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Concept for the Controlled Loss of Alpha 
Particles 

 
 
Recall Motivations: 
 

To generate plasma rotation to stabilize resistive wall kink 
modes without the high cost of traditional momentum 
sources  
 
To enable helium pumping using a liquid free surface: lost 
alpha with MeV energy would penetrate deeply and be 
entrained 
 
 

Background: 
 

Wall Stabilization of resistive wall kink modes is a 
requirement for tokamak reactors 
 
Plasma rotation is believed to be a possible way of doing this 
(experimental demonstrations roughly consistent with theory) 
 

BUT: 
 
required plasma rotation is “too high”: 
 
generally accepted that it is too expensive to generate by 
traditional means  
 
(~200 MW neutral beams for 1 GW reactor) 
 



Alpha Loss Concept 
 
 

High energy charged particle loss is known to generate 
plasma rotation 
 
(the radial charge loss leads to a j x B force and thus a torque 
which accelerates the plasma toroidally) 
 
Small, static magnetic error fields are known to cause the loss 
of alpha particles 
 
In traditional solid wall concepts, the usual limit on alpha 
particle loss is due to damage to the first wall 
 
A liquid wall might enable much higher alpha losses, and 
thus the high plasma rotations needed for stability 
 



 

Important features of this method: 
 
Non-conducting plasma facing materials can be used to 
improve plasma MHD stability (e.g. flinabe, even granular 
substances) by enabling alpha loss 
 
The required magnetic perturbations are quite small and 
easily generated (low cost of capitol and power) 
 
No magnets needed near the plasma- even ferritic inserts may 
be feasible  
 
The conductivity requirements of the kink stabilizing shell 
are very low for plasma rotation stabilization (very thin metal 
suffices) 

 
Reduces heating load on the divertor without high divertor 
radiation (very high divertor radiation leads to higher 
disruptivity control difficulty) 
 
Traditional Helium vacuum pumping requirements are 
reduced 

 
Alpha loss pattern might be tailored to miss sensitive solid 
surfaces 



Effect of Magnetic Perturbations on 
the Bulk Plasma 

 
 
The effect of non-resonant magnetic perturbations on 
particles is highly energy dependent 
 
It is much stronger on higher energy particles  
 
 
Thus: 
 
 a small amplitude perturbation can cause loss of alpha 
particles (~ 3700 kev) without without significantly affecting 
the main plasma (~ 20 kev) 



 
 
 

Physics Benefits 
 
 
Higher toroidal mode number (n) plasma instabilities are 
more easily stabilized by plasma rotation  
 
Modes requiring stabilization: 
 
 ARIES RS: modes n = 1 – 4 
  

ARIES AT: modes n = 1 – 8 
 
 Elongation ~ 3 tokamaks: even higher n 
 
(High n stabilization almost impossible with feedback) 
 
 
Alpha loss provides a control knob on the plasma heating 
power to prevent thermal runaway (a serious concern for 
operation with internal transport barriers, such as ARIES AT) 
 
By generating rotation, it makes it much easier to 
create/sustain an internal transport barrier under reactor 
conditions 
 
Significant plasma current drive appears to result from the 
rotation 
 
 



Questions: 
 
What fraction of alphas can be lost without adding so much 
of a perturbation that the plasma is negatively affected? 
 
How much torque and plasma rotation would be generated? 
 
What is the impact of the plasma heating loss on maintaining 
plasma ignition? 
 
Where do the lost alphas hit the wall? 
 
What is the impact of reduced plasma ash content? 
 



