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Density profile control with current ramping in a transport simulation
of IGNITOR
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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 IGNITOR@Coppi 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. ©2003 American Institute of Physics.@DOI: 10.1063/1.1555623#
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I. INTRODUCTION

Several high performance tokamak operating regim
have been experimentally achieved in experiments thro
the peaking of density profiles. These include the improv
Ohmic confinement regime produced in ASDEX,1 the pellet
enhanced performance mode in the Alcator C tokamak2 and
the Joint European Torus~JET!,3 and the supershot mode i
the Tokamak Fusion Test Reactor~TFTR!.4 In these tokamak
regimes, the peaked core density profiles bring down
h i(5d ln Ti /d ln ni) value below the critical threshold fo
exciting the ion temperature gradient mode, and help to p
duce internal transport barriers by generating a large she
radial electric field, which is required for turbulence suppr
sion, through the steep density gradient.5 In addition to en-
hancing the confinement, peaked density profiles are
necessary for optimizing the fusion reaction rate and al
heating power of a tokamak plasma and, when combi
with a centrally peaked temperature profile, would help
reach the ignition condition early. Thus, it is desirable to se
and analyze the density profile control schemes that ef
tively lead to density profile peaking in transport simulatio
of burning plasma experiments on machines such
IGNITOR.

Previous simulations of IGNITOR experiments eith
simply utilized density profiles with fixed peaking shape6 or
obtained flat density profiles when self-consistent evolut
was allowed.7 Efforts have been made to increase the c
plasma density by pellet injection in IGNITOR simulation

a!Present address: Laboratory for Laser Energetics, University of Roche
Rochester, NY 14623; electronic mail: bhu@physics.utexas.edu
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however, the density profile peaking seems to last for on
short period.8 Multiple pellet injections would complicate th
intrinsically simple Ohmic ignition experiment. In this pape
we demonstrate through transport modeling simulation
scheme for producing peaked density profiles throu
plasma current ramping, which appears to be an effec
method of achieving ignition when sawtooth events a
avoided. The basic mechanism is that plasma current ra
ing at a sufficient rate and with proper timing generate
nonmonotonicq profile with reversed magnetic shear~RS!
during the evolution of the magnetic flux surfaces. An int
nal transport barrier forms in the reversed shear reg
which, combined with properly programmed tokamak ed
gas puffing, produces a centrally peaked plasma density
file in a timely manner. Since the reversed magnetic shea
a natural by-product of rapid plasma current ramping a
also a well-confirmed mechanism in the formation of tran
port barriers, this type of scheme for density profile peak
is intrinsic to the Ohmic heating process~e.g., used in IGNI-
TOR! and independent of the particular crossfield transp
model used in simulations. The modeling does assume
the parallel transport remains neoclassical without ano
lous current penetration.

Reversed magnetic shear plasma confinement has
come one of the main approaches to achieving fusion-gr
plasmas in tokamaks. Reversed magnetic shear confine
has been achieved on several tokamak machines9–14 and
verified from theoretical models.15,16 An example of using
current ramping in an Ohmic tokamak to produce an inter
transport barrier~ITB! is the Tore Supra current ram
experiment.9 In this experiment a high current ramp-up ra
defined byv ramp5d ln Ip /dt;10 s21 is used to create a re

er,
5 © 2003 American Institute of Physics
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versed shear plasma, with the currentI p increasing from 0.4
to 1.2 MA. After the formation of the RS configuration, ion
cyclotron resonance heating power is applied with a ti
profile that ramps up to 4 MW, starting at the time whenI p

reaches its maximum value of 1.2 MA. In the ensui
steady-state phase, the density is maintained by gas fue
at 0.65nG @wherenG5I (MA)/ pa2 is the Greenwald density
limit #, and the electron transport barrier is maintained for 2
During this 2 s period (>50tE) the fluctuation level is re-
duced and the global energy confinement time is increa
by 50%. This scenario is similar to the one used here to re
ignition, except that alpha heating is used in place of
radio-frequency heating.

