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1. Introduction

@® So far one fluid equation (Ti=T.) has been used in ignition access in FFHR.
@® Effect of two fluid equations (T;, T.) (the separate ion and electron power balance
equations) on ignition access in FFHR have been studied in the high temperature and low

density and the low temperature and high-density regimes.

@® In the thermally stable regime, ignition is more difficult than the case using one fluid
equation when ion confinement time tg; is close to the electron confinement time 7e..

® In the thermally unstable regime, ignition is not sensitive to two fluid equations.



2. Formalism for two fluids 0-D equations
(1) Particle balance equations
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(2) Power balance equations:
The ion power balance:
o d;}vti:FaFocion_'_PEXTFPi/‘/O_Fie_FLi
The electron power balance:
o HsB(-F)tRy(1-F)/V,+E-F-F-F,

where Pj. is the power transfer from the ion to electron:
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(Ap, A, and At are the mass number of deuteron, Helium-4 and triton, InA=20).

The ion and the electron conduction loss :
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The sum of these conduction losses is the total plasma conduction loss
P,+P, =P, (2-8)
Using the ratio of the ion to electron confinement time loss y =1, /1,
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The electron confinement time tg. is obtained, and then the ion confinement time tg can be

calculated.
The ion conduction loss and the electron conduction loss :
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The ion temperature and electron temperature are calculated by, respectively,
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@® External heating power (Thermally stable regime)
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® Machine parameters:
R=15.7m, a=2.5m, P=3 GW, 0,=0.98, B=4.5T, NBI (1.5MeV) and ECRH (126 GHz, n.=1.97x10* m)

Thermally stable regime : 0,=0.5, ar=1.0, 7s5=1.92
Thermally unstable regime : 0,=3.0, at=1.0, 7ss=1.43



(3) Heating power fraction to ion:
®ECRH: F,=0, Foc=(1- Fy;)=1

ONBIl of 1.5 MeV: i = Evao _ 1500(keV') (Wesson, “Tokamaks”)
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(Typically: unstable: T~10 keV, x,=20.0, Fygjion~0.10) (Typically: unstable: T~7 keV, x,,=62.5, F _on~0.03)
@® Alpha heating of 3.5 MeV:
(ref: C. Neumeyer, M. Peng, P. Rutherford, "Spherical Torus Design Point Studies" June, 2003)
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3. Ignition access to the thermally stable regime
3.1. One fluid equation
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3.2. Two fluid equations: Ignition access by ECRH alone
(100 % electron heating by ECRH, 92 % electron heating by alpha heating)
[321] Yei = TEi/TEe =2
FECRH-ion= 0, Falpha-ion =0.08 - Ti0= 16.65 keV, Te0= 17.35 keV, Ti/Te=0.96,
n(0)~1.83x10* m*® < n. P;=142 MW, P,.=340 M, P;.= - 95 MW
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S f:gzg power is increased than one fluid
ok case and ignition is delayed.
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0.08 @ Oscillation of the heating power is
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1 time.

alpha-ion

@ Maximum heating power is 60 MW.

B . @ Temperature difference is large in the
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% 200 300 00 ratio and alpha heating fraction.

Time (s)



POPCON on (n-T;) plane
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[322] Yei = TEi/TEe =5

FECRH-ion=

51020

alpha-ion

P (MW)

410%°L
310%°L
210%°L
110%} J o=

0, Falpha-ion =0.08, -> Ti0= 17.38 keV, Te0= 17.58 keV, Ti/Te=0.9886,

n(0)~1.83x10* m® <n. P.=71 MW, P..=417 M, P;.= - 24 MW
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@ lon temperature is getting close
to the electron temperature due to
better ion confinement.
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[3.2.3] Dependence of the Ti/T. on confinement time ratio in the stable regime
ECRH (Fecrh.ion=0), Faipha-ion =0, 0.1, 0.2
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® [left] It is difficult to achieve ignition by hot electron mode.

