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1 Fundamentals of Pulsed Fusion

Thermonuclear fusion is governed by the

rate coefficient (ov) for fusion reactions,
which for a particular reaction is a function
only of (ion) temperature 7. For the D-Tre-  10*
action its value is roughly 5 x 10722 m=3s~!
at T' = 20keV, the typical operating temper- -
ature of proposed reactors. The rate peaks a
factor of only 2 higher at about 60keV tem-
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to go to higher temperature. For other fu-
sion reactions the rate is at least 10 times
less; so they are much more difficult. 26

Pulsed reactors consider a single comple-
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reacts and then exhausts. Net energy pro- 10° 10 10
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duction requires that sufficient fraction of
the fuel experiences a fusion reaction, oth- Figure 1: Fusion reaction rate coefficients
erwise the energy consumed in compressing
and heating the fuel will surpass the fusion energy released.

In some approaches to pulsed fusion, such as Magnetized Target Fusion, it is supposed
that essentially the whole of the fuel is heated. In others, only a fraction of the fuel (the

“hot spot” in laser fusion) is supposed to be heated, and its energy yield is supposed to heat



up the rest of the fuel. This staged approach is very important because it raises the possible
net gain of the entire assembly. To understand the importance, consider initially just that

portion of the fuel that is externally heated.

1.1 Gain

Its maximum possible target gain G is equal to the energy yield of a fusion reaction (E; =
17MeV) divided by the energy required to heat the reacting particles (~ 2 x (3/2) x T;).

Gumaa = Ey/3T; ~ 300 (1)

using T; = 20keV. If the ratio of the number of particles that react to the number heated in
the first place is f, then the the gain is proportional to f,: G = Geefrn = 300f;,. Pulsed
fusion differs from steady-state fusion approaches, such as magnetic fusion. The steady-
state approaches consider a burning plasma that is continuously fueled with additional D-T,
leading to an energy balance that is different.

In particular, for steady fusion, ignition is enough to pro-
vide energy self-sustainment, while for pulsed fusion it is
not. Pulsed fusion needs high target energy gain so that
the total engineering gain per pulse is substantially greater
than 1. There are many losses of efficiency involved in en-
ergy conversion and more crucially the driver physics so
that G0 = 300 is a very tight limit. One way to think
about “hot spot” ignition is that it is a way of increasing

fn above unity by making the number of particles initially

heated much less than the number that can eventually re-

act. Figure 2: Hot-spot pulsed fusion

1.2 Burn Duration and Fraction

If the electron density (which is twice the density of each of the ion species, of deuterons
and of tritons) in the burning state of a pulsed reactor is n, (particles per cubic meter: m=3)
then the initial reaction rate per ion, which is the inverse of the characteristic reaction time
is

= = nelov) (2)
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It takes, on average, a time 7, for a fuel ion to react. The burning state must last long enough
for a good fraction of the particles to undergo reactions. If the duration of the burning state

is 73, the fraction of the fuel that reacts can be shown by integration to be

fr=7n/(+7) = 7/7 (3)

The burn duration we seek will ideally be a good fraction of the reaction time so that f, is
close to one (e.g. 0.5) and the gain is large. It doesn’t help much to make the confinement
time much greater than the reaction time, because all the fuel would already be burnt. If the
energetics of the scheme under consideration is dominated by external heating (as in MTF),
then f, = f,. If instead we are considering just the hot-spot of a triggered pulse fusion
scheme, then the fractional burn of just the heated spot ions, f,s, is required only to be big
enough to give substantial target gain and hence to generate a burn wave propagating into
the rest of the fuel. Since only the alphas (whose fusion energy is one fifth of the total) give
energy to the fuel, a tripling of the fuel energy requires e.g. G 2 10, and f,, & 0.03.

In all cases, to achieve a certain burn fraction requires a certain burn duration relative
to the reaction time. We can invert eq. (3) to find the ratio of burn to reaction time needed

for any given f,, and we denote that ratio for convenience as f,:

/T = fr/ (1= fr) = fo. (4)

At low burn fraction, f, =~ f,.