Here, to demonstrate the scheme, the transport m
JETTO17 is used as a standard model in our simulations w
the BALDUR code.18 JETTO is an empirical model with a
mixed Bohm and gyro-Bohm scaling. It has been ben
marked in confinement regimes with and without revers
shear against experimental data from several different to
mak machines.17 There is no proof that the JETTO model,
any other transport model, can be applied to a compact,
magnetic field Ohmic tokamak. However, the issue of
extrapolation of transport models should not divert our p
pose here in an essential way, due to the universal natu
the current ramping scheme.

The rest of the paper is organized as follows. In Sec
we review the transport model that is used, and describ
detail the simulation scheme. Simulation results are p
sented and analyzed in Sec. III. Finally in Sec. IV, a su
mary and discussion are given.

II. TRANSPORT MODEL AND SIMULATION SCHEME

Here we have adopted the transport model JETTO w
reversed shear confinement modes for the simulations of
NITOR. JETTO is an empirical model containing seve
extensions to the Taroni–Bohm electron thermal transp
model xe

B originally developed for JET low confinemen
mode ~L-mode! experiments.19 Erba et al.20 first extended
the Taroni–Bohm model to ion thermal transportx i

B and to
the Ohmic regime. By adding edge temperature gradient
pendence, Erbaet al.21 further extended their model t
H-mode regimes with transient and nonlocal effects. Late
gyro-Bohm transport termxe,i

gB was included to account fo
experimental results on other tokamak devices of vari
sizes.17 In the normal positive magnetic shear region t
standard JETTO model gives the total diffusivitiesxe,i as the
sum of the neoclassical and the anomalous contributions,
xe,i5xe,i

neo1xe,i
A . The anomalous thermal diffusivities o

electrons and ions take the forms17

xe,i
A 5xe,i

B 1xe,i
gB ~Bohm term1gyro-Bohm term!, ~1!

xe,i
B 5ae,i

B cTe

eB

q2a

Lpe
^LTe

* &DV
21 ~Bohm term!, ~2!

xe,i
gB5ae,i

gB cTe

eB

rsi

LTe
~gyro-Bohm term!, ~3!

independent of the explicit magnetic shears5(r /q)(dq/
dr), whereq andr are the safety factor and the minor radiu
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respectively. In Eq. ~2! ^LTe
* &DV

215u(Te(x50.8)2Te(x

51))/Te(x51)u is the correction factor for nonlocality a
the edge;Lpe5ud ln pe/dru21 andLTe5ud ln Te/dru21 are the
electron pressure and electron temperature gradient s
lengths, respectively;rsi is the ion Larmor radius at the elec
tron temperature; and the values adopted for the empir
transport coefficients are

ae
B5831025, a i

B52ae
B ,

ae
gB53.531022, a i

gB5ae
gB/2,

as benchmarked from data in the International Therm
nuclear Experimental Research database and the Tore S
databases.

Weak and reversed magnetic shear has been show
suppress several dominant magnetohydrodynamic~MHD!
instabilities and also microinstabilities in tokamaks, partic
larly those driven by unfavorable geodesic magne
curvature.10,11,22–24In the present simulations the suppressi
is given byxe,i5xe,i

neo1Q(s10.1)xe,i
A , resulting in the for-

mation of an internal transport barrier fors,20.1, where
the Heaviside step function vanishes fors,20.1. In toka-
mak experiments with transport barriers, reversed sh
works either alone or together with some other turbulen
suppression mechanism, such as theEÃB flow shear. This
approach of implementing the effects of reversed shear
been adopted in some earlier simulations of internal trans
barriers in tokamaks25 and has been benchmarked in JE
There is supporting theoretical26 and simulation data for the
reduction of anomalous transport by negative magn
shear. We do not attempt to include theEÃB shear flow
suppression.

