> and Technology contains non-
papers were reviewed by only the
go the usual peer review process
1 the journal, Fusion Science and
e published as camera-ready and
the ANS editorial staff.

3- mailing offices. Copyright © 2009 by the American
y,  Nuclear Society, Inc.

.)r; Opinions expressed in this publication by the authors
Le are their own and do not necessarily reflect the opin-
'1 ions of the editors, the American Nuclear Society, or
the organizations with which the authors are affiliated,

I ST T DR T TPy Ty U T S AT S ST S SRSY 1

NSacTIoOnNS
%ﬁ%
r_.j o
Fusion

cience
and

ISSN: 1536-1055

EDITOR

NERMIN A. UCKAN

Oak Ridge National Laboratory
One Bethel Valley Road

P.O. Box 2008, MS-6169

Qak Ridge, Tennessee 37831-6169, USA

EDITORIAL OFFICE

American Nuclear Society )
Fusion Science and Technology Editorial Office
555 N. Kensington Avenue

La Grange Park, lllinois 60526

ASSOCIATE EDITOR, EUROPE
MAURIZIO GASPAROTTO

Fusion for Energy

C/Josep Pla; 2——— =

Torres Diagonal Litoral Edificio B3
E-08019 Barcelona, Spain

ASSOCIATE EDITOR, ASIA
MASAHIRO MOR!

Fusion Research and Development Directorate
Japan Atomic Energy Agency

801-1 Mukouyama, Naka

Ibaraki 311-0193, Japan

ANS STAFF

MARY BETH GARDNER, Publications Manager
JULIE WILSON, Editorial Assistant

CHRISTINE A. YOELIN, Senior Staff Editor
BRIAN FITZGERALD, Staff Editor

SUZANNE PALS, Staff Editor

JULIE RULE, Staff Editor

COMPOSITION
Beljan Ltd., Dexter, Michigan 48130

EDITORIAL ADVISORY BOARD

HARALD BOLT FARROKH NAJMABADI
DAVID J. CAMPBELL JEROME PAMELA
WERNER GULDEN . KENNETH R. SCHULTZ
JEFFREY H. HARRIS RONALD D. STAMBAUGH
SATOSH! KONISH! HIDEYUKI TAKATSU
WAYNE R. MEIER R. SCOTT WILLMS

STANLEY L. MILORA STEVEN J. ZINKLE

ol

PR T

T bl

A RuLY

CONTENTS / FEBRUARY 2009—VOL. 55, NO. 2T

vi

viii

15

19

25

30

SO

Proélé'ed»ings of the
SEVENTH INTERNATIONAL CONFERENCE

ON OPEN MAGNETIC SYSTEMS
FOR PLASMA CONFINEMENT

Daejeon, Korea
July 15-18, 2008
Comments / Nermin A. Uckan

Preface: Seventh International Conference on 'Open Magnetic Systems for
Plasma Confinement / B. J. Lee

International Program Committee/Local Program Committee/Sponsors

Plasma Direct Energy Converter for Thermal lons Using a Slanted CUSP
Magnetic Field and Two-Stage Deceleration / Y. Yasaka et al.

Dynamic Response of Hydrogen Reemission and Retention from and in Inert
Gas Sprayed Tungsten Exposed to ECR Plasmas / H. Zush et al.

Transport with Reversed £, in the GAMMA-10 Tandem Mirror / W. Horton,
P J. Morrison, X. R. Fu, J. Pratt

Density Fluctuation Measurements in the Tandem Mirror GAMMA-10 /
Masayuki Yoshikawa et al.

Drift-Wave Eigenmodes and Spectral Gaps in Tandem Mirrors / J. Pratt.
H. L. Berk, W. Horton ’

Simulations of Non-Equilibrium Plasmas: Atomic and Molecular Data Needs /
Viadimir I. Kolobov

Myt rvmivatimn ~fF Dlacerma Pradiiatianm Tleaimear LI o Coaimmrmen ™ ot mtoe e e A NS




Zush et al.

