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Recyclable transmission lingéRTLs) are being studied as a means to repetitively drive Z pinches.
Minimizing the mass of the RTL should also minimize the reprocessing costs. Low mass RTLs
could also help reduce the cost of a single shot facility such as the proposed X-1 accelerator and
make Z-pinch driven nuclear space propulsion feasible. Calculations are presented to determine the
minimum 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 initial resistive skin depth. This suggests that the minimum electrode
thickness may be not be solely determined by inertial effects, but also by the ability of the electrode
to efficiently carry the current. A series of experiments have been performed to determine the ability
of the electrodes to carry current as a function of the electrode thickness. The results indicate that
electrodes much thinner than the initial resistive skin depth can efficiently carry large currents
presumably due to the formation of a highly conducting plasma. This result implies that a
transmission line with only a few tens of kilograms of material can carry the large Z-pinch currents
needed for inertial fusion. €003 American Institute of Physic§DOI: 10.1063/1.1533789

I. INTRODUCTION densities, such as lasers or heavy ion beams, and the capa-
. ) S bility to operate reliably at high repetition rates has been
Z-pinch physics has developed rapidly in the last fewgemonstrated at small scdl@hus pulsed power driven Z
years. The use of wire arrays has resulted in the efficientinch could be an attractive approach to inertial fusion en-
conversion of pulsed power generated electrical current '”t%rgy. However, a Z-pinch driven fusion explosion will de-

thermal x rays. Nearly 2 MJ of thermal X rays have beeng . o nortion of the transmission line that delivers the elec-
generated by this approdchith an overall efficiency greater trical power to the Z pinch. On the present Z machine, these

o ) o }
th.‘;? 1":"/0’ and much hh|gher etff|c_|en(;:|fes Sfr;.Ol.Jld bezposs'k;]lglectrodes are constructed from five tons of stainless steel.
with pulse power machines optimized for etliciency. £-pinChrpq oo o repairing the transmission line would outweigh

generated thermal x rays have been used to drive hohlfaum e value of the energy created by the fusion explosion.

to temperatures greater than 145 eV, which is high enough t(ilhus up until recently, it has been assumed that this tech-
be of interest for driving inertial fusion capsules. One inertial N 7 .
nology is limited to single-shot experiments.

fusion scenaridis to use two Z pinches to drive a central Various means of providing standoff for Z pinch have
hohlraum containing a fusion capsule. Since Z-pinch implo- P 9 P

sions are subject to the Rayleigh—Taylor instability, this ap_been suggested. One possible apprbasho use a high ve-

proach has the advantage of separating the nonuniforml city 'projectile tp compress a seed magnetic field. The.com-
emitting Z-pinch implosion from the inertial fusion capsule, Pression of the field can generate the large current required to
but at the price of relatively low efficiency. Calculatidns drive & Z pinch. This approach has difficulty generating short
indicate that high yield§¢~0.4—1.2 GJ could be obtained current pulses gnd will require either a large area projectile,
with 16 MJ of x-ray energy provided by two pinches driven @ OP€ning switch or a very largg>1T seed field. The
with approximately 60 MA of current each. An alternate S€€d field could possibly be generated by an electron beam,
schem® could provide much higher efficiency and thus Put this results in a fairly complicated and probably expen-
lower the driver energy. In this “dynamic hohlraum” ap- Sive system. Another approach is to use an ion beam to de-
proach, a Z-pinch plasma is imploded onto a “convertor,” liver power to an inverse diodes proposed by one of the
which surrounds the capsule. Numerical simulatioimgli- ~ authors(S.A.S). The inverse diode is a magnetically insu-
cate that a single pinch with 12 MJ of kinetic ener(b lated gap, which also serves as a transmission line to deliver
MA) could drive a 0.5 GJ yield capsule, using this approacheurrent to the Z pinch. The cathode side would be con-
Recent experiments indicate that the radiation generatestructed from a thin foil that allows the ions to pass through,
within this convertor is relatively unaffected by the delivering their current to the anode. This current then flows
Rayleigh—Taylor instability indicating that this higher effi- through the Z-pinch wire assembly and back to the cathode
ciency approach may indeed be feasible. foil. A potential problem in the inverse diode is that the large
Pulse power machines are robust and inexpensive whespace-charge of the beam current is sufficient to generate a
compared to other approaches for generating high energyirtual anode that could reflect the ion beam, unless electrons
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can effectively neutralize this space-charge. The effectiveyield of 500 MJ. Numerical simulations, results of which
ness of the electron neutralization depends on electromagyill be published in a future article, indicate that substan-
netic fluctuations that allow them to cross magnetic fieldtially higher current§~100 MA) will be required to drive
lines. Analytic theory® and numerical simulatiohssuggest capsules with a yield of several giga joules. Note that there
this process is very effective. However, this process wouldire several high gain scenarios such as the fast ignitor
have to be studied experimentally. Another potential problenconcept® that could substantially reduce the required cur-
is that the anode of the inverse diode will become a plasmgent. However, we shall assume that roughly 100 MA is re-
and thus a source of ions. This will result in a loss of effi- quired throughout the rest of this paper to maintain a conser-
ciency. The problem may be reduced by using a high-Z mavative stance. High drive current generates very large
terial for the anode, but surface contamination by hydrocarmagnetic pressure, which tends to push the electrodes apart.
bons could still be a problem. This approach has complex his motion is opposed by the inertial mass of the electrodes.
physics issues that must be resolved. Also the inverse diodEhe requirement that the gap between the electrodes does not
will be destroyed on each shot. Since it is a moderately comehange excessively during the current pulse places a mini-
plicated piece of equipment this approach may not be cosnum inertial mass for the electrodes. This is calculated in
effective. Sec. Il

