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Current ramping to achieve reversed shear confinement enhancement and peaked density profiles
are important for achieving ignition conditions in the high-field tokamak IGNIT[CRppi et al,,

Phys. Scri.45, 112 (1992]. Previous transport simulations used either fixed density profiles or
obtained flat density profiles leading to a conclusion that a mechanism for peaking the density
profile is required for ignition. In this paper an enhanced particle confinement regime that produces
ignition before the sawtooth activity begins is explored. It is shown that fast current ramping is a
general scheme leading to density profile peaking. In these simulations, peaked density profiles
result from the formation of internal transport barrier due to reversed magnetic shear, which is
produced by controlled plasma current and volume-averaged density ramping. Such a programmed
Ohmic heating scheme is demonstrated to be an effective approach to achieve ignition of a
deuterium-tritium plasma. @003 American Institute of Physic§DOI: 10.1063/1.15556243

I. INTRODUCTION however, the density profile peaking seems to last for only a
short period® Multiple pellet injections would complicate the
Several high performance tokamak operating regimesntrinsically simple Ohmic ignition experiment. In this paper,
have been experimentally achieved in experiments througive demonstrate through transport modeling simulations a
the peaking of density profiles. These include the improvedgcheme for producing peaked density profiles through
Ohmic confinement regime produced in ASDEXge pellet  plasma current ramping, which appears to be an effective
enhanced performance mode in the Alcator C tokdnaaki  method of achieving ignition when sawtooth events are
the Joint European ToruSET),% and the supershot mode in avoided. The basic mechanism is that plasma current ramp-
the Tokamak Fusion Test Reactd@iFTR).* In these tokamak ing at a sufficient rate and with proper timing generates a
regimes, the peaked core density profiles bring down th@&ionmonotonicg profile with reversed magnetic she@®S)
7(=d InT;/dInn) value below the critical threshold for during the evolution of the magnetic flux surfaces. An inter-
exciting the ion temperature gradient mode, and help to pronal transport barrier forms in the reversed shear region
duce internal transport barriers by generating a large sheargthich, combined with properly programmed tokamak edge
radial electric field, which is required for turbulence suppresgas puffing, produces a centrally peaked plasma density pro-
sion, through the steep density gradiemt addition to en- file in a timely manner. Since the reversed magnetic shear is
hancing the confinement, peaked density profiles are als@ natural by-product of rapid plasma current ramping and
necessary for optimizing the fusion reaction rate and alphalso a well-confirmed mechanism in the formation of trans-
heating power of a tokamak plasma and, when combineg@ort barriers, this type of scheme for density profile peaking
with a centrally peaked temperature profile, would help tojs intrinsic to the Ohmic heating procegsg., used in IGNI-
reach the ignition condition early. Thus, it is desirable to seekTOR) and independent of the particular crossfield transport
and analyze the density profile control schemes that effeanodel used in simulations. The modeling does assume that
tively lead to density profile peaking in transport simulationsthe parallel transport remains neoclassical without anoma-
of burning plasma experiments on machines such akus current penetration.
IGNITOR. Reversed magnetic shear plasma confinement has be-
Previous simulations of IGNITOR experiments either come one of the main approaches to achieving fusion-grade
simply utilized density profiles with fixed peaking shijpe  plasmas in tokamaks. Reversed magnetic shear confinement
obtained flat density profiles when self-consistent evolutiorhas been achieved on several tokamak machifitand
was allowed. Efforts have been made to increase the coreverified from theoretical model:16 An example of using
plasma density by pellet injection in IGNITOR simulations; current ramping in an Ohmic tokamak to produce an internal
transport barrier(ITB) is the Tore Supra current ramp

dpresent address: Laboratory for Laser Energetics, University of Rocheste@,xperimenﬁ In this experiment a high current ramp-up rate
Rochester, NY 14623; electronic mail: bhu@physics.utexas.edu defined bywamp=d In 1,/dt~10 s 1is used to create a re-
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versed shear plasma, with the currgnincreasing from 0.4  respectively. In Eq. (2) (L#e)g\}=|(Te(x=0.8)— Te(x
to 1.2 MA. After the formation of the RS configuration, ion- =1))/T (x=1)| is the correction factor for nonlocality at

