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A concept for a mirror-type fusion reactor based on recent advances in neutral-beam
technology is shown to have improved plasma stability, a much higher power density,
and a somewhat higher factor of energy gain @, as compared with previous concepts us-

ing the magnetic-mirror principle.

We consider a two-ion-component fusion-re-
actor concept, sketched in Fig. 1, in which deu-
terium is injected at a high energy (~200 keV)
into a dense low-temperature tritium plasma (T,
~10 keV). The high-energy component (tritium
+ electrons) is a plasma column only a few cen-
timeters in diameter. Though contained perpen-
dicular to the magnetic field, it flows freely along
the field lines and through the mirrors, since its
particle collision rates are high. Thus this plas-
ma component has been assumed to be Maxwel-
lian,

The high-energy deuterium component is in-
jected as energetic neutral atoms derived from
an array of neutral-beam sources that surround,
and are directed at, the plasma column. Upon
entering the plasma column these injected atoms
become ionized. Now trapped between the mir-
rors, a fraction of the deuterons undergo fusion
reactions while being slowed down by Coulomb
collisions with the electrons and ions of the plas-
ma column. To obtain net energy it is necessary
that the rate of slowing down of the deuterons
not be excessive; this requirement sets a lower
limit of several keV on the electron temperature
of the plasma column, and thus determines a
minimum value of the power input to the column
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FIG. 1. A two-component mirror-fusion—reactor con-
cept.
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in order to maintain this temperature in the face
of streaming losses. We propose to satisfy this
latter requirement by taking advantage of devel-
opments in the technology of high-intensity neu-
tral-beam sources.! In our proposed system the
slowing down of the injected deuterons itself pro-
vides the high power level needed to sustain the
dense, free-flowing plasma column at keV ener-
gies. The approach leads to a high—power-den-
sity fusion reactor with improved plasma stabil-
ity as compared to previous mirror concepts.

The conditions required to obtain net power
here are similar to those required for the two-
component toroidal system discussed by Dawson,
Furth, and Tenney? (see also their references to
earlier work). We have performed similar cal-
culations for our case, using a Fokker-Planck
code modified to take account of mirror losses
of the hot deuterium component at high energies
and diffusion out the ends at low energies.® The
quantity calculated is the usual figure of merit
for mirror machines, denoted by @ and defined
by*

Q- Nuclear power out
~ Beam power in

1)

The results of the calculations for a mirror ra-
tio R, =10, plotted in Fig. 2, differ little from
those obtained in Ref. 2 (our @ =their F).

The maximum @ values found here are some-
what higher than those for the “standard” mirror
system,® in which both deuterium and tritium are
injected at high energy and both are required to
be contained by the mirrors. Two factors con-
tribute to this improved @: First, for fusion it
is only required that either the deuterium or the
tritium ions be energetic. Injecting both at high
energy (as required for mirror confinement of
both) increases the power input without a corre-
sponding increase in the power output. Selecting
deuterium as the hot component, as we have done,
gives a somewhat more favorable . Second, in
the standard mirror, to confine the plasma elec-
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FIG. 2. Energy gain factor @ versus injection energy
E and electron temperature 7', for a mirror ratio Ry,
=10 (kT;=kT,).

trons it is necessary that an ambipolar potential,
@, and associated internal electric field, should
appear in order to balance the otherwise dispa-
rate mirror leakage rates of electrons and ions.
Buildup of this potential to its usual equilibrium
value of = 4kT =~ 0.4kT; leads to enhanced ion loss
rates. In the two-component system, in which
the ambipolar potential drops occur only in sheath
regions outside the mirrors (as shown in Fig. 1),
this effect should not occur. This circumstance
justifies the fact that we have dropped the ambi-
polar correction in performing the Fokker-Planck
calculations presented in Fig. 2. In transferring
ambipolar electric fields to regions outside the
central mirror region we have accomplished a
similar result to that sought by Kelley,® except
that here the low-temperature ion component is
to be dominant both inside and outside the mir-
ror regions.

