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ABSTRACT 

The LffiRA light ion beam fusion commercial reactor study is a self-consistent conceptual 

design of a 330 MWe power plant with an accompanying economic analysis. Fusiontargetsare 

imploded by 4 MJ shaped pulses of 30 MeV Li ions at a rate of 3 Hz. The target gain is 80, 

leading to a yield of 320 MJ. The high intensity part of the ionpulse is delivered by 16 diodes 

through 16 separate z-pinch plasma channels formed in 100 torr of helium with trace amounts of 

lithium. The blanket is an array of porous flexible silicon carbide tubes with Li 17Pbg3 flowing 

downward through them. These tubes (INPORT units) shield the target chamber wall from both 

neutron darnage and the shock overpressure of the target explosion. The target chamber is "self­

pumped" by the target explosion generated overpressure into a surge tank panially filled with 

Li 17Pbg3 that surrounds the target chamber. This scheme refreshes the chamber at the desired 3 

Hz frequency without excessive pumping demands. The blanket multiplication is 1.2 and the 

tritium breeding ratio is 1.4. The direct capital cost of a 331 MWe LID RA design is estimated tobe 

$2843 $/kWe while a 1200 MWe LffiRA design will cost approximately 1300 $/kWe. 



LIBRA Eine Konzeptstudie für e1nen Trägheitsfusionsreaktor mit 

Leichtionenstrah 1-Treiber 

Kurzfassung 

Die LIBRA-Studie für e1nen Leichtionenstrahl-Fusionsreaktor ist e1n Konzept­

entwurf, einschließlich einer Wirtschaftlichkeits-Analyse, für ein Kraftwerk mit 

einer Leistung von 330 MWe. Die Implosion der Fusionstargets erfolgt durch Li­

Ionen-Pulse mit 30 MV Beschleunigungss'pannung und 4 MJ Pulsenergie bei einer 

Frequenz von 3 Hz. Der Target-Gain beträgt 80, was einem Energieausstoß von 

320 MJ entspricht. Der Treiberpuls höchster Strahlintensität wird von 16 Ionen­

Dioden durch 16 getrennte z-Pinch-Piasmakanäle geliefert. Diese Plasmakanäle 

werden in einer Atmosphäre aus 100 Torr Helium mit Spuren von Lithium 

erzeugt. Das Blanket besteht aus einer Anordnung poröser elastischer Silizium­

·karbidröhren, die von einem nach unten gerichteten Li17Pba3-Strom durchflossen 

werden. Durch diese Röhren (INPORT-Units) wird die Wand der Targetkammer 

vor Neutronenschäden und dem durch die Targetexplosion entstehenden 

plötzlichen Oberdruck geschützt. Durch Ausnutzung des bei der Targetexplosion 

erzeugten Überdrucks wird die Targetkammer "selbst-entleert". Der Inhalt wird 

in einen Kondensationstank gepumpt, der teilweise mit dem die Targetkammer 

umgebenden Li 17Pba3 gefüllt ist. Auf diese Weise ist ein Austausch der 

Kammeratmosphäre bei der gewünschten Frequenz von 3 Hz ohne übermäßig 

hohen Pumpaufwand möglich. Der Multiplikationsfaktor des Blankets liegt bei 

1, 2. Die Tritiumbrutrate beträgt 1, 4. Die Anlagenkosten für den LIBRA-Reaktor 

mit der Leistung von 331 MWe werden auf 2843 $/kWe geschätzt. Für den LIBRA­

Reaktor mit der Leistung 1200 MWe reduzieren sich die Kosten auf etwa 1300 

$/kWe. 



PREFACE 

The LIBRA (Light Ion Beam ReActor) project began as a small, scoping study project in 

1982. It was then intermittently funded by the Kernforschungszentrum Karlsruhe (KfK) over the 

time period 1982-1988 to study critical issues. During that time, the technical work was performed 

by Fusion Power Associates (FPA), Pulse Seiences Incorporated (PSI), as weil as by scientists at 

KfK. In 1989, the scoping studies were elevated to a preconceptual design phase by a 

combination of Sandia National Laboratories (SNL) and KfK. The main effort was then directed 

through the University of Wisconsin (UW) along with FPA, PSI and SNL scientists. 

The idea of this project is to carry through a preconceptual DT fusion reactor study to the 

point that one could make a technical, environmental, as weil as economic comparison of LIBRA 

to previous magnetic fusion and inertial confinement fusion commercial reactor designs. This has 

been accomplished here with reference to the current state of the art in physics and technology and 

one will find that the LIBRA reactor has a large number of attractive features. It also has some 

drawbacks which we point out in this report. 
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1. EXECUTIVE SUMMARY 

The LIBRA study is a self-consistent conceptual design of a light ion driven commercial 

fusionpower reactor.(l) Other previous LIB reactor designs include UTLIF,(2) ADLIB,(3) and 

EAGLE.(4) A point design for LIBRA was completed and a cost estimate was based on a 331 

MWe plant. A cost scaling study was then done to examine the effect of redesigning to different 

power levels. Specific design parameters are given in Table 1.1 and schematic of the design is 

given in Fig. 1.1. A cross section of the reactor chamber is shown in Fig. 1.2. 

This executive summary covers the major features of the LIBRA design. More detailed 

discussions of each aspect of the design are given in Chapters 2-12 of the LIBRA report. Specific 

aspects of the LIBRA design have also been reported in a number of published papers. (5-7) 

1.1 Target Performance 

The target for LIBRA is a generic single shell design similar to that used in the HIBALL 

study. (8) The initial target configuration is shown in Fig. 1.3. The configuration at the instant of 

ignition is also shown. No implosion calculations were done for this specific design, but 

calculations done for similar target(9) give us confidence that the energetics of our design (i.e., 

input energy per unit mass accelerated) is roughly correct. While other designs, unavailable to us 

for this study, may in fact be required to reach ignition conditions, we feel that this generic design 

adequately serves our purposes. 

The target gain was chosen to be 80 for 4 MJ of ion input energy. This is consistent with 

published gain estimatesOO) as shown in Fig. 1.4 for a Li ion range of 0.025 g/cm2 and for 

various target radii. The power on target of 400 TW is within 20% of the published 

requirementsOO) (Fig. 1.5). 

Coupled thermonuclear burn-radiation hydrodynamic simulations predict that a fuel mass 

compressed to a pR-value of 2 g/cm2 and surrounded by a low-Z pusher with a pR-value of 1 

g/cm2 bums with a 30% burn-up fraction. For 3.2 mg of DT fuel this results in a thermonuclear 

yield of 320 MJ. 

The x-ray spectrum used for the cavity response calculations is given in Fig. 1.6. The ion 

spectrum was assumed to consist of the following components: 1.93 keV D, 2.89 keV T, 3.8 keV 

He, 11.1 keV C, and 198 keV Pb. The x-ray spectrum has both a hard and soft component. The 

hard part is due to bremsstrahlung x-rays generated by the burning DT escaping through the 

high-Z tamper material. The soft part is due to radiation from the target once its temperature 

equilibrates during the expansion phase following burn. The neutron spectrum is softened by 

collisions in the target with the average energy per escaping neutron being 11.93 MeV. 
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Table 1.1 LIDRA Parameters 

General Lithiym IQn B~run~ 
Net electric power 331MW Energy 25-35 MeV 
Gross electric power 441MW Number high power 16 
Thermal power 1161 MW low power 2 
Recirc. power fraction 0.25 Peak power on target 4001W 
Driver efficiency 0.235 Pulse compression ratio 5 
Target gain 80 Pulse length on target 9 ns 
11G 18.8 Current/channel 0.3MA 
Direct capital cost (1989$) $2200/kW Entering on target l.IMA 

Ion energy transport eff. 0.63 
Target P~rfQrrn!.l!lQ~ 
DTmass 3.2 mg Las~r-Gyi~kd. Fr~~ Standing Channels 
Input energy 4MJ Length 5.4 m 
Yield 320MJ Radius 0.5 cm 
X-ray yield 67 MJ Peak B-field 27 kG 
Neutron yield 217 MJ Peak current 100kA 
Charged particle yield 28.5 MJ Rise time 1 ~s 
Endoergic loss 7MJ Voltage drop lMV 
Neutron mult. 1.02 

Caviry 
A1212Iied-B Diod~ Gas pressure 100 torr He 
Anode source Liquid Li Radius to frrst surface 3 meters 
Anode current density 5kNcm2 Pumping time 300 ms 
Anode radius 8.4cm Impulse on INPORTs 125 Pa-s 
Focallength 70cm Vaporized LiPb mass/shot 8 kg 
Microdivergence 5mrad 
Macrodivergence 120 mrad INPORT Tub~ Blank~t 
Conversion efficiency 0.80 Tube material SiC 

