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ABSTRACT

The recently proposed Magnetically Insulated Inertial

Confinement Fusion (MICF) scheme is examined with regard

to its potential as a power-producing reactor. This

approach combines the favorable aspects of both magnetic

and inertia! fusions in that physical containment of the

plasma is provided by a metallic shell while thermal

insulation of its energy is provided by a strong,

self-generated magnetic field. The plasma is created at

the core of the target as a result of irradiation of the

fuel-coated inner surface by a laser beam that enters

through a hole in the spherical shell. The instantaneous

magnetic field is generated by the current loops formed by

the laser-heated, laser-ablated electrons, and preliminary

experimental results at OsaJca University have confirmed

the presence of such a field. These same experiments have

also yielded a Lawson parameter of about 5 x 10 1 2 cm"3

sec, and because of these unique properties plasma

lifetimes in MICF have been shown to be about two orders

of magnitude longer than conventional, pusher type

inertial fusion schemes.

In this paper a quasi one dimensional, time dependent

set of particle and energy balance equations for the

thermal species, namely, electrons, ions and thermal

alphas which also allows for an appropriate set of fast

alpha groups is utilized to assess the reactor prospects

of a DT-burning MICF system. A reference reactor r
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consisting of an initial plasma with density of 10 2 1 cm~3,

temperature of keV, a radius of 0.25 cm is shown to ignite

and yield an energy multiplication factor "Q" of about 60

when the plasma is allowed to burn for 2 microseconds.

When the burntime is extended to 9 microseconds for the

same initial conditions our calculations show that Q

almost doubles just before the final radius becomes equal

to the inner radius of the shell. These preliminary

results seem to indicate that MICF does indeed have the

potential for a reactor although some relevant physics

issues need to be addressed first.

INTRODUCTION

Perhaps one of the most exciting and novel approaches

to fusion that have appeared on the scene in recent years

is the Magnetically Insulated Inertial Confinement Fusion

(MICF) proposed by Hasegawa et al.'1' In this scheme the

plasma is formed inside of a spherical shell by bombarding

its inner surface with a laser beam that enters the target

through a hole as shown in Fig. l.a. In addition to

forming the plasma by ablation, the laser creates a

toroidal magnetic field—as a result of the current loops

produced by the ejected hot electrons—that rapidly

expands throughout the inner region of the shell as

illustrated in Fig. l.b. For a fusion grade plasma with a

density of about lO^cm" , magnetic fields on the order of

a few megagauss can provide the thermal insulation needed

to keep the plasma energy away from the solid walls.

Under such conditions the inertial confinement time is

increased considerably by reducing the sound speed partly

due to the larger mass of the shell, and partly due to the

reduction of the shell temperature arising from the

thermal insulation generated by the strong magnetic field.



As a result, the lifetime of the total plasma energy is

decided by the piston speed that drives the radially

expanding shock which is directly proportional to the

plasma pressure and inversely proportional to the mass

density of the shell. Since the piston speed is

proportional to the square root of the plasma density, the

input energy required for ignition in MICF scales

inversely with the square root of the density rather than

with the inverse square of the density and as a result a

fuel density of about 1021 which requires no implosion

becomes an acceptable choice. Moreover, since the input

energy is put directly into the fuel rather than in the

imploding pusher this scheme will have a better energy

efficiency than standard inertial confinement schemes-

Another favorable feature of MICF lies in the fact that

the expansion speed of the hot core is further reduced by

the continuously ablated plasma from the solid fuel toward

the central region. Since the ignition condition is

dictated by the expansion speed of the hot core it is

clear that a large reduction in this speed can provide

ignition at a comparatively small input energy.

ANALYSIS AND RESULTS

As noted above, the MICF concept requires a hollow

pellet of fuel surrounded by a thin metallic shell. A hot

plasma of less than solid state density is formed in the

open core which also gives rise to a strong magnetic field

that is excluded from the core plasma by the high plasma

pressure (J5»l) but remains between the plasma and the

solid fuel to prevent contact between the plasma and the

shell. Our computation utilizes basically a point model

to describe the system. However, radiation from the

plasma causes solid fuel to be continuously ablated and

ionized from the inside of the pellet. These ions must



diffuse across the magnetic field to enter the plasma.

Hot ions from the core plasma may also diffuse across the

field to reach the boundary region where they are quickly

lost via collisions with the solid wall. As a result we

have a quasi one-dimensional model in which the hot core

plasma constitutes one region while the relatively cold

plasma adjacent to the wall constitutes a second region.

We cannot under the present model write an energy balance

equation for this outer region since it is assumed that

the solid wall represents an infinite heat sink

maintaining the plasma in contact with it at essentially

zero temperature. The inner, core region is insulated

from the wall by the magnetic-field, and is affected by

the cold wall only insofar as ions and electrons are able

to diffuse across the magnetic field to enter the core.

