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Abstract -- _--- 

Successful ignition of an inertial confinement 
fusion (ICF) pellet is calculated to require that 
several megajoules of energy be deposited in the 
oellet’s centimeter-sized shell within 10 ns. T:!llS 
implies a driver power of several hundreds of 

terawaLts and po’wer density around lci0 TSj/cm2. Tr.e 
Sandia ICF approach is to deposit the energy with 
beams of 30 MV lithium ions. The first accelerator 
capable of producing these beams (PBFA II, 100 TW) 
will be used to study beam formation and target 
physics on a single pulse basis. To utilize this 
technology for power production, repet:tlve pulsing at 
rates that may be as high as 13 Hz will be required. 
This paper will overview the technologies being 
sLudied for a repetitively pulsed ICF accelerator. AS 
presently conceived, power Ls supplied by rotaLing 
machinery providing ‘6 MJ in 1 ms. The generator 
output is transformed Lo 3 MV, then switched into a 
pulse compression system using laser triggered spark 
gaps. Tnese must be synchronized to about 1 ns. 
Pulse compression is performed with saturable inductor 
suitches, the output being 40 ns, 1 .5 MV pulses. 
These are transformed to 30 MV in a self-magnetically 
insulated cavity adder structure. Space charge 
limit& ion beams are drawn from anode plasmas with 
elecLron counter streaming being magnetically 
inhibitec. The ions are ballistically focused into 
the entrances of guiding discharge channels for 
transport to the pellet. The status of com?onenL 
development from the prime power to the ion source 
will be reviewec. 

Introduct ion --_- 

Successful demonstration of ICF in tne laboratory 
coulc lead to economic generation of electric pouer, 
but extensive engineering developments in all aspect.3 
of the reactor will be required to realize this 
potential. An ICF reactor would include an 
accelerator (the driver), a system for injecting 
deuterium-tritium fusion pellets, 
a reaction chamber to absorb the energy from the 
exploded pellet, and a thernal-to-electrical 
conversion system. The driver includes an eleccrlcal 
po’wer source, a means for converting that power to a 
phcLon or an ion beam, and a system to Lransport the 
beam to the pellet. The driver must deposit several 
megajoules in Lhe centimeter-sizr pellet within 10 ns. 
If this can be done, it snould be possibl? to ignite a 

fusion reaction with a net energy yield. Figure <1,2 

illustrates the type of yield Lhat mighL be expested 
as a function of targeted beam energy. The type of 
beam is unimportant, provided only that it deposits 
Its energy in the outer shell of the target pellet. 
From Figure 1, iL is clear thaL conservative 
calculations imply that at least 3 to 4 MJ shoulc be 
absorbed by the target and thaL a reasonable gain 
expecLation is 50 to 100. Eelow 3 MJ targeted the 
gain becomes a sensiLive function of energy. This 
paper will use 4 ?lJ as its design point. At the 
present time Lhe major efforts in all ICF research 
programs are devoted LO achieving the beam power 

*This work was supported oy the 51. S. Department of 
Energy under ConLract No. CC-AC04-76DP00789. 

density required to demonstrace nuclear fusion in the 
laboratory on a single pulse basis (i-10 pulses per 

day). The PBFA-II light ion oeam acelerator3 under 
development ac Sandra National Laboratories will b~ti 
the first ICF facility to come on line (1986) with an 
output energy in the megajoul* range. 
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Figure 1. Pellet (target) gain as a function of 
energy on target for various assumptions about the 
coupling of the energy into Lhe pellet. Lines of 
constant fusion output (energy on target times gdin) 
are also plotted. The right verticle scale gives the 
driver efficiency corresponding Co a gl\ren pelleL gain 
assuming 25% recirculating power. 