Packing fraction 0.33 
Helia Pyls~d PQw~r Coolantibreeder Li 17Pbg3 
Waterline energy 11.1 MJ Li -6 enrichment 90% 
No. of cells/module 26 Thickness 1.35 m 
Voltage/cell 1.15 MV Energy mult. 1.28 
Cell diameter 2.9 meters Tritium breeding ratio 1.4 
Modulediameter 5.15 meters 
Module length 14.4 meters Tritium 
PFL output voltage 1.15 MV Inventory: target prep. 680 g 

Impedance 3Q Reactor hall 174 g 
Dielectric water Effluent release 32 Ci/day 
Switch type metglas 

sanrrable reactor 
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CHARGE SYSTEMS 

Figure 1.1. LIDRA reactor design. 
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STRUCTURAL 
BEAM 

Fig. 1.2. Cross section of target chamber. 
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Tarnper 
11.3 g/crn3 
230.4 rng 

Pusher 
1 .26 g/c!'T'P 
53.68 rng 

Fuel 
0.21 g/cm 3 

3.2 rng 

INITIAL TARGET 

Tarnper 
1 .13 g/cnY 
230.4 rng 
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Fig. 1.3. Generic single shell target design for LIBRA analysis. 
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R = 0. 025 g 1 cm 2 
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0 5 10 
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Fig. 1.4. Comparison of LIBRA gain to LLNL gain estimates [R. Bangerter, Fusion 
Tech. 13, 348 (1988)]. 
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Fig. 1.5. Comparison of LIBRA power on target to LLNL requirements 
[R. Bangerter, Fusion Tech. 13, 348 ( 1988)]. 
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Fig. 1.6. X-ray spectrum from LIBRA target. 
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1.2. Pulsed Power Driver 

A 30 MV lithium ion driver has been designed for LID RA. This effort follows earlier studies 

made by PSI of drivers for different particle species and energies. After an early examination of 

design options, these studies assumed the use of the Helia design approach, frrst formulated by 

PSI in which induction cells driven at about 1 MV by water dielectric pulselines are assembled in 

series to drive the full voltage ion diode via a magnetically insulated vacuum voltage adder 

(MIVA). The most detailed of the previous work was on a 20 MV deuterium driver. Initially, a 

design was developed for the induction cells, MIV A, and pulselines. Subsequently, calculations 

addressed the performance of the MIV A and the bunching of the ions. 

In the present 30 MV driver study, the design of the pulse lines, cells, and MIVA, the 

performance of all circuits including the MIV A and the bunching of the ions were addressed. This 

culminated in calculated power and energy waveforms at the pellet that more than satisfied 

specifications. In a subsequent task, the design of the charging system from wall plug to pulse 

lines was developed, and a cost estimate was made for the whole driver. 

At the outset of the LIBRA studies, the Helia approach had not been tested. An initial four­

stage, 4 MV proof-of-prinicple testwas completed in 1985 by PSI and Sandia National Laboratory 

(SNL) under DNA and DOE funding. During the course of the 30 MV driver study, the 20 MV, 

750 kA Hermes-Ill electron accelerator has been successfully operated at full power at Sandia. 

Hermes-Ill has also been successfully tested for a short period at ~ 22 MV in the positive polarity 

required to aceeierate ions. The scaleability of the driver to 30 MV now seems fairly weil assured, 

at least up to the diode; some questions remain about the efficiency of the positive polarity voltage 

adder, but there are a nurober of promising ways to design this successfully. 

No accelerator of the Helia type has yet operared repetitively. However, the technology of 

repetitive magnetic (i.e. saturable reactor) pulse compressors developed at Lawrence Livermore 

National Laboratory has achieved > 1 kHz operation, and by incorporating magnetic switches into 

the pulse lines of machin es like Helia and Hermes-111 it seems probable that reliable long life 

repetitive operation can be realized 

The result of this design effort is a 30 MeV Li ion driver that provides 4 MJ onto an ICF 

target. This driver contains 18 independent modules; 16 to provide 3.6 MJ on the driver in a 9 ns 

wide main pulse, 2 to provide 0.4 MJ in a 45 ns wide pre-pulse. The 16 main modules provide 

pulses on the ion diodes that are ramped in voltage from 25 to 35 MV over a time of 45 ns so that 

the pulse of ions is time-of-flight bunched during its propagation to the target into a 9 ns pulse. 

The pre-pulse modules do not have this voltage ramp so there is no bunching. The driver 

components and their relationship to the target charnber are schematically shown in Fig. 1.1. 
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1. 3 Diode Performance 

The 30 MeV Li+ 1 ion beams in LIBRA are generated with applied magnetic field extraction 

diodes. The design of the ion diades is detennined by several factors. These include ion beam 

focussing limitations, required ion current density, virtual cathode dynamics, magnetic field 

unifonnity, and critical magnetic field for insulation of electrons. Consistent with trapping the ions 

in plasma channels, we have chosen a focallength of 70 cm, a micradivergence of 5 milliradians, 

and an outer anade radius of 5.2 cm. Wehave also chosen an anade current density of 5 kA/cm2, 

consistent with bestexperimental focussing on PBFA II and Proto I. Basedon the Desjarlais 

theory, a 30 MV Operating voltage was picked which is one half of the critical voltage and leads to 

a physical anode-cathode gap of 2.4 cm and a dynamic gap of 1.94 cm. To insure good magnetic 

field unifonnity, the difference between the outer and inner anode radii is taken to be twice the 

dynamic gap, or 3.88 cm. Combining this with the current density and the total required current 

per diade of 317 kA, the inner and outer anode radii of 1.31 cm and 5.19 cm is obtained. For a 

dynamic gap of 1.94 cm and an operating voltage of 30 MV, a critical magnetic field for insulation 

of the electrons of 4.3 Tesla has been calculated. The applied field of twice the critical field, or 8. 6 

Tesla is used. 

The diade has been designed to operate at a rate of 3 Hz. The anode surface is of fritted 

steel, through which flows liquid Iithium. Lithium ions are ejected from the liquid at cusps fonned 

by an electrohydrodynamic instability. Most of the energy loss in the diode is in the form of 30 

MeV electrons that deposit in the liquid Iithium when the magnetic insulation in the diode breaks 

down. This heat eieans the anade surface for the next shot and the heat is carried away by the 

flowing Iithium The Iithium beam ions are stripped from charge state 1 to charge state 3 by a jet of 

argon gas that is puffed into the exit region of the diode at a 3 Hz rate. 

The diades are designed to provide a proper pulse shape for driving an ICF target. There are 

sixteen main pulse diodes that provide ~. 25-35 MV ramped pulsethat compress the pulse by time­

offlight bunching from 45 ns to 9 ns and provide 90% of the 4 MJ of total beam energy on target. 

There are 2 pre-pulse diodes that are not ramped and provide a much Ionger pre-pulse. 

1.4 Channel Fonnation 

The ion beams must be transporred from the ion diades to the target in plasma channels. The 

channels enter the target chamber in two cones, 35° above and below the horizontal plane 

containing the target. For each channel, there is a 4.5 meter channel to return the discharge current 

that leaves the target chamber through the top. The channel parameters are listed in Table 1.1. 

The electrical resistivity must be high away from the channel and low on the axis to confine 

the discharge current to a small radius channel. Since resistivity decreases rapidly with increasing 

temperature, the radial temperature profile in the channels must be peaked along the channel axis 
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and low in the region just outside the channel. A small diameter pre-ionizing Iaser beam and a fast 

rising discharge current should be advantageaus for this channel formation. 

A two stage discharge current history where a large main pulse follows a smaller prepulse 

was first proposed several years ago(12) and this was parameterized by a delay time .1t. 

Simulations of channel formation in helium gas at a mass density of 2.37 x w-5 g/cm3 were 

performed using the ZPINCH radiation magnetohydrodynamics computer code. ( 13) A 1 jlS delay 

time in the discharge current and a Iaser beam half-width of 2 mm was used. For these values the 

Simulations predict that the magnetic field at 0.5 cm from the channel axis reaches 27 kG and that 

the average mass density in the channel is approximately 5 x 10-6 g/cm3 (Fig. 1.7). These results 

are acceptable for LID RA. 

1.5 Beam Transport 

The efficiency of individual ion transpoft from diode to target is determined by two 

mechanisms. First, the ions must enter the channel within an angular and radial constraint.04) 

Ions that have !arger angles of incidence and are at relatively !arge distances from the channel axis 

are either not trapped by the channel's magnetic field and pass through the background gas never 

turning back toward the channel axis, or are turned back by the magnetic field at such a large radius 

that they have a small chance of striking the target. Second, the ions must enter the overlap region 

near the target within an angular constraint that will allow them to hit the target while travelling on a 

ballistic path. 

