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Abstract

Recyclable transmission lines (RTL) are studied as a means of repetatively driving z
pinches. The lowest reprocessing costs should be obtained by minimizing the mass of the
RTL. Low mass transmission lines (LMTL) could also help reduce the cost of a single shot
facility such as the proposed X-1 accelerator and make z-pinch driven space propulsion
feasible. We present calculations to determine the minimum LMTL electrode mass to
provide sufficient inertia against the magnetic pressure produced by the large currents
needed to drive the z pinches. The results indicate an electrode thickness which is much
smaller than the resistive skin depth. We have performed experiments to determine if such
thin electrodes can efficiently carry the required current. The tests were performed with
various thickness of materials. The results indicate that LMTLs should efficiently carry
the large z-pinch currents currents needed for inertial fusion. We also use our results to
estimate of the performance of pulsed power driven pulsed nuclear rockets.
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l. Introduction

Z-pinches have generated thermal x-rays with high efficiency and thus are a promising
driver for inertial fusion. The “Recyclable Transmission Line” (RTL) is a promising
means of providing standoff and thus allowing repetitive operation of z-pinch drivers for
uses such as generating electrical energy or space propulsion. These RTLs could be
formed inexpensively by casting of appropriate materials such as the reactor coolant flibe
(Fluorine, Lithium, Beryllium). Since flibe is an insulator, a conducting coating would be
required. Preliminary experiments on the Saturn facility indicate that either lead or alumi-
num could be used. Recent analysis suggest that an alloy of iron/carbon/tungsten would be
a better choice for the conducting material. The components of this alloy are inert and
immiscible in flibe, and will form a solid precipitate that can be recovered mechanically
from the molten flibe by filtering and centrifugation processes. Activation products from
these materials have relatively short half lives, so no long-lived radioactive waste would be
generated. By maintaining carbon and tungsten concentrations around 1-2% by weight,
the iron maintains the properties of steel and can be formed using the same processes used
for fabricating sheet-metal components of automobiles, although remote fabrication will

be required due to the activity from short-lived activation products.

In this report, we investigate the option of using low mass transmission lines (LMTLS)
as a means of reducing the cost of recycling. LMTLs could be used for inertial fusion
energy, or to help reduce the cost of a single shot facility high yield facility such as the
proposed X-1 accelerator. An additional application is pulsed nuclear space propulsion.
LMTLs are critical to this application because the mass of the transmission line will
become part of the rocket propellant. Therefore high specific impulses require low mass

transmission lines.

Large currents are needed to drive z-pinch inertial fusion. Numerical simulations

indicate that a current in excess of 55 MA will be required to drive a capsule with a fusion



yield of 500 MJ. Simple scaling suggests that much higher currents (~100 MA) will be
required to drive capsules with a yield of several GJ. We shall assume that 100 MA is
require although alternate schemes such as the fast ignitor concept could substantially
reduce the required drive current. High current generates a very large magnetic pressure,
which tends to push the LMTL electrodes apart. This motion is opposed by the inertial
mass of the electrodes. The requirement that the gap between the electrodes does not
change excessively during the current pulse places a minimum LMTL inertial mass, which

is calculated in section II.

It is found that required areal density of the electrodes decreases strongly with radius
and the outer portion of the LMTL could be very thin. This minimum electrode thickness
can be much smaller than the resistive skin depth of the cold electrode material. This sug-
gests that there might be excessive resistive losses if very thin electrodes are used. How-
ever, it is difficult to calculate the magnitude of this effect, due to the complicated nature
of surface breakdown phenomenon which can lead to highly conducting plasmas. Experi-
ments were performed to investigate the resistive effects of very thin electrodes. These
experiments indicate that 30 of mylar is sufficient to carry the current with acceptable
resistive losses. This result indicates that a transmission line with a mass as little as 2 kg
could be used for energy applications. The experiments are described in section Ill. Some
issues associated with the magnetic insulation of the transmission line are included in the
section IV. Ramifications for pulsed nuclear propulsion are discussed in section V and

conclusions are drawn in section VI.

