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Fusion Approaches: How to confine the hot plasma?

Wall Energy confinement time ~ 10° too small;
Heat fluxes to wall too intense.

Size Physically very large, ~ 2km,;
Power output ~ 107 1000M We plants.

Underground explosions  Energetically feasible;
Socially and politically appears impractical.

Electrostatic fields Field only “confines” + or - charges, not both;
Useful combined with other approach?

Inertial confinement Energetically appears feasible.

Magnetic fields Energetically appears feasible.

Table 1: Possible approaches to fusion.
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Fusion Approaches: How to confine the hot plasma?

@ Gravitational Confinement (300W/m3)

- In a deep gravitational well, even fast
particles are trapped.
- This is the method used by the Sun.

e Inertial Confinement (10%°W/m?)

- Imploding the hydrogen gases together
with inertia, then holding them together
long enough for fusion reactions to occur.

e Magpnetic Confinement (107W/m?)

- Using magnetic fields acting on hydrogen
atoms which have been ionized.

Prof. Eugenio Schuster ME 362 - Nuclear Fusion and Radiation Fall 2024



Inertial Confinement

@ Inertial confinement is based on microexplosions of fuel pellets triggered by a
suitable driver.

o Consider a fuel pellet of solid DT fuel and an appropriate driver:

'—\_/_\/\/ Driver
Energy
Pellet

Figure 1: Inertial confinement approach to fusion.

@ The pellet is heated to fusion temperatures in the time 7. The pellet
“burns” (undergoes fusion) for a time, 75, before the pellet disassembles in
the time, 7p. In general, we need 7p ~ T > TH.
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Inertial Confinement

@ To estimate 7p, the thermal disassembly time, we assume

r

™D~ ———
<Vi>

@ In this time, the pellet will have expanded a distance r at which point the
fusion burn is assumed to terminate.

@ Note that < V; > is used since it refers to the fuel; if the electrons
leave/expand, the burn would not be directly affected. For the deuteron,
< Vp >~ 10°m/s at 10keV.

o We can write the n7g (Lawson) criterion for inertial confinement systems as:

nr

nTE ~NTp ~ ——
<Vp >

@ We recall that the value for n7g for DT at 10keV was ~ 1029m=3s. Then,

nr

— ~10m3s (DTQ@10keV
<Vp> ms V)

nrTgy ~ nNtp ~
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Inertial Confinement

@ Therefore, the nTg (Lawson) criterion for inertial fusion can be rewritten as

(nr)r, ~ 10°°(m~35)10%(m /) ~ 1026%

@ In the literature this criterion is usually expressed as the product, pr, where p
is the density and the units are in cgs.

e To arrive at this form, we define an average mass for the DT mixture, M;, as

—27
i1~ Mo ;FMT _ (3344 5.(;1)10 K9 _ 418 1024

Multiplying (nr)r by M; yields

_ 1
Minr = 4.18 x 10724(g)102 [ — ) ~ 0.042-L
cm? cm?
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Inertial Confinement

o Noting that the product, M;n is simply the density, p, we obtain

g
~ 0.042——
(pr)L o

@ A more accurate estimate yields (pr)pr ~ 0.1g/cm? and this is the value
usually seen in the literature.

o If the fuel pellets are assumed to be of dimension 7 ~ 0.5¢m, then

0.5cm

T 108em/s

~5x107% (5 nanoseconds)

Therefore, 7 should be < 10~ 9s.
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Inertial Confinement

@ Several drivers have been proposed to heat the pellet to fusion conditions on
this time scale. These include:

— Lasers (solid and gas)
— Light ion beams (LIB) —e.g., p

— Heavy ion beams (HIB) —e.g., Hg — U

@ Inertial fusion research is a large world wide effort since it appears to be
energetically feasible.
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Inertial Confinement

National Ignition Facility and Photon Science
https://lasers.lInl.gov

@ Take a hollow, spherical plastic capsule about two millimeters in diameter
(about the size of a small pea)

o Fill it with 150 micrograms (less than one-millionth of a pound) of a mixture
of deuterium and tritium, the two heavy isotopes of hydrogen.