cycl_otron resonance heating power is applied_ with a timghe edgel pe=|d In pe/dr|~* andLe=|d In To/dr| * are the
profile that ramps up to 4 MW, starting at the time whgn  electron pressure and electron temperature gradient scale
reaches its maximum value of 1.2 MA. In the ensuing|engths, respectively,; is the ion Larmor radius at the elec-

steady-state phase, the density is maintained by gas fuelingon temperature; and the values adopted for the empirical

at 0.6 [whereng=1(MA)/ 7a? is the Greenwald density transport coefficients are

limit], and the electron transport barrier is maintained for 2 s. 8 e 8 8

During this 2 s period £507¢) the fluctuation level is re- @g=8X10"°  a7=2aq,

duced and 'the gIong energy confinement time is increased a%®=35x1072, aP®=a®2,

by 50%. This scenario is similar to the one used here to reach

ignition, except that alpha heating is used in place of theas benchmarked from data in the International Thermo-

radio-frequency heating. nuclear Experimental Research database and the Tore Supra
Here, to demonstrate the scheme, the transport modelatabases.

JETTO is used as a standard model in our simulations with ~ Weak and reversed magnetic shear has been shown to

the BALDUR code!® JETTO is an empirical model with a suppress several dominant magnetohydrodynafivleiD)

mixed Bohm and gyro-Bohm scaling. It has been benchinstabilities and also microinstabilities in tokamaks, particu-

marked in confinement regimes with and without reversedarly those driven by unfavorable geodesic magnetic

shear against experimental data from several different tokasurvature:®**?2-?4n the present simulations the suppression

mak machines There is no proof that the JETTO model, or is given by xe;= x25+ 0 (s+0.1)x4;, resulting in the for-

any other transport model, can be applied to a compact, highnation of an internal transport barrier fexx—0.1, where

magnetic field Ohmic tokamak. However, the issue of thethe Heaviside step function vanishes s —0.1. In toka-

extrapolation of transport models should not divert our pur-mak experiments with transport barriers, reversed shear

pose here in an essential way, due to the universal nature ®forks either alone or together with some other turbulence

the current ramping scheme. suppression mechanism, such as B¥B flow shear. This
The rest of the paper is organized as follows. In Sec. llapproach of implementing the effects of reversed shear has

we review the transport model that is used, and describe iheen adopted in some earlier simulations of internal transport

detail the simulation scheme. Simulation results are prebarriers in tokamaks and has been benchmarked in JET.

sented and analyzed in Sec. Ill. Finally in Sec. IV, a sum-There is supporting theoreti¢iland simulation data for the

mary and discussion are given. reduction of anomalous transport by negative magnetic
shear. We do not attempt to include tEeXB shear flow
Il. TRANSPORT MODEL AND SIMULATION SCHEME suppression.
The particle diffusivity of the main gas ion species is

Here we have adopted the transport model JETTO with
reversed shear confinement modes for the simulations of IG~"
NITOR. JETTO is an empirical model containing several
extensions to the Taroni—Bohm electron thermal transport

model XE originally developed for JET low confinement . "
mode (L-mode experiment<® Erba et al?° first extended wherec;=1 andc,=0.3 are empirical coefficients anda
the Taroni—Bohm model to ion thermal transngt and to IS the normalized minor radius of the device. The fornDof

the Ohmic regime. By adding edge temperature gradient ded'ises from taking into account the ambipolar conditlgn
pendence, Erbaetal? further extended their model to — e @nd the approximatiol; > ; .. The hydrogen ion

