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Plan	  of	  Plasma	  Physics	  Seminar	  
1.	  Fusion	  Power	  –	  build	  a	  “sun”	  in	  the	  laboratory	  	  
	  	  	  	  	  “learning	  how	  mother	  nature	  makes	  power”	  
	  
2.	  Laboratory	  Plasma	  Experiments	  produce	  waves,	  
turbulence	  and	  some	  nuclear	  fusion	  power.	  
	  
3.	  Large	  scale	  3D	  simula&ons	  lead	  to	  enhanced	  
understanding	  and	  machine	  designs	  with	  less	  risk.	  
	  
4.	  Plasma	  physics	  is	  a	  “Mother	  ”	  science	  giving	  birth	  to	  
many	  different	  career	  paths	  from	  lasers,	  GNSS,	  energy	  
geophysics	  and	  weather	  dynamics	  	  . 	   	   	  

	  	   	  	  



	  
	  

  

Fusion of isotopes of hydrogen:  (chemistry & nuclear physics  NameZ
A)

Deuterium D (n,p) and Tritium T (n,n,p) "burn" to produce fusion power.
Cross-section of few "barns" 10−24cm2

High Temperatures ( 10× core of sun) yields very stable
nucleus of Helium He2

4  and 14.1 Mev neutron n0
1  (no charge).

Neutron go into 1m Li blanket to breed T and are
turned into heat to drive turbines to create electric power.

Marie Curie 1867-1934 
Maria Mayer 1906-1972 
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First	  DriT	  Wave	  Expts	  
Q-‐Machine-‐Hendel	  
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http://scitation.aip.org/content/aip/
journal/
pof1/14/1/10.1063/1.1693260 

Nonlinear three 
mode interaction - 
drift wave 
turbulence  
Batista, Caldas, 
Viana, et al PoP 
13 (2006)  
Zwinglio Guimaraes 
2013 IMERA 
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Mechanism of Drift Wave Transport
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Adding the Pressure Gradient and Magnetic Curvature 



Toroidal	  Fusion	  Confinement	  Systems	  
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Internal and Edge Transport Barriers Turbulent Spectrum of Drift Waves 
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Inverse	  Cascade	  from	  ρe	  to	  ρs	  and	  c/ωpe	  	  
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Early ITG 
simulation 



Simula&on	  of	  ELM	  events	  	  	  
Flow	  Shear	  Flow	  
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Energy	  Confinement	  Time	  
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International 
Database for 
tokamak 
energy 
confinement 
time  

Turbulence 
theory 
accounts for 
the scaling 
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SOL model shows “blobs” or vortex structures are formed in region of 
steep gradient between last closed flux surface and open field lines.   
 
Density depletions go in and plumes go outward owing to geff =c2

s/R and  
Large gradient d ln ne(r) = -1/Ln. 
 
Large Edge Localized Modes –ELMs- are formed and transport high 
power to the divertor plates –and walls- exceeding  the maximum heat 
flux limits allowed by the Tungsten and Be surfaces. Life-time of walls? 
 
Two possibilities for ITER:   
Operate in regimes as achieved in TCV and ASDEX and few other 
machines in ELM-free H mode or in I mode [Alcator] or use Resonant 
Magnetic Pertubation coils [DIII-D] to stimulate early/smaller ELMs 
 
Preprint:  Convective radial energy flux due to resonant magnetic 
perturbations and magnetic curvature at the tokamak plasma edge  
F.A. Marcus, P. Beyer, G. Fuhr, A. Monnier, and S. Benkadda (2014) 
 
 
 

Control	  of	  Edge	  Localized	  Modes	  may	  require	  	  
	  External	  Feedback	  Coils	  producing	  Resonant	  dBr	  	  

A.	  Marcus	  and	  the	  AMU	  Team	  with	  E.	  Becoulet	  CEA	  Team	  
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S! = 0. We will discuss the choice of Sn in section 2.4.