[lI. Calculations of minimum LMTL inertial mass

The RTL option for standoff is to construct a portion of the MITL (Magnetically Insu-
lated Transmission Line) out of material that can be recycled. We wish to minimize the
amount of material that is recycled each shot. The magnetic field generated by the current

within the transmission line produces a pressure which pushes the electrodes apart. This
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pressure is typically much higher than the material strength of the electrode materials so
the electrodes will accelerate away from each other during the current pulse. This outward
motion of the electrodes increases the inductance of the transmission line making it more
difficult to deliver the high currents required by the z pinch. Assuming thin electrodes, the

movement is determined by Newton’s Eq.

F=B2a- MQ (1)

2Hg dt2
where X is the displacement of the electrodes and the magnetic field is determined by the
relationB = ;—% . The current profile produced by pulsed power accelerators such as Z

can be approximated by the formula

/
| = |p53-2[-351 I )

where |, is the peak current = t/t; and , is total current pulse length. This form admits
an analytic solution to the z-pinch implosﬁ)rwhich we shall find useful. Equations (1)

and (2) yield the result

= —11"/?’ ﬂﬁﬂjp_tpmz (3)
© 224 (r)an My O

wherel (1) is the areal density (kg/fh of the electrodes. As can be seen from Eq. (3), the
electrode motion is limited by the areal density (thickness) of the electrodes. Thus the
acceptable amount of electrode motion determines the minimum areal density of the elec-

trodes and hence the total mass of the transmission lines.

The electrode motion needs to be limited to a small fractlay),of the transmission
line gap, g. Low mass electrodes will have little shear strength. This limits the transmis-
sion line geometry to conics, which can be supported by tensile strength alone. An exam-

ple of this geometry is shown in Fig. 1
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Fig. 1 A schematic of a Low Mass Transmission Line

Power flow experiments indicate that the gap must remain finite near the pinch. Therefore

we assume a gap given by

g = go+tAB(r—rp). (4)

Using Egs. (3) and (4) we can solve for the areal density of the electrodes

212
r(r) = L1/ 3tor i

T12n At Agr2[g, + AB(T—Tg)] ©

which scales roughly as*for r >> r,. At some radius,y; the areal density of the electrode
as calculated by Eqg. (5) could be smaller than a minim0gy,required for structural
strength or to conduct the current with acceptable resistive losses. We shall assuime that

=T, forr>r,. The total transmission line mass is then found from the integral.

Ry
MioT = ZIZTrrF(r)dr (6)
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with the result

113 %5 O Jo''x O
Mror = 28Aglhi[g, - Aero] Eh)[go+Ae(r—r0)]D 2mr(RE = 13). (7)

Since this function decreases monotonically wiid , it is instructive to consider the limit

A8 =T, = 0, which yields

M 11/\/—3EPOEFP p| d?TD (8)
TOT = 28AgAT Jo Dro [

Using values appropriate for a fusion reactor, ig= 100 MA, p=3cm, Rr=4m, {,=
150 ns, and\g = 0.1, we obtain the surprisingly small result thatdg = 0.37 kg. This
should be compared to the mass of the transmission line in the Z accelerator, which

weighs approximately 5 tons. Using these same parameters, eq. (5) yields

t2]2 3
11/3 o lp  _ 61x10% | o ©

") = Tionlinthgrg, - 2

where ris in meters. At a 1 meter radius, this corresponds to an electrode thickness of 0.75
K for steel or 6u for plastic. If such extremely thin electrodes can not be constructed
which can carry the large currents needed to drive the z pinch, the mass of the transmis-
sion line will be dominated by the second term in eq. (7) and to a good approximation the

transmission line mass needed to drive a fusion capsule is given by the simple expression

Mto7 = 21 RZ. (10)
In the next section we present the results of experiments on the Saturn facility to determine

the appropriate value &f,
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lll. Low Mass Transmission Line experiments

In the last section it was found that, at the outer portion of the LMTL, very thin elec-
trodes have sufficient inertia to resist the current generated magnetic pressure. This elec-
trode thickness is much smaller than the resistive skin depth of typical cold electrode
materials (~ 50u for aluminum). This suggests that there might be excessive resistive
losses if very thin electrodes are used. However, it is difficult to calculate the magnitude of
this effect, due to the complicated nature of surface breakdown phenomenon, which can
lead to highly conducting plasmas. Therefore we designed an experiment to investigate the
resistive effects of very thin electrodes. A schematic of the experimental set up is depicted
in Fig. 2. A diagram of the actual hardware is shown in Fig. 3. Current is fed from the top
by the Saturn accelerator with a nominal maximum short circuit current of about 10 MA.
The test hardware is a coaxial transmission line with a short circuit at the end furthest from
the accelerator (bottom). Since the transmission line is only 30 cm long it acts as a lumped
inductance of approximately 4 nH. This brings the peak expected current down to about 9
MA. The hardware is divided into three azimuthal sections of 120 degrees each, which are
held together on the top and bottom by rings. Current monitors (Bdots) are placed in each
of the azimuthal segments at the positions labelled in Fig. 2. The top and bottom Bdots
determine the degree of magnetic insulation obtained within the transmission line. The top
and bottom Bdots should have the same current profiles if the transmission line is 100%
insulated. If the test electrode has a significant resistance, current will flow through the

