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Absgtract

An inertial confirement fusion concept that makes use of 2
magnetized target driven by a laser beam is examined for potential
use as a propulsion scheme that could meet the needs of the Space
Exploration Initiative (SEI) of the next century. The concept in
question utiTizes a metal shell {e.g. tungsten) which is coated on
the inside with a fusion fuel such as a deuterium - tritium {(DT)
mixture. A hot, fusion-grade plasma is generated inside the target
through ablatfon by a taser beam that enters the pellet through a
hole. Kot only does the laser create the plasma, but it also gives
rise to a strong instantaneocus magnetic field that serves to thermally
insulate the plasma from the material wall. Because of the self
generated magnetic fleld, this approach 1s referred to as a
Magnetically-insulated, Inertially Confined Fusion (MICF) concept.
The plasma 1ifetime in this scheme is dictated by the shock speed
fn the metalTic shell rather than by the sound speed 1n the plasma
1tself, and as a result it burns much longer and produces a very
attractive emergy multiplication. When considered as z potential
progulsion device, Tt will be shown that MICF can preduce such
impressive specific impulse and thrust values that a manned mission
to Mars can be completed in a few months 1instead of a few years.

Introduction and Basic Pringiples .

The energy produced per unit mass from nuclear fusion reactions
(~3.5% 10'* J/kg) involving hydrogen fsotopes is the highest (next
to anti-matter amnih{latfon reactions) among fuels considered
stitable for propulsion purposes. Although no net-power producing
fuston reactors have yet baen built, it {s believed on the basis
of the research progress made thus far that such a system will become
a reality in the early part of the next century. Of the two major
approaches that are being pursued world-wide, namely magnetic and
tnertial confinement fusions, the tatter appears to be more suitable
for propulsion because of its unigue capabilfty and relative sim-
plicityll:2}, The basic requirement for such a system, whether as
a terrestrial power source or as a propulsfen device, is that it
possesses a large gain factor "0". 1In the case of propulsion, large
Q-value means high fuel (plasma) temperature, which fn turn means
very large specific impulse, /.., a characteristic deemed highly
desirable for space exploration.

One of the most novel and promising fusfon schemes that has
surfaced in recent years 1s the Magnetically-insulated Inertial
Confinement Fusinn(3¥ {MICF} concept tltustrated i{n Figure 1. 1In
this scheme, a hot plasma 15 generated {nside a target pellet, whose
walls are coated with fusion fuel such as a deuterfum-tritium (DT)
mixture, as a result of ablatfon initiated by a laser beam that
enters the target through a hole. For a 10.6 pm wavelength laser
{e.g. CO7 laser), the ablation rate scaling taw can be written as
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Figure 1.

Schematic Diagram of
{a) Plasma Formation and
{b) Magnetic Field Formation in MICF
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where i, has a value of about 7.1x10% g/cm?/sec at an absorbed
laser intensity of about 10* W/cm?. The density of the abiated
material can also be expressed by
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where £ (mm)fs the radius of the pellet, £, (kl}is the incident
laser energy, and T, (ns) 1s the Jaser pulse length. The resuiting
plasma pressure in the cavfty also assumes the form
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where y (=S5/3) is the ratio of the specific heats. As noted
sariier, the Jaser also gives rise to a magnetic field whose strength
Is related to the density and temperature gradients of the abTlated
plasma in accordance with
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where T and e are, respectively, the electron temperature and charge.
Though cytindrical fn geometry around the focal point of the incident
Taser beam, it is assumed that as the ablated plasma fil1s the cavity
the resulting magnetic field assumes a nearly spherically symmetric
geometry, and separates a hot plasma core from a colder partially
ionized plasma {(halo) adjacent to the solid wall. This {nstantaneous
strong magnetic fleld does not provide containment since the plasma
pressure s significantly larger than the magnetic field pressure;
rathar 1t serves to thermally insulate the hot plasma from the
material wall. The 1ifetime of such a plasma is dictated by the
shock speed 1n the shell, rather than by the sound speed 1n the
plasma itself as 1s the case in the conventional implosion-type
inertial fusion. This translates to about two orders of magnitude
tonger confinement time due to the larger atomic mass of the metal,
on the one hand, and a lower shell temperature arising from the
magnetic fleld {nsulation on the other. As a result, the plasma
is allowed to burn much lenger, producing more fusion energy and
correspondingly large gain factors(4) "ge.