These two mechanisms were studied by following the trajectories of a random selection of 

ions in initialangle and radial position as they propagatedown the channel using the IONcomputer 

code. (15) The magnetic field is assumed tobe only in the azimuthal direction and rises linearly 

from zero on the channel axis to 27 kG at 0.5 cm and falls as 1/r beyond 0.5 cm in the main part of 

the channel. Within the overlap region, the azimuthal fields fall linearly to zero over an axial 

distance of 1 cm from the entrance to the region. The ions enter the channels with radial positions 

distributed in a Gaussian with a half-width of 0.35 cm and with angles of incidence distributed 

uniformly out to 0.12 radians. In LIBRA there are 18 channels with 9 in each of 2 cones. The 

channels are 0.5 cm in radius and the target is 0.5 cm in radius, so the distance between the point 

where the channels begin to overlap and the target surface is 0.43 cm. Calculations predict that 

about 80% of the ions reach the target. 

Each of the plasma channels in LID RA must carry several hundred kiloamperes of beam ion 

current, which can pefturb the channels and possibly inhibit the transpoft of the beam ions. The 

Iimits on the ion beam power imposed by the onset of electrostatic instabilities, filamentation of the 

ion beam and the plasma channel, and beam ion energy loss have been analyzed. The expansion of 

the channels due to the ion beam has also been analyzed, and does not pose an important 
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constraint. The analysis has followed the formalism developed a number of years ago at the Naval 

Research Laboratory06) and involves the use of the WINDOW computer code.(17) 

The results are shown for LIBRA parameters in Fig. 1.8. One sees that the input ion beam 

power per channel is limited to 9 TW at a diode RJF (Radius ofDiode/Focal Length) of 0.12, the 

LIBRA value. 

1.6 Channel Insulation 

The long channels in LIBRA (or any light ion beam reactor) have a large inductance. Thus, 

the microsecond rise-time of the current necessary for channel formation requires very !arge 

discharge voltages. The potential drop between the channel and the target chamber structure 

(assumed tobe at ground) is 500 kV for LIBRA. To prevent breakdown between the channel and 

the chamber wall would require a prohibitively large gap. Thus the channel is surrounded by 

solenoids between the diode structure and the inside row of INPORT units. An axial magnetic 

field of 32 kG is expected to slow the flow of electrons in the breakdown to a time scale greater 

than the 1 l.l.S channel formation time. (18) This allows the diameter of the penetrations for the 

channels and beams to be 20 cm. 

1.7 Cavity Analysis 

The response of the He gas and liquid LiPb coating on the INPORT tubes to a LIBRA target 

explosion was studied using a 1-D radiation-hydrodynamics code, CONRAD.(19) CONRAD 

calculates the target x-ray and debris ion energy deposition in a background gas and surrounding 

first surface material using time-dependent point source models. Conservation of mass, 

momentum, and energy equations are solved in Lagrangian form in a spherical coordinate system. 

Because CONRAD is a one-dimensional code and the INPORT tubes basically pose a cylindrical 

boundary, the LiPb fust surface is modeled by a thin spherical region at a radius of 3 meters; i.e., 

the minimum distance from the target to the INPORT tubes. 

Target energy absorbed by the background gas is transported throughout the cavity by fluid 

motion, radiation, and electron thermal conduction. We use a multigroup flux-limited diffusion 

model to transport radiation. Equations of state and frequency-dependent radiative properties of 

the chamber gases are tabulated prior to the simulation using a collisional-radiative equilibrium 

computer code -- IONMIX.~20) IONMIX calculates steady-state ionization populations by 

balancing collisional ionization rates with the sum of collisional, radiative, and dielectronic 

recombination rates. The extinction coefficients and emissivities include contributions from 

bound-bound, bound-free, and free-free transitions, as well as electron scattering. 

In addition, CONRAD simulates the vaporization, hydrodynamic motion, and recondensation 

of the LiPb. Ablation due to the target x-rays is calculated using a volumetric energy deposition 
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model. Energy, reradiated by the cavity gas and the debris ions kinetic energy is assumed tobe 

deposited, at the vapor/first surface interface because of their relatively short mean free paths. Heat 

transfer through the frrst surface material is computed by solving a 1-D thermal conduction 

equation. A detailed description of the CONRAD vaporization/condensation model is presented 

elsewhere. (21) 

A sehemarle representation of the physical processes occurring in the LIBRA target chamber 

is shown in Fig. 1.9. After the target explodes, x-ray and debris ion energy is absorbed by the 

background gas, creating a high-temperature (-several eV) microfireball at the center of the 

chamber. The resulting high pressures cause the gas to expand rapidly outward and form a strong 

shock front ahead of the microfrreball. Some of the target x-rays penetrate through the He gas and 

deposit theirenergy in a thin layer (- several microns) ofLiPb at the INPORT tubes. Some LiPb is 

immediately vaporized and, due to the high pressures in the vapor, is hydrodynamically accelerated 

toward the center of the chamber. 

The LIBRA target performance and cavity parameters are listed in Table 1.1. The He gas 

absorbs approximately 20% of the target x-ray energy and all of the debris ion energy. The 

remaining 80% of the x-ray energy is absorbed in the LiPb, and immediately vaporizes about 6.7 

kg. The LiPb mass vaporized from the INPORT tubes is shown in Fig. 1.10 as a function of time. 

The LiPb vaporization front moves away from the tubes and collides with the outward moving 

shock front at about 0.1 ms. The high pressures in the LiPb vapor produce a recoil impulse of 125 

Pa-s on the tubes. The shock originating from the high-temperature microfrreball contributes little 

to the total impulse on the tubes because it is overwhelmed by the inward moving vaporization 

front. 

Between 10-6 and 10-4 seconds, an additional 1.3 kg of LiPb is vaporized as energy radiated 

by the He gas and LiPb vapor is absorbed at the tubes. Figure 1.11 shows the radiative flux (solid 

curve) and radiative energy deposited (dashed curve) at the INPORT tubes as a function of time. 

The vapor/liquid interface absorbs roughly 4 MJ (i.e., 4 J/cm2) by 100 J.!S. When the radiative 

energy flux into the liquid exceeds the conductive energy flux through the liquid, the temperature at 

the surface rises. This produces an increase in the equilibrium (saturation) vapor pressure, and 

hence the vaporization flux. 

At times ~ 1 ms, the LiPb recondenses back onto the tubes or side-walls. By 10 ms, only 

0.8 kg of LiPb remains in the vapor phase, corresponding to a LiPb/He number ratio of 0.007. 

According to these calculations, the LiPb condensation time would not be expected to Iimit the shot 

rate. However, the effects of the noncondensable He gas on the condensation rate have not been 

considered in our calculations. Preliminary calculations(21) indicate that the He may dramatically 

slow the LiPb condensation rates. Because of the uncertainties associated with the 
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condensation times, a pumping system has been devised to evacuate the post shot gases from the 

target chamber. ( 6) 

1.8 INPORT Response 

The impulse given to the INPORT tubes is approximately 125 Pa-s/shot. This is almost 

entirely due to the vaporization-induced recoil impulse. The shock ahead of the microfireball 

contributes little because it is overwhelmed by the vaporization front. The repetitive impulsive 

loading will produce dynamic motion of the frrst row of INPORTs. The determination of this 

mechanical response is necessary for radial placement of the tubes as well as identifying potential 

interference problems from circumferential movement. A comprehensive numerical simulation 

program has been developed which includes effects such as axial preload, tension gradient, flow 

velocity, length, diameter, dissipation, rep-rate and nonlinear displacement effects which are 

essential for modelling three dimensional motion. For all cases, the sequential impulses are applied 

radially, i.e., planar for each INPORT. It has been found that persistent radial and circumferential 

(orbital) motion is possible for some designs. However, for particular choices of physical 

parameters (e.g., flow velocity and pretension) the steady-state motionwill be strictly planar, the 

preferred response. Figure 1.12 shows such results. The planar impulses of 125 Pa-s at 3 Hz 

produce radial displacements with a maximum startup value of 6 cm and a steady-state peak of 

4 cm. The circumferential displacement has an initial perturbation which quickly dissipates. The 

INPORT length, diameter, and wall thickness are 6.4 m, 3 cm and 2 mm, respectively, and with a 

mean tension of 3000 N, the wall stresses are weil below current strength levels of silicon carbide 

fiber. 

1.9 Targ-et Chamber Desig-n 

The target chamber is a vertical cylinder with a slanting roof. The roof and sides of the 

chamber are covered with SiC fabric passages through which LiPb Coolantibreeder flows collecting 

in a pool at the bottom of the chamber. Coolant seeping through the porous SiC fabric on the roof 

and the sides, and the bottom pool provide liquid protection against the surface heat emanating 

from the target. The deep penetrating neutrons deposit their energy within the bulk of the blanket 

and reflector components of the chamber. 