The most promising concept is the recyclable transmis- It is found that the required areal density of the elec-
sion line (RTL), which emerged at a workshdjat Sandia trodes decreases strongly with radius and the outer portion of
National Laboratories and was developed further at théhe RTL could be very thin. This calculated thickness is
Snowmas¥ workshop on fusion energy. This concept is much smaller than the resistive skin depth of the cold elec-
much simpler than the two we have discussed previouslytrode material. This suggests that there might be excessive
The idea is to construct the final portion of the transmissiorresistive losses if very thin electrodes are used. It is difficult
lines which delivers current to the Z pinch out of material to calculate the magnitude of this effect, due to the compli-
that can be recycled inexpensively. cated nature of surface breakdown phenomenon which can

These RTLs could be formed inexpensively by casting oflead to highly conducting plasmas. Therefore experiments
appropriate materials such as the reactor coolant fine-  were performed to investigate the resistive effects of very
rine, lithium, beryllium. Since flibe is an insulator, a con- thin electrodes. These experiments indicate thatu2® of
ducting coating would be required. Preliminary experimentgnylar is sufficient to carry the current with acceptable resis-
on the Saturn facility indicate that either lead or aluminumtive losses. This result indicates that a transmission line with
could be used® Recent analysis suggest that an alloy ofa mass as little as 2 kg could be used for energy applications.
iron/carbon/tungsten would be a better choice for the conNote that we have assumed that the electrodes are thin sheets
ducting material. The components of this alloy are inert andf material, possibly in the form of ribbons. An alternative
immiscible in flibe, and will form a solid precipitate that can idea? suggested by Hammer, is to use an array of wires. This
be recovered mechanically from the molten flibe by filteringmight allow even smaller transmission wire masses, but we
and centrifugation processes. Activation products from theseere concerned that the explosion of the wires might cause
materials have relatively short half lives, so no long-livedunacceptable power flow losses so we pursued the more con-
radioactive waste would be generated. By maintaining carservative scenario. The experiments on thin sheet electrodes
bon and tungsten concentrations around 1%—2% by weighgre described in Sec. lll. Some issues associated with the
the iron maintains the properties of steel and can be formethagnetic insulation of the transmission line are included in
using the same processes used for fabricating sheet-metaec. IV. A discussion of the results is provided in Sec. V.
components of automobiles, although remote fabrication will
be required due to the activity from short-lived activation
products. Il. CALCULATIONS OF MINIMUM RTL INERTIAL