Then we can find the Lawson parameter n.7, by, substituting into eq. (2), as
nety = f,2/(0v) [= f; 4 x 10 m?s]. (5)

When we compare this with the idealized ignition criterion (where E. is the charged-particle

energy yield per reaction)
nety = 12T/ E.(ov), (6)

we see that taking 7z = 7, ignition corresponds to
fq =06T/E. =6 x20/3500 = 0.034. (7)

But this low (3%) burn fraction is inefficient. It provides a target energy gain of only

f4Gmaz ~ 10. In pulsed fusion, therefore, to obtain sufficient gain for energy production, one



must reach Lawson parameters approximately 10 times those necessary simply for ignition.
This contrasts with steady fusion, where ignition (or even just below) is sufficient.

The burn duration that is actually achieved in pulsed fusion is generally dictated by the
fact that the pressure of the reacting plasma, which tends to make it expand, is balanced
by the inertia of something. That something might be the plasma itself, or it might be
the inertia of some “casing” or “pusher” which is responsible for compressing the plasma.
In MTF, for example, the plasma is supposed to be compressed by a magnetic field which
itself is sustained by metal casing. The metal might be Lithium-Lead which is supposed
to be compressed by a converging mechanical shock. Generally, the effects of pressure and
inertia travel at the sound speed ¢, in the relevant material. If therefore, the size of the
burning assembly is approximately R, the duration of the burn is roughly the time it takes

for disassembly at the relevant sound speed
Ty ~ Rb / Cg (8)
If the relevant confining material is the plasma itself, then the sound speed is the plasma ion

[Te + 3T;
Cy = ;3 (9)
my;

At T, = T; = 20keV for m; = 2.5m,, thisis ¢, = (4 x20x 1.6 x 10716/2.5 x 1.67 x 10727)}/2 =
1.8 x 10° m/s. By contrast, the sound speed in Lithium-Lead, determined by the material’s

acoustic speed

elastic modulus, is approximately ¢, = 2 km/s.
How big must the burn assembly radius R, be to give a certain fractional burn-up?

Substituting from our previous relations (2), (3), (8), we find

2c5f,\ 1
szcsTb:CSTrfr/(]-_fT) - <<O'U>q> ni (10)
1.3 Yield
Now we must consider the energy yield of the pulse:
Y = f,N.E; (11)

where N, is the total number of Tritons in the burning assembly. Perhaps counterintuitively,

the main objective is to make this as small as possible (while keeping the gain large). There



are two main reasons. First, given limited gain, the required driver energy, which we would
like to keep small, is some non-negligible fraction of the target yield. Second, this is, after
all, a pulsed energy yield, which is a euphemism for an explosion. There is debate about
how large an energy yield can be managed. The upper limit in the literature is generally
considered to be in the vicinity of 1GJ (10). This is the energy release of an explosion of
about 20kg of TNT so it is a very substantial blast. Less might be more manageable, but
let’s be optimistic. This yield defines the approximate repetition rate for a pulsed reactor.
If the reactor’s thermal power is ~ 1GW, then we need 1GJ pulses once per second: 1 Hz
repetition rate.

For the sake of this estimate, let’s take the burning assembly to be roughly spherical so
that its volume is %WR? . It therefore contains N, = %neﬁRg ~ 2n.R} tritons. Since from eq

(10) Ry o< 1/n,, the number of tritons in the assembly is inversely proportional to n?

3
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Getting this number and hence Y down to a managable level pushes us to a high density
(ne). When Y = 1GJ, the number of reactions is f,.N, = Y/E; = 3.68 x 10%°.

1.4 Density
Rearranging eq (12) gives

1/2

e ) 2

We notice that the important parameter characterizing the type of pulsed confinement

is the normalized speed of disassembly:

2¢, . .

