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The physics of tokamak start-up
D. Mueller
Princeton Plasma Physics Laboratory
P.O. Box 451
Princeton, NJ 08543 U.S.A.
Abstract

Tokamak start-up on present-day devices usually relies on inductively
induced voltage from a central solenoid. In some cases inductive startup is
assisted with auxiliary power from electron cyclotron radio frequency heating.
ITER, the National Spherical Torus eXperiment Upgrade and JT60, now under
construction, will make use of the understanding gained from present-day
devices to ensure successful start-up. Design of a spherical tokamak (ST) with
DT capability for nuclear component testing would require an alternative to a
central solenoid because the small central column in an ST has insufficient space
to provide shielding for the insulators in the solenoid. Alternative start-up
techniques such as induction using outer poloidal field coils, electron Bernstein
wave start-up, coaxial helicity injection and point source helicity injection have

been used with success, but require demonstration of scaling to higher plasma

current.
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I. INTRODUCTION

This paper describes the physics of the start-up phase of tokamak
operation. Recent experience on the start-up of the Experimental Advanced
Superconducting Tokamak (EAST)', the Korean Superconducting Tokamak
Advanced Research (KSTAR)? and start-up experiments in the Joint European
Torus (JET)® with the ITER-like-wall (ILW)* provide a perspective for planning for
the start-up of the National Spherical Torus Experiment Upgrade (NSTX-U)®, the
Japan Torus 60-Super Advanced (JT-60SA)® and the International
Thermonuclear Experimental Reactor (ITER) which will be carried out in the
coming years. These devices will rely upon a central solenoid for start-up.
However for long pulse Spherical Tori (STs), non-central solenoidal start-up is
very important and it is essential for an ST reactor. The leading techniques for
start-up without a central solenoid in an ST include outer poloidal field coil start-
up®,® Electron Bernstein Wave start-up’® and helicity injection form Coaxial
Helicity Injection (CHI)"" or from local helicity injection'? by means of plasma

guns.

Il. INDUCTIVE START-UP

In present day tokamaks, the main technique to initiate breakdown and
drive a toroidal current is use of a central solenoid that supplies magnetic flux
and induces a toroidal electric field. Central solenoid start-up can be divided into
three phases, the breakdown or avalanche phase, the impurity burn-through

phase and the controlled plasma current ramp-up, which will now be described.



Typically, before start-up, hydrogen or deuterium gas in injected into the vacuum
vessel and the solenoid is precharged with a current in the desired direction of
the plasma current. The solenoid current is then driven toward zero by the action
of power supplies, assisted by a resistive voltage in the coil and the external
circuit. Veoii = Vps - leailRcoii+, Where Vs denotes the applied power supply voltage,
Vi is the voltage on the coil, I is the current in the coil and R+ is the
resistance of the coil, leads and any additional resistance that is inserted into the
circuit. The one-turn loop voltage applied is given by Vigep = VeoiM/L Where M is
the mutual inductance between the coil and the plasma and L is the inductance

of the coil. The electric field at the radius R is E = Vjop/2nR.

A. Breakdown and avalanche

Some free electrons are almost always present in a tokamak chamber, but
can be supplemented by radiation, heated filaments, or RF waves. These are
accelerated by the electric field. If an electron gains over 13.6 eV before
suffering a collision with a neutral atom, it can ionize the neutral atom and leave
two electrons which can be accelerated by the electric field and produce more
subsequent electrons. Figure 1 shows the ionization cross-section of neutral
hydrogen by electrons as a function of electron energy from Gryzinski’s classical
model'™. Note the cross-section vanishes below 13.6 eV and peaks at about 50
eV and falls at higher energy. This process is known as the Townsend
avalanche and is named after John Sealy Townsend'. If an electron produces o
electrons per meter then dne = a ne dx where n. is the density of electrons and x

is the distance along the electric field direction.’® An exponential growth in ne