"tn + VE ·!n " Dn!2n + #n = Sn, (1a)

"t! + VE ·!! " D!!2! " #$ " %
(b ·!x #!n)

n
= S! , (1b)

! = !2$, (1c)

VE = b #!$, (1d)

% =
2&s

R0
and # =

2&s

L$
(1e)

.
We are interested in how the presence of RMPs will influence transport in the region spanning the

plasma edge and the vessel wall that is often dominated by coherent, radially propagating blobs or stream-
ers. In arriving at equation (1) the full three dimensional geometry is reduced to two dimensions by av-
eraging along the field lines, where we take the flute approximation [41] and assume that all introduced
quantities vary weakly along uniform magnetic field lines. The influence of RMPs is thus reflected in the
parallel connection length to the divertor that enters into the # parameter of equation (1).

2.2 Geometry

While BOUT++ is designed primarily for field aligned, non-orthogonal coordinates, it also allows for simu-
lations in slab geometry. A shortcoming of the 2D slab model is that it is unable to account for the variation
of the curvature along the field lines or for the resulting variation in the mode structure. Various estimates
of the parallel wavenumber can be made. [51] Resolving the parallel mode structure requires a full three
dimensional simulation. [40] Recent work [2] indicates substantial qualitative changes in the behavior of
this system when the full three dimensional picture is taken into account. The simplifying nature of the 2D
model, by contrast, enables a greater focus on properties that are independent of the 3D geometry of the
SOL.

2.3 RMPs and the Ullmann Map

Magnetic fields have a field line structure governed by Hamilton‘s equations, with the toroidal angle play-
ing the role of time. The field lines of axisymmetric equilibria lie on nested toroidal surfaces, constituting
integrable Hamiltonian systems, and perturbations of such axisymmetric equilibria are naturally described
by Poincaré sections, the intersection of field lines with a poloidal section. The Ullmann map [39] is a
Poincaré magnetic field line map that was created to study the effects of an ergodic divertor on toroidal
plasmas. Repeated application allows us to assign a parallel connection length value based on the number
of applications necessary for a given field line to hit the divertor. One advantage of this map over some
others is that it is characterized in terms of experimental quantities such as major and minor radius, Iext/Ip

and some safety factor, q(r).
The connection lengths are said to exhibit chaos when two neighboring points are traversed by field lines

that follow very different trajectories. For example, one field line may quickly terminate on the divertor
or the wall while another may stay trapped. A parallel current closure may be assigned based on this
computed chaotic parallel connection length.

The Ullmann map is a composition of a map with good flux surfaces, where

rn+1 =
rn

1 " a1sin'n
, (2a)

'n+1 = 'n +
2(

qeq(rn+1)
+ a1cos'n, (2b)

4

Divertor	  Geometry	  produces	  a	  Scrape-‐Off	  Layer	  
	  

Edge	  Localized	  Modes-‐ELMs	  Avoided	  or	  Controlled	  
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Figure 9: Typical nave profile (solid) with the detected shoulder region shaded, along with a fit of a smoothly
connected two ! profile model (dashed).
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Drift Wave model of 
SOL with Stochastic 
field line region 

Meyerson, Michoski  
Waelbroeck,Horton 
 Sherwood 2014 
 San Diego / preprint 
 
http://sites.google.com/
site/turbulenttransport 



Guimarães-‐Filho,	  Caldas	  et	  al	  
IMERA	  2013	  

•  Shearless Transport Barrier Broken 
Barrier / Stickness 	  a= 0.42,	  b= 0.88	  	  

	  

13	  
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To fix the parameters used in this study we adopt an NSTX-like geometry, with minor radius = 68 cm,
plasma radius = 60 cm, external coil size =10 cm, R0 = 85 cm, a1 =-.01, and consider Iext/Ip = ! = 0, .1, .2, .3.
We use the map to fix "(x, y) for the duration of the run.

From a macroscopic point of view, one of the effects of the magnetic field chaos is to broaden the transi-
tion between closed field lines and open field lines, which appears in an axisymmetric system as a jump in
the connection length L!. In order to distinguish the effect of the spatial fluctuations of L! in a chaotic SOL
field from the effect of the broadening of the transition, it is interesting to consider a model in which the
chaotic inverse connection length is averaged over an unperturbed flux-surface. We will refer to this case
as the “smooth alpha” case, as illustrated in figure 2b.