For reactor operation, additional requirements 
must be met. The driver must operate repetitively at 
1 to 1G Hz. At 10 Hz, the driver must supply nearly 
one million pulses per day without failure and with 
only minor maintenance. It must be made of very 
reliable components which do not degrade appreciably 
with accumulated shots or with time on line. The 
driver must also be relatively efficient, For 3 M.1 
targeted at 1C Hz, the Largeted power is 3!: MW. 
Because of losses in the driver, some components are 
working at substantially higher average power. Tt?.e 
losses are estimated to be 75%, Implying that 90 MW of 
heat are being absorbed within tne driver. This must 
be done ncndestructively, which typically means that 
the heat load must be spread out. Efficiency is also 
coupled to reactor economics through lirrltations on 
the recirculated power. Recirculated power is that 
part of tne reactor’s output used to operate tne 
reactor. The recirculatec power must be limited to 
approximately 25% of Lhe total that is generated. The 
product of the fraction of the power recirculatec 
times the driver “wall plug to target” efficiency (rl! 
times the pellet gain (Q) Limes the tnermal to 
electrical conversion (thermodynamic) efficiency must 
be unity. Assuming a 35% thermal-electrical 
conversion efficiency, the product -10 must be greater 
than 12. For C = 50, n must exceed 212%. The 
efficiencies of a light ion beam driver is estimated 
to be ?O-25% which is compatible with this 
requiremenL. (Other potential drivers, e.g. lasers, 
may fall at this point.) 

The beam mus’; be capable of being targetec on the 

pellet. Brightness, measured in Tw/cm’/rad2, is a 
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rtleasure cf the abill:y of the driver beam to hit its 
target. Brightness is degraded by a number of factors 
including imperfections in the ion source and 

defocusing in flight toward the target. Data4 suggest 
that &am brightness is a strong function of voltage 

as stow” in Figure 2. ;i’ has been chosen for PBFA- 
II and will be assumed for reactors because 
approximately 30 MV is the proper voltage to couple 
the energy from these ions into a pellet and should 
give a beam of adequate brightness. 

Given that 3-4 M; of energy from light ion beams 
must be delivered to the fuel pellet in 10 ns, the 
peak power of the beam at the target will be 

300-400 TN. By controlling the temporal distribution 
of the ion beam voltage, lt should be posstble tc 
bunch the beam, that is, to compress the pulse 
duration. A factor of four is projected to be 
possible while the beam is being transported between 
the accelerator and target. If we $ssUme 50% 
efficiency f or generating and transporting the beam to 
tne target, the electrical power pulse must be 15C to 
200 TW with a 40 ns pulse duration. It does not 
appear to be feasible to produce these eXceptiOndllY 
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Figure 2. Experimental ion diode beam brightness as a 
function of accelerator voltage. 

high peak powers in a single pulsed power system. 
Thus, the pulsed power system will be divided into 
several mod,Jles. PBFA-II) for example, will have 

thirty-six, 3-4 TW modules.3 Since the number of beam 
penetration points into the reactor chamber should be 
minimized, this paper will consider the &sign of 
mcdules that generate 10 TW electrical pulses. up to 
20 such modules operating in parallel woiild be 
required for a reactor. 

Description of the Driver -_-_ -__-_-___-_-_- 

Generically, the dhiver consists of an energy . 
accumulator, a control switch which begins the pulse 
compression cycle, a transformer tc get tc a hign 
voltage C- 3 MV), some high speed switching to 
compress the pUlse to 40 ns, and a final stage 
transforaer to raise the voltage to 30 MV. Ti-2 low 
voltage section of one 19 TW module is illustrated 
schematically in Figure 3. The accumulator is a 
rctating machine (modified alternator) config:xed Co 
output 600 kJ at 30 to 50 kV in 1 ms. (This is shown 
as four separate symbols in the figure.) Energy is 
eXtracted from the alternator by shortirg it through a 
transformer into C 

1 
using a triggered control switch. 

Tne energy stored in C, discharges in - 1 us through 

the Lacer triggered spark gap switch. Cdpx i tor- 
saturable inductor pairs (L 2 ’ C,), (L3’ C3)’ (Li’ 

pulse forming line [PF;!) then compress the pulse 50 a 
40 t-8.5, 1.5 MV, 2 ?A, 3 TN output. Four such 1:ne.s 
feed the final adder system. 

Figure 4 is an artist’s COnCeptlOfl Of a Slngie module 
Tke fOUr pulse COmpresSiOn lines are combineo beyond 
saturable inductor L 4 into two feed lines, on one 

eitner side of the HV transformer. The pulses from 
these lines are split into 20 equal (1.5 MV) parts, 
then added in the induction cavities. Table I gives 
the estimated energy efficiency for each element in 
the pulsed power system. The transformer, spark gap 
switch, and saturable inductor efficiencies are 
extrapolated frcn existing data. The splitter and 
cavity efficiencies are estimates. The adder 
efficiency will be discussed later. The primary 
points to be made by the table are that the loss per 
component is small but the overall efficiency is still 
50% and that the losses are distributed and therefore 
tolerable. 
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Figlure 3. Electrica: schematic of the pulse 
compression section of one 10 TW module. 
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Figure 4. Artist ccncept of a 10 TW module. Insert 
shows the output electrical pUlSe. 