@ Take a laser that for about 20 billionths of a second can generate 500 trillion
watts — the equivalent of five million million 100-watt light bulbs.

@ Focus all that laser power onto the capsule surface.
o Wait ten billionths of a second.

@ Result: one miniature star.
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Inertial Confinement

@ In this process the capsule and its deuterium-tritium (DT") fuel will be
compressed to a density 100 times that of solid lead, and heated to more
than 100 million degrees Celsius — hotter than the center of the sun.

@ These conditions are just those required to initiate thermonuclear fusion, the
energy source of stars.

@ By following our recipe, we would make a miniature star that lasts for a tiny
fraction of a second.

@ During its brief lifetime, it will produce energy the way the stars and the sun
do, by nuclear fusion.

@ Our little star will produce ten to 100 times more energy than we used to
ignite it.
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Inertial Confinement

Fuel layer

Fuel capsule

Figure 2: Hohlraum

@ All of the energy of NIF's 192 beams is directed inside a gold cylinder called a
hohlraum, which is about the size of a dime.

@ A tiny capsule inside the hohlraum contains atoms of deuterium (hydrogen
with one neutron) and tritium (hydrogen with two neutrons) that fuel the
ignition process.
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Inertial Confinement

Laser beams rapidly
heat the surface of the
fusion target, forming a
surrounding plasma
envelope.

Fuel is compressed by ~ During the final part of
the rocketlike blowoff of the capsule implosion,
the hot surface the fuel core reaches 20

material.

times the density of
lead and ignites at 100
million degrees.

Figure 3: Inertial confinement.

Thermonuclear burn
spreads rapidly through
the compressed fuel,
yielding many times the
input energy.
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Inertial Confinement

1. Target factory
To produce many low-cost largets.

2. Driver
To heat and compress the i
target to fusion Ignition.

3. Fusion chamber
To recover the fusion energy
pulses from the targets,

Focusing
beams slement

4. Steam or helium driven turbine-generator
To convert fusion heat Into electricity.

Figure 4: Inertial confinement power plant.
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Magnetic Confinement

@ Let us consider the motion of a charged particle in a magnetic field:
i
® o
Figure 5: Moving particle in magnetic field.

@ Notation: The magnetic field, B, is down into the paper.
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Magnetic Confinement

o A force, F,,, is observed and is given by F;, = qu X B. The direction of the
force depends on the sign of the charge, q.

i

i‘
<|

Electron ® B

F

Figure 6: Magnetic force.
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Magnetic Confinement

@ The equation of motion for the charged particle is given by
— =ma = qu X B.

Therefore,
F,, L v and @ 1 v.
dt

@ Thus, F,,, does not work on the charged particle and v changes in orientation
but not in magnitude. This situation describes circular motion. Schematically,

® .8

Fc
@
Ion
Orbit
Electron
Orbit

Figure 7: Circular motion of the moving particle.
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Magnetic Confinement

@ At any point of the orbit the inward magnetic force F,, is balanced by an
outward centrifugal force F,. Thus,

2

F, 2 |qlvx B=m— 2 F,
T

e Ifv 1 B,
02
lglv x B = |g|lvB =m—
,
and

muv

r=—

lq| B

is the gyromagnetic radius (Larmor radius).

@ The magnetic field is given in “Tesla", where

1Tesla = 10*Gauss = 1Weber /m?

and 1Weber = lvolt — sec is a unit of magnetic flux.
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Magnetic Confine

@ The field strength represents a field line density, illustrated schematically
below:

1

(T
i

Relatively Low Field Strength Relatively High Field Strength

Figure 8: Magnetic field strength.
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Magnetic Confinement

@ For particles in a plasma it is convenient to write
mv = V2mE x VmkT

and therefore

~ vVmkT
lq| B

o At the same kT and B, and ¢; = g,

ri < v/ M; and r, o< /M,

B M, 1/2 |
Te = MZ T

1/2
For deuterons, (%) ~1/60 = r, ~ rp/60.

and
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Magnetic Confinement

o Consider now the case when v is not perpendicular to B:

|

B

Figure 9: Not perpendicular magnetic and velocity fields.