Figure 1.2 is a cross section of the LIBRA chamber. TheINPORT units are at a radius of 3 

m from the target and occupy a zone up to a radius of 4.35 m at a 33% volumetric fraction. The 

front two rows are 3 cm and the remaining 9 rows are 10 cm in diameter, respectively. They are 

followed by a 50 cm thick LiPb cooled steel reflector which is the primary structural component of 

the chamber. It is followed by a 2.5 m thick concrete shield cooled by He gas. 

1-19 



200.0 

Radial Impulsive Loading (Pa-s) 

100.0 i-

0.0 1.0 2.0 3.0 4.0 5.0 
Time (s) 

10.0 

Radial Displacement (cm} 

0.0 

-10.0 I I I 

0.0 1.0 2.0 3.0 4.0 5.0 

Time (s) 

10.0 

Circumferential Displacement (cm) 

0.0 

0.0 1.0 2.0 3.0 4.0 5.0 

Time (s) 

Fig. 1.12. INPORT unit response. 

1-20 



There are nine equally spaced beam tubes on the top and an equal number on the bottom 

penetrating between the INPORT units at a 35° angle to the horizontal. The beam tubes are made 

of TZM coils which provide magnetic insulation for the plasma channels by generaring a 3.2 T 

field within the tubes. At the reflector midplane, there are nine equally spaced 0.75 m diameter 

exhaust ducts leading to a toroidal suppression tank attached to the outer perimeter of the chamber. 

The post shot plasma in the chamber expands into the suppression tank where vacuum pumps 

evacuate it to maintain the needed operaring conditions. 

The bottom pool drains through aperforared plate which also acts as a shock absorber. The 

LiPb then goes to three heat exchangers built into the base of the chamber and then exits to be 

recycled through again. Helium gas circulating through the tubes of the heat exchanger then carries 

the energy to a conventional steam power cycle. 

The chamber roof is 7.7 m at its highest point above the pool and slants at 15°. It is designed 

to be taken apart for providing access to the inside of the chamber for maintenance purposes. The 

SiC fabric passages are attached to a 0.25 m thick LiPb cooled steel conical reflector which is 

welded to six equally spaced structural beams. This structure provides the support for the roof 

shield segments. At its centerisahub which holds the pellet injector. The last element in the roof 

is a flange which is the vacuum boundary for the chamber. When this flange is removed, the roof 

can be dismantled by removing the shield in six separate segments, then the reflector as a single 

unit. A 100 tonne crane is needed to accomplish this task. 

1.10 Blanket Response 

A one-dimensional (1-D) scoping analysiswas performed to determine the blanket design 

options that satisfy the tritium breeding and wall protection requirements. A point source emitting 

neutrons and gamma photons with the spectra calculated for the LIBRA target was used at the 

center of the 3 m radius cavity. A minimum tritium breeding ratio (TBR) of 1.1 is required to 

achieve tritium self-sufficiency. The peak end-of-life atomic displacements (dpa) in HT-9 is 

required to not exceed 200 dpa implying that for 30 full power year (FPY) reactor life the peak dpa 

rate should not exceed 6.6 dpa/FPY. In addition, the blanker thickness needs tobe minimized to 

minimize the length of the channels used for beam propagation. 

Calculations were performed for different blanker thicknesses and 6u enrichments. The TBR 

and dpa rate values are mapped in Fig. 1.13. The design point should be in the box indicated in 

the upper left comer. In order to satisfy the other design goals of minimizing the blanket thickness 

and maximizing M, it is clear that the design point should be at the right or lower boundaries of the 

box. The intersection of the boundaries of the box with the curves that correspond to different 

enrichments gives the options that satisfy the design requirements. To minimize the length of the 

beam propagation channel, a 1.35 m thick blanket with 90% 6u enrichment is used in LIBRA, 
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leading to local (1-D) TBR and M of 1.5 and 1.18, respectively. Since this results in a relatively 

large TBR in the charnber sides, a smaller local TBR is allowed in the reactor roof. A scoping 
analysis for the roof Ieads to a 10 cm thick Li 17 Pb83 protective layer followed by a 25 cm thick 

Li 17Pb83 cooled HT -9 reflector. The local TBR in this zone is 0.8 and the peak dpa rate in HT-9 

is 50 dpa/FPY implying that the roof structure needs to be replaced every 4 FPY. Since only 

- 14% of the source neutrons go to the roof, this designwill yield an overall TBR that exceeds the 

minimum requirement by an adequate margin. In fa.ct, detailed three-dimensional neutranies 

calculations have shown that the overall TBR is equal to 1.36. 

1.11 Tritium Fueling. Breeding and Inyentozy 

Hollow organic polymer shells are filled remotely in a pressure charnber with molecular DT 

and are subsequently overcoated mechanically with Pb foil. Batches of targets are stored at 19.8 K 

for 2 hours while a uniform thickness of solid DT forms on the interior surface of the polymer 

shell. (23) The uniformity of the fuel coating is caused by the radioactive induced sublimation of 

the DT. (23) A one-day's supply of fuel targets is maintained. 

In order to Iimit the loss of tritium to < 20 Ci/d at the stearn generator, tritiumremoval is 

accomplished from both the liquid metal and the helium circuits. Tritium in the helium circuit is 

converted to the oxide and is adsorbed on a desiccant. 

The liquid breeder alloy within the reactor cavity contains the tritium formed during breeding 

plus the unburned DT from each target explosion. The tritium concentration in this liquid alloy is 

controlled by the diversion of 6.3 m3/s of the alloy to a Tritium Removal System (TRS).(24) By 

this technique the averagetritiumpartial pressure in the alloy is maintained at 1.3 x w-2 Pa and a 

concentration of 1.4 x w-4 wt.ppm. 

Tritium solubility in the SiC fibers of the INPORT tubes is estimated to yield an inventory of 

150 g of tritium. 

1.12 LffiRA Economics 

A costing analysis for the LIBRA reactor was performed using the FUSCOST code (25) with 

input from both MFE and other ICF costing sources. (26-29) The main costing algorithms come 

from the SAFXRE code(29) except the driver costs which resulted from a detailed Pulse Seiences 

Incorporated (PSI) analysis based on HERMES-Ill technology. Target costs were based on a 

20 Hz production facility that would supply several plants. Base target costs Started at 18i/target. 

All cost numbers are quoted in 1988$ but can be easily escalated to present values at - 5% per 

year. 
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The total direct costs are shown in Fig. 1.14 where it is obvious that the driver costs 

dominate (roughly 50% of the total cost). This results in a specific direct capital cost of 

2843 $/kWe. 

The total ovemight costs (Table 1.2), including direct and indirect capital costs, amounts to 

1270 $M (1988$). When the cost of money is included, the total capital costs (in constant 1988$) 

is 1654 $M. 

Table 1.2. Summazy of Cost Parameters for LIBRA (331 MWe) 

Total Direct Capital Cost 

Total Indirect Capital Cost 

Total Overnight Costs 

Time Related Costs 

Total Capital Cost 

Annualized Fuel Costs 

Annualized O&M Costs 

Annualized Cost of Capital 

Total Annualized Costs 

Total Cost ofElectricity 

iM 
941 

329 

1270 

384 

1654 

~ 
13 

39 

141 

193 

(1988$) 

:hLkW~ 

2843 

3837 

4997 

millslkWh 

88.7 

A more meaningful number is the levelized cost of electricity (COE) in mills/kWh. The COE 

is made up of three main components: 

• Cost of capital 

• O&Mcosts 

• Fuel costs. 

The levelized annual operaring costs amount to 193 $M/year in constant 1988$. This number is 

largely dependent on the cost of capital (74%) with a smaller dependence on O&M costs (20%) and 

only 6% comes from the fuel costs at 18~/target. Doubling the target cost has less than a 10% 

impact on the COE. The totallevelized COE is 88.7 mills/kWh for a 331 MWe plant. 

The question of how to compare LIBRA to previous large (1000-4000 MWe) MCF or ICF 

reactors was addressed by scaling the 331 MWe costs to approximately 1200 MWe. This was 

accomplished by increasing the driver energy from 4 to 6 MJ, allowing an increase in gain from 

80 to 100, and an increase in the rep rate from 3 to 6 Hz. This I arger LIBRA reactor benefited 
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Figure 1.14. Direct capital costs of LIBRA. 

1-25 



from the economy of scale and the total cost per kWe dropped almost 50% (Fig. 1.15). A 

comparison of the 331 and 1200 MWe LIBRA designs to recent tokamak and heavy ion beam 

reactor studies is shown in Fig. 1.16. Clearly, when LIBRA is compared to other reactor designs 

at the 1000 MWe level and above, it is quite competitive. More importantly, LIBRA is also 

competitive at the lower size Ievel which reduces the capital investment required by utilities. Such 

an advantage makes light ion beams very attractive from the investor standpoint. 