5= << ¢ >> = 7.2 x 10*"m™?(inertial) or 8 x 10**m~?(MTF). (14)
ov

(evaluated at T; = 20 keV). We summarize and contrast the density, assembly size, and burn

duration, based upon the two different values of this parameter we have been considering,

and f, = 0.5 burn fraction!, in table 1. We see, therefore, that the approximate required

characteristics of pulsed fusion can readily be deduced in a few lines of arithmetic from

3

IMTF advocates usually cite a density target of about 10?6 m~3. This corresponds to f, ~ 0.2, R, ~

20mm, 7, &~ 10 us, and a gain of G =~ 60.



Table 1: Estimate of density, radius, and time for uniform pulsed fusion with yield ¥ =1
GJ and fractional burn f, = 0.5 (f, = 1) at temperature 20keV.

Parameter | s (m™?) ne (m™?) Ry, (m) 7 (S)
Formula 2cs/(ov) | REsSPf21,/Y)2 | sfy/ne Ry/cs
MTF 8 x 10* 1.2 x 1077 7x107% | 3.4 x10°°
Plasma 7.2 x 10%7 3.2 x 103! 22x107% | 1.3 x 10710

fundamental physics knowing just the fusion reaction rate and yield, and how big an explosion

one can handle.

2 Inertial Plasma Confinement

2.1 Lawson Criterion as pR requirement

In confinement where the inertia of the plasma itself is the important mechanism, it is
customary to express the Lawson parameter n.m, = f,2/(ov) in a different way. Multiplying
it by the sound speed gives n.R, ~ f,2¢;/{ov) = f,s. This quantity is the product of
density and radius. Unfortunately, tradition dictates that this be expressed instead as mass
density p times radius (multiplying by the average ion mass 2.5m,,), and that the resultant

be expressed in CGS units (grams and centimeters).
pR(/g.cm™?) = mn.Ry/10 ~ 0.25m,, f,s = 3f, (15)

(using s = 7.2 x 10*"m~2). It is thus commonly stated that for high gain pR ~ 3 g/cm? is
required. [Sometimes different coefficients are used, such as R, =~ 3c,7, (to allow for a hollow
fuel shell) but then letting f, = 0.3 arriving again at pR = 3g/cm? .| If we substitute the
ignition requirement, eq (7) f, = 0.034, we get pR ~ 0.1g/cm?.

2.2 Alpha Confinement

In magnetic confinement, it is presumed that the alpha particles are confined by the magnetic
field so that they slow down on the bulk plasma and transfer their energy to it. In inertial
fusion, no such magnetic confinement is assumed. Instead, a new criterion on the burning

assembly arises: that it be deep enough to slow down the alphas and extract their energy



before they leave. The range (\,) of fusion (3.5 MeV) alphas is inversely proportional to
the density (but only approximately so because of quantum degeneracy effects). In a DT
plasma it can be approximated [John Lindl, Development of the indirect-drive approach to
wnertial confinement fusion and the target physics basis for ignition and gain, Phys. Plasmas,
2, 3933 (1995)] as

0.015(T, /keV)>/4
Aa %) =
PAa(8/ ) = {0 082( T, ke V )/

The result for T, =10-20 keV is pA, = 0.23-0.47 g/cm?. Identifying A, = R, we see that

the Lawson criterion for ignition (15) is less demanding than the requirement for capture of

(16)

the alpha energy (which is also required for ignition to take place). Minimally then, to trap
alphas, pR must be at least ~ 0.3 g/cm?. This is a key factor in defining the parameters of
the “hot-spot”. Whereas a full burning assembly with sufficient pR for high gain ~ 3 g/cm?

traps alpha energy rather easily.

2.3 Mass-density requirement

Returning to the formulas of Table 1, the inertial confinement density there, 3.2 x 103! m~3,

is very roughly 1000 times the density of normal liquid (or solid) DT (~ 5 x 10% m™3).

Conversion from electron density to CGS DT mass density is
p (g/cm®) = 4.18 x 107, (m~?) (17)

which means the density can be expressed as p =~ 130 g/cm?® (in comparison with liquid
DT ~ 0.2 g/cm3). The corresponding mass of the plasma is pdnR3/3 ~ 6 x 1072 grams.
Generally, a yield Y somewhat less than 1 GJ is used, resulting in a somewhat higher density
requirement than Table 1, smaller radius, and smaller plasma mass.