The particle diffusivity of the main gas ion species
modeled as

Di5Fc11~c22c1!
r

aG xex i

xe1x i
, ~4!

wherec151 andc250.3 are empirical coefficients andr /a
is the normalized minor radius of the device. The form ofDi

arises from taking into account the ambipolar conditionG i

5Ge and the approximationDi ,e}x i ,e . The hydrogen ion
particle fluxG i and heat fluxesqe,i are calculated from

G i52Di

]ni

]r
, ~5!

qe,i52ne,ixe,i

]Te,i

]r
. ~6!

Formulas~5! and~6! have no critical gradient and give tran
port for all nonvanishing“ni and“Te,i . There are theoret-
ical and experimental reasons for revising these formula
include a critical gradient. The electron turbulent transp
has shown clear evidence of a critical gradient in t
ASDEX27 and Tore Supra28 tokamaks. The role of the critica
gradient and the associated turbulent particle pinch dese
close examination in future work. A critical gradient ter
will improve the performance over that reported here.

In our simulations, we choose the global design para
eters based on the specifications given in Coppiet al.29 ~See
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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Table I.! The relevant initial and boundary conditions for th
transport equations are selected as follows. The initial cen
temperatures for both ions and electrons are set to be 1
and the initial central density is chosen to be 3.031020 m23

for both deuterium and tritium. Initial radial profiles for pa
ticle density, temperature, and current density are show
Sec. III for two simulation runs with fast and slow curre
ramp rates. During the heating process, the edge temper
increases from 0.3 keV at the beginning to 2.0 keV in the e
of the pulse,7 while the edge density remains at a const
value of 1.031020 m23 for both the deuterium and tritium
ion species.

The key procedure of the Ohmic heating scheme in
simulations is the plasma current ramping. The time histo
of the plasma current and the volume density for a refere
simulation run #ignif01 with peaked density profile a
shown in Fig. 1. The plasma currentI p rapidly increases
from its initial value during the first 1.2 s to its maximum
value of 12 MA by the end of the ramping stage, then dro
to 11 MA and remains there for the rest of the heating p
cess. With a fixed target value of plasma current and a fi
length of ramping period, the average current ramping rat
determined by the initial plasma current. We found that

TABLE I. Global parameters for IGNITOR simulations.

Major radius Minor radius Elongation Triangularity Toroidal fie
R ~m! a ~m! k d BT(T)

1.32 0.47 1.83 0.43 13

FIG. 1. Time history of~a! plasma currentI p , ~b! volume-average density
^ne&, ~c! Ohmic powerPoh and alpha powerPa , and~d! confinement time
tE in the reference simulation run #ignif01 with a peaked density profil
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order to have negative magnetic shear during the time e
lution of the magnetic flux surfaces, the initial plasma c
rent should be approximately equal to or less than 4 M
This corresponds to a threshold for the plasma current ra
ing rate of approximately 7 MA/s.

The rapid ramping of plasma current is accompanied
a gradual growth of electron volume-average density, star
from 4.031020 m23 and increasing toward its target value
9.031020 m23, controlled by neutral gas puffing from th
edge~Fig. 1!. For a given ramping rate of the plasma curre
there is an upper limit for the density ramping rate, abo
which the desired density profile peaking and plasma ig
tion would not occur. Our simulation studies show that if t
gas fueling rate is too high, the result is that the dens
peaks near the plasma edge and hence the density profi
hollow. On the other hand, too low a rate of gas fueli
would not significantly peak the density profile and thus n
raise the central density to the level required for ignition.
staged ramping scheme for volume-averaged density, w
the ramping rate carefully chosen between these two extr
limits, ensures the peaking of the density profile and a
early ignition, as, for example, in the reference case in Fig

III. SIMULATION RESULTS

With the use of the transport model and the simulat
scheme described in Sec. II, peaked density profiles w
obtained during early time stages~prior to ignition! of the
reference simulation run #ignif01. In Fig. 1 we show t
optimal current and density ramp that was found. During t
time the Ohmic power increases to its maximum of 39 M
as shown in Fig. 1. The peak of the Ohmic power diminish
just at the end of the current ramp. The alpha power w
about 40 KW at this time and continued to increase rapid
as seen in Fig. 1.