@ The motion of the charged particle can be resolved into motion L to B and
motion || to B.
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Magnetic Confinement

@ Associated with v is £ and with v is Ej.

o [ represents one degree of motion (i.e., By = kT'/2)

o E | represents two degrees of motion (i.e., E, = kT)

@ The component E, (v, ) leads to circular orbits in the plane containing E
and perpendicular to B (where mv, = +/2mE, = v2mkT).

@ Motion in the direction of v (parallel to B) is unaffected by B (v x B = 0).

@ The total motion is the superposition of the circular orbits and the motion
along field lines, leading to helical trajectories.

@ Thus, both ions and electrons are “held” confined by the magnetic force and
move along the field lines. This situation is in contrast to that with electric
fields which “hold” confined only one charge species.
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Magnetic Confinement

@ We exploit the fact that moving charged particles in a plasma respond to the
presence of an imposed magnetic field due to the “Lorentz force”.

Electrons

Magnetic
Field Lines

@ However, for practical devices end losses must be eliminated.
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Magnetic Confinement

@ A plasma tends to exclude externally applied electric fields due to
rearrangement of charges.

@ How does the plasma react to an applied magnetic field? Consider the
following:

M B
Equivalent to

Velocity Current

Figure 10: Current generated by moving particle.
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Magnetic Confi

@ By convention the current direction is that of positive charge flow. A current
has associated with it a magnetic field (Ampere's Law). Schematically,

Note that the applied field and the
induced field are in opposing
directions. Thus, the total field,
BTotal, is given by:

IBTotal! = | BApplied! - | Binduced!

For Electrons:

Figure 11: Plasma diamagnetism.
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Magnetic Confinement

@ This effect on the applied field is called diamagnetism and plasmas are
diamagpnetic, i.e., they tend to reduce the externally applied field and

|Bplasma| < |Bvacuum ‘ .

@ Let us consider the strength of the magnetic field required to hold the
plasma. Here we take a “fluid” approach and invoke the concept of magnetic
pressure:

Magnetic " _—

Pressure The magnetic pressure is given by
/ the magnetic energy density, Eg,

B2
EB: ——

2
B where |5 is the premeability of
External g space and equals 4mx107
Henry/m.

Plasma
nkT

B Internal

Figure 12: Pressure balance.
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Magnetic Confinement

@ Assuming the internal pressure of the plasma (kinetic plus magnetic) is
balanced by the external magnetic pressure:

nkT—i— B'LQnt — Bgzt
2p0  2p0

Recall that the kinetic pressure is defined as p = nkT (See Lecture 4).

@ We now define the parameter beta, 3, such that

Bl _ Bl

— 2

ﬂ — nkT — 240 240 —-1— Bint
Bz, B2, B2,
2po 240

o If a plasma is “perfectly diamagnetic”, B, — 0 and 5 — 1. This would be
the case of the most efficient use of the applied external field — i.e., the
external field is totally used to “hold” the plasma kinetic pressure (nkT).
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Magnetic Confinement

Consider again the standard plasma (n. = 10%° /m? and

KT; = kT. = kT = 10keV'). By definition, n; = np + nr (no impurities,
negligible a-particle population). Moreover, np = nr is assumed.

Then, the quasi-neutrality condition yields n, = np + nr = n;, which implies
np = nr =ne/2 and n £ n, +n; = 2n,.

Thus, p = 2n.kT = 0.32 x 105J/m3.

If g =1,
B? J H

—ert — ), 32><1o6 J = = B2, = (0.32x10%) - (2)(4r x 107" =) = 0.8037"
2410 m3 m
and

Bezt ~ 09T

Note that H = =%. Therefore, /- = \/% G- =g 2 T.
Magnet technology now yields fields in the range of 8 — 127" for steady state

fields. Therefore, 0.97 is a “low” field.
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Magnetic Confinement

@ Now we consider situations for which 5 < 1, less than 100% efficient use of
Beyt. In general,

B2, _ 032 1002 LB (0.32 x 109)-Z;(2) (47 x 107 7) & _ 0.80372
240 B e’“’ B B

o Consider a low 3 case for which g = 0.05. For this case
Begy ~ 4T

This is still well within technology limits.
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Magnetic Confinement

@ We also note that for a given 8 and B.,;: = B,
n o BB?/T
and for a fixed temperature T,

n o< fB?