H-mode regimes with transient and nonlocal effects. Later #2'ticle fluxl’; and heat fluxesj.; are calculated from

odeled as

XeXi
Xet xi’

r
c1+(Cy—Cy)=
1(2 1)a

4

gyro-Bohm transport tern)(gﬁ‘ was included to account for an;

experimental results on other tokamak devices of various Fi:_Di&_r: 6)
sizes'’ In the normal positive magnetic shear region the

standard JETTO model gives the total diffusivitjes; as the ITe

sum of the neoclassical and the anomalous contributions, i.e., Yei= ~MNeiXeii T (6)

Xei=Xo%+ xa;. The anomalous thermal diffusivities of

electrons and ions take the forts Formulas(5) and(6) have no critical gradient and give trans-

port for all nonvanishingvn; andVT,;. There are theoret-
Xoi=Xxei+x% (Bohm term+gyro-Bohmtern), (1) ical and experimental reasons for revising these formulas to
2 include a critical gradient. The electron turbulent transport
B _ 8 STl 11 has sh | id f a critical gradient in th
Xe,izae,i_BL_<LT Yae  (Bohmterm, ) as s (2:>7vvn clear evidence of a critical gradient in the
e pe °© ASDEX?" and Tore Supr& tokamaks. The role of the critical
gradient and the associated turbulent particle pinch deserves

cT, i
Xgﬁ‘zagﬁ‘e—Be? (gyro-Bohm term, (3)  close examination in future work. A critical gradient term
Te will improve the performance over that reported here.
independent of the explicit magnetic shese (r/q)(dag/ In our simulations, we choose the global design param-

dr), whereq andr are the safety factor and the minor radius, eters based on the specifications given in Catpil > (See
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TABLE I. Global parameters for IGNITOR simulations. 1.8 T T
— f01
Major radius  Minor radius  Elongation  Triangularity — Toroidal field "l ——— 2010
\
R (m) a(m) K 8 B(T) 1.6 b
1
1.32 0.47 1.83 0.43 13 1
A, 1.4
Y
e 1.2
Table 1) The relevant initial and boundary conditions for the s
transport equations are selected as follows. The initial central
temperatures for both ions and electrons are set to be 1 keV, Lr \\ i
and the initial central density is chosen to be>31?° m~—3 ™
for both deuterium and tritium. Initial radial profiles for par- 0.8 0 1 2 3 “‘ s

ticle density, temperature, and current density are shown in

Sec. Il for two simulation runs with fast and slow current t(s)

ramp rates. During the heating process, the edge temperatuggs; » Comparison of the time evolution of the density profile peakedness

increases from 0.3 keV at the beginning to 2.0 keV in the ench,(0)/(n,) for two simulation runs with different current ramping rates.

of the puls€, while the edge density remains at a constant

value of 1.0<10°° m~2 for both the deuterium and tritium

ion species. order to have negative magnetic shear during the time evo-

The key procedure of the Ohmic heating scheme in outution of the magnetic flux surfaces, the initial plasma cur-

simulations is the plasma current ramping. The time historiesent should be approximately equal to or less than 4 MA.

of the plasma current and the volume density for a referenc&his corresponds to a threshold for the plasma current ramp-

simulation run #ignifdl with peaked density profile areing rate of approximately 7 MA/s.

shown in Fig. 1. The plasma currehy rapidly increases The rapid ramping of plasma current is accompanied by

from its initial value during the first 1.2 s to its maximum a gradual growth of electron volume-average density, starting

value of 12 MA by the end of the ramping stage, then dropgrom 4.0x 10?° m~2 and increasing toward its target value of

to 11 MA and remains there for the rest of the heating pro9.0x10?° m~3, controlled by neutral gas puffing from the

cess. With a fixed target value of plasma current and a fixeedge(Fig. 1). For a given ramping rate of the plasma current,

length of ramping period, the average current ramping rate ighere is an upper limit for the density ramping rate, above

determined by the initial plasma current. We found that inwhich the desired density profile peaking and plasma igni-
tion would not occur. Our simulation studies show that if the
gas fueling rate is too high, the result is that the density