In this paper, we investigate the option of using low MASS

mass RTLs as a means of reducing the cost of reprocessing. The RTL option for standoff is to construct a portion of
Low mass RTLs could be used for inertial fusion energy, ofine MITL (magnetically insulated transmission ljneut of

to help reduce the cost of a single shot facility high yield yaterial that can be recycled. We wish to minimize the
facility such as the proposed X-1 accelerator. An additionalmqount of material that is recycled each shot. The magnetic
application is pulsed nuclear space propulsion. Low masge|q generated by the current within the transmission line
RTLs are critical to this application because a portion of theproduces a pressure which pushes the electrodes apart. This
RTL will become part of the rocket propellant. The portion yressyre is typically much higher than the material strength
of the RTL that impacts the craft could be captured and reyf the electrode materials so the electrodes will accelerate
cycled. Since the portion of the RTL that is not captured is,\yay from each other during the current pulse. This outward
proportional to the total mass of the RTL, high specific im-4tion of the electrodes increases the inductance of the
pulses require low mass RTLs. Details of this applicationansmission line making it more difficult to deliver the high

will be presented in a future publication. The present workerrents required by the Z pinch. Assuming thin electrodes,
will focus on the Z-pinch inertial fusion energy application. the movement is determined by Newton’s equation
Large currents are needed to drive Z-pinch inertial fu-

sion. Numerical simulatiofisndicate that a current in excess _ B A=M ﬂ 1)
of 55 MA will be required to drive a capsule with a fusion 210 dt?’
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low mass transmission line losses. We shall assume thBt&T",, for r>r,. The total
permanent transmission Iine mass, assuming two electrodes, is then
2 electrodes found from the integral

- j- - Ry
CE R Tl | Mtot=2f 27TI’F(I’)dI’ (6)

"o

- R ;
capsille with the result
converter 11‘/:7) t | | gOrx
wire array or foil M= 28ag | 47 T Aero] rolgot+A6(r—ro)]
+2aT (R2—r2). ()
FIG. 1. A schematic of a low mass transmission line. Since this function decreases monotonically wih, it is
instructive to consider the limia 6=1",=0, which yields
wherex is the displacement of the electrodes and the mag- 113 t2|2 R
netic field is determined by the relatid®= wgl/27r. The M in= ) |n<_T)_ (8)
current profile produced by pulsed power accelerators such 28A9 47/ 9o To
as Z can be approximated by Using values appropriate for a fusion reactor, i.e,,
112 =100 MA, ro=3cm, Ry=4 m, t,=150 ns, andAg=0.1,
3\/§ ! 0 v T P
=1, - ™1—74, (2)  we obtain the surprisingly small result thit,,;,=0.37 kg.
This should be compared to the mass of the transmission line

wherel , is the peak currenty=t/t, andt, is total current in the Z accelerator, which weighs approximately 5 tons.
pulse length. This form admits an analytic solution to theNote that four transmission lines are used in the present Z
Z-pinch implosiont® which we shall find useful. Equations accelerator with a current adding convolute just before the Z

(1) and(2) yield the result pinch. Using only two electrodes increases the voltage re-
2 quirement, as calculated in Sec. IV. The higher voltage re-

113 o\ [ 1otp . : . o
X(ty) = 55— 57— —| ©) quirement should be attainable with a properly modified ac-
224mL(r) \ 4w\ 1 celerator using present technology. Using these same

whereI'(r) is the areal densitykg/n?) of the electrodes. As parameters, Eq5) yields
can be seen from E@3), the electrode motion is limited by
the areal densitythickness of the electrodes. Thus the ac- 113 Ho t2|2 _ 61X 103 i
ceptable amount of electrode motion determines the mini- r T 1127\ 4 Agr? go r? kg/nt,
mum areal density of the electrodes and hence the total massh

erer is in meters. Aa 1 mradius, this corresponds to an

of the transmission lines.
The electrode motion needs to be limited to a small frac- electrode thickness of 0.7am for steel or Gum for plastic.
If such extremely thin electrodes cannot be constructed

tion, Ag, of the transmission line gag, The outer portion of
g gan P hich can carry the large currents needed to drive the Z

a low mass electrodes will have little shear strength. Thig" h th fthe t | i be d ted b
limits this portion of the transmission line to sections of con- pinc e mass of the transmission line will be dominated by

ics which can be supported by tensile strength alone. Aﬁhe second term in Ed7) and to a good approximation the

example of this geometry is shown in Fig. 1. Note that the transmission line mass needed to drive a fusion capsule is
central portion of the RTL needs to be much thicker since theg'verl by the simple expression

magnetic field pressure scalesrag’. Therefore the central 2
section can have a more complicated structure such as that Mior= 27T nR7. (10
depicted in Fig. 1. Power flow experiments indicate that then Sec. Il we present the results of experiments on the Sat-
gap must remain finite near the pinch. Therefore we assumegrn facility to determine the appropriate valueltf.

