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Abstract
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We investigated ECH preionization for KSTAR including impurities such
as carbon and oxygen with the ECH preionization code. The electron
energy can be lost through the impurity radiation. We also calculated the
ion energy density which can be lost by the charge exchanges between
hydrogen ions and hydrogen atoms. In this paper, we present the
simulation results; the final electron temperature and density are decreased

by the impurity ions.
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Preionization has been successfully applied in a variety of tokamaks and is normally used to
produce the plasma in contemporary stellarators. The general conclusion of these experiments
was that ECH was effective in producing a good plasma which would (a) reduce the startup
runaway electrons, (b) reduce the voltage required to start the plasma current and (c) somewhat
reduce the Volt-sec expenditure from the transformer needed to establish the plasma. The
motivation for many of those experiments was the pioneering work of Pent et al. [1]. While
some of the predictions of the theory were not borne out by the experiments, nevertheless, the
theory was important in showing the value of preionization for voltage reduction. On the basis
of the experimental work by Kulchar et al. [2], a model was produced which was able to
adequately describe the experiments in ISX-B. Later experimental work included the large
tokamak experiments in T-10 [3] and DIII-D [4]. The Modeling efforts of Fidone and Granata
[5] showed that for a large tokamak, energy deposition would not occur at the Electron
Cyclotron Resonance Heating (ECRH) layer. Maroli and Petrillo [6] added plasma radial
growth and impurities. Lloyd et al. [7] produced a more advanced model and added the effect of
impurities, but neglected the error field effects. The work of Lloyd et al. was used at KBSI to
produce a code called TSTART [8] that included error field effects.



The code and the equations have been described in detail in this paper.

The input parameters correspond to KSTAR are as follows:
(1) a major radius R of 180 cm,

(2) a minor radius a of 50 cm,

(3) an error field range B, from 0 to 5 mT,

(4) a primary voltage V_ . of up to 200 V,

pri
(5) an RF power P, at 84 GHz up to 500 kW,

(6) an initial neutral density n, from 0.2 x 103 cm= to 1.0 x 103 cm3,

(7) an RF pulse duration 7, ;up to 1 s, and

(8) a magnetic field B of 3 T,

(9) a carbon impurity fraction, fci from 0 to 0.02,

(10) an oxygen impurity fraction, foi is always set to 2 times fci.
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The quantities in boldface can be used as variables.  For all of the calculations that are
described here, the preionization was always started 10 ms before the loop voltage was applied.
In this present set of calculations, the effect of variation of the initial minor radius a is not
examined. The present code version is the fortran version transferred from the basic version
made by Dr. Owen C. Eldridge. The fortran version has the impurity power radiation
calculation. Previously it has also been found that the best results are obtained with a parallel

index of refraction, 7 of 0.5 and 100 % x-mode polarization.



The preionization model
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The equations written in the code are summarized and their references are described.

1. The continuity equation

dn

e
—=n v, —n (v +Vv +v
dt e ion e( err dr diff

) )

2on 15 the 1onization rate, v, is the loss rate due to error field, v, is the loss rate due to the toroidal drift,
and vy, 1s the loss rate due to the diffusion.

where, v

2. Particle balance

dn, _ dn, ?)

dt dt

where, n, is the neutral density.

3. Energy balance

au, P, +P, —P 1
dte = _EH ;H RAD _Ue(verr +Vdr +VE)_;(PEQU +PBREM + PIRAD)

du, 1

. (g -p)-U, g
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where,
U, : electron energy density, U, : ion energy density,
P, : ECH power, P, : Ohmic heating power,

Py, : The radiation power loss (entirely due to 1onization process),
Py : Electron-ion equipartition power loss,

Py - The bremsstrahlung power loss (hydrogen ions & impurity ions),
P : The charge exchange power loss (hydrogen atom and hydrogen ions),
P .p : The impurity radiaion power loss (Carbon and Oxygen, etc.),

and, the v is the energy confinement time.

4. Equivalent circuit equation

Rori
dl . dl AN M
VO_IriRri_Lri =—-M—"=0 T
prep o dt dt —>Ipri
dl daI _ 1+ :
IR +L, dtp +M d: =0 Vo T/ Lpri
/|
N M —2=—TRL +1 R M-V.M
c dt p- p  pri pri pri
dl .
Mf = IpRpM - I,,r,-R,m-L,, + VoL,, 4)

dt
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where, M =k \/Lprl L is the mutual inductance and M, 2= Lprl Lp M? is the cross inductance.