The factor 1000 density enhancement would require a 3-D compression in radius of at
least 10 starting from liquid density. Obtaining this compression by the rocket-like ablation
of plasma from the surface of a capsule is the job of the driver. The compression phase is
where most of the research effort for the past 40 years or more has been devoted. Laser
drivers are the ones in practical use for ignition experiments. Pulsed charged-particle drivers
and z-pinch (so-called “pulsed power”) drivers have also seen substantial development, but

are further from engineering feasibility.



2.4 Hot-spot Power Balance

The central hot-spot is generally compressed in a gaseous state where its pressure is kinetic:
p = 2n,1 and assumed uniform. How that pressure evolves, as the compression proceeds,
depends upon power balance between compression work, thermal conduction, radiative loss,
and eventually alpha-heating. Radiative losses are less important than conduction if the
temperature is high enough, so for now ignore radiation and alpha heating.

If the radius within the hot-spot is r at which the implosion velocity is v, then the total
rate of compression work on it per unit volume is

2
P, = (Z:ﬁ% - 3p; - 6Tnerh:g (18)

where subscript h refers to the radius of the whole hot-spot.

Notice that if the implosion velocity within the hot-spot is proportional to radius, pre-
serving the density profile, then the compression power density is uniform if p is. Spitzer

electron conductivity gives heat power flux density
qg=—kVT, = —KTf/QdTe/dr (19)

which gives a net divergence of conduction power density, P., (conduction power loss density)

which we take to be uniform:

4mr3P, )3 = —4Anr? KT°/?dT, /dr (20)
Integrating, we find
2
(Pe/3K)[r*/2] = —[;TZ/Q] (21)
and approximating 7, = 0 at r = r;, we get
T2 = (TP.J12K)(r2 — %) = Tog*(1 — 2 /12). (22)
The conduction power loss per unit volume is then
1272
P,=K———. 23
7 r? (23)

Power balance P, = P,, using central density and temperature values therefore occurs



when

7Uh ,ORh 7
T2 — g T 24
0 = HeThoK <g.cm_2> TMIKA18 x 1072 (24)

For a given compression velocity, vy, this is a simple power-law relationship between 7T, and

pRy. Substituting for the conduction coefficient K, it is traditionally written

() =95 (2mes) (i) -

Thus for compression successfully to pR;, = 0.3 g/cm?, it appears that a compression velocity

approximately v, = 3.3 x 107cm/s = 3.3 x 10° m/s is sufficient to heat to 10 keV temperature
and hence ignite. A more complete analysis including alpha heating and radiation leads to a
quadratic equation for pR at given T, the path to the ignition region closes when v;, < 107
cm/s. These velocities are of order 1/10th of the (20keV) sound speed, so the presumption
of pressure balance is a good approximation.

Fig. 3 shows regions of power gain (unshaded) and loss (shaded) for a particular compres-
sion velocity (3 x 10° m/s). The expectation is that as compression proceeds, the hot-spot
travels from left to right approximately along the upper boundary of the unshaded region.

2 alpha particle heating becomes important, provided

When pR exceeds roughly 0.1 g/cm
the temperature is high enough, and the boundary deviates upward from eq. (25).

The kinetic energy that must be imparted to the imploding capsule is approximately
v%/2 times the fuel mass. It makes sense to use vy, for the fuel velocity because most of the
fuel is just outside the hot-spot edge. For a fuel mass of 5mg (corresponding to 1GJ yield at
full burn-up) and implosion velocity v = 3.3 x 10° m/s, the fuel kinetic energy is 2.7 x 103
J, or 0.27 MJ.

