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Abstract

The present International Thermonuclear Engineesing Reecux
(ITER) reference configurations are the “Technology Phase,” in
which the plasma current is maintained noninductively ata
subignition density, and the “Physics Phase,” which 1s ignited but
requires 'udum'vewmﬁnmﬂ of &:mcmv.'l'he ; 1.5-3
transport code is 0 cvaluate requirements
both jurations. A slow current (60-80 ) is required for
fixed-radins in ITER 0 avoid current density profiles.
Tomchﬂaewuu:l;gm)l ires about 203 V-s for the

Tecluwlo%!;hx about 270 V-8 for the Physics Phase
(22 MA). resigtive logses can be reduced with expanding-radius
startup.

Introduction

The poloidal magnetic flux availabic to establish the plasma
toroidal current and to maintain it againg resistive and disruptive
losscs is limited by engincaring constraints. At steady state, the
number of volt-seconds of mignetic flux stored in the poloidal
magnetic ficld is directly proportionsl 10 the inductively maintained

proportionality

by the plasma current profile. Since experimental evidence shows
that higher currents give better encrgy confinement, it is desirable w
minimize volt-second losses.

The primary volt-second loss mechanisms are resistive current
decay and direct volt-second dissipation via flux surface reconnection
during sawtooth disruptions.! The resistive dissipation rate becomes
smaller a3 the plasma temperature increzses; therefore, it is
paniculardy helpful to remp the cumvent quickly at low tlemperatures.
If sswteeth are present, the increased ramp rate also reduces the total
volt-seconds dissipated by sawtecth during startup. However, if the
current is ramped 100 quickly in a fixed-radius serp, the plasma is
likely to form an unstable hollow current deasity profile, resulting in
a major distupion. An expanding-radius staftup, an option not
discussed in thiz paper. could relax this limit.2

The voli-second startup requirements tend te be reduced by
current drive from nenrral beam injection and other auxiliary sources.
The magnitude of this effect is evaluated.

The flat-top carrent in the Physics Phese of ITEK3 is fully
inductive since no anxili ing is required at ignivion. However,
it would be possible 10 add a small amount of noninductive current
drive for profile-shaping yaovided it does not cause beta to
exceed the critical value for stabiticy. [t may be possible to use

reduce or avoid sawteeth. (Cenainly it is possible to increase
sawtooth activity by driving a narrow spike of current density ai the
magnetic axis.) It may also h;lrnnible to directly influence the
encrgy confincment time by wilosin the current profile, although the
physical relations involved are not fully understood: The two ITER
t the ‘end points of a range of potentially interesting
devices, no auxiliary sources to full maintenance of plasma
current by noninductive sources. Designing ITER to accommodate

i its future consideration of intermedinte designs,
ysical models as they become available.

The present work focuses on a guantitative estimate.of the volt-
w:ondueguimdfwmmpfm phases of the ITER device. The
WHIST 1.5-D transpart code is used 10 simulate the time-dependent
behavior of the plasma, including beam-driven and bootstra
currents. No if or lower hybridmhuml drive is assumed. Sawtooth
disruptions are the only magnetohydrodynamic activity simulated,
although a simple condition for ballooning stability is monitored. At
cach time step the profiles of toroidal current, elecron and ion
temperature, and deuterium and tritium densitics are computed. The
clectron energy confincment is assumed to be governed by
anomalous Goldston scaling with Chang-Hinton neoclassical ion
conductivity. The flux surface equilibeium is updated periodically
and the beam deposition solved in a fully three-dimensional
geomery. A more extensive description of the models was
published previously. 1.4