Loop voltage and res1st1ve voltage of plasma

dI
V,,=—M—"

loop

ri=IR
dt pr Pdt

V, =—IR, (5)

res

KSTAR poloidal coil parameters
R _.=0.8x103Q, L .=5.0x10°H, k=09

pn1 pri
Plasma resistance and inductance

- Plasma resistance [9]

L L1 2nR 1 ® 1 nfem”]

= N=——=—3, > andc, = an(v, +v,) 9x10° (v, +v,)

A" Ao n 2o x(2.82x10™)9x10*)

where, L is the total torus length, A is the torus cross section, and o} =20, is the conductivity.
- Plasma inductance [7]

L, =y, R(lns—R+l——2J
a 2

. S8R
For KSTAR (Operation Mode No. 4, /. = 0.5 (flat current profile)) L, = HOR(IH7 - 1-75j

But we have used the form of “Maroli & Petrillo” [6] (this form is used in original codes of England and Eldridge.),

S8R
L =p, R(ln7 - 0. 75)



Rate Calculations [s™!]
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P [N Ry
Vien ( €+ H process) [10]

v ion = nO <Gv> ion

- Exp{_z;: ¢ [l“@ﬂ“ jH

C,=-31.7385,C,=11.43818, C, =-3.833998, C, = 0.7046692, C, = -7.431486 E-02,
C,=4.153749 E-03, C, = -9.486967 E-05

2. v, ( The electron moves along the field line with their thermal velocity. The error field can be produced by
Toroidal Field coil structure error. This loss is overcome when the poloidal field induced by the plasma
current is same as the error field, and the plasma current is called “the critical current”. The critical current is

easily obtained from the Ampere’s law but 2 factor, “twice Alcator scaling”.)

I
v, ® OBV L Ic=22na83=1.0x107a8B d,>I,v, =0)
B a| I ™ ’

c

where, OB is the error field, V. = \ T /m, is the electron thermal velocity, a is the plasma minor radius, / is the
plasma current, and /, is the crltlcal current.



3. v,, (due to the curvature and gradient of B) [11]

zme(V le# xl§|_
g

2 ") RB*| R(oc:me

e Val( T 2T, I
v =—|1-—"F|=z=——|1-—+ I >1I,v, =0
“ a ( Ic] aRoaceme( ICJ (I, 21 v, =0)

where, R is the Tokamak major radius, and the @_, 1s the electron cyclotron frequency.

4. vy (Ambipolar diffusion for hot plasma approximation, 7, = 7. ) [12]

T T T
D =L¢(l+_,Jz2A

1 2

ma)ce 1:2 mcoce
Vn 2
since, V., =-D, —=-D, —,
n a
v _ VJ_ _ 87;vm _81:2(\)ei+veo)
T al2 me.a’ me’ a’
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where, v is the momentum transfer frequency and is the sum of v, (electron-ion collision frequency) and v,

(electron-neutral collision frequency).
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where, v, is the momentum transfer frequency and is the sum of v, (electron-ion collision frequency) and v,
(electron-neutral collision frequency).

-V [9] - Vo [9]

— T

— — -15 e

T. <10 eV, lnA=23—ln[ "eJ v, =m0V, =n50x10" |-
‘ T} m,

e

T.>10eV, InA= 24—11{ VT"J

e

3 n,InA
© 3.44x10%(T, )"

, Wwhere InA is the Coulomb logarithm.

ei

5. v; (Energy confinement time rate) [empirical law from “Alcator scaling”]

0.03 a’
T, = n,
8.0x10" “27.0
1

11,
=— >v,=—— (@{I1,>1, v, =0.0)
T

Vi

E TE c



Power density calculations [W/cm?]

;

i’;""

ERSUC

=
@

1. Py, (ECH RF power absorbed by electron) [13]

P, =Pi- fe™ - fre™]

Where 77, and 7, are dimensionless optical depths and £, and f; are the fractional powers for the ordinary and
extraordinary modes, respectively.

TcRTn

~a)f'

Mo = 7» mn,

2
N, = TE;\IR %nnz(z _ (1)3/2(1 n a)za_l

Where a=n_/n_ and n,=me,a? / e* is the critical density and n is the refractive parallel index.
If 1- « <0, o-mode 1s cutoff (that is 77, = 0.0) and if 2- o < 0, x-mode is cutoff (that is 7, = 0.0).

2. P, (Ohmic heating power)

P,=I'R

OH ~— pop

Where [ is the plasma current and R is the plasma resistance given before.



3. P, (The radiation power loss from the 10nizing process, e-1 pair production loss) [7]

P,,=Enyv,

1 e on

Where E,. = (W, .+ W_,)=4.8x 108 J =30 el for Hydrogen atom.

ion I

4. Py (Electron-ion equipartition power loss) [7]

Power transferred from the electrons to ions (Hydrogen ions and impurity ions) through the collisions.

InA (n nZz'
P =775x10"(T [eV]- T [eV])—= AT 17
EQU ( e[ ] z[ ]/]La/zleV] 2 ZI: 4 [ ]

1

=)
- : ‘
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Where n, 1s the Hydrogen ion density, n, is the impurity ion density and the relation between electron density and

1on densities is given by the charge conservation,

n,=n, _ZZInI
7

The impurity ion density is assumed to be produced with variable influx rate, n, = f; n,, where f; is the fractional
value of electron density, for the constant n, / n,. A, is the impurity atomic mass number and the Z, is the

impurity atomic number. The summation is over impurity species, such as carbon and oxygen.