occurs ne = Nng(0) e where a is called the first Townsend coefficient. The

Paschen curve that describes the breakdown voltage of a gas between parallel
plates for hydrogen is shown in Figure 2.'® In order to minimize the loop voltage
required and thereby reduce the hardware demands, there is an optimal product
of pressure times distance of a few Torr-cm for breakdown in hydrogen. For a
tokamak, the voltage is Vioop, the distance is 2xR and the pressure, p, can be
chosen to be near the minimum in the Paschen curve to minimize hardware
demands. The first Townsend coefficient, a, is not a simple function of E/p, but
alp is as is shown in Figure 3. As an example, for NSTX, p ~ 5 X10”° Torr and
Vioop ~ 2 Viturn, o ~ 10'2/m, so the path length for which electrons must be
confined before being lost must be > 100 m, i.e. many toroidal transits. If the
pressure is too high, the electrons will not gain enough energy to ionize the
neutrals before elastic scattering changes their direction so that the electric field
slows them. If the pressure is too low, the density of neutrals will not be sufficient
to provide electrons for the avalanche to proceed. Typically, if the pressure is
within about a factor of 2 from the optimum (in either direction) value the
avalanche will proceed. If the electrons are lost faster than the avalanche

proceeds the avalanche will fail.

B. Impact of error fields

We Consider electron losses parallel and perpendicular to the magnetic
field separately. Under the influence of the induced toroidal electric field,
electrons drift along the magnetic field that is predominantly in the toroidal

direction. The electrons are subject transverse drifts due to the curvature of the



field, its radial gradient and perpendicular fields generated by the poloidal field
system and by eddy currents induced in surrounding conducting structures.
Although the startup phase of each tokamak is designed to produce a localized,
transient null in the poloidal field at the desired location of breakdown at the time
of breakdown, in practice there are always transverse fields surrounding the field
null which evolve in time and these generally dominate the transverse drifts of
the electrons during startup so that after many transits the electrons will impinge
on the wall. For an average stray field <6B> the connection length to the wall, L
is about h*B1/<dB> where Br is the toroidal field and h is the typical transverse
distance to the wall of the device. For NSTX <6B>is 2.5t0 5 G so L is about
3000 m, much longer than the 200 m ionization length under typical inductive

startup conditions.

During the avalanche phase, the average electron drift velocity vqe parallel
to the field is approximately 35 E/p (m/s) so the time for electrons to drift to the
wall is about 6 ms. For ions, vgi ~ 0.9E/p (m/s) and the time to drift to the wall is
~ 150 ms, so secondary emission is unimportant during the avalanche. Lloyd"
estimates the time to complete the avalanche process to be 41/v4e (a-L"), which

is 7 ms for NSTX parameters.

For E/p > 5 X 10° Vm™'Torr”, the electron temperature, Te, is high enough
that thermal ionization is important. Energy loss of the electrons in the ionization

process limits Te to below 10 eV until ionization of the initial gas is nearly



complete'® so vp ~ 4 to 40 m/s and the loss time is 25 to 250 ms greater than the
avalanche time for NSTX. Over a wide range of devices, Vioop =2 to 30 V/turn, E
=0.3t02 V/m, p=105to 10 Torr and E/p = 0.4 to 3 X10* Vm'Torr™". For JET,
Tanga found for Voo, XB1/<0B> >10° V/m that the error fields were small enough
and the loop voltage was high enough that the avalanche could proceed.” The
avalanche proceeds until electron-ion collisions dominate the process compared
to electron-neutral collisions. The electron-ion and electron-neutral collision rates
are equal when ne ~ 0.1 ng. The current density, j =y ng e vge Where y is the H or
D ionization fraction is 15 to 40 kA/m? which corresponds to a plasma current, |,
of 5 to 10 kA for NSTX and about 20 kA for JET. For I, = 10 kA and a plasma
minor radius of 0.5 m the poloidal field at the edge of the plasma is about 40 G,
comparable to the stray fields. At the end of the avalanche phase, y = 0.5,
Coulomb collisions dominate but until ionization is nearly complete, Te is limited

to below 10 eV.

C. Burn-through

The burn-through phase begins at the end of the avalanche. In this
phase, low-Z impurities, usually originating from the walls surrounding the
plasma column, radiate and can limit the temperature and the current ramp-rate
so that the discharge fails. The radiated power density, Prag, is given by
neZnzf(Z,Te) where nz is the impurity density, f(Z,Te) is the cooling rate from
impurities?® and the sum is over the impurity species. Figure 4 shows the steady
state cooling rate due to impurity radiation from Be, C and O as a function of Te.

