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Helicity-driven spherical system

Many experiments on the CHI using a magnetized coaxial plasma gun (MCPG) have been carried out
for ST to understand the mechanism of current drive.

(OFC)

-- Sustainment of the ST configuration by CHI are
considered to be due to a dynamo driven by
magnetic fluctuations crossing flux surfaces

Closed flux

magnetic fluctuations crossing flux surfaces.

-- In the driven phase which performs the dynamo
current drive, the fluctuations deterioratecu e t d ve, t e uctuat o s dete o ate
confinement.

-- In the decay phase after the driven phase, the

Open flux

y p p ,
fluctuations become small, allowing closed flux
surfaces to form, resulting in good confinement.MCPG

Helicity-driven spherical system



Background and motivation
1. Driven phase: Current drive is performed with allowing the deterioration of confinement.
2. Decay phase： Closed flux surfaces are formed, resulting in good confinement.

The multi-pulsing CHI (M-CHI) scenario aims to achieve simultaneously a quasi-steady 
sustainment and good confinement by repeating the driven and decay phases [1, 2].

-- The double-pulsing CHI experiment for ST is
performed to demonstrate its usefulness in
HISTHIST.

-- The poloidal shear flow and the Hall dynamo
are observed near the separatrix layer with
the steep density gradient in the high field
side, due to the ion diamagnetic drift.

The two-fluid effects are important!p

-- A main purpose of this study is to explore
the features of the 2-fluid equilibria
observed in HIST on the basis of double-
pulsing discharge data such as magnetic
field, ion flow velocity, etc. [1] S. Woodruff, et al., PRL 90, 205002-1 (2004).

[2] E.B. Hooper, PPCF 53, 085008 (2011).



HIST device and doubleHIST device and double--pulsing CHIpulsing CHI

• HIST parameters
R = 0.3 m, a = 0.24 m, A = 1.25
n = 0 5 1 x 10 20 m-3ne = 0.5-1 x 10 20 m 3

Te, Ti = 10-40 eV
It < 150 kA,
S* R / l 10 l ( / ) 2 3

• TF coil current
Spheromak Low-q ST: q ~ I (= 0-30 kA) / I < 1

S* = R / li ~ 10 li = (c / ωpi) = 2~3 cm

• Power supply system for double-pulse

High-q ST:  q ~ Itf (= ~ 150 kA) / It > 1  

Spheromak, Low-q ST:  q ~ Itf (  0-30 kA) / It < 1 

Formation capacitor banks: V = 3-10 kV, C = 0.6 mF
Injection current： Ig ~ 30 - 60 kA

• Power supply system for double-pulse

• Sustainment capacitor banks
First pulse:      V < 900 V, C = 336 mF 
Second pulse: V < 900 V, C = 195 mF

2nd pulse voltage： Vg ~ 400 V
2nd pulse current： Ig ~ 10-20 kA



Double pulsing CHI dischargeDouble pulsing CHI discharge (High(High--q)q)

Double pulsed discharge
Single pulsed discharge

By secondly pulsing the MCPG at t = 1.5 
2 5 d i th ti ll d

1st pulse 2nd pulse

Plasma current

Averaged density

or 2.5 ms during the partially decay 
phase, total plasma current is effectively 
amplified against the resistive decay. The 

Inner edge Bp

Averaged density
core current density is generated due to 
dynamo.

Th t i t ti h i d

Outer edge Bp

The sustainment time has increased up 
to 6 -8 ms which is longer than that in 
the single CHI case.

λ in OFC The edge λ in the OFC is larger than the 
core λ causing helicity transport

λ in Core

core λ , causing helicity transport.

Ion Doppler temperature increases

λ = μ0It /Ψt

Doppler ion temp. 