a gap given by

C)

g=go+AH(r—ro). (4) 1. LOW MASS TRANSMISSION LINE EXPERIMENTS
Using Eqs.(3) and(4) we can solve for the areal density of | Sec. 11 it was found that, at the outer portion of the
the electrodes low mass RTL, very thin electrodes have sufficient inertia to
11v3 £2]2 resist the current generated magnetic pressure. This electrode
F(r):E<E)Agrz[go+A0(r—ro)]’ (5)  thickness is much smaller than the resistive skin depth of

typical cold electrode materiale~50 um for aluminun).
which scales roughly as2 for r>r,. At some radius,, This suggests that there might be excessive resistive losses if
the areal density of the electrode as calculated by (Bp. very thin electrodes are used. However, it is difficult to cal-
could be smaller than a minimur,,, required for structural culate the magnitude of this effect, due to the complicated
strength or to conduct the current with acceptable resistiveature of surface breakdown phenomenon, which can lead to
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FIG. 2. A schematic of the experimental design.

-
o

highly conducting plasmas. Therefore we designed an ex-
periment to investigate the resistive effects of very thin elec-
trodes. A schematic of the experimental setup is depicted in
Fig. 2. 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 accelerdbmttom.
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 200 300 400 500 600
divided into three azimuthal sections of 120° each, which are time (ns)
held together on the top and bottom by rings. Current moni-
tors (Bdot9 are placed in each of the azimuthal segments af!G. 3. The currents plotted as a function of time fay 250 um carbon
the positions labeled in Fig. 2. The top and bottom Bdotqi:eﬁi’r.(b) 100 pam carbon steel(c) 50 um carbon steel, ant} 20 um of
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%  The measured currents for these four shots are plotted in
insulated. If the test electrode has a significant resistancdsig. 3. A significant loss of current just below the top Bdot
current will flow through the shunt electrode. This current iswas indicated by post-shot inspection of the hardware for all
monitored by the middle Bdots. of the shots except the 1Qam steel(case b. This is consis-
Three carbon steel test electrodes of thicknesses 25@nt with the measured currents at the top being larger than
100, and 50um were tried. Carbon steel has been identifiedthe bottom, except for case b, where the bottom current is
as an excellent electrode material for Z-pinch driven fusiorslightly higher than at the top for a period of time. Since this
energy, due to its low activation and good separability fromis not actually possible, the difference gives some measure of
the reactor coolant material flibe. We also tried a 20  the accuracy of the measurements. We speculate that the cur-
mylar test electrode as a possible candidate material farent loss was caused by the glue which was used to attach the
pulsed nuclear space propulsion. test electrode just below the top Bdot monitor. We will use

current (MA)
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FIG. 4. The fraction of the current carried by the test electrode as a functiof ]!G 5. The effective resistance of the test electrodes is plotted as a function
of time. of ime.

the bottom Bdot current as a measure of the current that wabe test electrode. The current carried by the test electrode is
carried by the test electrodes. the difference between the bottom and the middle currents.

The current measured by the middle Bdots is considerThe voltage across the test electrode is approximately
ably lower than either the top or the bottom for all of the Ldl/dt, whereL~4 nH is the inductance between the test
shots. This is the current carried by the shunt electrode. Aand shunt electrodes (g&3 mm) anddl/dt is given by the
can be seen this current is negligible for the 280 case and unintegrated middle Bdots. Dividing the voltage across the
increases as the test electrode thickness is decreased. Thast electrode by the current it carries yields a measure of the
most of the current is being carried by the test electrodeesistance of the test electrode. This effective resistance is
during the time of a typical Z-pinch implosior-1.2—1.3  plotted for each of the shotexcept 25Qum stee] in Fig. 5.
times the current rise time or about 100 ns for the Saturihe 250um steel test electrode showed negligible effective
accelerator The top and bottom current monitors remain resistance. This is presumably because the electrode was too
near the peak current for 400 ns after the initial rise. Thisthick for the magnetic field to diffuse through during the
behavior has often been seen with Bdot monitors. It is ofterpulse. The rising portion of the resistance for the other steel
assumed that the Bdots “flash’short out possibly due to test electrodes is probably due to the finite time it takes for
plasma formation in the logpand do not register the nega- magnetic diffusion. The falling portion of the curve should
tive voltage required to bring the integrated current backbe more representative of the true resistance of the electrode.
down. However, the rising current measured by the middléNote that the 2Qum mylar test electrode starts with a high
Bdots in this experiment implies that there is at least 4 MAeffective resistance. This is because the mylar is initially an
of current carried by the cathode 400 ns after the initial curinsulator and the magnetic field diffuses quickly through it.
rent rise. This suggests that the top and bottom Bdots havas the mylar breaks down the effective resistance drops be-
not flashed and are actually measuring current which takes law the thicker steel electrodes, probably because a relatively
long time to be resistively damped. low atomic number plasma is formed at the surface.