2.4 Equilibrium

We are interested in characterizing intermittency and global profile sensitivity as a function of the RMP
amplitude. Since we will be driving turbulence by introducing a particle source Sn on the core edge of the
simulation, it is useful to consider how to select Sn in our model.

The primary density sink in our system is loss through the divertor sheaths (the "n term). If we account
for the nonlinear terms through an anomalous diffusivity Da and assume a source localized at the boundary
of the simulation and of the form Sn = S0 !(x! " x), the profile of the average density will take the form

n(x) = n0e"x
#

"
Da for x > x!, (6)

where S0 = 2n0. This simple result reflects the fact that the source must roughly balance the dominant sink,
represented by the "n term in the density equation.

Note that without a particle source the equations are invariant under a change in the global background
density, n $ n + n0. The source strength thus has the effect of setting the background density for given Da.

3 Numerical Simulations

We use the BOUT++([15, 45, 14]) framework to discretize and evolve equation (1). Specifically, a local poly-
nomial approximation is used to compute derivatives along the x coordinate and pseudo-spectral methods
are used to compute derivatives along the y coordinate, and a CVODE([10]) ode solver is used to advance
the fields in time. To assess the reliability of our numerical tools we verify the linear dispersion relation
in section(3.1.1) as well as verify that nonlinear analytic predictions favorably compare to the single blob
dynamics of two other codes ([33], [20]) in section (3.1.2), and finally match published SOL width values [3]
in section (3.1.3).

3.1 Verification

3.1.1 Linear Verification

We compare the growth rate of the SOL interchange mode as deduced from a simulation of a linearized
version of equation (1) with the analytically derived growth rate #. For the numerical calculation, several
#"1 time increments may be required to converge on the solution, unless one sets the initial condition such
that u, $ correspond to an eigenvector of the linearized version of equation (1). Expanding equation (1) to
the lowest order in $, u, n, setting D% = Dn, and dropping parallel dissipation in the density equation yields
the analytic result

(7)# = "
!
" + 2Dk4

%
"

2k2
%

+

#$$%
&

"

2k2
%

'2

+
&

"n
.
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We also note that the curvature drive term gets bigger as a gets smaller, therefore a! must be the small-
est length scale at which parallel dissipation can be comparable to curvature drive. In k-space this will
correspond to some upper wavenumber limit, where k! =

!
2/a!, when we correctly relate periodic and

spatially localized/non-periodic length scales.1
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Figure 8: Wavenumbers or length scales present in !x fluctuations indicate that the inertial scale length,
with a corresponding wavenumber km, provides a good estimate of the mean blob size. Additionally we
observe that the smallest significant scale length corresponds to a length scale for which we expect the
linear growth rate $ to peak, where k = klin " (!/Dn)1/4. The nature of the abrupt jump in ! field is clear in
figure (b), the differences between smooth and chaotic cases is not immediately clear. As indicated by the
black curve significant blob break-up is observed in all three cases.

We can see that the mean blob size does not seem to be strongly affected by the fractal character of the
! field but does seem to respond quickly to the local-in-x variations in the y-averaged parallel connection
length, as indicated in figure (8) with curve labeled k% . We expect the smallest observed, (small sized, fluc-
tuation and its corresponding wavenumber k', to be most sensitive to the chaotic nature of the field-lines.
While generally k' closely tracks the most unstable linear wavenumber, klin " (!/Dn)(1/4) , in the region
where ! transitions from 0 to !max wavenumber k' seems to be consistently smaller in the case with chaotic

1To correctly associate a non-periodic or spatially localized length scale with a wavenumber we consider the auto-correlation
function of the two signal types. Consider an auto-correlation function of a sine wave, and an auto-correlation function of some non-
periodic signal, call them Rsine and Rnoperiod respectively. Note that the non-periodic signal will still have characteristic length scales.