We treat the core plasma as having three thermalized

species: fuel ions, electrons and alpha particles, plus an

arbitrary number of fast alpha energy groups. The fuel

ions have mass mf, density nf, and temperature Tf.

Similarly the electrons have mass me, density ne, and

temperature Te, while the thermal alphas have mass m ^

density na, and temperature T a There are Ĵ .̂  fast alpha

groups (also with mass m^; for each group, 1 £ K^ Kmax'

the density is nK and the energy is EK. The various

energies EK are preset constants which do not vary with

time; changes in the fast alpha energy distribution are

accomplished by varying the densities n^

We consider each species to be an ideal gas for which

the change in entropy S can be written as

TdS = dU + PdV = dH-Vdp (1)

where U is the internal energy, H is the enthalpy, P is

the gas pressure, V is the gas volume, and T is the gas

temperature. Using ideal gas laws and introducing the
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specific heata ratio, y, we can further write

I d NT dV dq
(NT) •>*• — — — • — —

r_1 dt { ' V dt dt

where dq represents the energy supplied to the gas from

the outside. Noting that N - 4/3xr3n and V - 4/3«r3 with

r being the radius of the plasma core and n is its

particle density/ Eq. 2 and be put in the form

1 d / 4 3 1 2 dr dq

-l) dt 3 at dt
(3)

which we will utilize shortly in the energy balance

equation for the different species. For each such species

in the system we must also write the particle balance

equation which in the case of the fuel ions assumes the

form

(TV { rr-r,} (4)

In the above equation, (o~v)f is the velocity-averaged

fusion reaction cross section, Ff is the particle flux for

fuel ions escaping from the plasma core and Fr is the

particle flux for the re-fueling ions which cross the

magnetic field to enter the core plasma. With Eq. 3 the

energy balance equation for the fuel ions can be expressed

as

dt
n.T. —
f * dt

4 3

711 2 (nT>
ef

(T#-Tf)

" y< (5)



It is clear once again from Eq. 3 that the right hand side

of Eq. 5 represents the net energy supplied to the fuel

ions. The energy exchange between electrons and fuel ions

is represented by the energy exchange time constant <nT)ef

with a similar term representing the energy exchange with

the thermal alpha population. The rate at which the k'th

fast alpha group loses energy to the fuel ions is given by

dE^/dt/ while the net energy flux between that escaping

from the plasma and the re-fueling flux entering the core

is denoted by the last term of Eq. 5.

Because of space limitations the appropriate balance

equations for the electrons, thermal alphas and the

fast-alpha groups will not be presented here but the

interested reader is encouraged to consult Ref. 2 for

those details. It should be mentioned, however, that the

average energy of an alpha particle in a fast alpha group

is taken to be the average of the lower and upper energy

boundaries, and that for the first group (highest energy)

the source term is the rate at which fusion alphas are

produced. It is also assumed that fast alphas slow down

much more rapidly than they diffuse out of the core so

that cross-field fluxes for these particles can be

ignored.

The diffusion of the thermal species across the

magnetic field for a system such as MICF requires special

attention and is the subject of another paper. Suffice it

to say here that no formulas are readily available to

represent particle and energy fluxes of charged particles

across magnetic fields due to Coulomb collisions between

species with different temperatures. Moreover, when a

plasma contains alpha particles in addition to electrons

and ions we find that there is a strong tendency for the

alphas to flow inward into the plasma rather than outward

from it. Although this tendency of higher Z ions to



diffuse inward is a well-known phenomenon it is

nevertheless troubling in the case of MICF since there is

no external source for such flow to occur. As a result

considerable effort is being devoted to the question

concerning the conditions, if any exist/ that will insure

"outward" diffusion for all species in the system.

In view of the above remarks and for the purposes of

the present calculation we shall sidestep the question of

diffusion and replace the last term in Eq. 4 by 4/3itr3Sn
where Sn represents the source strength per unit volume of

refueling as a result of evaporation of the solid fuel.

Similarly, the last term in Eq. 5 will be replaced by

4/37tr^SnEs with E s denoting the average energy carried by

each refueling ion. These now quantities need be

established and for this purpose we shall assume that for

every bremsstrahlung photon that strikes the solid fuel

wall an electron with an energy equal to that of the

incident photon will emerge, along with an ion at roughly

zero energy, and both will instantly join the hot plasma

at the core. For this reason no radiative loss term will

be included in the electron energy balance equation of the

present analysis.