The fraction of the current carried by the test electrode is  We estimate the energy lost due to joule heating from the
plotted for each shot in Fig. 4. The current carried by the tesintegral Ejou,ezngeﬁ(t)l(t)Zdt, wherel (t) is the full current
electrode is the difference between the bottom current andntering from the test electrodes. The maximum energy that
the middle current. This is then divided by total current, Saturn could deliver to a Z-pinch loadE(,,~140 kJ). We
which is given by the bottom monitor. Note that the fraction plot the ratio ofEjy e/ Enax @s @ function of time in Fig. 6.
of the current carried by the test electrode is high for all theAn optimal Z-pinch implosion occurs a little after peak cur-
carbon steel shots and that the fraction increases with thickent (~350 ng in this experiment. At that time the resistive
ness as we would expect. The 20n mylar electrode ap- losses are approximately 7%, 32%, and 56% for 100
pears to start off as an insulator and then breaks down tsteel, 50um steel, and 2Qum mylar, respectively. The pro-
carry most of the current. It should be noted that the fractiorgression of increased losses with decreasing electrode thick-
of the current carried by the test electrode would increase ifiess is clearly indicated. The Z-pinch energy and the resis-
the shunt electrode was moved further away due to increasive loss both scale aF’, but the resistance also scales as
ing inductance. In a reactor scenario the first wall would playL+/r;, whereL is the length of the transmission line and
the role of the shunt electrode and due to the very large+ is the radius. If we scale our experimental data up to a
inductance would carry an insignificant current. Thus thetransmission line carrying 100 MA of current we must in-
fraction of the current carried by the test electrode is only ecrease the transmission line radius by roughly a factor of 10
qualitative measure of performance. (ry=40 cm) to maintain the same current density. Thus the

The data can be used to obtain an effective resistance difactional loss will be the same for a transmission line length
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06 T T - T IV. POWER FLOW
A. Magnetic insulation

We shall now find the relationship between the value of

04F A6 and the degree of self-magnetic insulation of the low

g

2

‘i 20 p mylar mass RTL. The condition for magnetic insulation is approxi-

&0 o

2 501 stee’l’, mately

15 i

202 }/’ . V<Bgc, (11)

% ,,”1()0 J steel whereV is the voltage applied to the transmission line. The
e time for the current pulse to propagate through the transmis-

o T

0.0

sion line will be short (-R;/c~10 ns) relative to the rise
time of the pulsg>100 ng and so it will act approximately
as a lumped inductance. The voltage along the transmission

FIG. 6. The calculated resistive loss in the test electrode is plotted as Hne will then be given by
function of time.

260 280 300 320 340
time (ns)

dil d
V(r):LTL(r)a'*—a(Lpl): (12
of 3 m. The required standoff distance is not well known.
Calculations indicaté that 4 m should be adequate even for

. o . wherel , is the inductance of the Z pinch amg, (r) is the
yields of several giga joules. Assumifiy=4 m, we have

. dth istive | ¢ h | q _inductance of the transmission line between the pinch and a
estimated the resistive losses for each test electrode materi dius, r. The inductance of the Z pinch increases as the

We also use Eq(10) to estimate the total mass of the low pinch collapses. The radius of the pinch can be calculated

mass RTL assuming the minimum areal density is the Samgnalytically for the current profile of Eq2) with the result

as each of the test electrodes. The results are summarlzedr@ro(l_ 7). The pinch inductance is thus