1.13 Conclusions 

The LIBRA conceptual design indicates that light ion beam driven fusion is an excellent candidate 

for small, econornical power plants of - 500 MW electrical. Technical uncertainties associated 

with diode design and ion transport to the target remain the major issues associated with light ion 

fusion. Additional uncertainties exist regarding target performance and manufacturing which are 

generic !CF issues. It is concluded that the light ion beam method of producing commercial fusion 

power can be competitive with the more established laser driver approach and with the more 

traditional heavy ion driver approach. 
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2. PULSED POWER DRIVER 

2.1 Introduction 

The objective of this work is to generate a conceptual design for a 30 MV lithium 

ion driver for the light ion beam fusion reactor concept known as LIBRA. 

The present effort follows earlier studies made by PSI of drivers for different 

particle species and energies. After an early examination of design options,< 1) these 

studies assumed the use of the Helia design approach, first formulated by PSI(2) in which 

induction cells driven at about 1 MV by water dielectric pulselines are assembled in 

series to drive the full voltage ion diode via a magnetically insulated vacuum voltage 

adder (MIV A). The most detailed of the previous work was on a 20 MV deuterium 

driver. Initially,<3) a designwas developed for the induction cells, MIVA, and pulselines. 

Subsequently, calculations addressed the performance of the MIVA ( 4) and the bunching of 

the ions.<5> 

In the present 30 MV driver study, the design of the pulse lines, cells, and MIVA, 

the performance of all circuits including the MIVA and the bunching of the ions were 

addressed. This culminated in calculated power and energy waveforms at the pellet that 

more than satisfied specifications. In a subsequent task, the design of the charging 

system from wall plug to pulse lines was developed, and a cost estimate was made for the 

whole driver. 

At the outset of the LIBRA studies, the Helia approach had not been tested. An 

initial four-stage, 4 MV proof-of-prinicple test was completed in 1985 by PSI and Sandia 

National Labaratory (SNL) under DNA and DOE funding.<6> During the course of the 30 

MV driver study, the 20 MV, 750 kA Hermes-Ill electron accelerator has been 

successfully operated at full power at SNL.(7) Hermes-Ill has also been successfully 

tested for a short period at ~ 22 MV in the positive polarity required to aceeierate ions. 

The scaleability of the driver to 30 MV now seems fairly well assured, at least up to the 

diode; some questions remain about the efficiency of the positive polarity voltage adder, 

but there are a number of promising ways to design this successfully. 

No accelerator of the Helia type has yet operated repetitively. However, the 

technology of repetitive magnetic (i.e. saturable reactor) pulse compressors developed 

at Lawrence Livermore National Laborator/8) has achieved > 1 kHz operation, and by 

incorporating magnetic switches into the pulse lines of machines like Helia and Hermes­

Ill it seems probable that reliable long life repetitive operation can be realized. 
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The design parameters of the 30 MV driver are discussed in Section 2.2. Sections 

2.3 - 2.8 present the design of the pulselines, cells, and MIVA, and the calculations of 

performance up to the pellet. Section 2. 9 discusses considerations of overall driver 

layout and presents the design of the charging system. Section 2.10 presents the final 

proposed driver Iayout with respect to the reactor, and includes a number of conceptual 

engineering Iayout drawings. Section 2.11 summarizes the cost estimate. 

2.2. Driver Parametersand Design Sequence 

For the 30 MV Iithium ion driver, as with the 20 MV deuterium driver, the goal is 

4 MJ delivered to the pellet. The beam transport distance is 6-7 meters. The pulse 

duration specification was revised from the 16.7 ns duration of the 20 MV driver to 

require 3.6 MJ delivered in 9 ns. The remaining 0.4 MJ are to be delivered in a Ionger 

pulse immediately preceding the 3.6 MJ, by a few smaller driver modules whose design 

was not considered in the present work. 

The number of driver modules and the parameters of each module were chosen 

after a tradeoff of difficulties of driver design and beam transport with the University 

of Wisconsin and SNL. The driver tradeoffs, presented in Appendix 2.A, showed that the 

total driver volume and complexity increased with the number of modules. The driver 

chosen, represented by the left column of Table 2.A-2, has 16 modules for the 3.6 MJ 

pulse. Each module is made up of 26 cells, with a mean voltage of 30/26 = 1.15 MV per 

cell. The current in each module is 1.15 MV /3 o = 385 kA. The pulse duration required 

at the diode in order to deliver the necessary 3.6/16 = 0.225 MJ at the pellet, or 450 kJ 

at the diode, is 450/30 x 0.385 = 39.0 ns. Because it is assumed that 9 ns of useful pulse 

duration is lost in the MIVA, the drive pulse from the water pulselines must be 48 ns long. 

In the previous 20 MV driver study, the duration of the pulse top at the diode that 

delivered ions to the pellet in the required time interval was 48 ns neglecting MIVA 

losses, and this was obtained from water pulselines designed to produce a nominal 60 ns 

pulse; finite risetime reduced the useful pulse top duration to 48 ns. Therefore the 

nominal pulseHne duration was made 60 ns again in the 30 MV driver design. 

The driver design proper began with the design of the cell. Using the approximate 

cell dimensions generated in the tradeoff study as a guide, the cell design was developed 

in enough detail to calculate circuit element values. These values were then used to 

design the pulselines (Section 2.4) and in pulseline and cell circuit calculations (Section 

2.5) that resulted in a pulseHne design that delivered to the vacuum bore a pulse with the 
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desired voltage, ramp shape, and pulse duration. The calculations and the physical design 

gave electrical Stresses (Section 2.6) that were shown to be adequately low. Calculations 

were next made of the vacuum bore performance (Section 2.7) treating it both as a MIVA 

(unbiased) and as a non-emitting voltage adder (NEVA). In each case, a diode voltage 

waveform was calculated. The ion power pulse shape after transport was then determined 

for both the MIVA and the NEVA (Section 2.8). The voltage adder and transport calcula­

tions used programs developed in the previous study of the 20 MV driver. 

The design of the charging system was performed after completion of the above 

design effort for the cells through transport to the pellet. It was found that the charging 

system design was much better suited to a number of cells per module divisible by four, 

and a 28 cell module was assumed for the charge system design. lt was not possible to 

go back in detail and make the module design consistent, but the changes would not be 

major; the cell, pulsehne voltage and pulsehne impedance would be reduced by about 

10%. 

The charging system specifications are discussed in Section 2.8. The design study 

dealt with (1) a magnetic pulse compressor to link the previously designed pulselines to 

(2) a capacitor bank and switching system charged by (3) a dc power supply. The con­

ceptual electrical design and mechanical design for the major elements were determined 

(Section 2. 9). 

An overall driver Iayout was then developed in a series of engineering Iayout 

drawings (Section 2.1 0). The design formed the basis for a cost estimate (Section 2.1 0). 

2.3. Cell Design 

A side view of the 1.15 MV cell is shown in Figure 2.1. The outside diameter is 2.8 

meters, excluding flanges. At the outside are a set of 15 n azimuthat oil transmission 

lines that conduct the negative input pulse azimuthally in both directions from each of 

-the diametrically opposite points where the water pulselines drive the cell. A cross­

section of the azimuthat oil line, which has a 6 cm spacing, is shown a t the bottom of 

Figure 2.1, and at the top is shown how the line feeds at four points, each 45° from a cell 

drive point, to the vacuum insulator rim. The rim isanother azimuthat transmission line 

that conducts the pulse in both directions away from the rim feed point. The width of 

the rim conductor tapers with increasing distance from the rim feed point, so that the 

impedance of the rim line increases from 24 n (chosen so that the eight parallel sections 

of this line match the 3 n Ioad) as current flows from the rim radially in to the vacuum 

region. The rim width becomes zero midway between feed points. 
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The tapered rim helps equalize the transit times from the four feed points to all 

points on the vacuum insulator, since at the feed points the distance around the wide rim 

conductor is equivalent to about 3 ns while the transit time around to the insulator 

midway between feed points is about 4 ns. 

The vacuum interface is a 1.7 meter diameter stack of 14 insulators, each 2 cm 

thick, with 45° angled surfaces on the inside, separated by 3 mm thick metal "gradient 

rings". Inside the interface, the spacing in the vacuum closes to 7.7 cm in the parallel 

disc feed to the 50 cm radius vacuum bore. 