shunt electrode. This current is monitored by the middle Bdots.
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Fig. 2 A schematic of the experimental design

Three carbon steel test electrodes of thicknesses 50, 100, apdvi2&@ tried. Carbon
steel has been identified as an excellent electrode material for z pinch driven fusion
energy, due to its low activation and good separability from the reactor coolant material
flibe. We also tried a 2u of mylar test electrode as a possible candidate material for

pulsed nuclear space propulsion.
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Fig. 3 The experimental set up 3D cutaway

The first shot (Saturn shot2962) used a uGarbon steel test electrode. The measured
currents are plotted in Fig. 4. The current measured at the bottom is slightly higher than at
the top for a period of time. Since this is not actually possible, the difference gives some
measure of the accuracy of the measurements. The current measured by the middle Bdots,
is considerably lower than either the top or the bottom for the first 100 ns of the pulse.

Thus most of the current is being carried by the test electrode during the time of a typical z
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pinch implosion (~1.2 to 1.3 time the current risetime). The top and bottom current moni-
tors remain near the peak current for 400 ns after the initial rise. This is a behavior that has
often been seen with Bdot monitors. It is often assumed that the Bdots “flash” (short out
possibly due to plasma formation in the loop) and do not register the negative voltage
required to bring the integrated current back down. However, the rising current measured
by the middle Bdots in this experiment imply that there is at least 4 MA of current carried
by the cathode 400 ns after the initial current rise. This suggests that the top and bottom
Bdots may not have flashed and are actually measuring current which takes a long time to

be resistively damped.

10 [ T . T T ]

[ : - top ]

8 | ST e
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Ol e Tl e 1
200 500 600

Fig. 4 The currents plotted as a function of time for shot 2962 (1@®bon steel)

This data can be used to obtain an effective resistance of the test electrode. The current
carried by the test electrode is the difference between the bottom and the middle currents.
The voltage across the test electrode is approximately Ldl/dt where L ~ 4 nH is the induc-

tance between the test and shunt electrodes (gap = 3 mm) and di/dt is given by the uninte-
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grated middle Bdots. Dividing the voltage across the test electrode by the current it carries

yields a measure the resistance of the test electrode. This is plotted in Fig. 5

10— B e e e LI e s e T

m-ohm

Resistance (ohms)

300 400 500 600 700
time (ns)

Fig. 5 The effective resistance across the test electrode is plotted as a function of time for
shot 2962

The rising portion of the resistance is probably due to the finite time it takes for the
magnetic field to diffuse through the test electrode. The falling portion of the curve should
be more representative of the true resistance of the electrode. We estimate the energy lost
due to joule heating given by the integr‘n‘a]oule = J’;R(t)l(t)zdt where I(t) is the full
current entering from the test LMTL. This is plotted in Fig. 6. An optimal z-pinch implo-
sion occurs a little after peak current (~350 ns) in this experiment. At that time the resis-
tive loss is approximately 10 kJ. This is less than 10% of what Saturn could deliver to a z-
pinch load (~140 kJ). The z-pinch energy and the resistive loss both scalebas the
resistive loss also scales ag'ily, where Iy is the length of the transmission line andis
the radius. If we scale our experimental data up to a transmission line carrying 100 MA of
current we must increase the transmission line radius by roughly a factor of ¥040@
cm) to maintain the same current density. Increasing the transmission line length by the

same factor (£ = 3 m) will hold the resistive losses to 10% of the z-pinch energy.
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Fig. 6 The resistive loss in the test electrode is plotted as a function of time for shot 2962

Our second shot (Saturn shot 2963) used @ Pdylar test electrode. The currents are

plotted in Fig. 7.