To proceed with the solution of the dynamic equations

of the system several relationships and equations are

needed. Chief among them is the expansion rate dr/dt

which can be written as

d£
dt

P - P

where

\T. 7



and where P 3 is the pressure in the shell, p a is the

density of the metallic shell, and a is a parameter

determined from simulation and experiment.^ It should be

noted, however, that this quantity "a" would have emerged

in a self-consistent manner had the two region, diffusion

model been employed, but for the time being the results

generated by this study will rely on the value of a

generated by the simulation, namely a z. 0.1. In addition,

the energy exchange times must be provided, and in the

case of electron-ion exchange this constant has the form 4

(nt> (9.988531 x 1012)
lnA

M
T# + — Tf (keV) (8)

where the mass and temperature symbols are as defined

earlier, and

(mf+ 4) eft
(9)

with the Debye length given by Xp and Planck's constant

given by ft. Similar expressions for the two other exchange

times are given in the same reference wherein one also

finds the rate of energy loss by the fast alpha particles

in a plasma to b e 4

16Jinkn Z e •
p

lnA, (10)

where the subscript j refers to fuel ions, electrons, or

thermal alphas and



(11)

with ^(x) denoting the familiar error function.

The most important figure of merit for a reactor is

the multiplication (or gain) factor "Q". As a reference

case we have chosen a system characterized by an initial

plasma density in the core of 1.0 X lO^ 1 c m " , an initial

temperature (electrons and ions) of 10 keV, and an initial

radius of 0.25 cm. It is shown that such a configuration

will result in ignition and will yield after a burn time

of 2 microseconds a Q-value of about 60 at which point the

plasma radius will have reached 0.505 cm. Since in this

model the radius of the solid wall does not enter the

calculations directly, and if such a radius is taken to be

one cm (See Fig. l.a) and the burntime is allowed to

extend to 9.3 Us, the final radius of the plasma will be

exactly that of the inner wall and the resulting Q value

fcr the reference configuration will be about 130.

The parameter "a", introduced earlier, is a very

critical parameter since it represents the ratio of the

rate of expansion of the core plasma relative to that of

the shell and thus reflects a measure of the lifetime of

the plasma. Clearly, the smaller the "a" the longer the

lifetime and hence tr ~ larger the Q-value. This is

vividly illustrated in Fig. 2. The initial plasma density

can also play a major role in increasing the Q-value since

at higher densities more fusion reactions will take place

thereby increasing the gain and this is shown in Fig. 3.



The role of the initial temperature is especially

interesting as noted from Fig. 4. Decreasing that

temperature increases the Q-value since the input energy

is smaller at lower temperatures. However, if the

temperature is allowed to drop too low then the fusion

cross section will become too small for the reaction to

proceed and Q drops precipitously. Fig. 5 shows that

increasing the initial plasma radius also results in

increasing Q.

Finally, it is useful to assess the role of "Qn in the

performance of the reactor power plant and for that we

turn to the power flow diagram illustrated in Fig. 6. The

net electric energy Wn produced by the plant can be

expressed by

and if we observe that the fusion energy produced, Wf, is

wf

then we readily see that the thermal efficiency of the

system is given by

In the above expressions T]n represents the efficiency of

the laser system which for CO2 laser at one Megajoule is

expected to be about 10%. The quantity T\a represents the

efficiency of coupling of laser radiation to the plasma.



and as noted previously, it is expected to be quite high

in the case of MICF since the energy ia put directly into

the plasma rather than in the pusher as in the

conventional inertial fusion. The thermal converter

efficiency is typically about 40%. We see from the above

results that e—Mjt as QT|a»l dramatizing the need for

large Q values and high coupling efficiency as seems to be

forthcoming in MICF. For the reference configuration

examined earlier a laser energy of about 300 kilojoules

was needed assuming perfect coupling (t\a - 1) but more

realistically however that energy may be on the order of a

mega joule. This implies that Wh - 1 MJ and Wc «' 10 MJ

since I1n « 0.1. Substituting in Eq. 12 we see that the

net electrical energy produced by the system, Wn, is about

40 MJ. A repetition rata of 10 per second is quite

compatible with the pellet burn time, and hopefully with

the operation of the laser and in that case the power

production by such a plant will be about 400 megawatts.
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VARIATION of Q with ALPHA for i = 2.8E-6 sec

8.1 8.84 8.88 8.12
ALPHA
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Fig. 2



VARIATION of « with INITIAL DENSITY for i = 2.8E-6 sec
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Fig. 3



VARIATION of Q with TEMPERATURE For t = 2.81-6 sec
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Fig. 4



VARIATION of Q with INITIAL RADIUS of PLASMA for t = 2.81-6 sec
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Fig. 5
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Fig. 6 MICF Power Flow Diagram


