wind-backs may be helpful to
generate coils which are better able to match the desired physics and engineering properties.) It
should be noted that 6 = 2ru, N = 2nv, are related to the NESCOIL angles (u, v) defined on the
unit squarein afield period.

The coils are constrained to a CWS which is represented in cylindrical coordinates (R, @Z), with
stellarator symmetry, by

R=Zr,,cos(mb+nNg), Z=2z, sn(mb+nNey)

COILOPT uses a modified Levenberg-Marquardt method to solve the nonlinear |least-squares
problem arising from the approximation of the magnetic field at the plasma edge due to a discrete
set of cail currents.

The primary goal of the coil optimization is to find a solution satisfying engineering feasibility
congtraints that will reproduce, or reconstruct, the targeted fixed-boundary equilibrium flux surfaces
and plasma properties when the coils and currents are used to create the external magnetic field in a
free-boundary VMEC equilibrium.
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APPENDIX B -- QPS Infrastructure

B.1. Location

The QPS device and infrastructure will be located in the 7600 Area of ORNL in a building that
will have a dedicated facility enclosure. The new location, shown in Figure B.1, will recreate the
existing infrastructure in Building 9201-2, which is the present home of the ORNL Fusion
Energy Division (FED). Figures B.2 to B.5 show details of the proposed new FED building.
Existing long-pulse plasma-heating systems, power supplies, de-mineralized water system, and
control room are available for this experiment. Details of the infrastructure are given below.

Power Supplies. Some of the power supplies are shown in Figure B.6. Their specifications are
listed below.

Modular Coil Power Supplies: The existing modular power supplies consist of four independent
units capable of providing 1.3 kV, 120 kA for >5-s pulses and 40 MW (60 kA) in continuous
operation.

VF, TF, Trim Power Supplies: There are three units of which two are capable of providing 625
V, 15 kV for 5-s pulses and 1.6 MW (2.6 kA) continuously, and one power supply capable of
providing 625V, 10 kA for 5-s pulsesand 1.2 MW (1.9 kA) continuously.

ECH and ICRF Heating: Available power supplies will provide 80-kV, 100-A for 30-s pulses
and 80-kV, 35-A continuously. The ECH group will provide 4 sockets with 28 GHz to 53.2 GHz
capability. Additional space will be available if afifth socket isrequired.

FED
New High Bay
Building

FigureB.1. Site Plan for proposed FED High Bay Building & power supplies
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Figure B.5. FED High Bay Building exterior end view

Bus Work: Buswork will be available in the facility to the point of tie-in from the device to the
power source.

Cooling Water: The facility will be capable of providing cooling water for ancillary equipment
required for the QPS device. The cooling water piping will be available for tie-in from the
device to the source. The facility has two Baltimore Aircoil Cooling Towers, Model 2420, each
capable of delivering approx. 750 gal/min, at 60 psi and provide 2.1 MW of average cooling.

ICRF Transmitters. The FMIT Transmitter is capable of delivering 1.5 MW of 30-s pulsed
power and 0.5 MW of continuous power. The 13.8-kVA transformer is included with the
transmitter. The BBC Transmitters will be on site and can provide 2 MW of 30-s power or
1 MW of continuous power.

Operations.

Device Enclosure: Safely operating the QPS device is of extreme importance to the program.
As such, an enclosure with the appropriate safety interlocks and Kirk keys will be available
within the building. The QPS enclosure and pit isindicated in Figures B.2 to B.4.

Control Room: A control room will be available for operation of QPS. Tie-ins from the major
eguipment and diagnostics to the control room will be required, asindicated in Figure B.2.