Technology Phase

The following scenario for surup of the ITER Techology Phase
device (R=55m,a=18m, x={88 B=53T,I=18 MA)is
intended 1o reduce volt-second consumption by reaching the
operating point as quickly as possible with a full-radius stantup while
avoiding significant skin currents. The stantup consists of a 50-s
inductive current ramp followed by 10 s of combined inductive and
noninductive current ramp. The cumrent ramp rate is held st 0.2 MA/s
over the whole interval. Figurc 1(a) shows the average and peak
electron and ion temperatures during the startup and the initial part of
the burn. The average clectron density [Fig. 1(b)] is ramped by gas
puffing slowly enough to avoid thermal collapse due to linc radiation

but quickly enough to reduce the edge plassia wmperature and

inmﬂnphsmlmﬁlﬁﬁ?.lﬁidinglblﬂd of skin current. At
50 3, the current reaches 14.5 of the required 18 MA, and there is no

longer much sdvantage in keeping the temperature low. At this
point, 90 MW of 1-McV beams are turned on and the density ramp
rate is increased sharply for the next 10 5. At 60 s, the operating

noninductive current drive so tailar the current profile in order to point is resched, and the current is then maintained noninductively by
T the beams for the duration of the simulation.

Research sponsored by the Office of Fusion ,US. The poloidal flux required during the startup and inital bum is
Department of Energy, umder contract DE-AC0S-840R21400 with shown in Fig. 1(c). The individual werms are derived from a
Martin Meriztta Energy Systems, Inc. Faraday's law representation in which
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Fig. 1.

DISCLAIMER

Technology Phase startup evolution of (a) temperature, (b) average clectron density. and (c) voli-second requirements.

This report was prepared as an account of work spunsored by an agency ol the United States
Guvernment. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal hability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparalus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favorirg by the United States Government or any agency thereof. The views

ami. opinions of authors expressed herein do not necessatily state or reflect those of the
Umted States Government or any agency thereof.
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Vior=VYint+ Yext+ Ymhd + Yres-V¥s ,

whuevmudwwnlmmncﬂuxwpplndbyu:mndm
core, Ying is the poloidal flux in the nlasma, Yex is the extemal flux,
Vmuxheﬂuxdmmamdunmnqm of sawteeth, Vrey is the
resigtive flux loss, and ¥g is the current source term. Abaut 203
V-s is required (o reach the operating point, of which about 31 V-3 is
dissi| by plasma resistiviry and sawteeth. The flux savings due

10 fumning oa the beam prior to the end of the current ramp were on

the order of 3.1 V-s. This is due primarily to reduced resistance
m.amglndnmmbwndnvmmmt

_Figures 2(a) and 2(b) show the evolution of the profiles of
clecron temperature and density, respectively. Sawtooth activity
begins to be visible at about 25 3, when the cuitent is sround 11 MA.
The cléctron density is centrally peaked because of deuterium from
the bearits fer they are umncd on st 05 -

The total toroidal current deasi pmﬁleulmedmthcmby
the sawtooth model, a3 shown in Fig. 2(c). The corent rump is
slow enough to avoid skin carrents. - Note that the source curreat
d:nmyﬁmnbmmpcﬂm[ﬁ;l(d)]umepuhdwdwmal
current density and actually is much larger than the tocal current
density on axis. Such a case results in a negative emf in the plasma
core,

E =1 { Jiowal - Jsource) .

“The wotal current density tries to respond on a resistive tme scale by
becoming more peaked, but sawteeth prevent the central current
density from increasing for very long. The whole picure is
complicated by bootstrap currents, which coatribute to the source
mnmuwnyﬂuubpendsontheknldenmymdlempaum
y‘ldlcl‘".l o
mmhmconnmnonbynmwhmldhcmdmdxfme
sousce current density could be flanened sufficiently, perhaps by
aiming the beams s linle farther awsy from the axis. In the present
cases, the beam is injected &t 2 4.6° angle to the horizontal midplane,
ad it crosses the midplane 0.8 o inboard of the major cadius. Fez
nwnmd:hummaﬁmwmﬂmehn:‘mnmw
varying the injection geometry, slthough we have demonstrated
whunhndmupowblewmckm’ In general, the
optimum injection geometry depends on the plasma density; one must
consider whether the shinethrough during startup is 100 large, as well
uwhedurﬂ:cumntwumewnﬁleumop:aked. The addition of

Jyot {MA/m?)