@ Recall that the fusion power density, Py, is given by Py oc n? < oV > Ey
and, thus, at fixed temperature

Py x n? x 2B*

@ This emphasizes the importance of 3 (fixed by physics) and B (fixed by
technology) in determining the fusion power density.
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Magnetic Confinement

@ In summary, we can say that confinement by magnetic fields appears feasible
and we will pursue this approach in greater detail in subsequent lectures.

o We will study both “open” and “closed” configurations:

OPEN
Fringing Field

SOLENOID

TORUS
Figure 13: Open & closed magnetic configurations.
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Open Configurations

@ To examine confinement in open systems, consider the following schematic:

\%
J" o
L]
- 3
* UNIFORM
s

Figure 14: Perpendicular travel in uniform magnetic field.
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Open Configurations

We inject particles with only V| and they are confined in circular orbits.
However, collisions will give these particles significant V|, and these particles
will eventually escape the confinement region along field lines.

Consider a solenoid ~ 1km in length and V) ~ 10%m /s (estimated velocity
for Deuteron at 10keV (see Lecture 4)).

In this case, the energy confinement time, 7, is approximated by

10%m

~—— ~ 1073
108m/s ’

TE

For ignition with D — T', we require n.7z ~ 3 x 102*m~3s (Lawson Criterion
(see Lecture 5)) and, therefore, the electron density, n., must be

ne ~ 3 x 102%m™35/1073s ~ 3 x 1023 /m3.
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Open Configurations

@ At these densities, and at T = 10keV/, the pressure, p, is
p = 2n.kT ~ 3000 X p,, (purely hydrogenic plasma: n = 2n.) where ps, is
the pressure of the standard plasma (n. ~ 102°/m3 and T ~ 10keV).

@ Thus,

p=3x10%(0.32M.J/m?3) ~ 10°J/m>® ~ 10* atmospheres.

@ Let us estimate the field strength required to hold a plasma at such a
pressure. Even if g =1,

Beat = [(20kT) (2116)]/2 = [(196 x 10%)(2) (47 x 1077)]/2 ~ 49T

Such a steady-state field strength is well beyond technological limits.
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Open Configurations

@ Thus, even an extremely long solenoid is not a practical means for achieving
confinement in an open configuration because of the high loss rate of
particles out of the ends of the system.

@ In general, the basic problem with open configurations as confinement
schemes is the inherently large rate of end-losses.

@ Research in open configurations has focused on the identification of methods
by which the end-losses could be reduced.

@ Historically, the first approach to emerge and the approach which has been
the most widely used is called the magnetic “mirror” and makes use of
electromagnetic “plugging” to reduce end losses. The essential features of
the magnetic mirror are shown in Figures 15 and 16.
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Magnetic Mirror

o Consider a particle injected at point “0" under a particularly shaped magnetic
field line:

Vi

<t

v

0
Figure 15: Particle injected at point “0".
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Magnetic Mirror

@ As the particle moves along the field line (helical motion), Fas = ¢(V x B),
and the force is always L B.

-- - -

=y

- o =

"M

Figure 16: Magnetic force on particle.
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Magnetic Mirror

TURNING POINT | P
-
SECTION VIEW LINES OF
IR,

MAGNETIC FIELD COILS
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Magnetic Mirror
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Figure 18: Schematic of field distribution in a magnetic mirror.
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Magnetic Mirror

@ This force F' = F); can be divided into F| and F with respect to the field
direction at point “0".

F)
F

Figure 19: Force components.

@ Because of the spatial variation of B, there will be an F) component acting
on the particles and this F|; will oppose V|, the initial velocity of the particle.
Thus, the particle is slowed down in the V” direction.
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Magnetic Mirror

@ We noted earlier that F); does no work on the particle. Thus, the total
energy of the particle must remain constant as it moves along B. Thus,

Er = E, + Ej = constant of motion
and in terms of positions “0" (center) and “M"” (magnets)

Er =E | (0) +E”(0) =FE, (M) JrEH(]W)

@ As the particles move from regions of lower B into regions of higher B, £ is
converted into F/| by virtue of F'.