® Improvement of the ion confinement time does not much increase the ion temperature .

(lon temperature increment saturates with respect to the ion confinement time.
On the other hand, the ion temperature increases linearly with the ion heating fraction.)

® For alpha heating fraction to ions F;jpha-ion~0.08, Tei/Tee > 2 is necessary for ignition.
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3.3. Two fluid equations: Ignition access by NBI
(80 % electron heating by NBI, 92% electron heating by alpha heating)
[331] Yei = TEi/TEe =2

FNBI-ion=0-2, Falpha-ion =0.08 -> Steady state:
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The same as ECRH case except for the phase of n<1x10%° m>.

Time (s)

Ti/T.=0.96
3

@ Confinement time ratio determines the

ignition characteristics.

@® Almost the same in ECRH and NBI
heating except for the phase of n<1x10%

m>3.
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[332] Yei = TEi/TEe =5
Fnglion=0.2, Faipha-ion =0.08, -> Steady state: The same as ECRH T;/T.=0.99

The same as ECRH case except for the phase of n<1x10%° m™.
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4. Ignition access to the thermally unstable regime
4.1. One fluid equations
[4.1.1] Feedback controlled ignition access by newly developed algorithm

Tiss=1.43, B=4.5, 0.,,=3, o.r=1.0, E=1.5MeV TanNBI, n(0)=8.40x0%’ m?, T(0)=7.1 keV, f,=4.5 %, <p>=4.5 %,
Paiv=12.2 MW/m? (6=90°, A=0.1 m) T.=7.7 keV, arc=0.2
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4.2 Two fluid equations: Ignition access by electron heating alone
[4.2.1] Fegw-ion=0, Faipha-ion =0 (very extreme case)

Even if 100 % electron heating by EBW, 100% electron heating by alpha heating take
place, ignition is achieved as long as Y. = Teil/tee = 1 in the high density operation. T./T.~0.99
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[4.2.2] Fepw.ion=0,
Yei = TEilTEe = 1
= Tio=7.12keV, Teo=7.16 keV, T,/T.=0.99,

During heating phase :n(0)~2-3x10** m* 2 n. (EBW should be used)
PL=114 MW, P..=128 MW, P;.= - 90 MW
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4.3. Two fluid equations: Ignition access by NBI

[431] Yei = TEi/TEe =1
FEBW-ion=0-1, Falpha-ion =0.035 - Ti0= 7.15 keV, Te0= 7.20 keV, Ti/Te=0.99,
During heating phase :n(0)~2-3x10** m® 2 n. P;;=114 MW, P..=129 MW, P;.= - 96 MW
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[4.3.2] If ion confinement time 7g; is shorter than the electron confinement time tg., ignition access
becomes difficult. (PexTt< 100 MW)
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If electron confinement is very good as

’CEi/’CEe =0.3
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5. Summary

[1] Thermally stable regime: (Higher electron temperature --> larger ion heating fraction)
ECRH (0% ion heating fraction), Alpha heating (8% ion heating fraction)
NBI (16% ion heating fraction)

@® For 8 % alpha heating fraction to ions, Tei/Tee > 2 is necessary for ignition.
® In general, when ion confinement time is close to the electron confinement time
(tei/tee ~1), ignition is more difficult than the case using one fluid equation.

[2] Thermally unstable regime: (Lower electron temperature-->smaller ion heating fraction)
EBW (0% ion heating fraction), Alpha heating (3% ion heating fraction)
NBI (10% ion heating fraction)

@® Ignition is possible for the extreme case of 0% ion heating fraction by external heating
power and 0 % ion heating by alpha heating in the case of Tgi/Te. =1.

Ignition access requires the ion to electron confinement time ratio of tx/t:.20.4.

In general, ignition characteristics do not change in the high-density operation even
for two fluid equations, due to strong power coupling between ion and electrons.
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