Note that the cooling rate for Be is 10 times less than for C or O. Also it is



important to note that the peak cooling occurs at about 8 and 20 eV for C and O
respectively. The power available to support the radiation is limited by the power
supplies to E? at low Te and by j?n at high Te, where 1 is the plasma resistivity.
There must be some power left over to increase |, and heat the plasma or the
discharge will cool and collapse. The lower sputtering yield for high-Z materials
at low plasma temperature make them less important at start-up. In order to
facilitate burn-through, various techniques have been employed. Wall
conditioning can reduce the influx of low-Z materials. High temperature removes
hydrocarbons and water from graphite.?' Higher surface temperatures accelerate
this removal and temperatures of at least 300°C are usually required for effective
bakeout. Helium Glow Discharge Cleaning (HeGDC) removes hydrogen and
deuterium and water from the graphite surface.?? Boronization or other surface
coatings using various application techniques reduces oxygen impurities.?®
Lithium coatings can reduce the influx of C, O, and H/D.?* The use of metal walls
can reduce the source of low-Z impurities compared to graphite walls.?® Auxiliary
heating can be used to increase the power available to burn through the low-Z

radiation.

Recent modeling of the avalanche and burn-through phases by H-T Kim?®

of JET start-up agrees well with experiment. This model uses deuterium

confinement time tp from 1/tp = 1/p,| + 1/tp,; Where tp,;and tp,, are the

confinement times due to parallel and perpendicular losses. The parallel

distance traveled before loss, L(t), is a function of time since as the Iy(t) increases



the plasma’s poloidal field becomes larger than the stray poloidal field. Kim uses
L(t) = 0.25¢a(t)*(B1/<0B.(t)>)*exp(lo(t)/l:er) with lef = 100 kA for JET. The
confinement time due to parallel loss b, = L(t)/Cs where Cs is the sound speed

((Te + Ti)/mp)"2. The confinement time due to perpendicular losses tp,, =

a(t)/Veohm(t) where veonm(t) = 2Dgonm(t)/a(t) and Dgonm(t) = Te(eV)/16Bt. A dynamic
recycling coefficient is used for deuterium while physical sputtering and a simple
chemical sputtering yield is used for C and O. This self-consistent model
matches the experimental time history of the start-up well, particularly for I,,

radiated power, carbon impurity radiation emission and Te.

Experimental results from JET with the ITER-like wall, ILW, permit
comparison of start-up conditions with graphite walls compared to the new Be
and W surfaces.?” The results indicate that the density behavior is different for
the ILW and the graphite wall at the time of burn-through. For the ILW, the
density scales linearly with the prefill gas pressure, whereas for the graphite wall,
the density varies with the prefill pressure, but with some additional amount due
to recycling from the carbon wall. Also, the radiated power at the time of burn-
through is a steep function of density for the carbon wall but weakly dependent
on density for the ILW. The latter point is likely due to the much reduced
radiative cooling from Be compared to C as seen in Fig. 4 as well as chemical
sputtering of C from the graphite wall. Furthermore, on JET with the ILW there

were no failures of the start-up during the burn-through phase or failures due to



deconditioning events, such as disruptions or excessive gas puffing on the

previous shot, unlike with the graphite wall.

D. Additional Requirement for Tokamaks with Superconducting Coils

Fully superconducting tokamaks have limited loop voltage due to power
supply cost, eddy-current heating in the coils and the need to limit induced
currents in the cryostat and thick vacuum vessel. For ITER, E ~ 0.3 V/m is at
the low end of successful breakdown for existing tokamaks. For example in
EAST, the maximum electric field that can be applied using the power supplies
alone is about 0.2 V/m, below the value needed for successful inductive start-up.
Both EAST and KSTAR employ circuits that allow resistors to be switched in to
each of the poloidal field coil circuits for a short time, in effect raising Reoil
discussed in the beginning of section Il to produce a higher voltage for
breakdown after the coils are charged to their initial magnetization states. Note
that the IR drop across the resistors increases the applied voltage in the direction
to decrease the magnitude of the coil currents. Both of the operating fully
superconducting tokamaks have less inductive power to heat the plasma and
ramp the plasma current compared to conventional tokamaks due to their lower
coil power supply voltage capabilities. The use of electron cyclotron
radiofrequency heating (ECRH) has been demonstrated on a variety of tokamaks
to lower the electric field required for breakdown by about a factor of about two."’
Furthermore ECRH can provide power to the plasma during burn-through when

the plasma current is low and other heating methods, particularly inductive and



energetic neutral beam heating are inefficient, and when ion cyclotron

radiofrequency heating can be difficult to apply due to coupling.