@ In principle, if B(M) is large enough with respect to B(0), E) (M) can go to
zero and the particle will be mirrored /reflected/confined at the ends of this
configuration.
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Magnetic Mirror

@ It can also be shown that, if the field does not vary “too” abruptly, then the
magnetic flux contained in the circular orbit of the particle is also a constant
of the particle motion:

Figure 20: Projected orbit of the particle.
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Magnetic Mirror

@ Since
<I>:/B-dA~B7rr%
@ Thus,
mr},B(0) = 7r}, B(M) = constant of motion
@ Recall that
2ME | 9 E, E,
rL:q—B:>¢:BWTLKB<ﬁ) 0(7

@ Thus, ® = constant of motion implies

? = constant of motion

where

is the magnetic moment of the orbiting particle and I is the current
associated with the orbiting particle and A is the area of the orbit.
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Magnetic Mirror

e The E, /B condition yields:

E(0) EL (M)
B(0)  B(M)

@ We now combine conservation of energy and constancy of magnetic moment

to obtain:
Ey (M) = E(0) + EL(0) — EL(M)
and B(M
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Magnetic Mirror

@ Defining the mirror ratio, R, by R = HORRAS write

Ey(M)=Ej0)+E.(0) - REL(0) = E|(0) = EL(0)(R—1)

@ The particle will be mirrored/reflected at M when E} (M) < 0. This
condition requires

Ey(©) <SR-1 & I~ <
E(0) — VE(©0)

E(0) <EL(0)(R-1)

or adding £, (0)/E, (0) = 1 to both sides (Er = E| + E))),

(0) EL(0) 1
50 <8 Fro) 2R

T
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Magnetic Mirror

a)
lon exists on the E, = constant line
8 2E,
] vi= = -vi
o
>
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Figure 21: Magnetic force on particle.
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Magnetic Mirror

Vy

Vx
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Magnetic Mirror

@ Thus perpendicular injection and operation with as high a mirror ratio as
possible, favors reflection/ end-loss plugging/ confinement.

@ To determine the required injection angle, we must examine B(0), B(M) and
R. Recall that the fusion power density, P, is given by
Py o 3°B*
where B = B(0).
@ Thus, B(0) will be set by the desired P; and by the allowable 3. Let us

assume B(0) = 4T. Technology limits will set B(M). Assume B(M) = 12T.
Thus, R =12T/4T = B(M)/B(0) = 3. Thus, for reflection
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Magnetic Mirror

@ The ratio of L energy to total energy at the injection point must be greater
than 1/3 for reflection.

E| 0

B

E; (0 E. ©0)

Figure 23: Injection angle.

If E)(0) is too large, the particle will escape.

o Note that although E (0)/E7(0) may satisfy the reflection condition at
injection, coulomb scattering collisions will alter the orientation of the
particle with respect to E.

@ Thus, we must average the assembly of particles over all orientations to
obtain the actual losses. We need the particle distribution in velocity and
space to calculate the losses accurately.

Prof. Eugenio Schuster ME 362 - Nuclear Fusion and Radiation Fall 2024



Magnetic Mirror

@ Experiments and theory began to accumulate which showed that this
“classical mirror” would not work as the basis for a fusion reactor for the
following two reasons:

o Electromagnetic end plugs were found to be too leaky to give adequate
confinement for reactor-level Q values (Q = Py /Pin;).

e The reason for this is that the mirror ratio, R, is limited by technology to ~ 3,
and R ~ 10 would be required for adequate @ values. Thus, Q < 1.

e Convex curvature of the field lines leads to a plasma (fluid) instability.

@ Alternative concepts such as the “minimum B mirror” (concave (in all
directions) field lines) and the “tandem mirror” (electrostatic end plugs) have
been proposed to overcome these deficits.

@ A breakthrough in magnet technology could be a real enabler.
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