-
~

Ignitor—f01
JETTO, no RF heating, sawtooth included, B;=13 T, Ip=12 MA

peaks near the plasma edge and hence the density profile is
hollow. On the other hand, too low a rate of gas fueling
would not significantly peak the density profile and thus not

§1° r ] raise the central density to the level required for ignition. A
80 ] staged ramping scheme for volume-averaged density, with
= o ] the ramping rate carefully chosen between these two extreme
4r 7] limits, ensures the peaking of the density profile and also
“'; 2 ‘ ’ ’ ’ early ignition, as, for example, in the reference case in Fig. 1.
82 8
\é,, 6 Ill. SIMULATION RESULTS
; 4 With the use of the transport model and the simulation
~ 2 ‘ ‘ ‘ i ’ ; scheme described in Sec. Il, peaked density profiles were
g 100 1 o :lpmh;c:;)v‘::: /1 obtained during early time stagégrior to ignition) of the
a Pr /] reference simulation run #ignif01. In Fig. 1 we show the
0 2(5) optimal current and density ramp that was found. During this
0 time the Ohmic power increases to its maximum of 39 MW,
o8 as shown in Fig. 1. The peak of the Ohmic power diminished
if“ 0'6 just at the end of the current ramp. The alpha power was
- 0:4 about 40 KW at this time and continued to increase rapidly,
02 as seen in Fig. 1.
Figure 2 shows that the density profile peaking grows in

=]

t(s)

FIG. 1. Time history of(a) plasma current,, (b) volume-average density
{ng), (c) Ohmic powerP, and alpha poweP,, and(d) confinement time | _ - \
e in the reference simulation run #ignif01 with a peaked density profile. compare the time evolution of the density profile peakedness

time and theq=1 surface forms late in time. Following
Coppi et al.® we also use the ratio of the central density to
the volume-averaged density(0)/{ne) as the variable that
quantifies the peakedness of the density profile. In Fig. 2, we
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Ignitor—f01
JETTO, no RF heating, no sawtooth, B,=13 T, IP=12 MA
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FIG. 3. Radial profiles ofa) plasma current density,, (b) safety factom,
(c) particle diffusivity D;, (d) electron density,, (€) ion thermal conduc-
tivity x;, and(f) ion temperaturd’; , at six time slices=0,1,2,3,4, and 4.6
s in the reference simulation run #ignifO1.
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FIG. 4. Radial profiles ofa) plasma current density, , (b) safety factom,
(c) particle diffusivity D;, (d) electron density,, (€) ion thermal conduc-
tivity x;, and(f) ion temperaturd; , at six time slices=0,1,2,3,4, and 5 s
in the reference simulation run #ignia010.

