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Abstract

As the title suggests, this talk will have three main themes. First I will
talk about plasma physics as a most challenging intellectual curiosity driven
discipline of physics, its early history, how it spawned the field of nonlinear
dynamics, and was and is at the forefront of computational science. The
next two themes will be intertwined. I will talk about the history of the
quest for fusion energy, industrial involvement, and entrepreneurship. This
interesting history of the fusion program, with its declassification in the
1950s, includes early efforts originating from Texas, via the Texas Atomic
Energy Research Foundation, and the later founding of the Institute for
Fusion Studies in 1980. Recent progress in fusion energy science will be
highlighted in concert with a brief description of some plasma fusion devices.
There has been a recent dramatic sea change in the research landscape of
fusion science, as evidenced by a veritable explosion in the number of startup
companies in recent years. I will explore the cause and possible ramifications
of this sea change.
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Overview

• Plasma physics as a curiosity driven discipline (spawning of nonlinear dynamics)

• Early plasma history quest for fusion energy

• Recent and projected fusion results

• Sea change



The Institute for Fusion Studies

Since 1980, the Institute for Fusion Studies (IFS) has been a national center for theoretical

(and experimental) research in fusion energy science and plasma physics. Its primary mission

is to contribute to the understanding of physical phenomena important to fusion, and other

plasma physics-related areas of science, by performing fundamental research of originality

and rigor. Emphasis is placed on tackling scientific issues of long-range significance, and

exchanging scientific developments with other fields of research.

DOE Establishment Grant $3M/year + other ≈ $5M/year.



What is a Plasma?

Adding Heat:

Solid ⇝ Liquid ⇝ Gas ⇝ Plasma

97% of visible universe is plasma

Dynamics of Charged Particles ⇔ Electromagnetic Fields



Plasma Physics as Curiosity Driven Science

• Spawned Nonlinear Dynamics

(adiabatic invariants, invariant tori description, integrable field theories, ...)

• How do magnetic field lines behave? Particle orbits under electromagnetic interaction.

Self-consistency. Celestial mechanics. ...

• Early computational algorithms

• Challenging mathematical physics

• Difficult science. Multiscale, nonlinear, difficult boundary conditions, ...



Magnetic Fields

(a) (b)

FIG. 1. (a) Iron filings depicting B-lines. (b) B-lines from currents.
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Self-Similarity and Universal Scaling in Symplectic Maps
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Fig. 13. The standard nontwist map at the critical parameter values, 
(at ,  be) = (0.686049, 0.742493131039) for destruction of the 
l / y  shearless orbit. 

(ac, be) = (0.686049, 0.742493131039) (27) 

is the critical value for destruction of  the 1 /y  shear- 
less curve and, therefore, convergence to the six-cycle. 
From the numerical results of  Table 4 we get the lol- 
lowing values for the elements of  the six cycle: 

H I  = 2.325 ± 0.002, 

H3 = - 0 . 5 9 9  ± 0.010, 

H5 = 2.575 ± 0.020, 

H2 = 2.575 ± 0.020 (28) 

H 4  = -1 .283  ± 0.001 (29) 

H 6 = 1.548 ± 0.037. (30) 

In Fig. 13 we have plotted the standard nontwist map 
at the critical value (ac, b,.) for the destruction of  the 
1/y shearless curve and convergence to the six-cycle. 
Observe the high degree of  stochasticity in the map; 
all elliptic orbits seem to have disappeared leaving a 
"chaotic sea" with a well-defined "shore" given by the 
shearless 1 /y  orbit. In the figure, several initial condi- 
tions below the shearless curve wander stochastically 
in the bottom part of  the phase space but do not cross 
the shearless orbit. To display the metamorphosis of  
the 1/y  shearless curve as the (a, b) values are in- 
creased, this curve is plotted in Fig. 14 for (a,  b) val- 
ues below criticality, at criticality, and above criticality. 
To show evidence of  the destruction of  the shearless 
curve, Fig. 14c also shows the up and down periodic 
orbits with m/n = 987/1597. The fact that the chaotic 
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Fig. 14. Shearless orbit (a) below criticality, (b)  at criticality and 
(c) above criticality. The fact that, in case (c) ,  the orbit shown 
crosses the up and down 987/1597 periodic orbits indicates that 
the shearless curve has been destroyed. 

orbit shown in the picture crosses these periodic orbits 
indicates the destruction of  the shearless curve. 

To analyse the structure of  the 1 / y  shearless orbit at 
criticality, this orbit is plotted in Figs. 15a,b using sym- 
metry line coordinates centered at the point where the 
shearless orbit intersects s3: ~ = x - a(  1 - y2) /2 ,  y = 
Y - Ys, where Ys = 0.222521. Fig. 15a displays the 
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Fig. 15. Self-similar structure of the l /y  shearless curves at crit- 
icality. In case (a)  the shearless curve has been plotted in sym- 
metry-line coordinates. Case (b)  is a magnification of (a) by a 
factor of  321.92 in the x-direction and 463.82 in the y-direction. 

shearless orbit in the right-upper quadrant of phase 
space, and Fig. 15b is a magnification of Fig. 15a by 
a factor of 321.92 in the x-direction and a factor of 
463.82 in the y-direction. This magnification is quite 
big; the area of the phase space region depicted in 
Fig. 15a is about 150,000 times larger than the area of 
the phase space region shown in Fig. 15b. It was shown 
in [ 14,15] that in the standard map, critical invari- 
ant curves exhibit self-similar structure. The remark- 
able similarity of Figs. 15a and 15b indicates that, in 
the nontwist map, the 1/3/shearless curve has a self- 
similar structure. Note that the scaling factors of the 
critical 1/3' shearless curve are different from the scal- 
ing factors of the 1/3" KAM curve in twist maps. In a 
forthcoming publication [ 16] we analyze the critical 
behavior of the shearless curve using the renormaliza- 
tion group formalism. 