10

8

Fig. 7 The currents plotted as a function of time for shot 2968 (#0nylar)
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There is a significant difference between the top and bottom currents indicating a sub-
stantial loss of magnetic insulation. The hardware showed evidence of this loss near the
top connection of the test electrode. This connection was made with epoxy, which may be
responsible for the loss. However, even with this loss, approximately 7 MA of current was
delivered through the mylar test electrode. The resistance calculated in the same manner

as the previous shot is shown in Fig. 8

40+

R (m-ohm)

20

O M 1 M M M 1 M M M 1 M M M 1 M M M 1 M M M 1 M M M 1 M M M
260 280 300 320 340 360 380 400
time (ns)

Fig. 8 The resistance of the @dnylar test electrode plotted as a function of time

The initially high resistance may because mylar is an insulator before electrical break-

down. The energy lost due to resistivjty?Rdt is plotted in Fig. 9
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Fig. 9 The resistive loss in the test electrode is plotted as a function of time for shot 2963
with a 20p mylar test electrode

The resistive losses at 350 ns are approximately 75 kJ, which is about 54% of the
energy that would be available to a z pinch. This result scales to a 3 m long transmission
line carrying 100 MA of current. Although this is a significant loss, it may still be accept-

able for propulsion applications where transmission line mass is extremely important.
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A 50 p thick test electrode of carbon steel was tested on shot 2964. The currents are

shown in Fig. 10

10 T T T
top

8
bottom

-
L
-
-~
~ e
———
.
e
e

500 600

Fig. 10 The currents plotted as a function of time for shot 2964, with tegt &tk

carbon steel electrode

This shot showed some loss of magnetic insulation evident by the difference between the
top and bottom signals. The hardware was damaged at the upper connection point of the
test electrode as in the previous shot. However, about 6 MA of current was delivered the
full length of the transmission line and we can calculated the effective resistance from this
data. The result is plotted in Fig. 11. As one would expect, the result is intermediate
between the thin mylar and the 1Q@arbon steel shot. The resistive energy lost in the test
electrode is plotted in Fig. 12. Approximately 40 kJ is lost by 350 ns (approximate pinch

collapse time). This is about 28% of the energy that could be delivered to a pinch.
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Fig. 11 The effective resistance as a function of time forja thick test electrode (shot
2964)
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Fig. 12 The resistive energy loss as a function of time foratbtk test electrode (shot
2964)

The last shot (2965) test a 2p0thick carbon steel electrode. The current waveforms
are shown in Fig. 13. As can be seen, there is significant loss of current between the top

and bottom. The hardware showed damage near the top connection of the test electrode.
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Approximately 5 MA of current reached the bottom. The middle current is very small,

which indicates that the test electrode carried nearly all of the current.
8 T T T

Tk e n R E L et S et s s -

bottom

I
T T T I T T T I T T T I T T T

middle

-

200 300 400 500 600

Fig. 13 The current waveforms are plotted as a function of time for a 250 m thick carbon
steel test electrode (shot 2965)

The resistance is plotted as a function of time Fig. 14

10 T T T T T

m-ohm
T T T I T T T I T T T I T T T I T T T
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260 280 300 320 340
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Fig. 14 The effective resistance is plotted as a function of time for a 250 m thick carbon
steel test electrode (shot 2965).
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The resistive energy loss is plotted in Fig. 15
1_4 T T T T T

1.2
1.0
0.8

0.6

Eloss (kJ)

0.4

0.2

0.0 L .

260 280 300 320 340
time (ns)

Fig. 15 The resistive energy loss is plotted as a function of time for a 250 m thick carbon
steel test electrode (shot 2965).

The resistive energy lost at 350 ns is less than 1% of the energy that could be delivered
to a z pinch. Clearly, increasing the electrode thickness will have a negligible effect on the

power flow.

We normalize the current carried by the shunt electrode to the peak of the bottom cur-
rent. This fraction is plotted as a function of time for all the shots in Fig. 16. As can be
seen the fraction is smaller for the thicker electrodes. Note that in a reactor geometry the
only shunt path would be the reactor walls. This path would be highly inductive and so
nearly all of the current would have to flow in the transmission line electrode even if it was
very thin. The losses would then be limited to resistive losses. We have estimated the resis-
tive losses for each shot. We divided this by the energy available to drive a z pinch (~140

kJ) to obtain a fractional resistive loss for each shot. The results are plotted in Fig. 16.
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Fig. 16 The fraction of the current carried by the shunt electrode as a function of time for
each of the shots.