Figure 2 shows that the density profile peaking grows
time and theq51 surface forms late in time. Following
Coppi et al.,6 we also use the ratio of the central density
the volume-averaged densityne(0)/^ne& as the variable tha
quantifies the peakedness of the density profile. In Fig. 2,
compare the time evolution of the density profile peakedn

FIG. 2. Comparison of the time evolution of the density profile peakedn
ne(0)/^ne& for two simulation runs with different current ramping rates.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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ne(0)/^ne& for the two-simulation cases. The correlation b
tween the current ramping rate and the density pro
peakedness is apparent for time stages prior to ignition.
radial electron density profiles at six representative ti
slices are plotted in Fig. 3~d!, in comparison with those o
corresponding time slices in Fig. 4~d! from an earlier simu-
lation run ~#ignia010! with a slower current ramping rate7

The peaking of the density radial profile is evident in t
reference case #ignif01 prior to ignition, as characterized
an inward moving internal transport barrier.

The peaked density profile seen in our simulations
basically a direct consequence of the formation of an inte
transport barrier, produced indirectly by rapid current ram
ing through reversed magnetic shear. This mechanism
density peaking can be clearly demonstrated by the ca
relationships among the time-evolving radial profiles of s
eral transport quantities, including the plasma current den
j z , the safety factorq, the particle diffusivityDi , the elec-
tron densityne , the ion thermal conductivityx i , and the ion
temperatureTi for the reference simulation run #ignif01 i
Fig. 3. The initial plasma density and temperature radial p
files spread out but remain flat. During the fast current ram
ing stage when the poloidal magnetic flux diffuses in fro
the boundary, most of the plasma current accumulates aro
the plasma edge if the current ramping rate exceeds the
fusion rate of the magnetic flux. As a result, the safety fac
profile q(r ,t) maintains a local minimum between the co
and the edge, as does that of the Ohmic heating power d

FIG. 3. Radial profiles of~a! plasma current densityj z , ~b! safety factorq,
~c! particle diffusivity Di , ~d! electron densityne , ~e! ion thermal conduc-
tivity x i , and~f! ion temperatureTi , at six time slicest50,1,2,3,4, and 4.6
s in the reference simulation run #ignif01.
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sition. The reversed magnetic shear leads to the suppres
of both particle and thermal transport in that region, formi
steep gradients in both density and temperature pro
there, namely, an internal transport barrier. As the plasm
heated up, the reversed shear region and the transport ba
both slowly move inward, resulting in the peaking of th
density profile. The timing and location of the reversed sh
region and the transport barrier are well correlated in
radial profiles shown in Fig. 3. As a comparison, the cor
sponding process in the earlier slow current ramp simula
run #ignia010 is shown in Fig. 4, where neither the RS
gion nor the ITB is present.

The favorable effects of density profile peaking on ign
tion were demonstrated earlier by Coppiet al.6 However, our
studies here differ from those of Coppiet al. in that the
peaked density profile in our transport simulations is p
duced dynamically by plasma current ramping, instead
being prescribed by a fixed density profile as in Coppiet al.
As shown here, a plasma with a peaked density profile d
ing the heating process can reach ignition before a sawto
is triggered, which ensures ignition.