5. Conclusions 

In this paper we have presented a study of periodic 
orbits and the transition to chaos in area preserving 

nontwist maps, maps that violate the twist condition of 
Eq. (3). Many mathematical results regarding KAM 
curves in nontwist maps remain to be established. Due 
to the violation of the twist condition, important theo- 
rems can not be applied to this problem; in particular, 
the standard proof [4] of the KAM theorem breaks 
down. One of the main contributions of this paper is a 
detailed numerical study of the destruction of the so- 
called shearless curve, the KAM curve located where 
the twist condition fails. The understanding of when 
and how a KAM curves breaks has important physical 
implications because, in two-dimensions KAM curves 
are transport barriers; their breakup heralds the lack 
of confinement in the system. In particular, the study 
of the shearless curve in nontwist maps sheds light 
on the transport and mixing properties of plasma and 
fluid systems. 

The study presented here has been based on the 
standard nontwist map, which is a simple paradigm 
nontwist map. The study of the transition to chaos re- 
lied upon the use of periodic orbits to determine the 
existence of KAM curves. For this reason a discussion 
of periodic orbits in the standard nontwist map was 
presented, prior to the study of the transition to chaos. 
Contrary to what typically happens in twist maps, pe- 
riodic orbits in the nontwist map (when they exist) 
come in pairs; that is, there are two periodic orbits 
with the same rotation number on each symmetry line. 
As the map parameters change, the two periodic orbits 
on the same symmetry line can approach each other 
and can eventually collide. The periodic orbit colli- 
sion phenomenoiogy was described in detailed. Peri- 
odic orbit collisions lead eventually to periodic orbit 
annihilation, which is problematic when one is using 
periodic orbits to approximate KAM curves. The main 
difficulty is that, in general, it is not known a priori 
which periodic orbits exists and which have been de- 
stroyed. To handle this problem the concept of bifurca- 
tion curves in (a, b) space was introduced. The main 
virtue of these bifurcation curves is that for (a, b) val- 
ues below the r/s-bifurcation curve, periodic orbits 
with m/n < r/s exist. 

Another important bifurcation discussed in this pa- 
per is separatrix reconnection, which is a global bi- 
furcation that changes the phase space topology in 



Some Early Plasma History

• Irvine Langmuir 1920’s (plasma as red and white corpuscles) @ General Electric Corp.

• Hannes Alfven 1940-50s ... Nobel Prize in Physics (1970)

Power in the north, people south ⇒ power transmission.

• Princeton Project Matterhorn (Lyman Spitzer and John Wheeler) 1951

Wheeler @ UT 1976-1986. Coined the name Stellarator

• General Atomics (GA) in La Jolla, CA (General Dynamics - aerospace and defense) 1955

• The Texas Atomic Energy Research Foundation, 1957

• Fusion declassified 1958





TAERF

The Texas Atomic Energy Research Foundation (TAERF) was created in 1957. The com-

posed of 11 Texas power companies, joined with General Atomics (outgrowth of General

Dynamics Corp.) to create a nuclear fusion research project. In 1959, the University of

Texas sponsored a seminar on nuclear fusion to generate local interest among students and

faculty. Throughout the 1970s, the Texas Atomic Energy Research Foundation supported

the Texas Tokamak fusion laboratory (Fusion Research Center), with funding from the

U.S. Department of Energy and the Edison Electric Institute.



What is Fusion?



FIG. 4. Nuclear fusion is a reaction in which two or more atomic nuclei, e.g. deuterium and tritium

(hydrogen isotopes), combine to form one or more di↵erent atomic nuclei and subatomic particles

(neutrons or protons) and the release of energy. Nuclear fusion powers our sun and the stars.
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Devices - Magnetic Bottles



How can you build a good magnetic bottle?

How about a simple magnetic mirror?



(a) (b)

FIG. 2. (a) Depiction of German Stellarator W7X in Greifswald. (b) HSX in Madison, WI.
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(a) (b)

FIG. 3. (a) Tokamak depiction. (b) ITER 2013-2035
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National Ignition Facility inertial confinement fusion (ICF vs. MFE)



Progress?



Goodness =

How Much × How Hot × How Long



Why so Difficult?



Center for Hierarchical and Robust Modeling 
of NonEquilibrium Transport (CHaRMNET)

MFE Spatial Scales

10 10 10 10 10
-6 -4 -2 0 2 spatial scales (m)

system size 

electron-ion mfp atomic mfp 

skin depth

tearing length

ion gyroradius

debye length

electron gyroradius
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Center for Hierarchical and Robust Modeling 
of NonEquilibrium Transport (CHaRMNET)

MFE Time Scales
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Sea Change! (past ≈ 5 years)
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Why?



High Tc Superconductivity

• Nobel Prize in Physics in 1987 30+ years for technology to blossom

• Superconductivity → 10× bigger magnetic fields

• Bigger magnetic fields → better confinement in variety of devices

• Decision to revisit. ARPA-E.



Advanced Research Projects Agency - Energy
U.S. Department of Energy

The Advanced Research Projects Agency-Energy (ARPA-E) advances high-potential, high-

impact energy technologies. Funding that encouraged private-sector investment.



Promising Results

• Ignition with NIF

• W7X Results



How Long to Fusion?



How Long to Fusion?

• I don’t know! Science vs. Engineering.

• Power on the grid in 10 years?