The Metglas isolation inductance is provided by five cores wound on 1.11 meter 

diameter mandrels, to four different outer radii. Each core is terminated at the outside 

by a 1 cm thick metal shroud with full radius to avoid large edge fields. The total radial 

build of the five cores is 0.86 meter, and each core is made from 2 inch (5.1 cm) wide 

Metglas. The radial packing fraction is assumed to be 60%; using Metglas available now, 

this is consistent with 1 mil Metglas and 0.5 mil insulation, or 0.6 mil Metglas and 

0.33 mil insulation. Using active bias to obtain the manufacturer's published flux density 

swing of 3.2 T from reverse to forward saturation, the five cores provide a total flux 

swing of 

0.86 m x 0.051 m x 0.60 x 3.2 T = 0.084 V-s. (2.1) 

The total length of the cell over its end plates is 55.4 cm, so that the length of the 

30 MV module compr ising 26 cells is 14.4 meters. 

The electrical stresses in the various cell regions are discussed in Section 2.6, 

following presentation of the pulseline design and pulseline cell circuit calculations. 

2.4. Pulsehne Design 

The pulsehne system is shown in Figure 2.2. A first approximation to the design of 

the pulse line system was made by scaling from the 20 MV design obtained earlier. It 

consists of two water coaxes operating in "triple-bounce" mode. Since the pulse duration 

(60 ns nominal) and Ioad impedance (3 n) are the same in the 30 MV driver, the first 

stage or charging pulseline (CPL) is again a 54 ns long, 5.4 n coax, and the pulse charging 

switch (PCS) has an inductance of 334. The pulseforming line (PFL) has a length of 30 ns; 

its average impedance is 3 n, but the impedance varies along its length in a way that 

provides the voltage ramping needed to bunch the ions. The PCS is negatively charged to 

provide a negative pulse to the cell. 
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The PCS and the output switch are both formed from Metglas cores designed to 

saturate at the correct times. Following the 20 MV design, the PCS is designed for a 

chargetime of 0.75 IJS to peak. At peak voltage, the volt-seconds on the CPL switch are 

1/2 x 2.7 MV x 0.75 MV= 1.01 V-s (2.2) 

where the 1/2 term arises because the average voltage during charge is half the peak. 

However, the optimum closure time for the CPL switch is before peak by half the time 

to charge the PFL, or 75 ns, and the volt-seconds on the CPL switch at this time is less 

by 0.075 x 2.7 = 0.2 V-s, and is thus 0.8 V-s (80% of the value at peak). The output switch 

closes 75-80 ns after the arrival of the voltage from the PCS. Both switches are biased 

to use the Metglas at the full flux density swing of 3.2 T. 

The output switch consists of four 2-inch-wide (5.1 cm) cores with 1/18 inch 

(0.16 cm) margins, with 18 cm radial build (outer radius 40 cm, inner radius 22 cm). 

The thinnest available Metglas (0.6 mil) is used because of the fast charge time. With a 

packing fraction of about 60%, the flux swing is 0.07 V-s. The length of the switch 

including 2.5 cm diaphragms is 27 cm, and its saturated inductance is 

2 x 27 cm 2.n 40/31 = 32 nH • (2.3) 

The PCS consists of 12 cores with outer radius 45 cm and inner radius 12.5 cm, 

each 4 inches (10.2 cm) long with 1/l 0 in 16 (0.16 cm) margins. With a radial packing 

fraction of about 65%, the flux swing is 0.8 V-s. The length, including two 2.5 cm 

diaphragms, is 130 cm, and the estimated inductance is given by 

2 x 130 2.n (45/12.5) = 334 nH, (2.4) 

the required value. 

Losses in the Metglas cores have not been included in the modelling, and the charge 

voltages on the CPL and PFL will actually need to be slightly !arger to compensate for 

these losses. Estimates of the Iosses and the thermal properties of the cores indicate 

that the cores can be cooled adequately with modest velocity flow of oil in spaces 

between individual cores. 
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Between the output switch and the cell is a short length of water transmission line 

that tapers from the 80 cm output switch diameter to the 30 inch diameter of the 

water-oil diaphragms at the connection to the cell. This line section has an impedance 

approximately equal to that of the system of azimuthal oil transmission lines it drives. 

Its length is somewhat arbitrary and was chosen in the process of circuit calculations to 

optimize the pulse shape delivered to the cell. 

2.5. Circuit Calculations 

Computer calculations were performed to simulate a circuit extending from the 

CPL to the vacuum bore of the cell. The calculations used the PSI transmission line code 

previously used in the 20 MV dr iver design. 

The circuit is shown schematically m Figure 2.3. The line section lengths are 

specified as multiples of 0.1 ns, making the effective time-step of the calculations 

0.2 ns. The CPL was trea ted as if dc charged, to a vol tage initially estima ted as 2.6 MV, 

then adjusted to give the required Ioad voltage. The PCS was represented as a single 

inductive line section of the shortest possible length (0.1 ns) in series with a perfect 

switch. The impedance profile of the PFL was varied to obtain the described Ioad wave­

form. In the output switch, the capacitance and transit time were approximated by 

representing it as two equal line sections with an ideal switch between them; the impe­

dance and transit times of the line sections were chosen so that their total capacitance 

and inductance equalled those of the switch region with the Metglas saturated. The 

closing time of the output switch was varied to optimize the Ioad valtage waveform 

while minimizing the CPL charge voltage. The lengths of the water line between the 

output switch and the oil-water diaphragm were also varied to help optmize the Ioad 

waveform. 

From the oil-water diaphragm on, the line sections were chosen by calculating the 

properties of each region of the cell design described above. The low impedance line 

section in parallel with the insulator rim is a capacitance that provides an RC time equal 

to the time required for the pulse to spread around the rim. The cell Metglas was 

treated as an open circuit. The vacuum bore of the module is simply represented by a 

3 n Ioad. 

The ob jective of the circuit optimization was to provide a ramped shaped Ioad 

waveform, having a mean valtage of 1.15 MV and rising from about 1 MV to about 

1.33 MV, with some concave upward curvature that approximated the ideal waveform 

needed to bunch ions. As a result of varying the PFL impedance profile, the output 
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switch closure time, and the length of the line between the output switch and the water­

oil diaphragm, the load waveform shown in Figure 2.4 was obtained. Note that the 

duration of the ramped pulse top when the valtage rises from 1 MV to 1.33 MV is 

approximately the 48 ns estimated to be necessary to deliver the correct ion energy and 

pulse duration at the pellet. The circuit parameters that produce the waveform in 

Figure 2.4 are those shown in Figure 2.3. The output switch was closed 77 ns after 

arrival of the leading edge of the charging wave from the PCS. 

The exact charge valtage on the CPL was chosen after the waveform in Figure 2.4 

had been applied to the MIVA and the NEVA, when it could be adjusted to provide the 

correct diode voltages. The CPL valtage for the calculation in Figure 2.4 was 2.7 MV, 

chosen for the MIVA-driven diode. The corresponding valtage waveforms at other points 

in the pulseline and cell are shown in Figure 2.5. For the NEVA-driven diode, the CPL 

valtage had to be increased by about 7%, and all the voltages in Figure 2.5 would 

increase by a similar factor. 

2.6. Cell and Pulseline Electric Stresses 

The breakdown fractions in the water and oil dielectrics are assessed using the 

formula 

(2.5) 

derived by I. Smith at Aldermaston<8•9) with values for X and K for the two liquids 

refined by additional data obtained in the USA. 

At 2.7 MV charge, the field on the positive outer conductor of the CPL is 

70.5 kV /cm. The effective stress time for a 0.75 l.IS charge is 0.75 lJS. At the breakdown 

condition: 

Ft 1/3 eff A .06 = 0.23 (2.6) 

and taking the area corresponding to the CPL of one module, the fraction of breakdown 

is about 45%. 

The highest stressed region in the PFL is at the input, where the impedance is 

1.7 n, the peak valtage 2.28 MV, and the effective stess time 53 ns. The field on the 

outer conductor is estirnated to be 173 kV /cm (the geometry is not exactly coaxial 
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because of the impedance taper), and the stress calculates to be about 54% of breakdown 

for one module. 

In the water line just upstream of the water oil diaphragm, the diameter is 50 cm, 

the peak vo1tage is 1.04 MV for 60 ns, and the breakdown fraction for the outer 

conductor is about 37%. 

The po1arity effect in water is !arge enough that the mner conductors of the 

pulseline system are all well below 50% of breakdown. 