ne(0)/{ne) for the two-simulation cases. The correlation be-sition. The reversed magnetic shear leads to the suppression
tween the current ramping rate and the density profileof both particle and thermal transport in that region, forming
peakedness is apparent for time stages prior to ignition. Theteep gradients in both density and temperature profiles
radial electron density profiles at six representative timehere, namely, an internal transport barrier. As the plasma is
slices are plotted in Fig.(d), in comparison with those of heated up, the reversed shear region and the transport barrier
corresponding time slices in Fig(d) from an earlier simu- both slowly move inward, resulting in the peaking of the
lation run (#ignia01Q with a slower current ramping rafe. density profile. The timing and location of the reversed shear
The peaking of the density radial profile is evident in theregion and the transport barrier are well correlated in the
reference case #ignifO1 prior to ignition, as characterized byadial profiles shown in Fig. 3. As a comparison, the corre-
an inward moving internal transport barrier. sponding process in the earlier slow current ramp simulation
The peaked density profile seen in our simulations isun #ignia010 is shown in Fig. 4, where neither the RS re-
basically a direct consequence of the formation of an internagion nor the ITB is present.
transport barrier, produced indirectly by rapid current ramp-  The favorable effects of density profile peaking on igni-
ing through reversed magnetic shear. This mechanism fdion were demonstrated earlier by Copial ® However, our
density peaking can be clearly demonstrated by the causatudies here differ from those of Coppt al. in that the
relationships among the time-evolving radial profiles of sevpeaked density profile in our transport simulations is pro-
eral transport quantities, including the plasma current densitguced dynamically by plasma current ramping, instead of
iz, the safety facton, the particle diffusivityD,, the elec- being prescribed by a fixed density profile as in Cogipal.
tron densityn,, the ion thermal conductivity; , and the ion ~ As shown here, a plasma with a peaked density profile dur-
temperaturerl; for the reference simulation run #ignifO1 in ing the heating process can reach ignition before a sawtooth
Fig. 3. The initial plasma density and temperature radial prois triggered, which ensures ignition.
files spread out but remain flat. During the fast current ramp-  In Fig. 5 we compare the time traces of the alpha-heating
ing stage when the poloidal magnetic flux diffuses in frompower P, and the total confinement power loBs for the
the boundary, most of the plasma current accumulates arourgiimulation runs shown in Fig. 2 with two different levels of
the plasma edge if the current ramping rate exceeds the difiensity profile peaking due to different plasma current ramp-
fusion rate of the magnetic flux. As a result, the safety factoing rates. Ignition, defined as the condition when the alpha-
profile q(r,t) maintains a local minimum between the core heating poweP,, is balanced by the total thermal l0Bs ,
and the edge, as does that of the Ohmic heating power depoan be seen to occur &t 4.24 s in simulation #ignifO1 with
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50 10— 10* eV, the source term from the ionization process is
° —— alpha power approximately Npee( Tign e) ~ 6 10 m3 §‘1, large
S40¢ ———- power loss enough to significantly raise the electron and ion densities in

P (MW)
3

—— alpha power
=== power loss

f01
&

P (MW)
s
Y

the core region.

The other atomic process is charge exchange, i.e., an
energetic plasma hydrogen ion captures an electron from a
lower-energy neutral. This process is particularly important
for hydrogen, because the rate is greater than that for ioniza-
tion. The penetration of neutrals is largely influenced by
charge exchange. There is not much energy exchanged by
the charge-exchange collision, since the emerging neutral has
nearly the same energy as the incident plasma ion. For a
plasma temperature of 10—100 eV, this cross seatignis
approximately 4< 10 ® m?, which is nearly two orders of
magnitude larger than the ionization cross section. For a
plasma withT,~T,, the charge-exchange rate is usually

’/' two-to-three times larger than the ionization rate. The
20t /[ charge-exchange cross section is large because it is a reso-
] nant effect, in which the initial and the final quantum states
10 ,/" almost have no energy difference. For the 2 keV ion tem-
i perature in the IGNITOR simulation case, the charge-
ol exchange ratéow;) is about 102 m® s™1. When low-

t(s)

energy neutrals are injected into the edge of a plasma, charge
exchange will increase the penetration of neutrals into the