(3] R. A. CAUSEY et al, J. Nucl. Material, 266-269
(1999) 467-471

[4] C. GARCIA-ROSALES et al, J. Nucl. Mater.
233-237 (1996)803-808.

[S]A.A. HASS et al, J. Nucl Mater. 258-263

(1997)889-895.
(6] AA HASS ot al, J. Nucl Mater 241-243

(1997)1076-1081.
[7] P. FRANZEN et al, J. Nucl. Mater. 241-243
(1997)1082-1086.
[8]V. KH.ALIMOV, B M. U. Scherzer 240 (1996)75-80.
[9]V. KHL.ALIMOV, et al., 375 (2008)192-201.
[10] M. SAKAMOTO, et al., Nuclear Fusion 42 (2002)
165-168 _
T11] H. ZUSHIL, et al, Nuclear Fusion 45 (2005)
$142-S156 ' .
[12] R. BHATTACHARYAY, et al., Nuclear Fusion 47
(2007) 864-874.
[13] T. LOARER, Nucl. Fusion 47, (2007) 1112-1120
[14] E. TITRONE, J. Nucl. Mater. 363-365 (2007)12-23.
[15] H. TAKENAGA, et al, Nucl. Fusion 46, (2006)
S39-S48. .
[16] T. NAKANO, et al, Nucl. Fusion 46, (2006)
626-634.
[17] Y. HIROOKA et al, J. Nucl. Mater. 363-365
(2007)775. .
[18] H. IWAKIRL et al., J. Nucl. Material, 307-311
(2002) 135-138
[19] K. TOKUNAGA et al, J. Nucl. Mater. 337-339
(2005)887.

TRANSACTIONS OF FUSION SCIENCE AND TECHNOLOGY

14

HYDROGEN REEMISSION/RETENTION FROM INERT GAS SPRAYED TUNGSTEN

VOL. 55

FEB. 2009

-

TRANSACTIONS OF FUSION SCIENCE AND TECHNOLOGY

TRANSPORT WITH REVERSED E,. IN THE GAMMA-10 TANDEM MIRROR

W. Horton, P. J. Morrison, X. R. Fu, J. Pratt
Institute for Fusion Studies, University of Texas at Austin, Austin, TX 78712, USA

The radial E x B transport losses in the central cell of
the GAMMA-10 device are analyzed and compared with
recent data from E.-control experiments. Reversed E.-
profile are seen to inhibit transport.

N

sign, for fusion power is that the confining magnetic fields
are externally produced and controlled; in a tokamak the
confining field is produced by a large, internal plasma
current. The plasma current causes difficulties because it
intrinsically attempts to produce magnetic reconnection

I. ADVANTAGES OF THE TANDEM MIRROR
FUSION SYSTEM .

The GAMMA-10 tandem mirror system has achieved

high energy confinement times (70 — 90 ms) with turbu-
lent radial losses faster than the electrostatically- plugged - -

end losses. The HIBP measured plug potentials give the
Pastukhov end-loss time (100 ms). This high confine-
ment time regime establishes a proof of principle that the
combination of electrostatic and mirror confinement can
successfully insulate electrons from thermal end losses.
Tomography from the microchannel plates (MCP) with
microsecond time resolution shows that a sheared radial
electric field E, suppresses the low frequency drift-wave
fluctuations in the GAMMA-10. Radial energy confine-
ment 75 scaling laws derived in Pratt and Horton' pro-
vide a key prediction that there is a qualitatively differ-
ent drift-wave turbulence in the tandem mirror geometry
compared with toroidal systems.