If we try to ignite smaller fuel mass, so as to reduce the driver energy requirement, the
hot-spot must still satisfy the alpha trapping requirement pRj, ~ 0.3 g/cm? and be hot. De-
noting by Nej and N, sy the total number of electrons in the hot-spot and fuel regions, the
thermal energy that has to be deposited into the hot-spot is 3T' N,y ~ Ny (3/2)m;c?/2 (us-
ing ¢ = 4T,/m;) , which is approximately equal to the kinetic energy of the fuel when
(3Nenc?)/(2Ne puavi) ~ 1. Beyond this point, little further driver energy reduction is
achieved by reducing the fuel mass. Taking ¢, /vy, ~ 5 this occurs when the hot-spot contains
~ 3% of the particles and hence of the fuel mass.

As the fuel region becomes a smaller fraction of the assembly mass and volume, the

hot-spot radius becomes a large fraction of the total, e.g. R, ~ 0.5R.
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Figure 3: Ignition path for inertial fusion. From J.Lindl, 1995.

3 Driver and Compression Physics

The general idea of pure inertial fusion is that a capsule of DT is compressed by the rocket-
effect of plasma streaming from its surface when it is irradiated by a very intense pulse of

energy.

3.1 General Character

Limiting our discussion to laser fusion in this section, as illustrated by Fig. 4 there are two
approaches: Direct or Indirect drive. In Direct drive, the lasers impinge directly on the
outside of the spherical capsule and cause the ablation by absorption near the layer where
ne ~ n. (or slightly less) with electron conduction of the heat to the ablation front. In
Indirect drive, the lasers impinge upon the inside of a “Hohlraum” cavity, made from heavy
elements, and inside which the capsule lies. The Hohlraum absorbs the laser and re-radiates
much of the energy in the form of x-rays. The x-rays are then what ablates the capsule
surface and causes the implosion.

Indirect drive has advantages in rocket efficiency and uniformity because the x-ray wave-

length is smaller and the cavity helps to smooth out asymmetries. Its disadvantage is the

10



stagnation
and ignition

implosion

cold main DT
in pressure equilibrium
with the hot spark

‘ hohlraum case
~ 30 um of Au (or Pb) ablator

Figure 4: Schematic of inertial fusion compression. [From M.M.Basko. Vilamoura 2004
[AEA ]

loss of efficiency by the extra conversion step. A major long-term disadvantage for energy
production is that the hohlraum is a complicated, massive, and expensive object that gets
destroyed at each compression.

In order to obtain a central hotspot as illustrated in Fig. 5 the compression is carried out
with a shell of solid DT of fairly high aspect ratio. This means the compression is actually
predominantly 2-dimensional rather than 3-dimensional and so the ratio of its intial to final
radius (known as the convergence-ratio) must be roughly 30. Large aspect ratio R/AR
of the fuel shell is advantageous for obtaining peak compression, but more susceptible to
disruption by Rayleigh-Taylor instabilities. R/AR ~ 30 is a typical objective. Similarly,
larger implosion velocity is advantageous for compression and ignition but requires more
powerful drive, which is limited by driver technology and plasma instabilities.

The peak drive intensity required is in the vicinity of I ~ 10' W/cm? which (in In-
direct fusion) is often expressed as an equivalent radiation temperature 7, =~ 300 eV.
[[(/W.cm™?) = 10~40T* = 5.67 x 107'2(11600 T, /eV)* = 1.03 x 10°(T,/eV)* = 8 x 10 at
T, = 300eV.]

The objective is to keep the main dense fuel cold so as to make it easy to compress.
Ideally the compression energy then mostly has to overcome the degeneracy force associated
with the Fermi energy (rather than the thermal pressure force) in the main fuel. The hot-
spot must of course reach high enough temperature and confinement parameter to ignite.
Its pressure will be similar to the main fuel pressure, so its density is a lot less. Therefore,
while it has only a small fraction of the mass of the capsule, it takes up a substantial fraction

of the inner volume.
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Figure 5: Profiles of hot-spot ignition and requirements for compression. From Lindl et al
Phys Plasmas 11, 339 (2004).

3.2 Rocket and Ablation Dynamics

The rocket equation governs the implosion dynam-

ics.

haust velocity of the ablating material and the im-
pinging driver intensity (and wavelength). Those re-

lationships involve lots of complicated physics, and

One also requires the relation between the ex-

we won't explore them here. We’ll just summarize.