Analysis Method 
 

Use the same methods used within the community to investigate 
alpha losses: 

 
First principles Monte Carlo particle codes which 
follow the alpha orbits 

 
 A Hamiltonian formulation for the particle dynamics 
 

Particles treated as guiding centers (save ~ 2 orders of 
magnitude CPU time) 

   
Monte Carlo Coulomb collisions (friction + diffusion) 
are included 

 
 
As a first cut at the problem, an approximate magnetic geometry is 
used, similar to ARIES RS/AT 
 
 High aspect ratio    A = 4 
 
 Elongated flux surfaces κ = 2 
 
 Reversed shear profile         qcenter/qmin = 2.3 
 
Have derived an approximate analytic calculation of the geometry, 
greatly simplifying the calculation 
 
Results expected to be similar to those for a full MHD equilibrium 
(future work) 
 



Code 
 

Code is capable of a full Monte-Carlo evaluation of the alpha 
losses, including equilibrium temperature and density profiles. 
 
Qualitatively similar to other codes in the community: CPU 
intensive 
 
A full numerical evaluation with ~ 1000 particles to get good 
statistics would require ~ 5 hours  
 
At this stage, have employed a strategy of gaining understanding: 
 

Have determine the basic features of the process using more 
limited runs 

 
Have used that understanding to obtain approximate 
analytical rules 
 
Have estimates plasma rotations and alpha loss fractions 
using those rules 
 

In the future: 
 
Can use these rules on realistic MHD equilibria to obtain 
rather fast results for parameter scans 
 
Can check attractive parameter regimes using full numerical 
evaluations with ~ 1000 particles 
 



Summary of Numerical Results to 
Develop Rules 

 
Physics: 
 
Magnetic perturbations of acceptable amplitude only cause 
diffusion of “trapped particles” 
 
(Trapped particles are those with a velocity nearly 
perpendicular to the field lines, with orbits that are trapped to 
the outboard of the tokamak) 

 
Virtually all the trapped particles can be lost by magnetic 
perturbations which are tailored to do so, but are still small 
 
Once the magnetic perturbation exceeds a “stochasticity 
threshold”, increasing the amplitude does not increase losses 

 
Only about 1/3 of   the  alpha particles are born as trapped 
particles for A = 4 ( fraction ~ ½ at A = 2) 
 
Due to Coulomb collisions, particles with a velocity “pitch 
angle” within .1 - .4 radians from the “trapped boundary” can 
be lost by having their velocity scattered into the trapped 
region before slowing down 
 
Certain operating regimes maximize velocity scattering 
(described shortly) 
 
With velocity scattering, the loss fraction can be increased to 
up to ~ 2/3 
 
 
 



 
The torque is sufficient to produce a plasma rotation which 
can stabilize n > 1 modes 
 
In the most extreme high scattering operating regime, 
stabilization of n = 1 is marginally possible 
 
 Note: according to the ARIES-AT physics basis, the n = 1 
can be feedback stabilized with active coils outside the 
vacuum vessel 



Estimates of Loss Fractions and Torques: 
 
From the ARIES AT physics basis, the toroidal velocity to 
stabilize kink modes is: 
 
 n=1  v/vA= .08-.09 

 n=2  v/vA= .05 
         n>2            very likely lower 
 
To obtain the plasma velocity from a torque, we must know the 
momentum confinement time.  We conservatively estimate this as 
twice the energy confinement time. 
 
A = 4     Velocity  loss fraction  
 
No velocity scattering:  .039   .30 
 
Velocity scattering under  .051   .39 
nominal conditions: 
(T = 20 kev, Zeff =2 from Ar) 
 
Enhanced scattering   .063   .48 
operation: 
(T = 30 kev, Zeff =3 from Ar) 
 
Highly enhanced scattering  .084                  .64 
operation 
(T = 30 kev, Zeff =4 from Ar) 
 



Where do the particles hit the wall? 