hot dense plasma by producing a second generation of ener-
getic neutrals with kinetic energies comparable to the multi-
keV ions. As time goes on, the interaction between the sec-
ond generation neutrals and the inner more energetic ions
density profile peaking, whereas the=1 surface is born at will produce third-generation neutrals and so on.
t=4.34 s in the middle of the minor radius. In simulation The BALDUR code includes these processes through the
runs with a lower current ramping rate, sawtooth events beuse of Monte Carlo calculations of the neutral atom transport
gin earlier than the time when the ignition conditions areand ionization. The neutral particle packagesxLDUR was
met, which may prevent ignition from occurring. benchmarked with TFTR dafA.
The density rise in the center of the plasma due to edge
neutral gas puffing is explained as follows. In the boundary
layer of the plasma, the neutrals interact with the electronév' SUMMARY
and the ions through two separate processes: ionization and The simulations reported in this paper demonstrate a
charge exchange. Recombination in the plasma is negligibl&cheme for obtaining a peaked density profile during the
Because of the ionization due to electron-neutral interacheating process of IGNITOR through the formation of an
tions, the neutrals with velocity,, can only penetrate a cer- internal transport barrier by rapid plasma current ramping. At
tain distance the initial stage of Ohmic heating, the plasma current density
v, accumulates in the outer region if_the ramping.rate of the
=m. (7) toFa_I plasmq cqrrent excgeds its inward diffusion rate. A
e\vion~e minimum point in the profile of the safety factgrappears
In the case of IGNITOR, for 2 keV electron temperature, thewhere the plasma current density accumulates, forming a re-
ionization rate is about 10* m® s™'. At the edge of the gion with reversed magnetic shear. An internal transport bar-
IGNITOR plasma, the electron density is abouk P0?°  rier is thus produced in that region, due to the suppression of
m~3, and the penetration length, for 2 keV neutrals is the fluctuations by reversed and weak magnetic shear there.
about 0.3 m, which is smaller, although comparable to, thé-ollowing the inward movement of the transport barrier as
minor radiusa=0.47 m of IGNITOR. In the core region, the the plasma current diffuses farther inside, a peaked density
electrons have a much higher temperature and density, arahd a peaked temperature profile are obtained. Peaked den-
the actual penetration length for the neutrals is smaller thasity and temperature profiles that result from the transport
the minor radius of IGNITOR. barrier enable the plasma to reach ignition conditions before
In the reversed shear confinement simulation for IGNI-the occurrence of sawtooth events, and hence ensure the
TOR with theBALDUR code, the neutral density,q, at the  achievement of ignition. Although the JETTO transport
core region is maintained at approximately*3m3, three  model is used in our simulations, this type of density profile
orders of magnitude lower than that at the edge of thepeaking scheme is in principle independent of the particular
plasma. However, with a high ionization rater,ve), choice of transport model, since it derives from the intrinsic
whose value is about 16 m*® s~ in the temperature range feature of Ohmic heating and current diffusion processes in

FIG. 5. Time traces of alpha-heating powey, and the total confinement
power lossP, in the two simulation runs shown in Fig. 2.

An
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0.4 . . . 3 MA/s current ramping rate. For the Tore Supra case, we did
obtain reversed shear with the published current ramping rate
— fol of 1.6 MA/s? The resistive time for current diffusion gy
03 | ——— 2010 | ~ woa?/ . The minor radius is1=0.21,0.27,0.63,0.8 m, for
CMOD, FTU, DIII-D, and Tore Supra, respectively. The re-
D it sistivity » for the same electron temperature does not vary
02 | //’ | much for different tokamak machines. The only important
s/ factor isa?. The minor radius of DIII-D is comparable to
/ that of Tore Supra; thus it should be possible to achieve
’, reversed shear on DIII-D in a pure ohmic heating discharge
’, with a viable current ramping rate. This scenario is expected
-~ to be difficult for FTU and very difficult for CMOD. In fact,
7 we tried a series of fast current ramps on CMOD and barely
0 : : ' : obtained reversed shear with a current ramping rate of 9
ts) MA/s, compared to the reference value of 3 MA/s. Currently,
we are investigating the possibility of achieving reversed
FIG. 6. Time traces of the position of tlpe=1 surface for cases a010 and Shear with rf heating to raise the electron temperature prior to
fo1. the current ramping.
In conclusion, the use of programmed current ramps and
density ramps in a transient high-field tokamak burning
the IGNITOR experiment and from the universal mechanisnplasma experiment may allow ignition to be achieved with-
of transport barrier formation due to reversed magnetic sheagut the complication of rf heating and pellet injection. Simu-
In particular, we used the standard multimode transportations with critical gradients giving offset-linear electron
modef° and still obtained similar reversed shepprofiles  fluxes’?83>3are suggested as future studies.
and density peaking effect. Purely theoretical models of
EXB transport with reversed shear also show reducehCckNOWLEDGMENTS
transport:® _ _ _
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