The achievable efficiency with which energy inci-
dent on the capsule is turned into kinetic energy of
the imploding shell can be estimated with some de-

gree of confidence. For Direct drive it is about 5-10%.

Solid

Driver
o \ Photons
Condugtion | = /"
I VAV
Ablation
nean
Plasma

Figure 6: Key aspects of compression

by rocket ablation.

This is substantially (perhaps a factor of 5) less than rockets themselves can achieve, mostly

because the energy is being deposited into the already-ablated material. Indirect drive is

12



somewhat more efficient, roughly 15-20% of the incident x-ray energy is turned into implo-
sion kinetic energy. However only approximately 10-20% of the laser energy in Indirect drive
ends up in x-rays on the capsule. So the overall efficiency (laser— vimpiosion) of Indirect drive
is only perhaps 1.5-4%.

These efficiencies then tell us how large a (laser) driver energy is required for a capsule
of a certain mass. A 1 GJ (5 mg) capsule needs 0.3MJ of kinetic implosion energy, which
requires a laser of energy 3-6MJ (Direct) or 7.5-20MJ (Indirect). NIF has laser energy 1.8M.J.
So it is limited to capsules considerably smaller than 5 mg fuel mass. Since the required
density of smaller capsules increases proportional to Y ~1/2, the convergence-ratio required

then becomes larger, challenging the limits imposed by in-flight aspect ratio and stability.

4 MTF and Compact Toroid compression

4.1 Compression-factor and duration

Suppose that the burning state is to be ob-
tained by compression of a magnetically con- Conducting

Casin
fined plasma by a factor of & = R,/R,

in linear dimensions (R, is the initial, pre-

compression, radius). If that compression

is adiabatic and flux-conserving, then the
Compact

Torus
Magnetized
Plasma

magnetic field magnitude increases by a fac-
tor k2, the conservation of particle magnetic
moment implies the transverse particle en-
ergy (temperature) increases by k%, and if
the compression takes place in all three di-
mensions (rather than just 2) the conserved-
particle density increases by a factor k®. Ac-
tually such a density scaling is too opti-

Figure 7: Schematic of Magnetized Target Fu-

istic, b if such a 3-D i . . .
HHUSHE, becatise 1L sl a COMIPIESSION - on. The plasma is confined by magnetic field,

took place it would increase the ratio of par-
P o worid et ratt P hut the field is compressed dynamically by the

ticle t ti = p2uo/B* b
icle to magnetic pressure § = p2pio/ Y& inertia of a converging conducting casing.
factor of k. Since the pre-compressed plas-

mas are usually taken to have g ~ 1, such a [ increase is not possible. A magnetically

confined plasma can’t have [ significantly larger than 1 because of elementary force balance,
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so something has to give. Nevertheless, the MTF proponents generally take the optimistic
view that adiabatic scaling of both the temperature and density can be applied for a com-
pression factor k = 10.

If the velocity of compression is approximately equal to ¢y, again because of the properties

of the driver material, then the duration of the compression is
Te =~ Rp/csl = ka/Csla (26)

i.e. a factor of k£ longer than the burn time. The compression duration is thus roughly 100us.
For compression to be accomplished it is therefore necessary that the important characteristic
decay times of the plasma in the pre-compressed state, and during compression, exceed
approximately this duration.

MTTF proposes that the burning plasma assembly be created by compressing a pre-formed
compact toroid (CT) either a Spheromak or a Field Reversed Configuration (FRC). There
are some differences between these configurations. The Spheromak is expected to be less
efficiently compressed compared with the pure FRC (with no toroidal field). The FRC
is MHD unstable. However, present experiments show that it lasts longer than would be
anticipated on the basis of MHD theory. It is widely accepted that this better-than-MHD
stability performance arises from the fact that the ion Larmor orbits of gyration around the

field are about the same size as the plasma gradient-scale-length in existing experiments.