In the azimuthal oil transmission lines of the cell, the voltage waveform (see 

Figure 2.5) has the form of a ramped pulse with rapid fluctuations. The peak voltage is 

1.5 MV at the input and 1.48 MV at the output, with a minimum of 1.44 MV in between. 

Aver_aging over the line length, the fluctuation, and the ramp, the voltage is at most 

1.4 MV. The spacing is 6 cm, and the peak field on the outer conductor is 233 kV /cm. 

With a total area of about 106 cm 2 for one module, the breakdown fraction using 

Ftl/3 A .075 = 0.48 (2.7) 

is about 54%. The field on the edges of the negative inner conductor has not been 

calculated, but can probably be kept below about 50% of breakdown, which according to 

a quasi-uniform field breakdown criterion assuming a 1.5:1 polarity effect would be about 

425 kV /cm. Negative streamer transit times are in any case Ionger than the pulse 

duration, even assuming initiation from sharp points. 

The peak voltage on the vacuum insulator is 1.40 MV, and the insulator field is 

50 kV /cm. The voltage waveform (see Figure 2.5) is such that it is difficu1t to estimate 

an effective pulse duration, but a value of 30 ns is taken. According to J.C. Martin's 

formula for vacuum flashover:(l O) 

Ft1/ 6 A O.l = 175 (2.8) 

the f ields correspond to 60% of breakdown for one module. As in the 20 MV design, i t is 

thought that this fraction is low enough, since the flashover of one of the fourteen 

insulators should not overvolt the remainder sufficiently that the whole stack fails. 

The electric field in the radial vacuum feed is 150 kV /cm. 

The voltage waveform on the cell Metglas was integrated, and it was shown that 

the saturation flux of 0.084 V-s was reached, but only late in the pulse when the voltage 

has fallen to about 40% of peak. 
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The volt-seconds on the PFL output switch was similarly integrated to obtain 0.068 

V-s, close to the value of 0.07 calculated from the switch geometry. 

The electric fields in the water, oil, vacuum and vacuum interface are within the 

ranges expected to be safe in long life repetitive operation, though the safe fields in such 

a !arge system need to be demonstrated by experiment. The fields in the cell Metglas 

cores are also much lower than those in Helia. However, the fields in the Metglas cores 

of the pulseHne switches are relatively high. The field in the insulation between Metglas 

turns in the output switch is up to 700 V /mil, which is weil above that used in existing 

repetitive switches. However, it is weH below what is used in capacitors. The field in the 

PCS switch insulation is more than 1000 V /mil, but this can probably be reduced by 

redesign. 

2.7. Voltage Adder Calculations 

2.7 .1 MIVA Design 

The voltage adder was modelled as a MIVA (magnetically insulated) design using the 

code previously used in the 20 MV driver design.(4) The MIVA section within in each cell 

was again represented as two sections of transmission line with a resistor in between to 

model the losses. The drive provided by each cell was represented by a source having an 

open circuit voltage equal to twice that in Figure 2.4, with the same waveshape; the 

source has an ideal impedance of 3 a. 

The MIVA was designed on the principle that the load current of 385 kA should in 

each section be 1.2 times the minimum parapotential current at the voltage expected 

there. The wave impedance of each section is listed in Table 2.1, along with the 

diarneter of the center conductor. 

The diode was modelled as an ideal resistor of impedance 20 x 3 = 78 n. The code 

calculations were first checked by making the MIV A section impedances 3, 6, 9 ••• 78 n, 

turning the Iosses off, and showing that the diode waveform was exactly 26 times the 

matched voltage waveform of an individual source. 

With the actual MIVA design, with losses present, and with an emission threshold of 

150 kV /cm, the diode waveform of Figure 2.6 was obtained. Note that the useful part of 

the pulse is about 45 ns long, because the early losses are over at about the time that the 

ramped plateau is reached. The loss in pulse duration has in fact not increased from the 

6 ns lost in the 20 MV driver design, although the MIVA is 50% longer. This result pre­

sumably stems from the fact that at very high voltages the loss front moves almost at 

the velocity of light, and is not much further delayed behind the vacuum signal. 

2-15 



Tab1e 2.1. MIVA Voltage Adder Impedances 

z Inner Diameter* 

Section (ohms) (cm) 

1 6.35 89 

2 11.04 83 

3 15.51 77 

4 19.86 72 

5 24.06 67 

6 28.15 63 

7 32.14 59 

8 36.05 55 

9 39.89 51 

10 43.68 48 

11 47.41 45 

12 51.09 43 

13 54.73 40 

14 58.34 . 38 

15 61.90 36 

16 65.44 34 

17 68.94 32 

18 72.41 30 

19 75.86 28 

20 79.28 27 

21 82.68 25 

22 86.05 24 

23 89.41 23 

24 92.70 21 

25 96.05 20 

26 99.35 19 

*outer diameter = 100 cm 
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The preservation of adequate pulse top duration depends on the relatively low emis­

sion threshold assumed in the calculation represented by Figure 2.6(a). With a 300 kV/cm 

threshold, the losses begin later and continue later, Figure 2.6(b). (Because the ratio of 

bore radius to current is !arger than in the 20 MV design, the losses begin later than they 

did in that case at the same field.) Achieving emission at 150 kV /cm will require special 

treatment of the surface of the outer conductor; presumably coating with carbon would 

suffice. 

The energy delivered by the useful part of the pulse in Figure 2.7 is 500 kJ, about 

10% more than the 450 kJ needed to provide 3.6 MJ at the pellet with 50% transport 

efficiency. 

2.7. 2 NE VA Design 

The design of a non-emtttmg voltage adder was also studied. The calculation 

assumed an operating field of 300 kV /cm on the outer conductor. The increase from 

250 kV /cm assumed in the 20 MV design was made because in order to obtain only l 0% 

energy loss from mismatches the 20 MV, 333 kA design required a 48 cm radius bore; the 

30 MV, 385 kA adder would need a bore radius of more than 48 x 385/333 "' 55 cm, 

because this value would achieve the same degree of mismatch, but in a Ionger bore. 

The bore in the 30 MV driver is only 50 cm in radius. The use of 300- 400 kV/cm may 

weil be possible using anodized aluminum for the material of the outer of the bore. If a 

lower field is necessary, this would mean an increase in the bore diameter. For example, 

the calculations and design solution below would apply equally with 250 kV /cm field at a 

bore radius of 60 cm, which would not represent a major increase in overall module 

dimensions. 

The lossless circuit code was used iteratively to find an impedance profile for the 

NE VA that gave a field of 300 k V /cm on the out er of the bore in every cell at· the actual 

peak voltage obtained there. The impedance profile and the inner conductor diameters 

(assuming a 50 cm outer radius) are listed in Table 2.2. 

The diode waveform is shown in Figure 2.7. Because there are no losses, the useful 

pulse duration is still about 47 ns. The voltage ramp has been increased to about 1.40:1 

by the effect of the mismatched or somewhat inductive NEVA. Note also that to obtain 

the same peak voltage the driver voltages needed to be increased about 7% from those 

used in the MIVA design. The energy delivered during the pulse top is 510 kJ. 

2-18 



Table 2.2. NEVA Voltage Adder Impedances 

z Inner Diameter* 

Section (ohms) (cm) 

1 7.83 87 

2 15.43 77 

3 22.86 68 

4 30.18 60 

5 37.42 53 

6 44.62 47 

7 51.85 42 

8 59.03 37 

9 66.13 33 

10 73.07 29 

11 79.01 26 

12 83.23 24 

13 87.76 23 

14 90.37 22 

15 92.09 21 

16 95.14 20 

17 99.28 19 

18 103.01 17 

19 104.73 17 

20 110.19 15 

21 115.41 14 

22 120.95 l3 

23 126.20 12 

24 130.13 11 

25 134.27 10 

26 139.20 9.8 

*outer diameter = 100 cm 
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2.8. Ion Bunching 

The transport of ion beams to the target from both the MIVA-driven and NEVA­

driven diedes was calculated as in the 20 MV driver design. The transport model neglects 

variations in axial velocity of ions due to finite injection angles and transverse velocity. 

The use of pure lithium-7 isotope was assumed, and 50% efficiency from diode power. 

For the MIVA...:driven diode, the time required for one module to deliver 225 kJ of 

ions to the target (3.6 MJ from 16 modules) is shown as a fraction of distance along the 

channel in Figure 2.8. The specified delivery time of 9 ns is reached after 6 meters, as 

required. The maximum degree of bunching occurs at about 7 meters, where less than 5 

ns is needed to deliver 225 kJ; 250 kJ is delivered in 5 ns. Since the ions originate 

in a interva1 of about 45 ns in the diode, they have been bunched by a factor up to nine. 

The target power pulses at 6 m and 6.5 m are shown in Figure 2.9. The ripples on 

the top of the diode voltage pulse have produced power spikes, but thesearenot as !arge 

as in the 20 MV driver, because the ripples arenot so pronounced. Figure 2.10 shows the 

total energy arriving at the target from an individual channel as a fraction of time. 