There are three key advantages to a linear, open sys-
tem as a fusion reactor over a toroidal systems. The
most important advantage is that linear systems such
as tandem mirrors possess no toroidal curvature, a sig-
nificant consideration for confinement. Toroidal curva-
ture produces instabilities on all spatial scales. MHD

‘modes are stabilized in a toroidal system by keeping the

plasma pressure small compared with the magnetic pres-
sure, consequently there exists a ( limit for each de-
vice. Some toroidal systems have relatively high beta
(8 = Lp/Rg?) limits. The spherical tokamak has a large
fraction of mirror-trapped particles and plasma betas ap-
proach 20%. Some large aspect ratio toroidal systems can
have lower beta (8 = 2uop/B?) limits. In contrast, the
tandem mirror system has alternating regions of favor-
able and unfavorable curvature next to one another; this
allows for a high beta limit of order unity. Small scale ion-
temperature-gradient (ITG) and electron-temperature-
gradient (ETG) modes in the torus are driven by the
toroidal curvature and responsible for the toroidal scal-
ing laws of Bohm and Gyro-Bohm confinement shown in
Table I. Pratt and Horton! show that these laws can be
developed in the context of a tandem mirror geometry
and that a tandem mirror of comparable size to ITER,
could also produce Qs = 10.

A second major advantage of both the tandem mir-
ror system and the helical system, over the tokamak de-
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torelease its stored energy. Large plasma currents rou-
tinely cause major plasma disruption events at irregular
intervals, as well as smaller sawteeth oscillations when ei-
ther the plasma current is too large or the current profile
is not optimal. In the ITER device a current of 15 MA is
required to keep the alpha particle banana radius size be-
low 0.3 m which is 15% of the minor radius. The device
has aspect ratio R/a = 6 m/2 m and toroidal magnetic
field By = 5 T. For the same length and field strength
alpha particles in the linear mirror system would have
gyroradius of 10 cm.

A third advantage to the linear open system is that
there is a natural open divertor configuration. The es-
caping plasma can be allowed to expand over large areas,
keeping the limits of the power-per-unit-area on material
walls low. Escaping plasma can be configured to drive
a direct -energy conversion from plasma kinetic energy
to electrical energy by separating the ion and electron
orbits with a suitable system of electromagnetic fields.
The principle of this direct conversion has been demon-
strated on the GAMMA-10 device with the University of
Kobe’s bent-cusp direct convertor cell, which produces
milliwatts of power per discharge?. These advantages of
the linear, open system are well known. In this work, we
investigate the theory of turbulent transport control in
the context of the tandem mirror.

II. CONTROL OF THE RADIAL POTENTIAL
PROFILES AND THE ASSOCIATED TRANS-
PORT CONTROL ,

The tandem mirror has a controlled ambipolar poten-
tial that varies along its length; this potential is pro-
duced through the use of electron cyclotron heating of
the plug plasma and neutral beam injectors that create
sloshing ion distributions in the barrier regions. The
magnetic fleld on the right hand side of the machine
is shown in Fig. 1 with each mirror cell labeled. With
the proper injection of high-power-resonance electron-
cyclotron heating from gyrotrons, a region of locally
higher mean plasma potential ®o(r) is produced. The
potential in the plasma is measured both with the heavy
ion beam diagnostic and the electrostatic end loss ana-
lyzers.

Fig. 2 shows the experimental data and parameter-
ized fits to these data from Cho et al.® for the electro-
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TABLE I: Radial Loss Time Scaling Laws

TLoT = 010 B.QQ L.SS a1.86 n.4 P~.73

Treg = .067 Bl.OS L.46 a2.44 n.41 P—,69

TISS95 = 080 B.83 LO.GS (12'21 n.51 P——.59

Trssoe = 103 B8 L8 23 p% pm&t

7E = 0.042 B2 [}? g2 pl/2 pm1/2

88 = 0016 B® LS g** n® P7°

TEE'TG' = 025 L.33 02.66 nl P—.33
static potential. The potential changes from monotoni-
cally decreasing (dashed curve) as a function of radius to -
a flattened non-monotonic profile (solid curve) with the B
injection of the electron cyclotron power creating a high
energy electron ring in the region from r = 4 to 7 cm. ~
This shape for the potential has been theoretically pos- - _
tulated, and found experimentally by the GAMMA-10 ;’o