In Fig. 5 we compare the time traces of the alpha-heat
power Pa and the total confinement power lossPL for the
simulation runs shown in Fig. 2 with two different levels o
density profile peaking due to different plasma current ram
ing rates. Ignition, defined as the condition when the alp
heating powerPa is balanced by the total thermal lossPL ,
can be seen to occur att54.24 s in simulation #ignif01 with

FIG. 4. Radial profiles of~a! plasma current densityj z , ~b! safety factorq,
~c! particle diffusivity Di , ~d! electron densityne , ~e! ion thermal conduc-
tivity x i , and~f! ion temperatureTi , at six time slicest50,1,2,3,4, and 5 s
in the reference simulation run #ignia010.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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density profile peaking, whereas theq51 surface is born a
t54.34 s in the middle of the minor radius. In simulatio
runs with a lower current ramping rate, sawtooth events
gin earlier than the time when the ignition conditions a
met, which may prevent ignition from occurring.

The density rise in the center of the plasma due to e
neutral gas puffing is explained as follows. In the bound
layer of the plasma, the neutrals interact with the electr
and the ions through two separate processes: ionization
charge exchange. Recombination in the plasma is neglig
Because of the ionization due to electron-neutral inter
tions, the neutrals with velocityvn can only penetrate a cer
tain distance

ln5
vn

ne^s ionve&
. ~7!

In the case of IGNITOR, for 2 keV electron temperature,
ionization rate is about 10214 m3 s21. At the edge of the
IGNITOR plasma, the electron density is about 231020

m23, and the penetration lengthln for 2 keV neutrals is
about 0.3 m, which is smaller, although comparable to,
minor radiusa50.47 m of IGNITOR. In the core region, th
electrons have a much higher temperature and density,
the actual penetration length for the neutrals is smaller t
the minor radius of IGNITOR.

In the reversed shear confinement simulation for IGN
TOR with theBALDUR code, the neutral densitynneu at the
core region is maintained at approximately 1012 m23, three
orders of magnitude lower than that at the edge of
plasma. However, with a high ionization ratês ionve&,
whose value is about 10214 m3 s21 in the temperature rang

FIG. 5. Time traces of alpha-heating powerPa and the total confinemen
power lossPL in the two simulation runs shown in Fig. 2.
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102104 eV, the source term from the ionization process
approximately nneune^s ionve&;631019 m23 s21, large
enough to significantly raise the electron and ion densitie
the core region.

The other atomic process is charge exchange, i.e.
energetic plasma hydrogen ion captures an electron fro
lower-energy neutral. This process is particularly importa
for hydrogen, because the rate is greater than that for ion
tion. The penetration of neutrals is largely influenced
charge exchange. There is not much energy exchange
the charge-exchange collision, since the emerging neutra
nearly the same energy as the incident plasma ion. Fo
plasma temperature of 10–100 eV, this cross sectionscx is
approximately 4310219 m2, which is nearly two orders of
magnitude larger than the ionization cross section. Fo
plasma withTe'Ti , the charge-exchange rate is usua
two-to-three times larger than the ionization rate. T
charge-exchange cross section is large because it is a
nant effect, in which the initial and the final quantum sta
almost have no energy difference. For the 2 keV ion te
perature in the IGNITOR simulation case, the charg
exchange ratêscxv i& is about 10213 m3 s21. When low-
energy neutrals are injected into the edge of a plasma, ch
exchange will increase the penetration of neutrals into
hot dense plasma by producing a second generation of e
getic neutrals with kinetic energies comparable to the mu
keV ions. As time goes on, the interaction between the s
ond generation neutrals and the inner more energetic
will produce third-generation neutrals and so on.

The BALDUR code includes these processes through
use of Monte Carlo calculations of the neutral atom transp
and ionization. The neutral particle package inBALDUR was
benchmarked with TFTR data.30