0.6 T . . . .
c A
S 04
o i
©
>
9 -
Q© 0.2
o A 20 4 mylar

i 100u steel
ool g T 2507 Steel]
260 280 300 320 340

Fig. 17 Calculated fraction of the available energy lost to resistance of the test electrodes
as a function of time.

The progression of smaller losses as the electrode thickness is increased is clearly indi-
cated. The losses from the 20mylar at 350 ns could be considered acceptable. The

losses from 5Qu of steel are almost certainly acceptable. Increasing the thickness {0 100

23



or more reduces the losses to an insignificant fraction of the energy that could be deliver to

a z pinch.

We use eq. (10) to estimate the total mass for a reactor scale LM{E @Rmn) assum-

ing the minimum areal density is the same as each of the test electrodes. The results are

summarized in table 1

Table 1:
electrode [ (kg/nP) Mtot (k) Efficiency%
20 p mylar 0.02 2.0 45
50 u steel 0.4 40.0 70
100y steel 0.8 80.0 90
250 steel 2.0 200.0 98

With the exception of to 20 mylar case, these masses are large compared to the result of
eg. (8) and we are justified in using eq. (10). These results indicate that the LMTL mass
can be quite modest (~80 kg) with a very small resistive loss (<10%). Such low masses
should reduce the cost of recycling transmission lines in an ICF fusion energy application.
However, eq. (10) is not an adequate approximation for applications such as microfission
or magnetized target fusion that use long current pulses (> 150 ns). We then need to deter-

mine the appropriate value &0 , which is determined by requirements of power flow in

the transmission line.

V. Power flow

A. Magnetic insulation

We shall now find the relationship between the value\éf and the degree of self-

magnetic insulation of the LMTL. The condition for magnetic insulation is approximately

V <Bgc, (12)
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where V is the voltage applied to the transmission line. The time for the current pulse to
propagate through the transmission line will be short{eR10 ns) relative to the risetime
of the pulse (> 100 ns) and so it will act approximately as a lumped inductance. The volt-

age along the transmission line will then be given by the expression

V) = L (05 + S (12)

where Ly is the inductance of the z pinch angi I(r) is the inductance of the transmission
line between the pinch and a radius, r. The inductance of the z pinch increases as the pinch
collapses. The radius of the pinch can be calculated analytically for the current profile of

Eq. (2) with the result r 5¢1-t%). The pinch inductance is thus

o * 9o O
< — -
Lp— 2n|p|nE|Lo(1_T4)D (13)

where g is the initial gap between the pinch and the return current electrgdethe ini-
tial radius of the pinch plasma anglis the length of the pinch. We place an upper limit on
the pinch inductance during the rising portion of the current pulse by using the pinch

radius at peak current, i.e. r328. Using g = 2 mm, 5 =3 cm and ) = 2 cm we find that

Lp~ 2 nH.

The inductance of the transmission line is

_ Hol r [
Lo (r) = Eﬁ%(go—Aero)ln%—O%+ Ae(r—ro)gg. (14)

I
Substituting Egs (13)-(14) into Egs. (12) and Eq. (11), then segltng t—p , and using the
r

maximum value of |3, we find thatAB > 06 where

min
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(15)

for r O [ry, Ry], where E is the fraction of the peak current needed before the transmis-

sion line is magnetically insulated, andstthe time to peak current. Defining

F, ct
a = I; L (16)
T
we find
2mL
T
gogngf—g—ag+ U g
0 . = 0 0 (17)
g
(RT—rO)(O(—l)+r0InDr—OD

Setting R =4 m, =3 cm, and l, = 3 nH, the minimum angle is plotted as a function of

ain Fig. 18
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Fig. 18 The calculated minimum angle between the transmission line electrodes is plotted
as a function oé.
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As can be seen, the minimum angle decreases strongly with increasiugpstituting this

result into eq. (7), we calculate the transmission line mass which is plotted in Fig. 19 as a
function ofa. The parameters of the calculation were chosen to be consistent with a high
yield capsule suitable for energy. The parametersZges 0.1, |, = 100 MA, ', = 0.02

kg/mz. The mass increases for small angles because the gap between the electrodes is

smaller and less electrode motion can be tolerated to maintain thégame

w
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=
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1.0 1.2 1.4 1.6 1.8
a

N
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Fig. 19 The LMTL mass plotted as a functioroofor several values of the current

risetime.