Ion Doppler temperature increases 
from 20 eV up to 30 eV.OII



Internal magnetic field profilesInternal magnetic field profiles
Bp(R)1st pulse 2nd pulse M-CHI process

Magnetic axis

Driven phase Decay phase 

Separatrix
OFC

Bp is enhanced in the OFC. 
Magnetic axis moves outwardly. 
Jt becomes from a hollow to a peaked profile.  

t=2 ms t=6 ms t=7 ms
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Flow velocity and Flow velocity and density profilesdensity profiles
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Er

Steep gradient
Toroidal field in OFC is 
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from vacuum field. 
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NormalizationNormalization

We normalize the physical quantities on the basis of the 
following quantities in HIST.

L RB : Poloidal field at the outer boundary
at a midplane 0.05 [T]

: Radius of the flux conserver
0.5 [m]

]m[105 -319×n : Number density ][
Rn : Number density

Reference values

Alfven velocity: uR = BR / (μ0minR)1/2 = 154 [km/s]
Temperature: T B 2 / μ k 248 [eV]Temperature: TR = BR

2 / μ0nRk = 248 [eV]



Normalized equilibrium equations

BuEuu ×++−=⋅ iiii np )/1(/ ε∇∇Equation of ion motion

BuE ×−−−= ee np )/1(/0 ε∇Equation of electron motion

0)(0)( =⋅=⋅ i nn uu ∇∇Equation of continuity 0)(0)( == ei nn uu ∇∇qua o o co u y

00 =⋅=⋅ eeii ss ∇∇ uuEntropy conservation

[ ] [ ][ ] [ ]eeii snpsnp )1(exp)1(exp −=−= γγ γγEquations of state

0=⋅B∇Gauss’ law for magnetic field

Ampere’s law Buu ×=− ∇ε)( ein

Faraday’s law φ∇⇒×∇ EE 0Faraday s law Eφ∇−=⇒=×∇ EE 0

Two-fluid parameter: ε ≡ li / L li ≡ c / ωpi = ion skin depth
L = system length scale

HIST                   ε = 0.0644
TCS-translation  ε = 0.22

L = system length scale

li ∝ mi
1/2,  thus ε = an ion inertia effect

TS-3 ε = 0.20
NSTX ε = 0.034



Surface variables and functions

Surface variables

electron (and magnetic) surface variable: ψ(r,z) poloidal flux function

θεψ rur,z +≡)Y(ion surface variable:

toroidal ion

Arbitrary surface functions

toroidal ion 
flow velocity

Arbitrary surface functions

electron poloidal flow function: ion poloidal flow function:)(ψψ e )Y(iψ
)()( ′Λ )Y()Y( ′Λ

electron total enthalpy function: He(ψ) ion total enthalpy function:  Hi(Y)

)()( ψψψ ee ′≡Λ )Y()Y( ii ψ ′≡Λ

electron entropy function:           Se(ψ) ion entropy function:            Si(Y)



Axisymmetric equilibrium equationsy q q

Generalized Grad-Shafranov equations

ion: ( ) ( )iiii
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Generalized Bernoulli equations

Problem: 

1/ε singularities
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Flexible arbitrary functions for Hα and Sα
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Flexible arbitrary functions for Λα
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Neaby-fluids orderingg

-- Two-fluid parameter as ε << 1

-- Adopt two postulates:
a) Toroidal magnetic field Bθ ≤ O(1) formallya) Toroidal magnetic field Bθ ≤ O(1) formally
b) Toroidal flow velocity uθ ≤ O(1) formally

Require two arbitrary surface functions:-- Require two arbitrary surface functions:
Λe(…) and Λi(…) must differ only to O(ε)

)()()( ψψψψ Fee =′≡Λ )Y()Y()Y()Y( GFii ′+=′≡Λ εψ

ε)]Y()Y([)Y( eiG Λ−Λ=′ [ ]ψψ
ε

GG ei d)(ΛdY)Y(Λ1)Y( 0 ∫∫ −+=
ε

-- GG’  < 0  diamagnetism,  GG’  > 0  paramagnetism

L.C. Steinhauer and A. Ishida, Phys. Plasmas 13, 052513 (2006)



Numerical model
r

Numerical model

ψ = 0spherical flux conserver
RoutBd

R1
bias flux

Z

RinBd

Z0
center conductor geometric axis

Z2 ZZ1
0

ψ = 0

Function form of bias flux: ))((
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Poloidal flux contours and safety factor

-- Equilibrium has axially elongated and-- Equilibrium has axially elongated andEquilibrium has axially elongated, and
the flux quantities are principally
concentrated on the periphery region
due to the hollow current profile.