A full assessment of the propulsive capability of MICF requires
a detafled analysts of its dynamic performance, and for that we
utitize a quast-gne-dimensional, time-dependent set of particle and
energy balance equations for the various species that constitute
the plasma in this device{4 We choose a deuterium-tritium (DT}
fuel cycie, and allow for two populations of the alpha particles
generated by this fusion reactfon: a fast-alpha population born
at 3.5 MeV energy, and a thermal alpha population characterized
by a Maxwellian distribution at an appropriate temperature. In
addition to the hot plasma in the core, the mode] addresses particle
and energy balances in the ceoler, partially lonized "hale” region,
as well as a partially {onfzed metal region 1n contact with the halo
regfon, and finally a solid non-ionized metal regfen which con-
stitutes the outermost segment of the target. We treat each species
as an ideal gas, for which we draw upon the thermodynamics to write
the energy balance equations. Assuming the fuel fons to be rep-
resented by a single fon species with mass equal to the average
masses of the deuteron and triton, we can write for the particle
balance of this specles:
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where n, denotes the {on density; <ou>, the velocity averaged
fusfon reaction cross sectfen, which 1s temperature dependent; [,
the particle flux for the refueling fons which cross the magnetic
fleld from the halo region to the core plasma; and [, represents
the flux of hot core ions 1n the opposite direction. In Eq.(5) the
first term on the right hand side reflects the loss of fons due to
the fusion reaction, and the last term represents the source term
arising from the net particle flux entering the core. The energy
balance for the fuel fons can be written as
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The left hand side of the above equation represents the change in
the plasma thermal energy, including the spherical expansion term.
The first term on the right hand side denotes the energy exchange
between the electrons and fuel fons, and s characterized by the
energy exchange constant (nt),, (5). The second term represants

the exchange with the thermal alpha particles, and the third term
reflects the rate at which the fast alphas lose energy to the fuel
fons. The fourth term denotes the energy removed from the tons due
to their participation in the fusfon reaction, and the Tast term
represents the net energy flux between the refueling lons and ions
escaping from the core, Simflar equations are written for the other
species in the core, and for all the components in the other regions
of the pellet, For the electrons in the hot core, the energy
conservation equation contains a term representing the X-radiation
emitted by these particles; these X-rays are absorbed primarily
in the inner regfon of the soiid wall, thus contributing to the
formation ¢f the partially ionized reglons in the halo and meta)
domains. By specifying the {nitial density and temperature in the
core, along with the conditions that exist at the boundaries ef the
various reglons, one can obtain a solutfon to the dynamic equations
that describe the system which yields, among other things, the
Q-value along with the densities and temperatures at the end of the
burn, An interesting example of such a burn for a DT fuel in a
tungsten shell is summar{zed in Table I.

Jabla 1 Pellet and Plasma Parametors

Inper radius of fusfon fuel 0.25 cm
Quter radlus of fusioen fuel 0.30 cm
Quter radius of metal shell 0,547 cm
Input laser energy 2.5% W
Initial plasma density 5x1021 em-3
Inttial plasma temperature 11.785 ke¥
Total pellet mass 8.75 g

Energy gain factor Q 724
Ehergy produced per pellet 1875 WJ

Propulalon Capability of MICF_

The attractive plasma and burn properties of MICF make it
especially suftable for propulsion purposes. At the end of the
burn, the plasmz will contazin the fuston fuel fonrs and the electrons
as well as the fons resulting from the total tonization of the
tungsten shell. Upon ejection of these very energetic particles
through a noxrle, a significant amount of thrust can be generated
as wel) as large specific 1impuises as required for the space
exploration missions contemplated in the next century. The main

features of a propulsfon device based on MICF are fllustrated inm

Figure 2, where we envisage fusion pellets injected into a reaction
chamber and zapped by a laser beam at an appropriate repetition
rate, These pellets are transfermed into spheres of hot plasma at
the end of the burn, and that plasma 1s aliowed to adiabatically
expand to effectively fi11 the chamber before a appropriately
designed magnetic field is energized. The resuiting magnetic field
wil1 be of such 2 configuration as to allow the plasma to flow in
one direction only, namely through a nozzle. The dimensions of the
chamber and the nozzle throat area are chosen such that evacuation
of the chamber can take place in a very short time, in order to
ailow for a high rep rate operatien. Such a magnetic field forms
the basfs of a magnetic nozzle, which for cur purposes will be Tong
and thin and of such a configuratmn as to be characterized as a
"Meridional® magnetic nozzlel®). It is an axtsymmetric cylindrical
cenfiguration Tn which there are ne angular compenents of the flufd
velecity or the magnetic field. Moreover, the mean velocity of the
fluld (1.e. the plasma), IV, 1s taken to be along the magnetic field
B, and the flufd fTow n this system can be shown to obey the
standard Bernoull§ equation, namety
A B
2 Y-1p
where P 1s the pressure, p is the fluid mass density, C1is a constant,
and y s the ratfo of the specific heats fntroduced earlier. For
~uenncae of caglculating the propulsion parameters of MICF, we
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Figure 2.
Schematic of MICF Rocket and Magnetic Mozzle