Lloyd has used a zero-dimensional model to assess the need for
additional power during start-up for ITER.?® The electron power balance in this
model is given by eqn. 1. Pon and Pgr are the ohmic and RF input power, (Ppion

+ PDrad)

3d
__(neKTJ =P0H +PRF _(PD

+ P, -P_-P —-P
2dt Drad) e—i

con brem
(1)

ion

- E(Pion +Pline +PRRE +PDRE)

1

is the power lost to ionization and radiation from deuterium, P is the power flow
from the electrons to the ions, P, is the heat loss from the electrons due to
confinement, Pyrem is the radiated power due to bremsstrahlung, and the sum
over the impurity ions of (Pion + Piine + Prre +Ppre) is the power lost due to
ionization, line radiation, radiative recombination and dielectronic recombination
of the impurities. The ion power balance is given by

3d )
EE(",-KT,-) =P -Px-P, )

eqn. 2, where Pcx is the loss due to charge-exchange and PiCon is the heat loss
from the ions due to confinement. The particle balance is given by eqn. 3
d" D V' n” (3)

- = Sngn, -2
dt V) T

”
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where np, np, and n. are the deuterium, neutral atom and electron density
respectively, S is the ionization rate, T, is the particle confinement time and
(Vn/Vp) is a factor to take into account the fraction of the plasma volume that is
accessible to neutrals. The 0-D model handles impurities by assuming they are
a fixed fraction of np and uses a deuterium recycling coefficient of R= 1.01, that
is, for each 100 deuterons escaping the plasma to the walls, 101 will return to the
plasma as a result of dislodging bound deuterium from the surface. The results
of this modeling indicate that burn-through with 2% Be minority should be
possible in ITER for low fill densities of 1.5X10""/m® (2X10° Torr) and a post
avalanche density of < 1.5X10'®/m>, However, for 5% Be or higher fill pressure,
failure is likely. If 2 MW of ECRH is used, 5% Be with a post avalanche density
of 5X10"8/m3 can be successful, but not with 2% C. At the same density and 5%
C, 5 MW of ECRH is required for robust start-up. ITER has plans for several MW
of ECRH power and use of some of that during start-up should be adequate to

ensure success.

For normal aspect ratio tokamaks with toroidal fields in the range of about
1to 4 T, fundamental O-Mode (E||B) and 2" harmonic X-Mode (ELB) can
access the plasma from low-field-side launch at the appropriate densities as has
been reported by references 17, 29, 30 and references cited therein. The time
evolution of ECRH assisted start-up is shown in Figures 5 and 6, which are from

2" harmonic X-Mode injection on DIII-D.>" The camera images in Figure 5 show

11



C" emission during the discharge which forms just inside of the 2nd harmonic
resonance layer (a), expands radially (b,c), driven by the EXB drift, fills the vessel
as the loop voltage is applied and the plasma current increases to form closed
flux surfaces (d), the plasma limits on the inner wall (e) and finally is moved to its
preprogrammed position, limited on the low field side after 20 ms (f). Figure 6
shows the progression of the plasma during ECRH start-up on DIII-D.** As Pgcy
is increased, the first phase is collisionless heating where the electrons do not
gain sufficient energy to ionize the gas, as the power is increased the avalanche
occurs and the plasma expands with low I,. When the toroidal electric field is
applied, I, increases and at about 20 kA, closed flux surfaces form as evidenced
by the rapid increase of Tecg, the electron temperature measured by electron
cyclotron emission, at - 3 ms. Burn-through follows with additional heating from

ECRH.