Table I. systea Erf:cie”c:es 
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The alternator is being prototyped at present at 
the 12 KV, 20 kJ level. The initial design is a 
500 Hz alternator COflfigured with minimal internal 
impedance to maximize the surge output upon closure of 
the control switch. Generically the output will be a 
fully offset 500 .Yz sine wave. The current rises from 
zero at t = 0 and dips just below zero at 1 ms. Peak 
current is about 1 kA for 20 kJ output. The control 
switch uill be SCR array that will take advantage of 
the current reversal to open and limit the alternator 
discharge to the first pulse. Megajoule outputs and 
gigawatt instantaneous power are projected to be 
feasible. 

The capacitor C, will provide 3 MV, millisecond 

energy storage. Options are a series of conventional 

foil capacitors or a chilled (-35’C! water-ethylene 
glycol device. Water-glyccl mixtures have been 
studied for millisecond energy storage by several 

authors. 5 The work needs to be extended to higher 
voltage and higher stored energy. Pulse transformers 
have been operated to 3 MV single shot and to 1.5 MV 

at 15 Hzb. Again, the total energy needs to be 
increased. 

The decision to transform directly to 30 MV 1s 
based on the requirements for the spark gap switch. 
It will charge in - 1 ms and discharge in - 1 ps. A 
gas spark gap, and nothing else, can perform this 
service at 10 Hz. This system was designed to 
minimize the utilization of spark gap switches, but 
there seems to be little likelihood of avoiding them 
altogether. Nor is there any need to do so. They are 
reliable in this type of service although prudence 
suggests limiting their number. An alternative to 
this design is to charge C, to the alternator output 

voltage, then discharge through a transformer ln about 
a microsecond to charge C2 to 3 MV. Effectively, the 

difference between this and the preferred scenario is 
that in the preferred case, the spark gap operates at 
high voltage, low current, and in the other case, It 
works at low voltage, high current. Spark gaps tend 
to become unstable in repetitive service as a result 
of Surface damage above 100 k4. The number of spark 
gaps, then, is controlled by the limitation of total 
current to 100 kA per switch. To a reascnable 
approximation, the energy U transferred through a 
spark gap is U = VIt, where V is the voltage across 
the gap prior to closure, I is the spark gap current, 
and t is the discharge time. In the preferred 
scenario V = 3 MV, while in tne alternate V = 50 kV. 
Assuming t = 1 4s and LI = 1 MJ, the currents for the 
two scenarios are 330 kA and 20 MA. The preferred 
scenario requires four spark gaps, tne alternate 200 
per megajoule. Effectively, one trades a multiple 
spark gap problem for an insulation problem (3 ML’ vs. 
50 kV). The latter is thought to be more tractable. 
The major problem may be to ensure nanosecond 
synchronization in the closure of the spark gap 
switches in either scheme. This has been achieved at 
5 MV on a single pulse basis usi!lg UV laser triggering 

(Figure 51.” We anticipate that an equivalent will 
Suffice at 10 Hz and are beginning experiments to 
demonstrate a 2 to 3 MV device. 

Once any Spark gap ClOSeS, th.e pulse compression 
sequence for that section of tne module proceeds to 
the generation of an output pulse. There is no 
provisior, to abort in case of a spark gap prefire 
beCalJSe the remainder Cf the pulse COmpreSSiOn 
sequence uses saturable inductors. Figure 6 is an 
illustration of a saturable inductor mounted in an 
enclcsec triplate line. The inductor blocks power 
flow through the line because of its high unsaturated 
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inductance. Thus, the left-hand (near) side of the 
line may be charged with little leakage beyond the 
ind,uctor. As the voltage across the inductor builds 
UP, its leakage cUrrent builds up until the 
ferromagnetic material saturates. For a properly 
designed system, the energy can then flow out through 
the inductcr much faster than it ias Stored 
originally. Power gains of j to 4 are practical and 
the final output power can be substantial. Figure 7 
shows a 2.7 MV, 3 TW pulse generated with saturable 

F 
inductor switching. 0 Inductor switches are very low 
loss and appear to have no lifetime or repetition rate 

limits in the range of interest of this work. 9 Thus 
tney are ;ceal for the ICF reactcr application. 