{dentify three regions ¢f interest, namely the reservoir, where the
plasma exists at the end of the burn, the nozzle throat, and the
nozzle exit; these regions will be identified respectively by the
subscripts “R*, “0", and “e” . Using an 1deal magneto-hydrodynamic
description 1n which there 1s no productfon or conduction of heat,
the flow in the system under consideration will be treated as
{sentroptc with the sound speed C; related to the pressure and

density by €% = yP/p, allowing Eq.{7) to be rewritten as
V2 3
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Noting that the thrust can be expressed by
dM
= |5V @
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where IV, is the nozzle exit velocity and {dM/dt) {s the plasma
mass flow rate which can be approximated by

D w sapals (10)
with A, denating the nozzle throat area. Since the flow at the
throat 1s sonic {i.e. Vo = Cso) tt can readily be shown that

V, = 205 = \EC“

1 (11)

Py = EPR
This in turn allows us to obtair for the thrust and specific impulse
the following expressions:
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where g is the familiar gravitational acceleration. Equations {12}
are especially useful since they allow us to compute the mportant
propulsien parameters in terms of fluid properties at the reservoir,
which we recognize to be those of the plasma at the end of the burn,
For the pellet parameters giver in Table 1, a reaction chamber radius
of 10 cm, and a mozzle throal radfus of 2.5 cm ,we use Eq.{12)
to obtatn the proptlsion parameters 1{sted in Table 2.



TIabie 2 MICF Propulsion Paramaters

Fuel fon exhaust speed 3.760x107 cay's
Tungsten exhaust speed 4.384x106 cm/s
Charged particlie energy gain 145

Firing rate w £ 6422 s-1

Fuel fon thrust 3.965x10-3 w kN
Tungsten fon thrust 4.085x10-1 o kN
Total thrust F 4.125x1071 w kN
Jet power £, 9,699 wy MW
Effective specific impulse /1., 4.512x10% 5

We assess the potential utilization of MICF for advanced pro-
pulsion by evaluating its performance as a driver for a manned
mission to Mars. We use the parameters of Table 2, takingw = 100G,
and employ a continuous burn acceleration/deceleration trajectory
profile which assumes constant [,., F, and Py, operation. If we
denote the linear distance by D, and the dry vehicle mass by M, ,
then the round trip time T, under the above cenditions can be

written as(7}
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Since MICF is Taser driven, the dry weight of the vehicle must
include the power supply system, and at an input energy of 2.6 MJ
such a system including the driver {asers, radfators, optics, energy
handling, etc.), the thrust chamber, and the overhead components
are estimated to be 546 MT (8), We arbitrarily add 100 MT payload
and take the dry weight of the mission vehicle to be 664 MT . With
the Tinear distance from earth to Mars being 0.52 Astronomical units
(Au) or 7.8x 10" m, we find from £q. (13} that the round trip journey
for this HICF-driven vehicle takes 138 days. It 1s also interesting
to note from Eq.{13) that the travel time can be further reduced
by a careful pellet design that allows for an optimum balznce between
the specific impulse and the thrust. This can be achieved by propar
choice of the dimensions of the fuel and the metal shell (as well
as the choice of the metal component jtself) consistent with maximum
production of fusion energy at minimum laser input energy.

Ter

Conclusion

¥e have examined in this paper z novel laser-driven inertial
fuston concept that makes use of fuel magnetization by a self-
generated magnetic field. In contrast te standard implosion-iype
fnertial fusion, this approach allows for a much longer plasma
lifetime, and correspondingly mech larger energy production per unft
of input energy, The initial density and temperature requirements
for {fgnition are significantly Tless stringent than those for
implosien schemes, and with careful pellet designs, inrput laser
energies of less than a megajoule might prove feastible to inftiate
the burn. When considered as a propulsion system, MICF appears to
have the desired performance characteristics that render 1t espe-
claliy suitable for deep space missions and interplanetary travel.
It is capable of producing sufficiently large specific impulses and
thrusts to allow a round trip manned mission to Mars to be completed
in about four months instead of several years.
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