The smallest value of torresponds to the present Z machine and the mass is nearly inde-
pendent ofx because the second term in eq. (7) dominates. As can be seen the first term of
eq. (7) cannot be ignored asis increased. Clearly the transmission line mass is mini-
mized by decreasing. Note thata must be greater than zero to maintain a finite value of
0., However, increasind\@ increases the transmission line inductance and thus the

voltage needed to drive the current. Using egs. (12) and (14), the driving voltage has been
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calculated. The results are shown in Fig. 20. As can be seen, the voltage is decreased by

increasing the rise time of the current pulse.

100

[
o

\Voltage (MV)

Fig. 20 The required driving voltage is plotted as a functiam foir several values of the
current risetime.

Since the power is the product of current times voltage, it is clear that the total energy
delivered to the transmission line will increase with driving voltage. However, the energy

delivered to the pinch is only dependent on the current as given by the formula

E, = 31,592, (18)

Thus the efficiency of delivering energy to the pinch will increase withWe calculate

this efficiency using Egs. (2) and (11)-(18). The result is plotted in Fig. 21 for two values
of the transmission line radius. As can be seen, the efficiency is not a strong function of
the transmission line radius. Note that it is independent of the current risetime at a fixed

value ofa.
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Fig. 21 The efficiency is plotted as a functiorodbr two values of the transmission line
outer radius

Equation (16) indicates that increasiogcorresponds to greater current lost before the
transmission line becomes self magnetically insulated. If the transmission line remains
uninsulated for too long, surface plasmas may be formed. These plasmas could cause
unacceptable leakage current later in the pulse. Therefore there is a maximum practical
value fora. The existing Z accelerator is self insulated at about 0.15 of the peak current,
i.e. R =0.15. This corresponds t ~ 1.5 for a 150 ns risetime. Experiments will be
needed to determine if larger valuesoo€an be used and if the value depends on the rise-
time of the current pulse. Using the vala = 1.5 the transmission line mass is only 2 kg

for a 150 ns risetime current pulse. Such a low mass make recycling much easier for

energy applications.

B. lon losses

The results of our experiments indicate thgt~ 0.02 kg/n?r. This corresponds to a 20

micron mylar foil, which is fairly strong, but would wrinkle easily. These wrinkles could
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be smoothed out by applying outward tension at the transition between the permanent
electrodes and the LMTL. There may be some difficulty removing all of the wrinkles if the
electrodes are a complete disk. A convenient alternative is to use triangular shaped ribbons
as shown in Fig. 22. This arrangement should make it much easier to remove wrinkles, but
the edges could enhance a plasma breakdown process. This could be a concern if such a
plasma forms on the anode side of the transmission line and allows ions to be accelerated

across the gap. This ion current would not be delivered to the z pinch and thus is a loss.

ribbon section

/

central disk

Fig. 22 A schematic of a disk electrode composed of triangular ribbon sections

The magnitude of this effect can be estimated as follows. Assume that some fragidn, f
the available anode area forms a plasma that acts as a space-charge-limit ion source. The

ion current density is then given by the Child-Langmuir law

4 [2ev3/2
= gl 4o

If we assumal = A8 the voltage found from Eqg. (12), is simplified to the following form
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Uo Ip
V= —A0-Lr. (20)
2 t,

We then perform the integral

Ry
= I 21Jrdr (21)
0

IIoss

with the result

hﬂs _ gmeu0|pD1/2fAR%/2

I, — 270mael  c2t3/2

= 0.26f, (22)

assuming } = 100 MA, Ls = 4 meters, andd® =0.01 which corresponds to a = 1.5, see
Fig. 18. Since plasma will only be formed at the boundarigs;<€ 1 and the ion loss cur-
rent should be negligible. This analysis suggests that ribbons could be used. In fact the

experiments reported in section Il used three sections.