team®. The resulting maximum in radius of the elec-
tric potential $o(r = 7 cm) =~ 210 V creates a reversed
E x B-rotation of the ions and electrons in the plasma.
The fattened non-monotonic profile changes the drift
wave transport because barriers to transport become ro-
bust and survive perturbation by the presence of fluctu~
ations. Even in the case of weak perturbations, this be-
havior is signaled by the non-applicability of the standard
Kolmogorov-Arnold-Moser (KAM) theorem* for Hamil-
tonian systems, which govern the motion of particles.
However, of greater importance is the behavior of chaotic
transport in such nontwist Hamiltonian systems under
finite sized perturbations. The robustness of tori, bar-
riers to transport, and diminished transport have been
proposed® and investigated in general terms® and applied
to & variety of experimentsal configurations e.g. Kwon et
al.”, and Marcus et al.®.

III. MODELS OF THE RADIAL ELECTRIC
FIELD AND THE ASSOCIATED FE x B ORBITS

From Fig. 2 we have constructed the three analytic
models shown in Fig. 3 with different features that may
be within the error bars of the data from the HIBP and
the electrostatic end-loss analyzers used to infer the inter-
nal plasma potential ®y(r). The models shown in Fig. 3
are:

1. Empirical model
Bo(I*) = —2607*(I*+1.49)(I"— 0.34) 4205, where

I* =712 /242,
2. Twist model
' &o(I*) = —460I*(1" — 0.33) + 205.

3. Nontwist model
&o(I*) = —~700I*2(I* — 0.25) + 205.

The ambipolar electric potential @o(r2 z) reflects ‘the
small pitch angle ioms. For particles with small pitch

16 , TRANSACTIONS OF FUSION SCIENCE AND TECHNOLOGY

0 2 4 & 8
z(m)

FIG. 1: The axial magnetic field on the right-hand-side of the
GAMMA-10 tandem mirror. The central cell of the machine is
situated at z = 0 and the left-hand-side of the axial magnetic
field is symmetric. Labeled on the figure are transition region
1 (T1), the anchor region (A), transition region 2 (T2) and
the plug-barrier region (PB).

0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
re(m)

FIG. 2: Radial profile of electrostatic potential in the central
cell from Cho et al.® Filled circles and the solid line represents
the experimental data and a parameterized fit, respectively,
with the injection of electron cyclotron heating; while hollow
circles and the dashed line show results without injection of
electron cyclotron heating.
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the plug-barrier region (PB).

1. E, points outward
We record the time for particles to escape(so called
“frst exit time”), i.e. 2%(fexit) + Y2 (texis) = 21 >

202
L 8
“‘ al'7’ and Marcus ef al™ 2. Reversed E, experiment
i 250 11 T 1 1 = From Fig. 2 and 3, we have I, = a?/4, i.e. ro =
i . :
ol LS OF THE RADIAL ELECTRIC = =3 _ .707a, a = 10 cm. There exists a reversal layer at a
d IIIIELII;/IQII\;E THE ASSOCIATED E x B ORBITS 200 % §\§§§ radius of 7.. Outside the layer, F, points outward,
' ¥ while inside E.. points inward. At the reversal layer
K h tructed the three analytic s 150 = 2'15 i rP ven
A om Fig. 2 we have constructe e > ] i
no (ffiels shown in Fig. 3 with different features that may g 100 ; ~oo Qr?) = rBr -0
Kl rbne within the error bars of the data from jche HIBI_’ and , 0 - o i ez 03 o4 o o 1db
il electrostatic end-loss analyzers used to infer the 11}ter— 50 L - . = Bdr Bdl’ (7)
! “‘*‘; oo Jasma potential ®o(r). The models shown in Fig. 3 : FIG. 4: Surface-of-section in the I—6 plane of the E'x B orbits ) .
o nel P 0 ] 1 | | i 1 inside and outside the last invariant surface arising from the § = dH/dI. (8)
‘i“““: oo - 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 reversed F,(top) and after the surface is broken(bottom).®°
| “ f 1. Empirical model