E. Examples from EAST and KSTAR

In general, the start-up phase of discharges gets attention only when there
is a failure. Sometimes the failure can be traced rather quickly to some hardware
issue but at other times the cause is not obvious. A couple examples from the
start-up of new devices are instructive. During the initial attempts to start-up the
EAST tokamak, there were repeated failures with the plasma current never
exceeding 35 kA and the discharge ending at 70 to 100 ms. At this early stage of
EAST’s operation, many of the diagnostics were unavailable. The images of the
plasma during the attempted start-up were difficult to interpret because the

interior surfaces of EAST were mostly stainless steel, so there were multiple
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reflections and no obvious single plasma contact point could be seen as the CCD
image in Figure 7 from 33 illustrates. The obvious candidate for the problem was
failure to burn-through low Z impurities. The first attempts at breakdown used an
insertable breakdown resistor in all the poloidal field coil circuits for 100 ms to
provide additional voltage from the IR drop in the coils that were precharged to
positive current. However, the coil currents that were observed did not match
that from modeling done prior to operation. In particular, the outer PF coils which
provide the vertical field for plasma radial position control were more positive
than the model indicated and differed further from the model later in time. Eqn.
4 provides an approximate value the vertical field required for radial position

control.

I )
B o tols 1n(8R°)+ll+ PR )
T4, |\ a )27 T2

2
where f,~0.1 and li=WfBidV~l
0

When the breakdown resistor time was shortened to 50 ms, the discharge
survived and ramped up to about 150 kA on the first attempt, although the
plasma current still fell starting at about 50 ms as can be seen in Figure 8 that
shows the first successful EAST plasmas. Further shortening of the resistor time
did not result in successful plasmas. This experience emphasizes the need for
good modeling of the plasma circuit and power supplies. Since then, the power

supplies on EAST have been upgraded to higher voltages for better control.
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As the following example from KSTAR illustrates, it is not enough to

®)

B, = —n: [Z-2,]
RO

n=~(R/B)(dB./0R)=0<n <3/2 ©6)
supply the proper vertical field at a single location. The shape of the field must
provide stability against motion. The field index, n, given in eqn. 6 must be
greater than zero to ensure vertical stability and less that 3/2 to ensure radial
stability. KSTAR has ferromagnetic material in its coil jackets, which was chosen
for its thermal expansion compatibility. During the first year of KSTAR operation,
there was a significant fraction of the discharges that would move onto the inner
wall and terminate early and it was not possible to produce a discharge without
the use of ECRH assist. An analysis of the field pattern around the time of
breakdown by J. Kim34, which included the effects of the ferromagnetic material,
indicated that the vertical field near the central column was larger than was
indicated by calculations that did not take the ferromagnetic material effect into
account. There was a region inside some major radius where n>3/2 and the
plasma was radially unstable. This explained the start-up failures. If the initial
current channel was formed at too small R, then the plasma was unstable.
Without ECRH, the initial plasma had lower current and lower §, so it was formed
at a smaller R where n>3/2. When the initial field coil currents were adjusted to
compensate for the ferromagnetic effect, it was possible to initiate plasmas

without the use of ECRH and the random start-up failures largely disappeared.
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F. Electron density during ramp-up

The density during start-up depends upon recycling of gas from the wall.
It is a common feature in graphite walls that the density increases with I, during
start-up when the plasma is limited on the graphite surface even without
additional gas fueling. In devices with all metal or Be surfaces such as Alcator-
C-MOD?*, ASDEX-U? and JET with the ILW? this increase of ne with I, in the
absence of additional fueling is not observed. The density behavior during start-
up for typical discharges in JET with the ILW is different than that for JET with its
graphite wall. For the graphite wall, without gas fueling, the density rises with I,
while for the ILW the density falls to very low levels unless additional fueling is
provided by means of gas puffing. . Gas puffing with the ILW can increase the

density to values above those typical of the graphite wall without gas puffing.

G. Current density during ramp-up

The current density profile evolution during ramp-up is influenced in part
by Te that in turn is determined partly by the density evolution. As T, rises, the
rate at which the plasma current is able to penetrate the plasma decreases and
this can result in tearing mode instabilities during plasma ramp-up at low I;.
Growing the plasma’s aperture size as |, is increased to keep the q(a) ~ constant
during much of the ramp-up allows the current to penetrate and can avoid
instabilities.'® Figure 9 shows a comparison of NSTX discharges grown at about
constant q with a large bore throughout the current ramp. The large bore plasma

has lower |; that indicates a broader current profile. The low loop voltage
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available on ITER necessitates a low |, ramp rate and allows current to penetrate
so that if a constant growth technique were to be used, early sawteeth would be
facilitated. Furthermore, the discharge would be in contact with the limiter up to
about 15 MA before diverting and this could cause excessive heating of the
limiter. Experiments carried out on DIIII-D using a large bore scenario
demonstrated less heating of the limiter and |; closer to the projected ITER

target.>’