As reviewed in figure(6) the central peak of the auto-correlation function Rnoperiod will have a standard deviation of
!

2'x , where 2'x

can be equated with a diameter a. The auto-correlation of a periodic signal will be another periodic signal with the same period as the
input signal. Using least-squares we can fit a Gaussian around the central peak of Rsine to see that it has a standard deviation of 1/k,
it follows that

1

k
=
!

2'x =
!

2
a

2
# k =

!
2

a
. (14)
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field-lines than in the case with the smooth simplification pictured in figure (8c). The simplest explanation
for this observed difference is that highly spatially localized variations in !, are essentially ignored by the
smallest coherent flux structures, lowering the effective average value of ! which determines the unstable
linear scale length. In relation to the Poincaré magnetic field line map this observation implies that highly
localized escape basins, while allowing individual particles to escape toroidal confinement quickly, do not
qualitatively change the character of the average radially propagating coherent structure.

We can see that the mean blob size does not seem to be strongly affected by the fractal character of the
! field but does seem to respond quickly to the local-in-x variations in the y-averaged parallel connection
length. For many machines inertial blobs can be expected to be several multiples of the ion-acoustic gyro-
radius,

am = (
(2"q(R))2R

#s
)1/5#s ! (2 " 3)#s.

The simple approach that arrives on a set of characteristic length scales on the non-vanishing ! end of
the simulation domain neglects zonal flows which are seen to dominate the ! = 0 end of the simulation
domain, and are in fact present throughout. Zonal flows are important in setting the blob creation rate and
have a non-trivial interaction with radial electric field shear, see [43].

3.4 Profile characterization

We fit a simple profile to our simulation results where the gradient of log(n f it) along x smoothly changes
from some $core to another $SOL with some transition region of width wn linking inner and outer regions,

%x log(n) = A + B arctan

!
x " x0

!x

"
= 0, (16a)

A =
$core + $SOL

2
, (16b)

B =
$SOL " $core

"
. (16c)

Integrating equation(16) yields a longer analytic expression and introduces a constant of integration.
We minimize the difference of the squares to compute !x, $SOL, $core and some constant of integration. We
find a region of width wn where the derivative of nave is within one standard deviation of maximum value,
this is the value reported on the y-axis in Figure(10).

The width of the density shoulder, wn, appears to scale linearly with the width of the ! transition, w!,
chaotic or smooth. The density scale length $SOL in the far SOL does not have a strong dependence on
the character of the ! transition. This observation combined with blob size measurements in section (3.3)
indicates that both globally averaged profiles and the mean blob-size, are consistently insensitive to the
finer details of how ! transitions from 0 to some maximum !max. In the next section rather than simply
compute the average profiles and blobs sizes we examine the distribution of fluctuations in greater detail.
A. Aydemir [3] proposed modeling transport in the SOL with a collection of blobs, sized at roughly the
most unstable linear scale length at birth that propagate radially outward. Our observations are consistent
with this approach and explicitly verify that inertial blobs dominate convective particle flux fluctuations.

3.5 Statistics of density and convective flux fluctuations in the SOL

Single point measurements of density fluctuations are possibly the most common way to detect large bursty
events in the SOL and a large body of experimental and theoretical work surrounds this diagnostic in the
context of blobs and many-blob turbulence, [19, 49, 28]. One difference between data-gathering permitted
by numerical work over experiment is that rather than being limited to several locations where probe data

14

2D model of ballooning Interchange mode living on the 
Steep gradient of the SOL plasma with growth rate  

Simulations show size am 
of coherent plumes or blobs  
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A	  Symplec*c	  Mapping	  for	  the	  Ergodic	  Magne*c	  Limiter	  
	  

K. Ullmann, I.L. Caldas, Chaos, Solitons and Fractals 11, 2129-2140 (2000). 

(a) Contour plot of the inverse connection length, !, associated with magnetic chaos generated
by the Ullmann map. Escape basins appear as darker regions, whereas trapped regions appear
white and have ! = 0. Note that the contour values change discretely.

