
b. QHS has the Highest Resonance Zone Crossing Probabilities
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In QHS, particles spend the most time in the heating zone

 Higher heating rate

AntiMirror particles are trapped in the heating zone, but have very large orbits

c. Net Heating Rate is Largest in QHS

Superthermal Electrons Dynamics in the HSX Stellarator
A. E. Abdou, A. F. Almagri, D. T. Anderson, K. Likin, J. Canik and W. Guttenfelder

HSX Plasma Laboratory, U. of Wisconsin, Madison

Major Radius 1.2 m

<r> 0.12 m

Volume ~.44 m3

Field periods 4

axis 1.05

edge 1.12

Coils/period 12

B0 (on axis) .4-.6 T 

1.25 T Max

ECH Pulse 

length (up to 

now)

Up to 50 

msec.

Heating Power 

(up to now)

Up to 100 

kW

   mNBB h  cos10

   mNBB h  cos10

In straight line coordinates  

• HSX is the worlds first 
Quasi-Symmetric 
Stellarator, based on a 
dominant n = 4, m = 1 
component of the 
magnetic spectrum.

• This symmetry can be 
broken by the addition 
of a large toroidal 
mirror term (n = 4, m 
= 0)

• All symmetry 
breaking terms below 
1% of average field.

b. Magnetic Field Structure

2. High Population of Superthermal Electrons is Generated 

at Low Plasma Density in HSX

Hard X-Ray Density Variation for QHS 
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3. Hard X-ray Diagnostics

• Detector Type: CdZnTl

• Good energy resolution (3%  – 10 %).

• Fast timing characteristics (rise time 0.05 – 0.5 s). 

• High x-ray stopping efficiency (Compact size 10 mm x 10
mm x 2 mm).

• No sensitivity to magnetic field (no magnetic shields
required)

• Operate at room temperature (no need for cooling)

• Fulfills our experimental needs.

CdZnTe Calibration Curves

E = 995.62V + 0.771

E = 398V - 0.541

E = 198.68V + 0.396
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c. HSX has the Flexibility to Operate with/without 

Quasi-Helical Symmetry in One Machine
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4. Different Hard X-ray Emission in Different Magnetic 

Configurations
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• Intense hard x-ray signal is 
detected at low plasma 
density (~ 4x1011 cm-3) in 
QHS compared to Mirror 
and AntiMirror.

• AntiMirror has negligible 
hard x-ray signal

a. No Difference in <DW> between Magnetic Configurations

*Y. Tatematsu et. al., Physics of plasmas 

4(8), 2972, 1997

<DW> for QHS, Mirror and AntiMirror Wll = 100 eV
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5. X-ray Diagnostics Show Higher Superthermal Electron 

Tail in QHS Compared to Mirror

• Density of superthermal electrons 

is higher in QHS than in Mirror

• Electrons are heated to higher 

energies in QHS than in Mirror.

• The antiMirror case has a very 

small signal.

• Superthermal electron 

characteristic energy is higher in 

QHS compared to Mirror

Hard X-Ray Density Variation for QHS and Mirror 
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• Longer HXR Decay Time After the Microwave Power is Turned off  in QHS  

Compared to Mirror i.e. QHS has longer confinement time

7. Higher Heating Rate in QHS Compared to Mirror
100 eV electrons with 85o pitch angle, launched at  = 0,  = 0, r/a = 0.05 and t = 0.1 msec

  0.5

  1

30

210

60

240

90

270

120

300

150

330

180 0

  0.5

  1

30

210

60

240

90

270

120

300

150

330

180 0

  0.5

  1

30

210

60

240

90

270

120

300

150

330

180 0

0 0.2 0.4 0.6 0.8 1 1.2

x 10
-4

0

0.5

1

1.5

2

2.5
x 10

-14 Heating Rates in Different Configurations

Time (sec)


 (

A
U

) AntiMirror 

Mirror 

QHS

QHS                                         Mirror                                     AntiMirror

d. Direct Loss Orbits at Heating Zone in AntiMirror
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*J. Canik, 44th APS-DPP meeting 2002

• Single particle heating calculations shows:

 No difference in single transit heating between configurations

• Guiding center drift orbit model shows effects of orbit topology:

  QHS has higher multiple-transit heating rate, smaller orbit 

width

• Neutral collisions determine superthermal electron confinement time

• Experiment verifies improved orbit topology in QHS

 Higher hard x-ray intensity and energy

 Longer confinement time of superthermal electrons

9. Conclusions

8. Neutrals Affect Superthermal Confinement
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Electron Collision Frequencies

e-e ~ e-i ~ 0.5 second

QHS orbit width for 100 keV 

electrons ~ 6 mm.

D ~ Dx2/Dt ~ 7x10-5 m2/s

 ~ a2/5.8D ~ 30 s  >> 7 ms

Increased neutral density after ECRH 

turn off reduces hard x-ray decay time

For 100 keV electrons and nn~ 1012 cm-3,

the e-n collision time is, Dte-n ~ 0.1 ms. 

Dx ~ 6mm, QHS ~ 7 ms

1R. K. Janev et. al., “Elementary  Processes in Hydrogen Helium Plasmas”, Springer-Verlag, (1987)
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1. The Helically Symmetric Experiment 

(HSX)

a. Machine Parameters

2nd harmonic X-mode 

ECRH is used to produce 

and heat the plasma 

 drives superthermal 

electron tail at low density a. Figures of Merit to Quantify Orbit Topology
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• Resonance zone crossing 
probability (small circle 
area/large circle area)  

• Resonance zone crossing time 
fraction (time fraction particle 
spend in resonance)

• Final electron energy (heating 
rate)

• Electron drift orbit width 
(rmax- rmin)

Heating Zone

<a>6. The Equation of Motion with a Lorentz Force is Solved 

to Study Single Transit Energy Gain <DW>
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