IV. SUMMARY

The simulations reported in this paper demonstrate
scheme for obtaining a peaked density profile during
heating process of IGNITOR through the formation of
internal transport barrier by rapid plasma current ramping
the initial stage of Ohmic heating, the plasma current den
accumulates in the outer region if the ramping rate of
total plasma current exceeds its inward diffusion rate.
minimum point in the profile of the safety factorq appears
where the plasma current density accumulates, forming a
gion with reversed magnetic shear. An internal transport b
rier is thus produced in that region, due to the suppressio
the fluctuations by reversed and weak magnetic shear th
Following the inward movement of the transport barrier
the plasma current diffuses farther inside, a peaked den
and a peaked temperature profile are obtained. Peaked
sity and temperature profiles that result from the transp
barrier enable the plasma to reach ignition conditions bef
the occurrence of sawtooth events, and hence ensure
achievement of ignition. Although the JETTO transpo
model is used in our simulations, this type of density profi
peaking scheme is in principle independent of the particu
choice of transport model, since it derives from the intrin
feature of Ohmic heating and current diffusion processes
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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the IGNITOR experiment and from the universal mechani
of transport barrier formation due to reversed magnetic sh
In particular, we used the standard multimode transp
model30 and still obtained similar reversed shearq profiles
and density peaking effect. Purely theoretical models
EÃB transport with reversed shear also show redu
transport.16

The nonmonotonicq profiles may also delay the onset
sawteeth. Figure 6 shows the time evolution of the rad
position of theq51 surface. For the slow current rampin
case a010, theq<1 region appears very early from the ce
ter of the plasma and quickly extends to the middle of
radius. For the fast current ramping case f01, theq<1 region
is born at midradius at a much later time than in case a0
and theq<1 region has a smaller volume than in a01
Sawtooth activity is more likely to be easily controlled in th
f01 fast current ramp case than in the a010 slow current ra
case.

Nonmonotonic current density profiles may lead
MHD instabilities, e.g., resistive interchange and doub
tearing modes. A previous study31 indicated that the nonlin-
ear evolution of double-tearing modes would lead to anom
lously fast current penetration. Clearly, this is an undesira
result for IGNITOR, because it would prevent magne
shear reversal and the formation of an internal transport
rier. On the other hand, recent experience, especially in
kamaks investigating advanced confinement scenarios,
cates that nonmonotonicq profiles can be sustained at lea
transiently, i.e., for time scales that are relatively short co
pared with the global resistive diffusion time. This would
sufficient for the successful operation of IGNITOR with r
versed shear. In the absence of conclusive theoretical
dence, it would be desirable to test the IGNITOR-relev
reversed shear scenarios in existing tokamak experime
such as CMOD,32 the Frascati Tokamak Upgrade~FTU!,33

and DIII-D,34 where high-density, high-field plasma cond
tions can be realized. In our simulation studies, we have t
the fast current ramping scenario for CMOD and Tore Sup
For the CMOD case, we did not obtain reversed shear wi

FIG. 6. Time traces of the position of theq51 surface for cases a010 an
f01.
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3 MA/s current ramping rate. For the Tore Supra case, we
obtain reversed shear with the published current ramping
of 1.6 MA/s.9 The resistive time for current diffusion istcd

;m0a2/h. The minor radius isa50.21,0.27,0.63,0.8 m, fo
CMOD, FTU, DIII-D, and Tore Supra, respectively. The r
sistivity h for the same electron temperature does not v
much for different tokamak machines. The only importa
factor is a2. The minor radius of DIII-D is comparable to
that of Tore Supra; thus it should be possible to achie
reversed shear on DIII-D in a pure ohmic heating discha
with a viable current ramping rate. This scenario is expec
to be difficult for FTU and very difficult for CMOD. In fact,
we tried a series of fast current ramps on CMOD and bar
obtained reversed shear with a current ramping rate o
MA/s, compared to the reference value of 3 MA/s. Curren
we are investigating the possibility of achieving revers
shear with rf heating to raise the electron temperature prio
the current ramping.

In conclusion, the use of programmed current ramps
density ramps in a transient high-field tokamak burni
plasma experiment may allow ignition to be achieved wi
out the complication of rf heating and pellet injection. Sim
lations with critical gradients giving offset-linear electro
fluxes27,28,35,36are suggested as future studies.
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