(c) R(m)

lower hybrid ar other current-broadening sources would permit an
aptimal curreas sousce profile w be achieved more easily.

At steady state, beta is near the critical value (4.7%), and Q = 5.
The bootstrap effect provides about 10% of the total cusrent, and the
current drive efficiency is amund 0.2 A/W.

Physics Phase

For the ITER Physics Phase (R=5.8m,a=22m, x = .88,

B =5.0T,[=22 M.\), the current is ramped at the same rate as for
the Technology Phase but is continued out to 80 5 to achicve the
operating current of 22 MA.  After full current is achieved, 50 MW
of 1-MeV beams is tumed on for 20 5. Figure 3(a) shows the
average and peak electron and ion wemperatures during the stanup and
the initial part of the burn. The average clectron deniity [Fig. 3(b)] is
ramped to encourage current penetration without causing a thermal
collapse, as described in the preceding section. At 100 5, the ignited
operating point is reached and no fi beam heating is required.

The poloidal flux required during the susrrap and inital bum §s
shown in Fig. 3(c). About 270 V-5 is required to reach the operating
point, of which about 58.7 V-5 was dissipated by plasma mmu\my
and sawiccth. The sawtooth contribistion is larger than that for the
Technolagy Phase because of the higher current, which tends 1o
decrease q on axis. Dunnglhebum.ﬂuxudmlpawdunbomom
(V-s¥s, which must be supplied inductively. This should be
regarded as an estimate; cvaluating accursiely the rate of fiux
dissipation over many hundreds of sawio6th periods while
incorporating the slow relaxation of the current profile is a
numerically difficult problem that is sensitive to the physical details
of the sawtooth model.

Figures 4(a) and 4(b) show the evolution of the profiles of
clectron and density, respectively.” Sawtnoth activity is
clearly visibe by about 40 3, comresponding o a plasina currer; of
about 14 MA. Since the beam is Jower than tha for the
Technology Phase, the fucling by the beam is less. This lower beam
fucling, together with the broader sawtooth region due to the higher
operating current, prevents pesking of the density profile.

The total voroidal current deasity profile (Fig. 4(c)] shows wo
significant effect from the source due to beam heating [Fig. 4(d)).
‘The source is much smaller than that for the Technology Phase
&h:uuscnfdemducedbumpawamddwhg}mmphm

nsity

At the operating point, bets is near the critical value (6%), and the
bootsrap effect provides about 14% of the total current.

(d} Rim)

fg. 1. Technology Phase profiles of {a) clectron emperature, {b) electron density, {¢) total current density, and (d) beam-driven current

density vs time.
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Fig 3. Physics Phase startup evolution o (s) semperature, (b) svemge electron density, and (c) vdt-:eunquunmmrs.
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Conclusions
mtworl'ERphmmpmumd of a range of
patentially interesting devices, from no sources to foll

uneﬂicnncyofmvccmldm?whkhhmndWN\Vﬁr
the Technology Phase operating point.* Therefore, & predominantly
mdmnv:nnmpumwheuecumy In such s siarrup, most of
the volt-seconds needad 10 establish the operating point are retained
in the poloidal magnetic field and represent an irreducible minimam
invesareent of flux. e he
Assuming a fixed-radius sartup, the currant must be amped
slowly in order to avoid hollow cusreat denyity profiles. This results
in dissipation of about 15 ar 20% of the volt-seconds invested.
mNeunlhumhnenabwnwud‘nlﬁundymub

required o reach the lhululm.
the volt-second requirements for startup Lothl'l'!k

(d}) R(m)

Fig. 4. mmmmﬁhd(n)ehwmlempame,(b)decuondenmy.(c)nzlcumtdemty.md(d)bm-dnmammm:y
vs time.

similar, except that the Physics (ignited) Phase operates at & higher
currens with propostionately higher volt-second requircments.
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