RIMFIRE SWITCHING TIME 

SELF BREAK “OLT*oE: 5.7 IA” 
LASER OAP ENEROY; 25 m.! 

I- 

GAP VOLTAGE (MV) 

Figure 5. Trigger to firing delay for a multiple 
stage switch. The first stage is laser triggered 
(upper plot). The remainder of the switch self-fires 
(lower plot!. 

The Shape of the output pulse iS determined by 
the final ?FL and saturable core. Saturation 0ccUrs 
wnen Eq. 1 is satisfied. 

OS 
tVct = A A E (’ ) 

where V 1s the voltage acroSs LLi, A is the cross- 

Sectional area of its magnetic material and AB is the 
flux swing in the core material between its inltlal 
state and saturation. For a V. (1 - cos [tit! charging 

waveform on tne PFL, switching at peak voltage [time 
T) corresponds to 

OJ 
tVdt = VoT/2 . (2) 

The rise t:me of the final pulse may be limited by the 
inductance of the switch. For a typical geometry like 
tne strip line of Figure 6, tne contribution tc the 
output pulse rise time will be 

TRISE = 2.2 LSAT /2z 

= 1.1 pA’/WZ (3) 

where T 1s tt‘.e 10% to 90% rise time of the pulse, !J is 
the permeability of the core after saturation, A’ 1s 
tne total cross sectional area of the core (including 
the insulation between the saturable ferromagnetic 
strip windings!, W is the total length aroUnd the core 
in the direction of the magnetic field, and Z is the 
common impedance of the PFL and output transmission 
lines. 
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The area A’ in Eq. 3 is larger than A in sq. 1 by a 
packing factor F because A’ contains the area required 
for core electrical insulation. 
terms’from Eq. 1, 2, and 3 gives 

Eliminating the area 

1.1 lJo IT F 
Tf?ISE 

= --- -__ 
ae w (4) 

= 4.3 x 13-7 (IT F/W) (5) 

SATURABLE INDUCTOR SWITCH 
IN A TRIPLATE TRANSMISSION LINE 

Figure 6. Sketch of two triplate transmission lines 
(impedance Z) connected by a magnetic switch. 

EXPERIMENTAL RESULTS AGREE 
WITH SCEPTRE SIMULATION 
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Figure 7. hgfletic switch output (2.7 MV) compared to 
circuit model (SCEPTRE) calculation. 

I = Vo/22 is the output current; Mecglas cores” (A B 
= 3.2 T) are assumed. 

The transmission lines on either side of the 
magnetic switches would be an enclosed triplate design 
of the type shown in Figure 6. The dielectric is 
‘water (dielectric constant 81). Allowable working 
stresses for water in single pulse operation are 
known, but the equivalent levels for reliable, long 
life operation are noL accurately known. Derating the 
single pulse data gives a reasonable estimate of 
200 kV/cm. Then the spacing d in the PFL at 3 MY must 
be 15 cm. The PFL impedance (ignoring end effects) 1s 

giving W = 7.5 m. Using Eq. 5 with I = 2 MA, F = 1.2 

and T = 1.5 x 10m7 set, T RISE = 20 ns. This design 

may be a bit optimistic. An additional stage of pulse 
compression may well be required to form the final 
pulse. Nevertheless, Lhis final rise time estimate 
appears to be reasonable. 

Final pulse voltage amplification uses a series 
of cylindrical cavities of the type shown in Figure 8. 

Power 1s fed in from one of the ZC lines from the 
splitter of Figure 4. It is prevented from flowing 
down the right sioe of the cavity by a high 
permeability magnetic coil. 
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Figure 8. Cross SeCtiOn a cylindrical induccively- 
isolated acceleration cavity. 

To prevent saturation of the core, its area must 
exceed 200 cm2. The cavities feed a common diode as 
illustrated in Figure 9. In such a configuration, a 
pulse V arriving at the gap of cavity N (1 < N 5 20) 
in coincidence with a pulse of amplitude (N - 1) V 
proceeding from left to right in the diode will result 
in a pulse of voltage NV travelling to the right in 
the diode. Ideally, no pulses are reflected. Each 
cavity must be fed at the correct time to allow for 
propagation delay through earlier cavities, resulting 
in increasing cable lengths to the later cavities. 
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Figure 9. Schematic of 20 cavities delivering power 
to a common load (diode). 