(b) The flux-surface averaged ! as a function of the radial position with
its rms values superimposed.

Figure 2: 4

6



16	  

is available we can consider fluctuations across the entire computational domain. Additionally we can
consider fluctuations in the radial component of the particle flux, !x . This is a simple way to limit our
attention to density fluctuations that have a nonzero radial velocity component.

To examine how different distributions deviate from an idealized Gaussian we can normalize the bins
enumerating the number of counts of a particular flux amplitude with the !rms specific to that numerical
experiment. With this approach all Gaussian distributions, regardless of their individual !rms values would
sit on a single curve.

3.6 Particle flux

One quantity we are ultimately interested in, that our model can provide, is the maximum particle flux. We
can consider a histogram of radial particle flux and density fluctuations; an efficient way to examine the
difference in the number of high particle flux events between the considered cases.

(a) Histogram of normalized convective particle flux !x

fluctuations. The manner in which chaotic and smooth !
distributions deviate from a Gaussian is similar.

(b) Histogram of unnormalized !x fluctuations. We see
the unperturbed case has a strongly bimodal distribution
and largest absolute deviations from its mean value.

Figure 12: Here we examine the distribution of convective particle flux fluctuations, near the maximum in
the density gradient, in practice this is usually just outside the separatrix. As seen in panel(b), it appears
that a chaotic RMP-like rearrangement shows little affect on the frequency of high flux events, as compared
to the smooth case. The magnetic perturbation is Iext/Ip = .2 for this case.

Looking further away from the shoulder region we see that all three cases appear to have a very similar
distribution of fluctuations.
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(a) Histogram of normalized convective particle flux !x

fluctuations. The three distributions appear essentially
the same far enough from the separatrix.

(b) Histogram of unnormalized !x fluctuations. The sig-
nificantly lower values of flux fluctuation for the abruptly
changing ! can be reconciled by noticing, that for a given
position outside the separatix, the density field has ex-
perienced more parallel dissipation as it moved radially
outward, due to lack of intermediate values of ! between
0 and !max.

Figure 13: The distribution of convective particle flux fluctuations far from the separatrix.

Histograms of density fluctuations tell a similar story, with little difference between smooth and chaotic
! cases.
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represents a quarter of a full torus, and typical radial range is Lx ! 300!s. The large radial range, while not
representative of the physical size of the SOL, is useful in fitting density scaling parameters, see section 3.4.

Simulations are initialized with a smooth density profile that gently peaks at the core edge and a small
driving source term, Sn, as described in section (2.4). We use simple boundary conditions, "xn ! 0 and
u = 0 on both radial boundaries, that allows the entire density profile to adjust as needed to settle on a
turbulent equilibrium profile. Additionally we fix the potential, # = 0, on the inner radial boundary to
ensure that radial particle flux is solely set by the source, Sn.

We can better interpret the many-blob turbulence results in terms of single blob theory by extracting
mean blob behavior. To this end we consider fluctuations in the radial convective particle flux,

!x = !E"B,x(x, y, t) = #n"y#, (8)

and employ spatial spectral analysis and radially resolved auto-correlation analysis to infer the mean length
scales of the saturated interchange turbulence present in our system. Specifically we considered the auto-
correlation along the poloidal coordinate of the particle flux !x(x, y, t) at some fixed point x. We extract the
mean periodic scale length and the smallest non-periodic statistically significant length scale, we refer to
these lengths as $blob and %small respectively.
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(a) A hypothetical !x(y) at a fixed x
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(b) Autocorrelation reveals the relevant length scales

Figure 6: The mean size of the smallest reoccurring feature in y can be shown to be $%small%y !
&

2&, where

& is determined by a least-squares fit of a Gaussian, e
# y2

2&2 , around the central peak of R(y)