V. Pulsed Nuclear Space Propulsion

The Orion concept was based on numerous rather large fission explosions. Conse-
guently the space craft was also very large. An alternative is to use microfusion or
microfission explosions to reduce the size of the craft. A schematic of a pulsed nuclear
rocket based on pulsed power driven micro explosions is shown in Fig. 23. Current gener-
ated from a pulsed power network is delivered through a section of permanent transmis-
sion line and then through a section of LMTL (which will be destroyed each shot.) to the
micro explosive unit. The explosive unit could be either an inertial fusion capsule or a
microfission device. Large currents will be required in either case (60-100 MA). The pri-
mary different will be the optimum current risetime. This is about 150 ns for a z-pinch
driven fusion microexplosion, while the optimum current risetime to drive microfission

could be as long as 16.
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Fig. 23 A schematic of a nuclear rocket driven by pulsed power
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The yield from the microexplosion needs to be large enough to vaporize the LMTL.
The plasma generated from the LMTL material and the explosive unit will be expand at

high velocity. The characteristic velocity of this expansion is given

_ |2y
Ye T Mrot (23)

where Mot is the total mass of the explosive device and the transmission line. The por-

tion of this mass that expands toward the impulse chamber will stagnate against the mag-
netic field and be redirected downward to participate as expelled rocket propellant. The
average exhaust velocity of the rocket propellant will be some fraction of the characteristic

exhaust velocity, i.e.

2Y
Mrot’

Vex = 9lsp=n (24)

where, Lyis the specific impulse, ang is a factor less than one which accounts for non-
ideal effects such as plasma velocity components at an angle to the rearward direction and
the nonuniform heating of the transmission line. An estimate of the effects of nonuniform

heating is given in the appendix. The result indicates a valge=df.5

An optimum trade-off between propellant mass and power requirements occurs when
the exhaust velocity approximately matches the final space craft velocity. As an example a
AV of 30 km/s would allow a round trip to Mars in approximately 150 days. The yield
required to obtain this exhaust velocity¥s = 1.8M;or  GJ whergdylis the mass in
kg. This clearly demonstrates that LMTLs are critical to nuclear pulsed rockets using
micro explosions. Although yields in excess of 1 GJ, will be required, these are still micro
explosions when compared the explosions considered for the Gemte vehicle which

were about 20,000 GJ.
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We shall now estimate of the required standoff distance between the microexplosion
and permanent components of the rocket. This standoff distance will be the outer radius of

the LMTL and will be needed to calculate the LMTL mass using Eq. (7). The pressure
3Y.
47r3
is a hemisphere, the stress on the open end will be similar to that which would be exerted
r
Ar
tensile strength of steel is about 5X1@/m?. We shall design with a maximum stress of

generated by the explosion is approximatBly = . Although the impulse chamber

on a tube and thus the stressois= P, , whitrés the wall thickness. The maximum

o = 1.25x10 to introduce a generous safety margin. From these considerations we find
Y

that the mass of the impulse chambeMg. = pci ~ 3.23»@for a 1 GJyield, where
T

ps= 8000 kg/m3 is the density of steel. The standoff is then

03y r3 _ 1/3
rr> o, At 1.2Y57 meters, (25)

for r/Ar=10. Note that increasing the ratidrto 100 only doubles the required standoff.

The total impulse delivered to the chamber will hg = n,/2YM;o; . The velocity
of the chamber just after the explosion will then hg/M .. The momentum of the
impulse chamber is delivered to the space craft through a piston, which exerts a constant
thrust, T. The decelerating distance is theg = —C , Whege i3 the deceleration

time. Using the approximate relation Eq. (10), we obtain

_ 2T|CnY—1/6D4T[0TA_rD1/3
IC — Ps 03 0O

~0.86T,c Y Y ® meters. (26)

Sp_gmﬂs r O

for r/Ar=10. Equation (10) should be accurate for inertial fusion capsules that require an

and| ~4700/ ¢/$ seconds (27)

short risetime. We use Egs. (7) and (25) to calculate the mass of the transmission line as a
function of the current risetime. The results for several values of the yield are plotted in

Fig. 24.
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Fig. 24 The transmission line mass plotted as a function of the current risetime for several
yields