Table I.
The resistive losses should be considered only a rough [t
. i . Mo 0t Jo
estimate, since that actual geometry will not be the same as L,< Elp In A=) (13
o(1—

the experiment(conics rather than coaxjalThese results

indicate th"’?t the low mass RT_L mass can obe quite mOde%herego is the initial gap between the pinch and the return
(~80 kg with a very small resistive 0S6~7%). Substan- ¢, rent electroder is the initial radius of the pinch plasma,

tially lower masses could be used with an acceptable 'néndlp is the length of the pinch. We place an upper limit on

crease in, resisti\_/e IOS,S?S' _Pulsed power accc;,\lerators ha{‘r?e pinch inductance during the rising portion of the current
been designed with efficiencies approaching 50%. In Sec. I\()ulse by using the pinch radius at peak current, ire.,

we show that roughly 1/2 of the forward going power deliv- —2r /3. Usinggo=2 mm, r,=3 cm, andl ,=3 cm we find
ered by the accelerator can be converted to kinetic energy %at L ~3nH P

a Z pinch. Thus the overall efficiency of a system using 20 P
pum mylar electrodes would be approximately 10%. Since the
conversion of Z-pinch kinetic energy into radiation is very “o r
efficient! we can expect an overall efficiency of about 10%. Li(r)= 2—{(go—A0ro)In— +AO(r— ro)] . (14
This is competitive with the most efficient proposed laser & fo

drivers. Increasing the electrode mass to tens of kilogram%ubstituting Eqs(13) and (14) into Egs.(12) and Eq.(11),
would double the efficiency. Such low masses should reducg, ., settingd1/dt=1/t, , and using the maximum value of
the cost of recycling transmission lines in an inertial fusion| ™\ & TihatA 0; 6{ ' Where

energy application. However, Eq10) is not an adequate "’ min

The inductance of the transmission line is

approximation for applications such as microfission or mag- r Foct| 2L
netized target fusion that use long current pulse$50 ns. go( In(r—) - + P
We then need to determine the appropriate valueA6f O,rin=Max 0 #o . (15
which is determined by requirements of power flow in the N r

N (Rr—ryp) 1|+rgin|—
transmission line. o

for ro<r=<R;, whereF is the fraction of the peak current
TABLE I. Summary of experimental results. needed before the transmission line is magnetically insu-
Electrode I (kg/nd) Moo (ko) Resistive l0ss% lated, and, is the time to peak current. Defining

20 um mylar 0.02 2.0 55 F.ct,
50 um steel 0.4 40.0 32 a=—p—, (16)
100 um steel 0.8 80.0 7 T
250 um steel 2.0 200.0 <1

we find
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FIG. 7. The calculated minimum angle between the transmission line elecFIG. 9. The required driving voltage is plotted as a functiomdér several
trodes is plotted as a function of values of the current rise time.
Ry 27l and(14), the driving voltage has been calculated. The results
9o| In E Ta “o are shown in Fig. 9. As can be seen, the voltage is decreased
Omin= R (17) by increasing the rise time of the current pulse and by in-
(RT—rO)(a—1)+roln<—T) creasinga.
Mo Since the power is the product of current times voltage,

Setting Rr=4m, ro=3cm, andL,=3nH, the minimum it is clear that the total energy delivered to the transmission
angle is plotted as a function ofin Fig. 7. As can be seen, line will increase with driving voltage. However, the energy
the minimum angle decreases strongly with increasing delivered to the pinch is only dependent on the current as
Substituting this result into Eq7), we calculate the trans- given by'®

mission line mass which is plotted in Fig. 8 as a function of P

a. The parameters of the calculation were chosen to be con- E,= \/§Ip<2—0) Ii. (18
sistent with a high yield capsule suitable for energy. The &

parameters arag=0.1,1,=100 MA, I',=0.02 kg/nt. The  Thus the efficiency of delivering energy to the pinch will
mass increases for small angldarge «) because the gap increase witha. We calculate this efficiency using EqR)
between the electrodes is smaller and less electrode motiand(11)—(18). The result is plotted in Fig. 10 for two values
can be tolerated to maintain the satng. The smallest value of the transmission line radius. As can be seen, the efficiency
of t, corresponds to the present Z machine and the mass is not a strong function of the transmission line radius. Note
nearly independent o because the second term in E@)  that it is independent of the current rise time at a fixed value
dominates. As can be seen the first term of @jcannot be of a.