H. Plasma start-up without a solenoid

Use of a central solenoid both works reliably and is well understood, but
there are reasons to consider other start-up strategies: In particular, elimination
of the central solenoid is required to achieve low aspect ratio at small device size
for fusion nuclear applications. If non-inductive current drive could support a
steady state reactor, an alternative start-up technique would allow elimination of
the solenoid, and with a reduced size or no central solenoid, the cost and size of
a conventional tokamak reactor could be reduced. Inductive techniques that do
not rely upon a central solenoid must address all the same physics issues, but
the emphasis may differ. For example, use of an iron core in place if an air-cored
solenoid can avoid engineering issues caused by neutron damage to insulation in
the central solenoid of a reactor, but requires engineering design of the system to

be carried out.*®

The outer poloidal field coils can be used to provide both loop
voltage and flux to start-up the plasma and has been demonstrated on JT-60°

and DIII-D®. Providing a good field null and a stabilizing poloidal field while
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providing flux by ramping the coils to finally provide a diverted plasma shape at
high plasma current capable of being sustained by other means must address all
the physics issues of inductive breakdown through controlled plasma current

ramp-up.>®

lll. START-UP USING RF WAVES

Lower Hybrid Current Drive (LHCD) start-up to 100 kA was demonstrated
on PLT* and ECRH was used to provide start-up to low current levels on DII-D*,
TS2* and LATE*. For the ST, however, Electron-Bernstein Wave (EBW) seems
most promising**. This technique has produced [, of 33 kA with only 100 kW of
ECRH on MAST*. The EBW is an electrostatic wave that can exist only in a
plasma so it cannot be launched directly by an antenna outside the plasma, but it
can be produced by mode-conversion at the upper hybrid resonance (UHR) layer

of X-Mode ECRH waves launched from the high-field side.** The UHR frequency

. 2 2172 2 12
is Wy =(w, +®;,)" " where w,, =eB/m, and 0, =(n,e /g,m,) "

Because access to the HFS is difficult in an ST, the MAST solution is to launch
O-Mode ECRH at 28 GHz from the low field side. The O-Mode wave is not
strongly damped below the density cutoff of 1X10'"%/m*. A grooved polarizing
mirror cut into the central column converts the O-Mode to X-Mode. The
geometry and results of ray-tracing modeling for MAST are shown in Figure 10.
The O-Mode is launched from below the midplane so the beam reflected at the
midplane is largely above the midplane as it propagates outward in the plasma.

As the outgoing X-Mode wave approaches the UHR, its index of refraction

17



increases, it slows, is mode converted to an EBW reflected perpendicular to the
UHR. The sign of nj is determined by the direction of the projection of wave
vector k along the poloidal field and it is the sign of nj that determines if the EBW
will accelerate electrons parallel or anti-parallel to the toroidal field when it is
absorbed at the electron cyclotron resonance. Because the poloidal field
changes sign when closed flux forms, the direction of the EBW current driven
above or below the midplane changes. MAST has exploited that by using the
radial field to shift the plasma’s midplane above the machine’s midplane such
that the EBW mostly propagates below the plasma’s midplane and thus drives
mostly co-directed current before closed flux forms and then shifting the plasma
down when closed flux forms and the direction of n; changes. The result of
making such a well-orchestrated timing of the radial field to produce a vertical
shift when the formation of closed flux surfaces appears is illustrated in Figure 11
for two different vertical field programs. Extrapolation of these results from

MAST indicates start-up current per launched power of 0.33 MA/MW.

IV. START-UP USING HELICITY INJECTION

The concept of magnetic helicity, which is given by K = f;x- Bdv where

A is the vector potential, B is the magnetic field and v is the plasma volume can
be used to describe current drive in a tokamak.*’ Plasma start-up by helicity
injection as well as coupling to inductive sustainment has been successfully
demonstrated by both transient coaxial helicity injection (CHI)*® *° and by point

source helicity injection from plasma guns.*
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A. Helicity injection from plasma guns