Saffing: The Fusion Energy Division has the existing core staffing required to operate a
successful compact stellarator experimental program over the time period anticipated for QPS.
The staff has expertise in the areas of program management, compact stellarator theory,
diagnostics, RF theory and technology, fueling and pumping technology, engineering, and
stellarator and tokamak operations. Some staff presently on assignment to other Divisions and
working part-time on plasma programs will also be available. In addition, there is alarge group
of technical experts available within ORNL that can be called upon for help in specific areas.
Although ORNL will be primarily responsible for operating QPS, ~1/2 of the physics program
staff will be made up of collaborators from other institutions, thesis students, and post-docs.
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Appendix C. Quasi-Poloidal Stellarators as Reactors

C.1. Introduction

A low-aspect-ratio (compact) stellarator could combine the best features of tokamaks (moderate
Ap, good confinement, and high [B[J and currentless stellarators (steady-state operation without
external current drive or disruptions, stability against external kinks and vertical displacement
events without a close conducting wall or active feedback systems, and low recirculating power
in a reactor). The benefits of lower A, are larger plasma size for a given cost for an experiment
and lower cost for a given fusion power in areactor. The ARIES-RS reactor [1], an “advanced
tokamak” with reverse (stellarator-like) shear in the inner part of the plasma, is relatively
compact (R = 5.5 m) and should have good plasma performance, but would have arelatively low
engineering Q (the ratio of the net electric power produced to the total electric power required for
operation of the power plant) because of the power that must be returned to the plasma for
current drive and control of the plasma. The Stellarator Power Plant Study (SPPS) reactor [2]
had relatively high engineering Q because it did not need power recirculated to the plasma for
current drive or plasma control, but its relatively large size (R = 14 m) and high plasma aspect
ratio (Ap = 8) led to arelatively low wall power loading. In spite of this, the projected cost of
electricity was essentially the same for both because the larger size of SPPS was offset by the
reduction in the power needed for the total plant operation. A compact stellarator reactor aims at
preserving the low recirculating power advantage of SPPS while attaining the smaller size (low
aspect ratio) advantage of tokamaks. This combination could lead to a reactor with alower cost
of electricity than either SPPS or ARIES-RS without feedback stabilization, current drive,
rotation drive, or aserious risk of disruptions. A compact stellarator reactor could retain the cost
savings associated with the low recirculated power of the SPPS reactor, but with smaller size and
higher wall power density (hence lower cost of electricity) than the SPPS reactor.

C.2. QPS Reactor Configurations

The reduced bootstrap current in a QPS configuration, typically ~1/4 that in a comparable
tokamak, should lead to reactor configurations that are relatively insensitive to beta and are
robust against current-driven modes (external kinks), vertical instabilities, and disruptions.

Figures C.1 and C.2 show two possible high-3 quasi-poloidally-symmetric (QPS#1 and 2)
reactor configurations. The characteristics of these configurations are discussed in Chapter 2.
The coils that create these configurations are characterized by Apn = R/A and Bmax/Bo where A is
the minimum distance between the plasma edge and the centerline of the coilsfor agiven R, and
Bmax Is the maximum field on the coils. These ratios depend on the specific coil design and are
important because the minimum reactor size is set by Rmin = Aa(d + ct/2) where d is the limiting
(inboard) space needed for the plasma-wall distance, first wall, blanket, shield, vacuum vessel,
and assembly gaps. The half radial depth of the modular coilsis given by



ct/2 = AABy/(16N g jcoilK)[1 + {1 +32 Ny jcoilkd/( AaBg)} 7]

where N is the number of coails, jcoil 1S the current density averaged over the coil cross section
in KA cm™, and k is the ratio of toroidal width to radial depth of the coils. A 20-cm thick
cryostat surrounds the reactor core. The value assumed for d is 1.12 m, similar to that for
ARIES-AT [3]; the value on the outboard side is 1.30 m. The other reference reactor
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Figure C.1. |B| values and shape of the LCFS for an R/a = 2.6 QPS configuration (QPS#1) at
BO= 10%.
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Figure C.2. |B| values and shape of the LCFS for an R/a = 3.7 QPS configuration (QPS#2) at
[BO= 15%.



cryostat surrounds the reactor core. The value assumed for d is 1.12 m, similar to that for
ARIES-AT [3]; the value on the outboard side is 1.30 m. The other reference reactor
assumptions are also similar to those for ARIES-AT; e.g., athermal conversion efficiency n =
59% and Bmax = 12 T whereas the SPPS reactor had n = 46% and Bmax =16 T.