Equilibrium has axially elongated, and
the flux quantities are principally
concentrated on the periphery region
due to the hollow current profile.due to the hollow current profile.

-- The q profile shows a standard tokamak
configuration with q > 6.

due to the hollow current profile.

-- The q profile shows a standard tokamak
configuration with q > 6.Width of OFC wOFC ~ 7 cm g qg qWidth of OFC wOFC  7 cm

Ion skin depth li ~ 3 cm

q profileq profile
Parameters Real quantities

Toroidal current Itor 88.1 kA 
P l id l t I 15 9 kA

q profileq profile

Flat

Standard tokamak configuration
Poloidal current Ipol 15.9 kA 
Poloidal flux ψpol 4.35 mWb
Volume average beta <β> 0 78

Magnetic axisSeparatrix

Volume average beta <β> 0.78



Magnetic field and current density profiles at the midplane

OFC OFCMagnetic fieldMagnetic field Current densityCurrent density

Diamagnetic field

-- Toroidal field Bt has a diamagnetic profile in the whole region.
In particular the OFC region is significant due to the steep density

-- Toroidal field Bt has a diamagnetic profile in the whole region.
In particular the OFC region is significant due to the steep densityIn particular, the OFC region is significant due to the steep density.

-- Toroidal current density jt with hollow profile has a maximum value in the OFC region and
is slightly negative around R=0.4 m.

In particular, the OFC region is significant due to the steep density.

-- Toroidal current density jt with hollow profile has a maximum value in the OFC region and
is slightly negative around R=0.4 m.is slightly negative around R 0.4 m.

-- Parallel current density λ with hollow profile has a maximum value around the outer edge
region and is slightly negative around R=0.4 m.

is slightly negative around R 0.4 m.

-- Parallel current density λ with hollow profile has a maximum value around the outer edge
region and is slightly negative around R=0.4 m.g g y g

-- The magnetic field and current profiles are consistent with the experiment.

g g y g

-- The magnetic field and current profiles are consistent with the experiment.



Number density and temperature profiles at the midplane

OFC OFCNumber densityNumber density TemperatureTemperature

Steep gradient Steep gradientSteep gradient Steep gradient

SeparatrixSeparatrix

nmax = 2.1x1020 [m-3], nmin = 1.7x1020 [m-3] Ti.max = 16.3 [eV], Ti.min = 8.6 [eV]
Te max = 20.7 [eV], Te min = 13.7 [eV] 

-- Number density n has a steep gradient scale around the separatrix which is
comparable to the ion skin depth.

-- Number density n has a steep gradient scale around the separatrix which is
comparable to the ion skin depth.

e.max 0 [e ], e.min 3 [e ]

-- The density gradient in high field side of the experiment is much steeper
than that of calculation, and is not so steep in outer edge region.

-- The density gradient in high field side of the experiment is much steeper
than that of calculation, and is not so steep in outer edge region.

-- The ion temperature Ti has a peaked profile, and electron temperature Te
has a hollow profile. These profiles are consistent with the experiments.

-- The ion temperature Ti has a peaked profile, and electron temperature Te
has a hollow profile. These profiles are consistent with the experiments.