Plasma guns have been employed on PEGASUS to inject helicity and
provide start-up plasmas that can be coupled to inductive ramp-up.®" The gun
location is flexible, the guns could be withdrawn after start-up and the guns do
not provide an obvious impurity source to the plasma. All these are potential
advantages of the use of the guns for start-up. The scaling of |, from helicity
injection is not simple since it arises from considering two limits.*” One is the
relaxation limit that arises from consideration of the Taylor minimum energy
state. The scalar representing the average inverse scale length of the helical

magnetic field is A, = uyl, /W and A, = u,l,, /'V.

i | Woaee IN the plasma volume and in

=27mR , wB,

edge z,edge *

the injector regions respectively, where ¥, = B, A, and ¥,

edge
B. . is due to both |, and the vacuum field. Relaxation drives current from

higher to lower A and this results in

1/2

€A L1y )

= Geom
27R e W

where 1 < fgeom < 3 is a factor that depends upon geometry. The I, limit in eqgn. 7
indicates |, scales with injector properties like the square root of the gun current
and inversely as the square root of the source width. A second scaling arises
from the helicity input rate and implies that I, driven by helicity from the injector

scales directly with the area of the gun source and the gun bias voltage. Thus
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the scaling of |, will depend upon the toroidal field, the gun impedance and the
geometry. Results from PEGASUS have demonstrated the ramp-up of an 80 kA

plasma initiated by plasma guns to 150 kA inductively.>

B. Coaxial helicity injection (CHI)

Implementation of transient CHI on NSTX is accomplished through series
of actions described below. The sketch in Figure 12 shows the important
components for transient CHI. The vacuum vessel is separated electrically by
insulating gaps at the top and bottom of the machine. The toroidal field is applied
and the lower divertor coils are used to produce a poloidal field that connects the
inner and outer vessels. Deuterium gas is injected at the bottom and 1.65 kV is
applied from a variable (5 to 50 mF) capacitor bank across the insulating gap.
Breakdown proceeds, again via a Townsend avalanche along the helical field
connecting inner and outer vessel. Since the toroidal field is much stronger than
the initial poloidal field, each field line wraps many times around the major axis
while connecting the inner and outer electrodes so the toroidal current can be
tens to hundreds of times the injector current (Ii;) between the electrodes. The
direction of the JyeX Br is up into the vacuum vessel. When lij > 2 ini/(102dlte),
where iy is the flux connecting the inner and outer vessels, d is the separation
of the flux footprint and Irr is the total toroidal current in the center column 2, the
plasma rapidly expands to fill the vessel as can be seen by the three fast camera
images at 1, 1.4 and 2.5 ms. The capacitor voltage driving the injected current is

then removed by a fast acting crowbar switch. This forces reconnection of the
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field lines and when liy; =0, all the toroidal current is flowing on closed flux
surfaces. Similar to Eq. (7), it can be shown, using the inverse scale lengths for
the helical magnetic field and the equation for the injector current that the CHI
produced plasma current is directly proportional to the injector flux that connects
the lower divertor plates.

1, =29y, [ (AT, (8)
Since it begins as an electrode discharge, potential difficulties with CHI are that
impurities from the electrode surfaces, low Te, or unsuitably high ne may render
the CHI formed plasma unsuitable for start-up of a tokamak discharge. These

5354 and as can be seen in

considerations have been addressed experimentally
Figure 13, discharges that are initiated with transient CHI can be coupled to
inductive ramp-up. In this example, the CHI initiated plasmas have I, > 400 kA

greater than those formed with inductive start-up.

V. Summary

Inductive start-up is well understood. The Townsend avalanche and
impurity burn-through have been modeled self-consistently. With ECRH assist,
inductive startup should serve to produce high current plasmas in ITER and JT-
B60SA. However, future spherical tokamaks with nuclear capability will have little
space for a central solenoid, which makes the usual inductive technique

problematic, although the use of an unshielded iron core could provide some
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initial current. Outer PF induction, EBW, CHI and point source helicity injection
are possible alternatives for start-up on ST reactors. Each of these techniques
demonstrated start-up to significant current. Experiments on present devices will

provide scaling to higher plasma current and refine the choices available for

future ST reactors.
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Fig. 1 The neutral hydrogen total ionization cross-section versus electron energy. Note that o
vanishes below 13.6 eV peaks near 30 eV and then decreases.
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Fig. 2 The Paschen curve of breakdown voltage, V, between parallel plates separated by a
distance d at pressure p for hydrogen. Note that there is a minimum pd for which breakdown
occurs and above that minimum, V increases approximately linearly such that for fixed separation