ignored ag, is increased. Clearly the transmission line mass  Equation(16) indicates that increasing corresponds to

is minimized by decreasing. Note thate must be greater greater current lost before the transmission line becomes
than zero to maintain a finite value @k,,,. However, in- self-magnetically insulated. If the transmission line remains
creasingA#d increases the transmission line inductance andininsulated for too long, surface plasmas may be formed.
thus the voltage needed to drive the current. Using Ed3. These plasmas could cause unacceptable leakage current
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FIG. 8. The RTL mass plotted as a function @for several values of the FIG. 10. The efficiency is plotted as a function @ffor two values of the
current rise time. transmission line outer radius.
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Mo Ip
V=~ 27TA0t,r' (20)
We then perform the integral
Rr
I,Oss=f 27 Jrdr (21
0

with the result

IIoss_ 8 [ eumolp 1/2fAR'?'/2 0.26f 29
T, 27\ wmae) a7 ~028a @2

assuming ,=100 MA, Lg=4 m, andA #=0.01, which cor-
ribbon responds tar=1.5. Since plasma will only be formed at the
central disk section boundariesf <1 and the ion loss current should be negli-
gible. This analysis suggests that ribbons could be used. In

FlG.. 11. A schematic of a disk electrode composed of triangular I’ibeﬂfact the experiments reported in Sec. Ill used three sections.
sections. Note that the existing Z accelerator delivers power effi-
ciently through four transmission lines with an outside radius
f about 2 m. This implies that most of the anode area of
hese transmission lines does not become a space-charge-
limited source of ions. Experiments will be needed to deter-
mine if this benign behavior persists at the high current den-
sities required to drive fusion capsules.

later in the pulse. Therefore there is a maximum practic
value for @. The existing Z accelerator is self-insulated at
about 0.15 of the peak current, i.&; =0.15. This corre-
sponds tox~ 1.5 for a 150 ns rise time. Experiments will be
needed to determine if larger values@tan be used and if
the value depends on the rise time of the current pulse. Using

the valuea=1.5, the required driving voltage is approxi- V- DISCUSSION

mately 8 MV and the efficiency is approximately 44% for a e haye investigated the issue of minimizing the mass
150 ns rise time current pulse. The present Z accelerator i§ 4 ransmission line which delivers current to a Z pinch.

driven with about 3 MV, so this is not a very large extrapo-\ye have shown that electrode thickness needed to provide
lation. The efficiency of 44% is quite acceptable. In principlegtficient inertia against the current induced magnetic field

this could be improved if a scheme to recapture the magnetigecreases strongly with radius and corresponds to very thin

energy were devised. electrodes at the outer portion of the transmission line. We
have performed experiments that indicate a minimum elec-
B. lon losses trode thickness is required to avoid excessive resistive losses.
. oo These experiments indicate that 2th of mylar is sufficient
The results of our experiments indicate that2®@ my- 1, carry the current with acceptable resistive losses. This
lar electrode may be about the minimum electrode thicknesseg it indicates that a transmission line with a mass as little
thus I',~0.02 kg/nf. A 20 um foil is fairly strong, but 455 kg could be used for fusion energy applications. Increas-
would Wr_|nkle easily. Thes_e wrinkles could_pe smoothed Ouring the RTL mass to a few tens of kilograms would result in
by applying outward tension at the transition between the,qgjigible resistive losses. Reducing the mass of the trans-
permanent electrodes and the low mass RTL. There may Bejission line will lower the cost of recycling the RTL, but an
some difficulty removing all of the wrinkles if the electrodes o\ more important effect is to lower the momentum deliv-

are a complete disk. A convenient alternative is to use trapgsreq 1o the reactor vessel and the current feeds. Material
zoidally shaped ribbons as shown in Fig. 11. This arrangeg|ose 1o the fusion explosion will be vaporized. The blast
ment should make it much easier to remove wrinkles, but th?,rom this material should be effectively stopped by a screen
edges could enhance a plasma breakdown process. Thi$ jiquid, e.g., a flibe waterfall. At some distance from the
could be a concern if such a plasma forms on the anode sidg yjosjon, the material will fragment, but remain solid. It
of the transmission line and allows ions to be acceleratedy pe more difficult to shield against this shrapnel. It is
across the gap. This ion current would not be delivered 1 thejeay that minimizing the mass of the transmission line at
Z pinch and thus is a loss. The magnitude of this effect caf, e ragdii will be an advantage. In fact a significant portion
be estimated as follows. Assume that some fractfian, of ¢ the outer transmission line will be vaporized by the cur-
the available anode area forms a plasma that acts as a Spaggst driving the Z pinch. Detailed calculations of these pro-
charge-limit ion source. The ion current density is then given.asses will be needed to determine if the RTL is a viable

by the Child-Langmuir law concept for obtaining fusion energy with Z pinches.

4 [2e V32
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