The mass increases with yield because we have assumed that the transmission line radius
scales according to Eq. (25). Deviations from Eq. (10) are apparent for the lower yield,
becoming less important for high yields as would be expected. Equation (24) is used to

calculated the specific impulse. The results are plotted in Fig. 25..
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Fig. 25 The specific impulse is plotted as a function of the current risetime for several
values of the yield
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As can be seen, performance improves with yield and with shorter current risetimes. The
results indicate that specific impulses greater than 4000 secs should be possible for a large
range of yields and current risetimes. This should be compared to chemical rockets which
produce a specific impulse of about 400 secs and nuclear thermal rockets which could pro-
duce about 800-1000 secs. lon thruster are capable of high specific impulse but at very low
thrust. Consequently ion thrusters must burn for very long times (~years) to obtain high
rocket exhaust velocities. As a comparison we have calculated the burn time required to
obtain a velocity of 30 km/s for a space craft weighing 100 metric tons using the results
shown in the last two figures. We have assumed an explosion at 1 second intervals. The

results are shown in Fig. 26

10.00€E T . —————
: 1GJ s
m i /
> T .
e
O - ;
£ e :
- ()_1()_=..._..._..._..._..._..._..._..._..._..._..._..._..._.,.—'_-.-.-.—'_._‘:
3 : 100GJ T E
0.0l- . e . .
0.1 1.0 10.0
t; (Usec)

Fig. 26 The burn time required to reach 30 km/s for a 100 metric ton spacecraft

The burn times are a weak function of the pulse risetime but a strong function of the
yield. Yields of about 10 GJ would result in a burn time of less than one day, and even 1
GJ results in a burn time much less than the mission time. Of course the burn time depends

on the mass of the spacecraft. A fairly detailed design of the spacecraft will be needed to
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accurately determine its mass. However, we can estimate the weight of the capacitors that
would be needed. Dielectric materiflsave been developed that can store up to 4 kJ/kg.
Approximately 20 MJ will be required to drive either a fusion capsule of a microfission
capsule. Capacitors typically weigh 3-5 times as much as the dielectric due to electrodes
and packing. Thus the capacitors would weigh approximately 5 metric tons, which is sub-

stantially less than the 100 metric tons assumed in the previous calculations

VI. Summary

We have investigated the issue of minimizing the mass of a transmission line which
delivers current to a z pinch. We have shown that electrode thickness needed to provide
sufficient inertia against the current induced magnetic field decreases strongly with radius
and corresponds to very thin electrodes at the outer portion of the transmission line. We
have performed experiments that indicate a minimum electrode thickness is required to
avoid excessive resistive losses. These experiments indicate thaif20ylar is sufficient
to carry the current with acceptable resistive losses. This result indicates that a transmis-
sion line with a mass as little as 2 kg could be used for fusion energy applications. We
have also analyzed the transmission line mass as a function of the current risetime to esti-
mate specific impulse that could be obtained with a pulsed power driven fusion or fission
rocket. The results indicate high values of the specific impulse (> 4000 secs) as compared

to only 400 secs for a conventional chemical rocket.
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Appendix
The effects of nonuniform heating of the transmission line are calculated in this appen-
dix. Assume a disk transmission line of radiug, with the explosive unit a distancg z

below as depicted in Fig. Al

Fig. A1 Schematic of a disk transmission line with an explosive unit

Assume the explosive unit has a masg Bhd the transmission line has a masg. M
Roughly 1/2 of the mass of the explosive unit is directed away from the transmission line

(toward the rear of the spacecraft). The rearward momentum is

Py fo\/iof Se = /\/7 (A1)

We assume that the energy flux from the explosion is isotropic and is thus given by the for-

mula

Y Xt

A2
4ATr2 (x2 + x2)3/2 (A2)

Fe(x) =

where x=r/t and %=z7/rt. The mass flux is similarly
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X7

Fpm(x) = (A3)

The mass flux adds to the areal density of the transmission line which we assume to be
I = 2, to account for two electrodes. The characteristic expansion velocity at each

radius along the transmission line is then

D 2Fg(x) /2

VX M(X) + rD (A4)

We assume that the impulse chamber redirects this expanding plasma toward the rear with

an average direction cosidg = cos8 . The rearward momentum is then

1
P = ZnIZT[r%xdx{ZFE(x)(FM(x) +T)}12 (A5)

I d | t - X . W d ‘ 2 n:d X

We obtain the expression

12
1 Dﬁl T Wy 00
+ (,[xdX [T
(1+|“l)|:| Z J- 2+X2)% 4(X2+X2)DD E

n = (A6)

Using ¢,, = 1, the results are plotted in Fig. Al fpr0 andp=0.1, which was found to
produce a maximal value of. Clearly adding mass to the explosive unit has a minimal

effect and one can expegt %Zn
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Fig. A2 The specific impulse coefficient is plotted as a functior/of for two values
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