Note that the improvement in @ for the two-
component system is achieved despite the addi-
tional drag on the hot ions by the cold ion com-
ponent. This slowing-down term exceeds mir-
ror losses if R, = 2. Having paid this price, the
@ of the two-component system, though already
higher than that for the standard mirror, is not
much improved by higher mirror ratios. For
example, at R, =3, @ is 85% of its value at R,
=10 for T ,=10 keV and E =200 keV.

Perhaps of greatest importance is the improved
plasma stability in the two-component system.
Stability of the two-component system can be an-
alyzed by the methods developed for the standard
mirror,® and appears to be highly favorable. The
additional mode that must be examined is that for
the interaction of the two ion components at dif-
ferent mean energies. Assuming a Maxwellian
tritium distribution, this mode would be stable
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FIG. 3. Steady-state velocity distributions f@) of
deuterons injected at E =200 keV into a tritium plasma
(T ;=kT,=10 keV) for different mirror ratios R.

if the deuteron distribution f(v) were a monotone
decreasing function of deuteron velocity v.” In
Fig. 3 we plot f(v) as calculated by the Fokker-
Planck code for typical steady-state cases, It
can be seen that f(v) is a monotonic decreasing
function of v for sufficiently large mirror ratio
R,. The reason is that, except at low mirror
ratios, the mirror losses are small during most
of the history of slowing of the deuterium ions
down to energies below which deuterium ion loss-
es are by diffusion and their distribution becomes
Maxwellian. The monotone decreasing behavior
of f(v) also bodes well for avoiding other velocity-
space instabilities.®

As a model of the dense tritium plasma we as-
sume the configuration of Fig. 1. The plasma
electrons ionize tritium gas from sources placed
just outside the mirrors. These sources of ion-
ized gas together with heat input from the slow-
ing down of the deuterium ions serve to sustain
the plasma column in steady state. Electron en-
ergy transport and ion diffusion maintain approx-
imately constant electron temperature and den-
sity between the sources. In the model, poten-
tial drops with e@ =4kT, are assumed to appear
at the ends to support the electron pressure, as
in a classical discharge, and the power required
to sustain the plasma is just that dissipated by
the outward acceleration of ions escaping through
these potential sheaths. A power balance requires

IE =3(A/R (kT )*%(2/m ,)M'?
+ (mirror losses). (2)

Here I and E are the neutral beam current and
energy, respectively; m, is the tritium mass;

n, and A are the plasma electron density and
cross-sectional area at the center of the column,
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TABLE I. Model parameters for a ‘“breakeven” sys-
tem (@=1) with R, =10.

Injection energy 200 keV
Electron temperature 4 keV
Tritium plasma density 10 ¢m™3
Plasma column diameter 2 cm
Plasma column length 10 m
Injection current

(equivalent amperes) 2000 A
Confinement time of deuterons 1 msec
Fusion power released 400 MW

respectively; and A/R, is the reduced cross-sec-
tional area at the sheath near the mirror throats.
Typically mirror losses amount to 20% of the in-
put power at a mirror ratio R, =10.

To illustrate the model, we list in Table I the
parameters for a “breakeven” system (@ =1)
with R,,=10. To achieve these parameters, the
availability of highly focused, high-currentneu-
tral beams is crucial. Sources with currents,
proportional to the emitting area, of 0.2 A/cm?
with an intrinsic angular divergence of + 0.6°
have been developed at 20 keV.,! Scaling up these
sources in area and beam energy would meet the
requirements.

To achieve @ >1 would require higher T, and
thus, with our model, a longer system. Use of
multiple mirrors® or mirror-torus hybrids®
could reduce the required length. Moreover, ex-
tension to higher currents of direct conversion
techniques® to recover energy from the sheath-
accelerated ions would permit net power produc-
tion at lower . Finally, we note that, in view
of the very high power density achievable, tran-
sient operation (pulsed beam, static field) may
be advantageous.

Potential problem areas are electron heat con-
duction at the ends (divergent fanning of magnet-
ic lines may help) and the need for a large R, to
reduce beam power by Eq. (2) (helped by high 8).
Finally we note that, even in a stable plasma,
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collective enhancement of the drag on hot ions
beyond the classical values we have assumed
may occur.'® ' Fortunately it appears that all
these issues can be addressed in experiments of
moderate size.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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