E/p is approximately constant.
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Fig. 3 The number of new electrons per unit length of path for an electron in a gas, the first
Townsend coefficient, a.is not a simple function E/p, but a/p is.
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Fig. 4 The cooling rate due to impurity radiation, assuming coronal equilibrium is plotted as a
function of electron temperature peaks below 20 eV for low Z impurities.
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Fig. 5 Fast-framing camera images show the c" emission at various times during the start-up of

DIlI-D assisted by 2" harmonic X-Mode ECRH. The caption below each frame shows the time in
ms, |, in kA and the loop voltage at that time.

Reprinted with permission from G. L. Jackson, P. A. Politzer, D. A. Humphreys et al., Phys.
Plasmas 17, 056116 (2010) http://dx.doi.org/10.1063/1.3374242 (8 pages). Copyright 2010,
American Institute of Physics.
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Fig. 6 Phases of plasma evolution with ECRH assisted plasma start-up. The first frame shows
the ECH power(red), applied toroidal electric field (green) and I, (black) versus time. The 2"and
3" frames shows the D, emission and intensity of the visible bremsstrahlung respectively. The 4"
frame has the line average density of vertical views at 1.48m(black), 1.94m(red) and 2.1m(green).
The bottom frame is the electron temperature measured by electron cyclotron emission.

Reprinted with permission from G.L. Jackson, et al. Fus. Sci & Technol., 57 (2010) 27
http://www.new.ans.org/pubs/journals/fst/a_9266 Copyright 2010 by the American Nuclear

Society, La Grange Park, lllinois
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Fig. 7 Fast camera image of plasma in EAST just after breakdown. The bright plasma and
metallic surfaces make interpretation of the plasma location uncertain.

Reprinted with permission from J. A. Leuer, B. J. Xiao, D. A. Humphreys et al. Fus. Sci &
Technol. 57 (2010) 48 http://www.new.ans.org/pubs/journals/fst/a_9268 Copyright 2010 by the
American Nuclear Society, La Grange Park, lllinois
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Fig. 8 The first 3 successful discharges on EAST. Note that previous attempts had all resulted
in 1, falling from about 35 kA to zero before 0.1s.

Reprinted with permission from J. A. Leuer, B. J. Xiao, D. A. Humphreys et al. Fus. Sci &

Technol. 57 (2010) 48 http://www.new.ans.org/pubs/journals/fst/a_9268 Copyright 2010 by the
American Nuclear Society, La Grange Park, lllinois
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Fig. 9 Comparison of evolution of a discharge initiated with a large-bore (red) with one grown
from a smaller aperture (blue) such that q95 reaches its flattop value early and approximately
constant after 0.05 s. Note that the factor of two difference in internal inductance (I)) at the start
of plasma current flattop.
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Fig. 10 Results of ray-tracing done for EBW on MAST. Note that because the incoming O-Mode
ECH beam is launched from below the midplane towards the polarizing reflector at the
midplane, the outgoing X-Mode ECH is mostly above the device’s midplane. This vertical
imbalance is exploited to produce co-current drive as described in the text.
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Fig. 11 The radial field in MAST is used to move the plasma centroid up before closed flux
surfaces are formed so that so the majority of the X-Mode ECH and EBW are below the plasma
midplane and produces co-current drive. Moving the plasma down as |, increases to form closed
flux puts the EBW above the plasma midplane and produces co-current drive. The red-dashed
curve with constant vertical field demonstrates that the current is not driven by flux from the
vertical field. The blue curves indicate a case with the vertical field increased as |, is increased to
maintain better position control

From V.F. Shevchenko et al. Nucl. Fusion 50 (2010) 022004 (5pp) doi:10.1088/0029-
5515/50/2/022004
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Fig. 12 The main components of the NSTX CHI system discussed in the text. The fast, color
camera images on the right show the plasma growing into the vessel in time. The green color is
due to Li emission.
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Fig. 13 The plasma current in kA for a discharge initiated with CHI and further ramped with induction
(blue), is compared to a reference inductive-only discharge from the NSTX 10YR data base that reached
IMA in a shorter time than other discharges (black). At 120 ms, the solenoid flux used by both discharges
is the same.
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