Rather than calculating actual coils for alarge number of possible coil-plasma distances and coil
Cross sections, an approximate model developed for the corresponding QA reactor scoping study
was used for a scaling study. The NESCOIL code [4] was used to calculate Bmax/Bo at a
distance ct/2 radially in from a current sheet (at a distance A from the plasma edge) that
reproduced the last closed flux surface. The value of Bmax/Bo was increased by 15% to simulate
effects due to a smaller number of coils from experience in the SPPS study. There is a tradeoff
between minimizing Bmax/Bo, which increases the field in the plasma for a given Bmax on the
coils, and maximizing A to allow a smaller R for a reactor with a given d. Because the fusion
power Pfusion (and hence the net electric power generated, Palectric) 0 B?Bo*Vplasma, the value
of Bmax/Bo needed for a given Pgectric and d is proportional to (RIA)**.

Using this model, the minimum value for R was calculated for the two QPS reactors subject to
severa constraints: Pglectric = 1 GW, M'h < 4 MW m™?, a plasma-coil distance = 1.11 m, jcoi| < 3
kKA cm™, H-95 < 3.5, Milngydo < 1, and [BO< 5%. Here H-95 = Tg/TE!SS% where TSS9 =
0.79ap” ' RO®P*n°*1B** %4 [5] and ngyudo = (1/4)[PB/Ra’]** [6] withRand apinm, Bin T, n
in 10° m*, and P in MW. The value for I, is an important figure of merit for reactor economics
because it relates to the power generated per unit wall area and the costs of the main reactor core
elements (blankets, shield, and coils) are proportional to the wall area. Table C.1 shows the
results for the two QPS cases. The minimum values for R and H-95 are obtained with [hlZnsygo
=1

Table C.1. Scaled 1-GW QPS Reactors with B, = 12 T, BLE Bjimit, H-95< 5.

QPSH#1 | QPSH2

Plasma aspect ratio R/ap 2.70 3.70
Volume average 3 limit [BLimit (%0) 10 15

Average major radius R (m) 7.34 7.84
Average plasmaradius ap (m) 2.72 212
Plasma volume Vp|asma (M3) 1040 690
On-axisfield Bg (T) 5.23 5.03
Te/TE!'SS multiplier H-95 3.61 4.42
Volume average beta [BC(%) 4.6 6.2

Energy confinement time Tg () 2.49 201
Vol .-average density (1020 m-3) 1.40 1.70
Density-aver. temperature [TCAkeV) 11.3 115
Neutron wall load I, (MW/m?2) 1.54 1.85




The higher [BJallowed for the QPS configurations requires higher values for H-95. The higher
[BUalso alows reducing B4, Which leads to smaller R and higher I',. For the QPS#1 case,
reducing B, from 12 T to 8.5 T reduced R from 7.34 m (with H-95 = 3.6 and [BlJ= 4.6%) to R
=7.09 m (with H-95 = 5.4 and [B= 9.7%) and increased I, from 1.37 MW/m2 to 1.65 MW/m?2.

Table C.2 shows the same analysis for Pgectric = 2 GW. The values for B, are unchanged
because B, Was assumed to be 12 T at 1 GW and 2 GW. For the QPS cases, the beta limit is
not reached at 2 GW, so the reactor size is unchanged; B increases by a factor 2“2 to produce
twice the power, I, doubles, and Tg decreases by a factor 22 because Tg [ B/Pgectric. The
value for ngydo 0 Pelectric™? increases by 22 and [TUO PgjectricTe/M0) so Mshould increase by
afactor of 2¥2 and [TOshould not change. This occurs for the QPS#2 case where Minsygo = 1,
but not for the QPS#1 case where [hlnsydo is only 0.82. The value needed for H-95 only
decreases by 1.4% for the QPS#1 case and by 10.9% for the QPS#2 case. Increasing the allowed
value for Mo 2 x nsydo (asin LHD) did not decrease Rmin for B,5 = 12 T, but decreased the
required H-95 multiplier by a factor of ~1.3. Increasing B,,5x to 16 T, as for ARIES-IV,
increased Rmin for the QPS reactors by only 25 cm, but decreased [B[Jby a factor of 1.86 and H-
95 to 2.41 for QPS#1 and 2.96 for QPSH#2.