After this, the f| 1s fci for the Carbon impurity and f; is foi for Oxygen impurity and is set to 2 times of fci.
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5. Pyppy (Bremsstrahlung power loss) [7]
The power loss from interaction with both hydrogen ions and impurity ions.

P,

BREM

=1.53x10"n,'T, " [eV]Z, W]
n,+2nZ;

n

e

where, Z . =

6. P, (Charge-exchange power loss) [7]
3
Py =S en,n,(T1eVI-T[eV])Se, W]
Where S 1s the charge exchange rate coefficient and given by, S, =1.066x10" (T,. le V])O’z'27
7. Pcgap and P, (Carbon and oxygen impurity radiation) [14]
P=nn,x10" x10° [W/cm)
Where,
f=-33.93 +4.888 Q—2.432 0>+ 0.3697 O® for Carbon impurity,

f=-34.06+4.194 Q0 - 1.827 0? + 0.2467 Q? for Oxygen impurity and O = log10(T,).
This form is given by fitting the data in the ref. [14].



Temporal behaviors with the inductance form

of Maroli and Petrillo
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Figure 1. Temporal behavior for the first 1.0 s of the electron temperature, electron density, plasma
current, and loop voltage for the present model. A microwave power level of 0.5 MW at 84 GHz
1s applied to a tokamak with R =1.8 m, a=50 cm, and B=3 T. The error field 1s 2 mT.



Temporal behaviors with the inductance form
of B. Lloyd et al.
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Figure 2. Temporal behavior for the first 1.0 s of the electron temperature, electron density, plasma
current, and loop voltage for the present model with a different formula of plasma self
inductance. A microwave power level of 0.5 MW at 84 GHz is applied to a tokamak with R =
1.8m,a=50cm, and B=3 T. The error field is 2 mT.
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Carbon and Oxygen impurity effects
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Figure 3. The temporal behaviors of electron temperature and plasma current as Carbon and
Oxygen impurity fraction of electron density grow. The electron temperature and plasma
current decay after the time of 0.1 s in case of fci = 0.0014 as seen in the above graphs.
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Figure 4. Electron temperature T (0.1 s) and plasma current
[,(0.1 s) as a function of the initial neutral density N,.
While both T, and I drop slightly with an increase in n,,

in case of no impurity, they show very little variation
with the initial neutral density. However, there is
dramatic decay of T, and I with impurities of fei > 0.01
and there is high variation in either Te or Ip with
impurities of fci = 0.001.
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Figure S. Electron temperature T (0.1 s) and plasma current

[,(0.1 s) vs. the applied RF power P At a critical
value of P near S0 — 70 kW, the temperature and
current suddenly increase in both cases of no impurity

and with impurity except the smaller increasing rate in

case of with impurity.
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fei = 0.001, Joos case of Py iy vs. Typ, Prg oy decreases to 21 kW for long pulses for the B, =2 mT

and P ., decreases 155 kW for the B, = 5 mT with no impurity. When
impurities exist, P,¢ ; decrease to 300 kW for the B, =5 mT.

Figure 7 (left). The plasma current I (t) with given P,; ., of pulse duration of T ;and

first zero loss time t,,,. for the B_, = 2 mT when impurities exist. This plot shows
the first zero error loss time t,, is less than T; from the current change of time.
This means that the error field loss goes to zero at time much less than T, with
given P ;e which is defined as the value of RF power at the value of I, where
error field loss goes to zero at t =T ;.



Primary voltage scan & error field scan
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Figure 8. Values of T, and I att=0.1 s as a function of

primary voltage V .. The plasma current increases
linearly with the primary voltage and the electron
temperature also increases slowly with the primary
voltage.
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Threshold primary voltage
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Figure 10. The threshold voltage vs. neutral density. The threshold voltage is defined as the
primary voltage below which the plasma current decay after the RF ends. The RF duration is

0.1 s.

The threshold voltage has no dependence of neutral density when there exist no

impurities. When there exist impurities, the threshold voltage increases as the neutral density
increases and its growth rate increases as the impurity fraction increases.



Future studies
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 Plasma expanding in minor radius with time [9]:

qc(t)l,,(t)R}‘”

a(t)=a,(t=0)+ [0.4m

1/2

T
where, ¢ (f)=6.67x10° ——=
R(Vdr + 1/err)

where o is vertical elongation (o= 2.0 for KSTAR).

e The effects of other impurities such as Iron and Molybdenum;

The radiation power from these impurities are also given by the fitting in ref. [14].

* The seven pairs of independently controlled poloidal field coils;

Circuit equations need to be changed with independently controlled coil current scenarios.
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