Bo(") = —2601*(I* +1.49)(I" —0.34) +205, where
I* =71%/2a%

9. Twist model
Bo(I*) = —460I*(I* — 0.33) + 205.

3. Nontwist model
do(I*) = —700I*2(I* — 0.25) + 205.

i i ial ®o(r,z) reflects the
he ambipolar electric potentlafl ol7s .
sm’];u pitch angle ions. For particles with small pitch
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re(m)

FIG. 2: Radial profile of electrostatic potential in the central
cell from Cho et al.3 Filled circles and the solid line represents
the experimental data and a parameterized fit, respectively,
with the injection of electron cyclotron heating; while hollow
circles and the dashed line show results without injection of
electron cyclotron heating.
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angles, u = mv? /2B < ¢/B, the parallel motion is given
by the Lagrangian L = mvf /2 — ¢®(2), where

dz
L= = 1
% =Y &)
dyy g 0%
& T moz @
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Integration of ensembles show that the reversed

layer results in a large increase in the average first
exit time.

From simulations and data we note that a dominant
single mode ¢ = ¢, cos(mb—wt) gives islands in the 7—8
phase plane. For the case when many waves are present,
¢ = > Pm cos(mb — wt + &), the islands overlap and

Hamiltonian motion transitions to a stochastic diffusive
motion.

FEB. 2009 17
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V. ONSET OF CHAOTIC DIFFUSION

In Fig. 4, taken from Horton et al®(see also Apte et
al.19), the phase space shows that in these type of systems
there exists a transport barrier for the nontwist potential
profile such as model 3 with fluctuating voltages up to
¢ ~ 4 V. For the twist map in model 2 the last integral
curve producing the transport barrier breaks down at a
smaller fluctuating potential ¢ < 1 V. For fluctuating po-
tentials greater than 10 V there is a radial diffusive trans-
port D(¢) as in quasi-linear theory. However the level of
A similar effect is observed in tokamak edge dynamics®.

High speed photographs of the Balmer alpha line (656

nm) from the n = 3 to 2 transitions of the atomic hydro-

gen in the central cell of the GAMMA-10 by Nakashima
et al.*? show the speed up and then collapse of the plasma
pressure. The plasma rotates in the ion diamagnetic di-
rection at 9 to 10 kHz corresponding to the m = 1 mode
in the collapse of the plasma pressure. During the growth
of the image signal before the collapse one sees briefly
what appears to be the m = 2, 3 and 4 distortions in the
images (http://pecos.ph.utexas.edu/~vortex). For
the rotational instabilities, the basic results for them = 1
and 2 modes for the tandem mirror geometry are given
in detail by Liu et al.*®

The rotational stability theory depends on the details
of the E,. and ion pressure profiles as well as the ratio of
the radius of the conducting wall divided by the radius
of the hot plasma. For m = 1 the growth rate increases
as the conducting wall moves inward to the plasma in
contrast to m = 2 where the close wall is stabilizing.
This is because the m = 1 is a displacement mode that
is-neutrally .stable in the absence of a conducting wall.
With the conducting wall the Dirichlet boundary condi-
tion induces an image charge in the wall that makes an
effective dipolar structure that is unstable. The m =1
mode, called the wobble mode, contains the dominant en-
ergy component of the nonlinear state in the late stages of
the nonlinear evolution. These early theoretical results
are confirmed by the high speed CMOS/CCD camera
movies.

VI. CONCLUSION

The radial plasma losses are controlled by the E,-
profile in the linear tandem mirror system. Both theory
and the experiment show that a reversal of the E.-profile
reduces the radial transport. The core ion pressure then
increases. The increasing pressure gradient finally results
in a plasma disruption as seen in the Balmer o emission
and the drop in the diamagnetic signal.
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D(¢)-remains lower with the nontwist potential profile.
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