Table C.2. Scaled 2-GW QPS Reactors with B, = 12 T, BES Blimit, H-95 < 4.
QPSH#L | QPS#2

Averagemajor radius R (m) 7.34 7.85
Average plasma radius ap (m) 2.72 2.12
Plasma volume Vp|asma (M3) 1070 700
Te/TE!'SS% multiplier H-95 3.56 3.94
Volume average beta [B(%) 6.5 8.75
Energy confinement time Tg (s) 1.76 1.42

Vol .-average density (1020 m-3) 1.62 2.40
Density-aver. temperature [TCAkeV) 13.7 115
Neutron wall load ', (MW m—2) 3.07 3.68

The same assumptions were used with the plasma and coil configurations corresponding to the
W7-X based HSR [7], the LHD based MHR-S [8], and SPPS reactors for comparison with these
reactor studies. The modified HSR* had R = 17.4 m (instead of 22 m because B, Was
increased from 10.6 T to 12 T), H-95 = 3.06, [BC= 4.9%, and ', = 1.24 MW m—2. The modified
MHR-S* had R = 18.6 m (instead of 16.5 m because of the ARIES-AT blanket and shield
assumptions), H-95 = 2.87, [BO= 5%, and M, = 0.62 MW m—2. The modified SPPS* had R =
20.8 m (instead of 14.0 m because By, Was decreased from 16 T to 12 T), H-95 = 3.13, BU=
5%, and ', = 0.60 MW m—2. For the same modeling assumptions, the compact stellarator
configurations lead to reactors with afactor of 2 to 3 smaller major radius and a factor of 1.4t0 3
higher wall power loading.



C.3. Results for Two Reference Compact Stellarator Reactor Cases

Figure C.3a shows a POPCON plot of the operating space (h[Jand [T for a 1-GW QPS#1
reactor withR=7.3mand Bgp =5.2 T. The numberslabel contours of constant auxiliary heating
power in MW, “0” indicates ignition, and the curves indicate constant levels of [BL) Pgectric, and
the Sudo density “limit”. The dot marks the thermally stable 1-GWgjectric Operating point. The
reference reactor assumptions are Bmax = 12 T, ARIES-AT inboard blanket and shield, and
Pfuson = 1.69 GW [Pdectric = 1 GW (net)]. The reference plasma assumptions are broad
ARIES-AT density profiles with ne < ngygo, peaked ARIES-AT temperature profiles, Ty/Tg = 6,
and an alpha-particle energy loss fraction = 0.1. The plasma parameters at the operating point
are (M= 1.5 x 10%° m™, (M= 9.1 keV, BO= 3.74%, H-95 = 2.95, np1/ne = 0.82, npye/ne = 5.8%,
and Zeff = 1.48. The saddle point in Figure C.3 determines the startup power required to reach
ignition. Plasma parameters at the saddle point are = 1.1 x 10° m3, TE 5.4 keV, BO= 1.5
%, and Pgx = 20 MW. The H-95 confinement improvement required increases if the alpha-
particle power lost increases.

The same reactor could produce 2 GW as shown in Figure C.3b where the plasma parameters at
the operating point have increased to = 2.0 x 10° m™3, [T 9.3 keV, [BC= 5.28%, for H-95 =
2.65. The plasma parameters at the saddle point are = 1.3 x 10%° m™, [TC= 5.4 keV, BCE= 1.4
%, and Paux = 39 MW. The higher beta limit also allows decreasing the magnetic field on the
coils. Reducing B4 from 12 T to 8.5 T requires increasing H-95 from 2.95 to 4.1 for 1-GW
operation. The values of [hlJand [TClat the saddle point and the operating point are unchanged,
but [BLlincreases to 3.1% at the saddle point and 8.4% at the operating point.
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Figure C.3. Operating space for a QPS#1 reactor (a, left) at 1 GW and (b, right) at 2 GW.
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C.4. Conclusions

Both quasi-poloidally-symmetric configurations have the potential for a more attractive
stellarator reactor compared with SPPS. Using the ARIES-AT model with B, = 12 T on the
coils gives compact stellarator reactors with R=7.3-8.2 m, afactor of 2-3 smaller in R than other
stellarator reactors for the same assumptions. The two-field-period configuration leads to
smaller reactors because of its lower plasma aspect ratio and smaller values for RIA. The QPS
configurations are better suited for higher power reactors or lower magnetic field on the cails.
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