4.2 Pre-Compression

Broadly speaking, the scientific challenge for MTF is to demonstrate first that the pre-
compression magnetically confined plasma can be stably created and placed inside the liner,
and second that it can be stably compressed to achieve the burning plasma state. Neither
of these stages has yet been experimentally demonstrated.

Experimental demonstration is the only way to provide a convincing demonstration that
CTs are stable enough and confine plasma well enough to serve the purposes of MTF. One of
the most successful and better documented experiments of recent years is the FRX-L facility
at LANL, whose plasma size (R ~ 3cm) is approximately ten times smaller than desired for

—3, sum of electron

the pre-compression state. It has observed densities of order 2 x 10?2 m
and ion temperatures approximately 300eV, lasting for characteristic times approximately
10pus. This best performance should be compared with what one would need for the pre-

compressed state if a linear compression factor of k = 10 were anticipated, namely n ~ 1023
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m~—3 |, T ~ 200 eV, 7. ~ 100us. The achieved density is a factor of 5 short of that necessary,

and the duration/time-constants are a factor of 10 short.

The issue of size is also very important. It might be hoped that a larger FRC would
last proportionally longer. However, because FRC stability is believed to depend upon the
relative size of the Larmor orbit, it seems highly likely that a larger FRC with comparable
temperature and magnetic field will in fact not last longer, but may become unstable sooner.
Therefore while the FRC-L results are considered promising by the proponents, and they do
achieve a high density exceeding prior experiments (albeit still short of what is required),
there is no convincing reason to assume that they can be extrapolated to the 0.2m pre-
compression radius required.

To summarize the MTF pre-compression plasma experimental situation: no FRC plasma
with integrated performance even close to what is required has been experimentally demon-
strated. As far as we know, this is not because of shortcomings in technology, but because of
the physics of plasmas. It is not known whether there is some way to overcome the current

limitations. Spheromaks do not have even as much track record as the FRCs to draw on.

4.3 Compression and Burn

By the scaling of expected compression in a CT, the ratio of the Larmor radius p; to the
plasma size R remains constant during compression. This can be considered an advantage.
It means that the s parameter which is approximately proportional to R/p; and governs the
finite-larmor-radius stabilization in an FRC does not change significantly during compression.
Therefore if an FRC that satisfies the pre-compression requirements could be demonstrated
(with sufficient life-time of course), there is some hope that it might survive compression.
Compression does of course change the characteristic times by a large factor, for example the
ion gyro frequency increases by a fact of 100, so growth rates that scale in that parameter
will lead to growth times 100 times shorter. Such instabilities, if present, will likely grow to
non-linear levels, and may completely destroy the plasma. There is, however, a big problem
for the FRC if R/p; is limited to a few. It is that the p for alpha particles is far larger
than the thermal ions. Therefore, they will not be confined by the magnetic field. For this
reason spheromaks (which don’t have the s parameter limitation) are preferred by some
MTF proponents.

There are many concerns in respect of the interaction of the plasma with the wall com-
pressing it. The foremost is probably that the plasma becomes polluted with impurities

from the wall, diluting the fuel and causing greatly enhanced radiative energy loss that
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might prevent the burn.

Since the anticipated magnetic fields of hundreds of tesla in the compressed state are not
achievable in standard magnetic field coils, it seems likely that compression experiments are
required if we are going to explore the regimes of interest.

There is a whole host of unknowns regarding the burn phase, if it is reached. From a
pure plasma physics viewpoint, the alpha particle heating, if adiabatic, is sufficient to raise
the pressure of the plasma by a factor of 10. That is unsupportable if we start the burn
at 0 ~ 1 already; so what presumably will happen (no one really knows) is that before
such a high pressure is reached instabilities will arise to limit the pressure rise. These might
conceivably be benign self-regulation by energy transport. More likely they will result in a
violent disruption of the plasma. The result might prematurely terminate the burn (or even
the compression before burn is even reached) either by dumping the plasma on the wall or
by mixing in sufficient radiative impurities to quench the reactions. All of these and the

many other possible challenges are almost entirely unexplored at the parameters required.
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