If a pulse does not arrive in a particular cavity 
(N + 1). the wave in the diode transmits a voltage 
wave of amplitude V Into the cavity and the ‘wave along 
the axis continues to have amplitude NV, This can be 
useful for shaping the output pulse. As an example, 
consider the insert to Figure 4. Thirteen of the 
20 cavities are properly timed. Cavities 14 through 
20 are pulsed late. Cavity 14 is delayed by 5 ns, 
cavity 15 by 10 ns . . . cavity 20 by 35 ns. As each 
cavity pulse arrives, the output pulse increases one 
unit of voltage (1.5 MV) slowly ramping from 20 MV LO 
30 MV. This ramp is used to bunch the ions between 
the diode and pellet, those accelerated late in Lha 
pulse at high voltage catching the earlier low voltage 
Ions, increasing the power on target. Any pulse shape 
from a square pulse to a triangle can be achieved by 
proper choice of the lengths of the feed cables. 



Actually this scheme can be improved upon by not 
feeding those cavities that begin to pulse half way 
through the pulse or later. If those cavities are 
sncrted and the radius properly set, the 1.5 MV pulse 
induced lr. the cavity reflects and returns to the 
cavity terminal producing the voltage increment at the 
proper time. This is only possible for cavities that 
should contribute half way through the main pulse or 
later. Any attempt to use this scheme on the first 
half of the pulse results ln undesirable multiple 
reflections in those cavities. 

Assuming a perfect diode of constant impedance Z, 
a pulse that ramps from V, to V2 over time T usefully 

deposits 

"DEP = 
-- T ("S + u, v2 + u;;) . 

3 2 
(7) 

The energy arriving at the 20 cavities is 

u. input 
= 20 * (V2/20)* T/(Z/20) 

2 
= "; T 

Z 

The eff'iclency rc is 

(9) 

"DcP 
n = -“_ 

C U. 
= l/3 (9) 

input 

For tne case illustrated in Figure 4 insert, VI/V2 = 

0.67 and the efficiency 13 71%. If four of the 
cavities are shorted, tnen tne energy actually 
supplied by the pulsed power system is reduced by one 
fifth. The efficiency is increased correspondingly to 
884,. 

This adder concept was originally developed by 
Kerst and Brower. It forms the basis for the 2.5 MV, 

70 ns ATA injector. 12 It has been extended to 4 MV, 

250 kA in the HELIA ’ 3 program. Figure TO 1s HELIA 
data illustrating at least 90% adder voltage 
efficiency in a 30 ns FWHM pulse. An extension to 
30 MV will require extensive study of vacuum current 
flow and of pulse fidelity. 

lnital half voltage tests on HELIA are promising. Q 
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Figure :O. Waveforms and load line for the HELIA 
times 4 inductive voltage adder. 

Conclusion ----- 

The successful operation of an ICF reactor uill 
require extensive technological development, but 
recent developments have greatly enhanced the 
prcspects for ultimate success. This paper has oealt 
with the pulsed power driver aspects of the program, 
discussing both the current state of tne art +nd Some 
new icieas that promise to make ICF pulsed power 
modules s:mpler and more reliable than earlier 
designs. Any Il:F scheme would need to deliver 300 Cc 
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1100 TW beams to a target pellet in a 10 ns pulse 
(3 to h MJ). Light ion power probably can be 
increased by a factor of four by pulse compression 
bunching between the Source (diode) and target. Tkus, 
the pulsed power system must deliver a shaped 110 ns 
pulse with peak power near 150 to 200 TU, allowing for 
a 50% efficiency for conversion to ions and transport 
to the target. 

High powers and energies lead to a proliferation 
of pulsed power components, which raises significant 
questions about lifetime and reliability. This paper 
has presented a conceptual driver that is very simple 
relative to previous designs. It ccnsists of 15 to 2C 
parallel modules. Each module needs four spark gaps. 
The remainder of the pulse compression is done with 
saturable inductors. 

Uncertainties exist :n the design of the beam 
Source or ions. These are being partially resolved in 
single pulse experiments ongoing at the present time. 
It appears that reliable pulsed power systems for 
repetitive (1 tc 10 Hz) beam source experiments could 
be developed using the concept discussed above. This 
would open the way for significant progress in the 
development of a commercial reactor. 
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