In processing simulation results of flux !x, blobs will show up as isolated, generally radially outward
propagating local maxima in !x # $!x%y. Consider figure (7), where a snapshot of the particle flux at a point
in time is presented (7a), and more detailed figures follow, where E " B velocity fields are overlaid to give
a sense of flow direction.
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Conditional Probability  
Functions -PDF’s -for  
“Clumps” or “Blobs” in the 
SOL or in the Helimak 
with large positive Er  



la	  fusion	  nucléaire	  contrôlée	  	  
	  D-‐T	  fusion	  yields	  in	  JET	  and	  TFTR	  Achievements	  

Without plasma 

. D/T, beryllium 

. Remote handling 

. International organisation since 
1978 
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48	  Superconduc8ng	  Coils:	  
–  	  18	  TF	  coils	  
–  	  6	  CS	  modules	  
–  	  6	  PF	  coils	  
–  	  9	  pairs	  of	  CC	  
–  	  Feeders	  

ITER	  Magnet	  Systems	  

T

Comparison	  à	  10.5	  GJ	  magne3c	  energy	  in	  the	  
27	  km	  tunnel	  of	  the	  Large	  Hadron	  Collider	  at	  

CERN	  
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	  Scien&fic	  Challenges	  for	  Magne&c	  
Fusion	  Experiments	  	  

1. Turbulent Transport of thermal energy 
down the Temperature Gradient. 

2. Driving the plasma current in the steady 
state without the transformer action. 

3. Maintaining sufficient wall lifetime the 
Beryllium coated walls and the bare 
Tungsten divertor chamber parts. 

Research Method:  Work in teams combining 
scientists and graduate students with skills for 
theory, experiments and simulations.  Future 
complex experiments will require V&V of plans. 
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Japan	  and	  Germany:	  
Steady	  State	  Helical	  Systems	  

pour	  la	  fusion	  nucléaire	  contrôlée	  
Super conducting 
magnetics for 
steady state 
running without 
Transformer or RF 
current drive. Small  
field aligned 
currents called 
FACs. 

New idea developed by Uo and proven feasible for 
steady state by O. Motojima at Kyoto University.  
Reference: Wakatani, 1998, ISBN: 0-19-507831-4 20	  
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Progress	  of	  plasma	  parameters	  is	  
very	  encouraging	  –	  H.	  Yamada	  NIFS,	  Japan	  

Long pulse : >1keV plasma for 1 hour 
 
High Plasma Beta :  

   beta = 5.1 % at B = 0.425 T  
          = 4.1%  at 0.75T 
            beta of 5  % is maintained  
      for 100 energy confinement time tE 
 

High density 
   ne(0) = 1.2 X1021m-3  
     1.5 atmospheric pressure at B = 2.5 T 
          è  an innovative concept of  
                ignition at T(0) = 6-7 keV 
 

High ion temperature 
   Ti = 7 keV at ne = 1.5 X1019m-3 

      accompaning transport expels    
      impurities : Impurity Hole    

Quasi-steady state high beta	

Tokamak	

LHD	

Very high density operation	

  nGW(1020/m3)  	 21	  



Spectrum	  of	  Density	  Fluctua&ons	  

kρs

kρskρs   

typical turbulent 
wave spectrum 

Large (aρs)1/2
  to λ  down to ρe  



Summary and Outlook for Future Research –  
Next Generations will search for …  
 
1.   Real-Time Control of nuclear burning plasma in the laboratory  - RIO –   

Find the optimal fusion steady state power system…tokamaks, helical 
systems or a new system?. 

 
2.  Understand & control - with predictive ability –Need  small  ELMS, no 

major disruptions and guarantee wall lifetimes.  

3.  ETG gives the explanation of the universal electron transport observed in 
wide variety of machines from 1960ies till NSTX. CLM gives validation of 
the model.  

4.  Physics and Engineering with Advanced Simulations [SciDAC] required. 
 
5.  Widespread Careers Opportunities for Plasma Physicists: 
       (i) securing global communication and navigation systems: -- GNSS 
       (ii) astronomy/astrophysics understanding of electromagnetic-      

 plasma emissions from stars, galaxies and horizons black holes. 
       (iii) creation of new materials– photonics. 
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