Flow structures at the midplane
Toroidal flow velocityToroidal flow velocity Poloidal flow velocityPoloidal flow velocityToroidal flow velocityToroidal flow velocity Poloidal flow velocityPoloidal flow velocityOFC OFC

Shear flow

-- The ion flow velocity is the same direction as the electron velocity in the both edge regions,
but is the opposite direction to the electron velocity in the core region. 

-- The ion flow velocity is the same direction as the electron velocity in the both edge regions,
but is the opposite direction to the electron velocity in the core region. 

-- The toroidal ion flow velocity is the opposite direction to the toroidal current except in the
outer region.

-- The toroidal ion flow velocity is the opposite direction to the toroidal current except in the
outer region.

-- Both the toroidal and poloidal currents are carried by both ion and electron flows.

-- The electron fluid mostly moves along the magnetic field.

-- Both the toroidal and poloidal currents are carried by both ion and electron flows.

-- The electron fluid mostly moves along the magnetic field.y g g

-- The poloidal Ion flow velocity has a strong shear around the magnetic axis.

y g g

-- The poloidal Ion flow velocity has a strong shear around the magnetic axis.



Ohm’s law and two-fluid effect
OFC OFCOhm’s lawOhm’s law Two-fluid effectTwo-fluid effect

The twoThe two--fluid fluid effect is large in a region effect is large in a region 
with the steep density gradient.with the steep density gradient.

The The twotwo--fluid effect is due to the ion fluid effect is due to the ion 
diamagneticdiamagnetic effect.effect.t t e steep de s ty g ad e tt t e steep de s ty g ad e t d a ag et cd a ag et c e ecte ect
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εOhm’s law:

Two-fluid effect:

Ion Ion diamagnetic effectdiamagnetic effect
Ion Ion inertial effectinertial effect Electron pressureElectron pressure Hall effectHall effect



Poloidal component of  ion drift velocity
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-- The magnitude of ExB drift velocity is comparable to that of ion diamagnetic drift velocity. 

-- The ion diamagnetic drift velocity is the opposite direction to the ExB drift velocity

-- The magnitude of ExB drift velocity is comparable to that of ion diamagnetic drift velocity. 

-- The ion diamagnetic drift velocity is the opposite direction to the ExB drift velocityg y pp y
which is due to the positive pressure gradient in the OFC region.

g y pp y
which is due to the positive pressure gradient in the OFC region.



Summary

We have obtained the numerical results of the 2-fluid flowing equilibria on 
the basis of data of the double-pulsing HIST-CHI experiment.

We have obtained the numerical results of the 2-fluid flowing equilibria on 
the basis of data of the double-pulsing HIST-CHI experiment.the basis of data of the double pulsing  HIST CHI experiment.

● The equilibrium has diamagnetic toroidal field, steep density gradient,
ion shear flow, and high-β (<β>=78%). 

the basis of data of the double pulsing  HIST CHI experiment.

● The equilibrium has diamagnetic toroidal field, steep density gradient,
ion shear flow, and high-β (<β>=78%). , g β ( β )

● The Ion shear flow velocity in the high magnetic field side is the opposite
direction to the electron flow velocity due to the ion diamagnetic drift. The

, g β ( β )

● The Ion shear flow velocity in the high magnetic field side is the opposite
direction to the electron flow velocity due to the ion diamagnetic drift. They g
currents are carried by both ion and electron flows. The electron fluid
mostly moves along the magnetic field.

y g
currents are carried by both ion and electron flows. The electron fluid
mostly moves along the magnetic field.

● The two-fluid effect is significant in a region with the steep density
gradient due to the ion diamagnetic effect.

● The two-fluid effect is significant in a region with the steep density
gradient due to the ion diamagnetic effect.

Future work
We will reconstruct more realistic 2-fluid flowing equilibria of HIST in 

regard to the absolute values of physical quantities and profiles of density 
d fl l it

Future work
We will reconstruct more realistic 2-fluid flowing equilibria of HIST in 

regard to the absolute values of physical quantities and profiles of density 
d fl l itand flow velocity. and flow velocity. 