 
 
The lost alphas strike the wall on the outboard side, within roughly 
+ and - 60 degrees of the midplane 
 

Further magnetic tailoring might modify this loss footprint



Magnetic Perturbations Tailored for 
Alpha Loss 

 
 
To create the losses above, the magnetic perturbations have been 
chosen so that: 
 
 They are strongly non-resonant, like typical TF coil ripple 
 

They have a magnitude similar to TF ripple on existing 
experiements: ~ 1.5 % 
 
However, unlike standard TF ripple: 
 
the magnetic perturbations are taken to be as large on the 
inboard side and the upper plasma boundary as the outboard 
side 

 
They are also chosen to have lower toroidal periodicity (N = 
8), so that they penetrate more deeply into the plasma 

 
I do not expect that this will strongly perturb the plasma itself (as 
in present experiments), but further checking is required 
 
Ferritic inserts appear suitable to create such magnetic 
perturbations. 
 
Further tailoring is possible to modify the footprint, but I do not 
expect significant improvements in loss fractions or torques to 
result 
 
 



Other Implications on Plasma 
Performance 

 
The loss of 50% of the alpha heating power by itself would require 
the confinement “H factor” to be increased by about 20% to 
maintain the same beta. 
 
Experimentally, increases in the “H factor” by up to a factor of 2 
can result by operating with an internal transport barrier 
 
Rough estimates: 
 
In the “highly enhanced scattering regime” (T = 30 kev, Zeff = 4 
from Ar), due to increased radiation and high loss fractions (.64), 
an increases H factor of about 2 would be needed 
 
In this case, plasma dilution from Ar is about the same magnitude 
as plasma dilution due to He ash without alpha losses 
 
For less extreme cases, the net plasma dilution is reduced (and 
thus the power density is increased) by reduced ash buildup 
 
 
Note: for plasmas with an internal transport barrier, a sharp 
reduction of net plasma heating power is probably a requirement 
to avoid a thermal runaway and plasma disruption 
 
(This is found in present experiments.) 
 
Thus, the reduced net heating power in the “highly enhanced 
scattering regime” may be a benefit 
 



Future Work 
 
More accurate plasma power balance estimates (including 
radiation and alpha loss power) 
 
Better estimate the effects of the magnetic perturbations on the 
plasma to insure that they are small 
 
 
Accuracy Improvements: 
 
Check the analytical estimates above with full Monte Carlo 
simulations 
 
Improve the simplified analytical model for the orbits 
 
Use the analytical rules above for actual MHD equilibria 
 
Modify the code for actual MHD equilibria 
 
Include radial electric field from plasma rotation 
 
Concept Improvements: 
 
Consider ways to further increase velocity scattering  
 
Consider different types of magnetic perturbations (e.g., resonant 
perturbations) 
 
Examine if it is possible to redistribute alpha particles within the 
plasma without loosing them, so that this scheme could also apply 
to solid wall designs 
 
Calculate the current drive implications 



Status of MHD code 
 
 
The MHD code was completed to calculate the effect of fast 
flowing liquid metal walls for plasmas with circular flux surfaces 
 
However, the plasma eigenfunctions displayed some numerical 
pathologies 
 
The algorithm has been modified, and the pathologies have been 
completely removed 
 
The code is being benchmarked with GATO for ideal stability 
 
It has passes test cases for current driven kink modes, but there is a 
discrepancy for pressure driven kink modes 
 
This is in the process of being resolved. (I don’t think this is 
serious, just the usual debugging process of a large code.) 
 
Unfortunately, it appears that results will not be available in time 
for publication in the upcoming special issue. 
 
 



Summary 
 

The concept of controlled alpha loss has been explored, with 
promising initial results. 
 
Significant torques are possible, which can lead to plasma rotation 
in the range required for stabilization of resistive wall MHD modes 
 
The concept might also enable direct pumping of high energy 
alphas by the liquid for 1/3 – 2/3  of the alphas 
 
The concept could also provide an important knob to prevent 
thermal runaway for plasma operation with an internal transport 
barrier (like ARIES AT) 
 
Further investigation is warranted and will be pursued 
 
The plasma MHD code is still progressing, but will not be ready to 
provide results for the upcoming special issue 


