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Traditional gridded cathode IEC device:
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Problems and limitations
for power production:

* Energy loss due to ion collisions
with the grid.

« Contamination of the plasma via Feed-through

ablation and sputtering of the cathode
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Fig. 1 A three dimensional schematic layout Fig. 2 Magnetic field structure inside Polywell™,
of Bussard'’s Polywell™ design. highlighting the magnetic null.

» Central minimum magnetic field has certain plasma M.H.D. Stability properties.
« Virtual cathode may form due to space charge trapping of electrons.
* lons are then electrostatically confined by the electron’s electric field.

Fig 2. Image: N. Krall, Physics of Plasmas, 2, 1995. Reformated in colour by Mark Duncan, 2007 3
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Aims for our parameter space were three-fold:
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1. Find a scaling law for the confinement time of electrons.

2. Characterize the effect of pulsing the current in the coils of the Polywell ™,

3. Determine the radial distribution of electrons.

These will be achieved through empirical and theoretical analysis of simulation
data obtained via an orbit theory model of electrons.
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Five main parameters of interest:
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Param. Description

R Radius (m) h

I Current (A)

dI/dt Rate of Al (A/s) — 2640 Total
K Energy (eV)

S Coil spacing (m)

» 420 non-interacting electron simulations per set of parameters.

» Over of 1.1 Million simulations.

» Each electron could have up to 10° time steps.

« Non-interacting condition: Background density < 101° cm3,
 Corresponding to a pressure < 4.14 x 10 Pa at room temperature.
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Electrostatic source free Maxwell’ s Equations become
in the non-relativistic limit:
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VeE = 0
VeB = 0 B=VxA
VxB = H—OJ. Coulomb gauge: ot

VeA =0

DN E-

coils
0A

E and B are always orthogonal: F e B_——O(VXA) 0

ot
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F(x)
mx = F (x)
| J
I
Power series
expansion
Position and velocity can be solved N
analytically as a function of time. X

However the Lorentz force generally yields three nonlinear,
coupled, second order differential equations:

mx = F (x,%) = q[E (x) + (x x B (x))]
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The zeroth order expansion term of the Lorentz force gives constant electric (E)
and magnetic (B) fields.

For constant, orthogonal electric (E) and magnetic (B) fields the solution to the
equations of motion are:

~

o | E ) )
X (t) = x0 + [T‘ sin (¢ + wet) Eg — (T‘ cos (¢ + wet) + ot ) &y + vtB]

. R ., B\ R
X (t) = [’UL cos (oo + wet) Eg + (’UL sin (g + wet) — E) és —I—“UB]

r is the gyroradius radius. w, is the cyclotron frequency.

L)

E, x B

0o, X0 and v | are determined by initial conditions.
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Fig. 3 Confinement time of 100 eV electrons for a Fig. 4 Confinement time of 100 eV electrons for a
10 cm radius Polywell™, 10 m radius Polywell™.

IR

Confinement parameter window: ] < —X< 10°
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Assume magnetic cusp acts like a 1D magnetic mirror.
System was adiabatically invariant a short distance from the central magnetic null.

As a result the angle between the velocity vector and magnetic field can be
expressed as:

_ B N By I
0. = arcsin ( B—i) 0. = B B,, = By x —

Where B,, is the maximum strength of the magnetic field and B, is the strength of
the magnetic field in the weakest section of the adiabatically invariant path.

Frequency
—
dIV @C {U 2B0€ K
' N N{(t) = exp |— X\ S5t
dt % 2R 0 meﬂ'Q IR
\_'_l

Loss probability Normalized
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For R~1m:

2B08 K
N(t) = exp |— =22 w ([ 2y
MO =exp | =\ DB X\ TR
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B, was varied to fit data subject to £ osr
the condition: B, < B,,. 505
%o.a—
However a more accurate empirical 20'3'
model for all R was found to be: ]
I 0.1 LN
_ 6
Ny (t) =exp |— (2.0 £0.6) 10%/ —IR3t ) T

. . i Fig. 5 A sample of fitted curves to a 1 m radius
Time Constant/scallng law: Polywell™ with 100 eV electrons where the line data
were the best fit curves to corresponding data.
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Can E x B drift effect confinement time? 1
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Lower coil currents result in nearly
indistinguishable curves between pulsed
and steady state operation.
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Negligible result within our parameter
range for dl/dt.
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This outcome has also been shown to 107 107 107° 10°

. Time [s]
be mdependent of Rand K. Fig. 9 Fraction of 100 eV electrons contained within

the Polywell ™ with R=10 cm.

The magnetic force is proportional to, v|B|, will in general be of order 10° N
greater than the electrical force in this simulation.
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How much work is done by the Electric field?
10"

Define:

|Kf_Ki
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F=457x10"" x R x —
dt
F was very small for our dl/dt " . . .
parameter range. 10° 10’ 10° 10° 10*

dl/dt [A/s]

Fig 10 Comparison of average absolute fractional
Thus steady state condition assumed: change in electron energy with Radii (R).
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Time-weighted average electron radial distance from center of the Polywell ™.
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Average radius results
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Fig. 6 A smoothed plot of radial electron localization

with 100 kA current in a 1m radius Polywell ™.
» Radius corresponds approximately to the positions at which electrons

were reflected, hence forming a ‘shell’ of electrons.

» Average electron radius increasing with electron energy.

» Radius decreasing with current.

» Wider distribution in localization width with increasing energy.
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Fig. 7 lllustrating the average radial localization of
100 eV electron’s for the highest three currents

simulated with R = 1m.
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Fig. 8: Normalized confinement radii, (r/R), as a function of Polywell™ radii R m. (a) Four electron
energies with 10 kA current in the coils. (b) Four electron energies with 100 kA current in the coils.
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Simulation improvements:

» Space charge effects need to be taken into account.

« Modeling central virtual cathode potential.

« Space charge limited flow in the cusps.

For collisionless plasma modeling Poisson-Vlasov equation needs to be
solved.

Investigation of the diamagnetic interaction of the plasma with the vacuum
fields.

Can a 1D model of the magnetic cusps suffice?
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