Figures 2.11, 2.12, and 2.13 show the corresponding results for the NE VA-driven 

diode. A1though the useful output pulse duration at the diode is Ionger for the NEVA 

than for the MIVA, the extra voltage ramping provided by the NEVA causes the maximum 

bunching to occur at a slightly shorter distance, 6.5 meters. An energy of 225 kJ is 

delivered at 6.5 meters is less than 4 ns, a bunching factor of more than ten. In other 

respects, the results obtained with the NEVA are very similar to those with the MIVA. 

2. 9. Charging System Design 

2. 9.1 Introduction 

This section covers the design of the charging system from the wall plug to the 

charging of the 0.75 l.lS pulselines to 2.7 MV. 

2. 9.1.1 Driver and Charging System Configuration 

The charging system design was performed some time after completion of the 

design of the modules, cells, and water pulselines, documented in previous sections. Thus 

the initial specifications for the charging system were those determined by the design 

with 16 modules, each comprising 26 cells and pulselines, in each of which the 10 nF 

charging pulseHne (CPL) is to be charged to an effective peak voltage of 2.7 MV in 

0.75 ).JS. The configuration of the charging system was required to be compatible with 
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that of the modules. Since the modules have a width of about 4.8 meters over the pulse­

lines, it is convenient to place them in two circles about the reactor chamber, one above 

the other, as in the conceputal layout shown in Figure 2.14. With the pulselines of 

adjacent modules almost touching, the face of each module is about 6.3 meters from the 

system axis, approximately the distance required to bunch the ions in the transport 

channel. A short extension of the MIVA can be used to penetrate part of the reactor 

chamber wall, or to make up any difference between the transport channel length and the 

minimum distance from the module to the pellet. (For example, if the tr~sport channel 

length is less than 6 meters or if the circle of modules must be enlarged to allow for a 

small module providing the energy preceding the main 9 ns pulse.) In Figure 2.14 the 

pulselines are shown extending upwards from the top modules and downwards from the 

bottom modules. The location of the charging systems is then specified as above and 

below, represented (before the charging system was designed) by the reetangular regions 

shown in Figure 2.14. 

A different configuration has been described by the University of Wisconsin 

elsewhere in the report (see Figure 2.14). In this, the driver modules are placed further 

from the reactor chamber, and are separated vertically. (Vertical separation might be 

required to achieve beam incidence angles that give more uniform irradiation of the 

pellet.) Long extensions of the MIVA are needed to connect to the - 6 meter long 

transport channels; it is not expected that these extensions will entail Iosses or other 

problems. In this configuration, there is a space of about 10 meters between the two 

layers of modules that could be used to accommodate the pulselines and charge systems 

of one layer, e.g. by extending the pulselines downward from the top layer of modules. 

However, the charge system study showed that the distance of about 10 meters is too 

small. Therefore the charge systems are designed to fit above and below the modules as 

in Figure 2.14. 

2.9.1.2 Number of Cells Per Driver Module and Charge System Module 

The choice of 26 cells and pulse lines per module was made without consideration 

of the charging system, which subsequently showed that it is very desirable that the 

number of pulselines be divisible by four, so that the pulselines on each side of a module 

can be charged in pairs. Therefore the charging system is designed to drive a 28 cell, 

28 pulseline module, and Iayouts of the driver provided later in this section reflect this. 

The driver illustrated in this section is therefore actually a 32.3 MV, 4.3 MJ driver, since 

the cell and pulse line parameters have been maintained at the values discussed in the 

previous sections of the report. 
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2. 9.1.3 Electrical Specifications 

Each of the W nF CPLs stores 36.5 kJ at its effective peak charge valtage of 

2.7 MV. The energy supplied per module is 1.02 MJ, or 16.33 MJ for the total driver. 

The operation is at 3 Hz, and the system lifetime is assumed to be at least 10 years, 

which is 109 pulses. Maintenance could be allowed to replace finite life components 

such as switches, but assuming this takes place once per year, lifetimes must be at 

least 108 pulses. 

Jitter requirements for the driver are not specified, but it is assumed that with a 

9 ns pulse duration at the pellet each module must start to deliver its energy within a 

total window of about ± 1 ns. The jitter of individual drive circuits within each module 

may be !arger by the square root of the number of circuits or switches, since averaging 

of cell outputswill reduce the effective jitter at each diode. 

It is of course desirable to minimize the driver cost. To this end, it has been 

considered permissible to assume improvements in technology and production techniques 

where, based on present plans and rate of development, these can be reasonably pre­

dicted to occur before the time frame of 2010 when a commercial reactor of this type 

might be built. 

2. 9.2 Approach 

It was considered desirable that the charging system be based on technology with a 

proven capability for lang life repetitive opera tion. In particular, switches such as 

thyratrons and solid state switches are attractive in this context. 

Several options were considered and re jected, as follows: 

• Megavolt triggered spark gaps; 

100 kV triggered spark gaps; 

Rotating machine charging. 

The triggered megavolt gas spark gaps previously considered for charging the 

0.75 f.IS pu1seline were judged to have inadequate lifetime to meet the 108-109 pulse life 

goal. Spark gaps typically have a few thousand pulse lifetime. 

Similarly, the 100 kV triggered gas spark gaps considered for charging the transfer 

capacitors had too short a lifetime and would have required excessive maintenance and 

would have required an excessive number of gaps. 

Charging the transfer capacitors from a multipolar rotating machine does not work 

because the 3 Hz rep-rate is too Jow. Multicycle resonant valtage buildup only works 
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with about five cycles between pulses, whereas about 20 cycles wÖuld be required for 

3Hz. 

The 0.7 .5 ]..IS charge time is too short to be handled economically by non-spark gap 

switches, so it was necessary to add a .5 ]..IS magnetic compression stage including a water 

capacitor. 

By using a 1.3.5 - 2.7 MV step-up transformer following the .5 ]..IS compression stage, 

the volt-seconds on the .5 JJS reactor were reduced by a factor öf two, thus halving the 

Metglas required. (Two turns on the .5 JJS reactor gave too high a saturated inductance.) 

A 2.7 MV transformer of the conventional iron core type for charging the 5 ]..IS pulse line 

to 2.7 MV has not been built, whereas one with a 1.5 MV output has. 

The switching Ievel was chosen as 100 kV, since this fits hydrogen thyratrons weil. 

Ignitrons and SCRs can be stacked to 100 kV reasonably well, with proper care and 

circuit design. 100 kV is also a reasonable Ievel for the primary of the step-up 

transformer used to charge the .5 ]..IS stage water capacitor. 

Solid dielectric capacitors were chosen for the transfer capacitor original energy 

store, since the chargetime is tnuch too long for a water capacitor. 

An important constraint was to have compatibility with the previously chosen 

dimensions of the cells, pulselines, and overall reactor assembly. This influenced the 

choice of how many charging pulselines (CPL) to drive per 5 ]..IS stage. Driving only one 

line precluded the use of the 1.35 - 2.7 MV transformer. The diameter of the trans­

former is determined to a !arge extent by the voltage, and four transformers would not 

fit in the length of four cells. Driving two lines per 5 ]..IS/stage worked out, as two 

transformers side by side would fit into the length of four cells. The Iayout 1s 

straighttorward and there is ample working room around the components, as shown in 

Figure 2.15. There are twic~ as many 5 ]..IS stage assernblies as for the four-line driver, 

but the 5 ]..IS reactor has a smaller diameter so that the total weight of Metglas is 

comparable. 

Driving four lines per 5 ]..IS stage turned out to be marginal on saturated inductance. 

It was also about 7.6 m Ionger due to the extra stored energy and thus length of the .5 ]..IS 

water capacitor. One transformer will fit in the length of four cells, but bringing the 

four CPL's wgether by tilting them to connect to the end of one transformer does not 

leave enough working room for assembly and disassembly. Building a !arge reetangular 

transition box to go between the transformer and the four CPL's, leaving the CPL's verti­

cal, may be workable. It could be filled with water to function as the CPL's, but the Z
0

's 
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would be very nonuniform due to the two right angle bends, which could adversely affect 

the output pulse shape. 

There is no obvious large cost advantage to charging four CPLs in parallel, so this 

approach was not pursued any further. The two-line driver approach was chosen. 

The two pulselines that are driven by one 5 JlS stage will require matched volt­

seconds on the two sets of cores. For a 0.5 ns difference in timing, the volt-second 

match has tobe within 

0. 5 X lO_g X 2 

0.75 X 10-6 
-3 = 1.3 X 10 • (2.9) 

This can be done by measuring the flux swing and then adjusting the number of Metglas 

layers. 

2.9.3 1.35- 2.7 MV Transformer 

A 1:2 turn auto-transformer was chosen as the minimum leakage inductance 

approach to step-up from 1.35 to 2.7 MV. A schema tic of the transformer is shown in 

Figure 2.16. The primary winding goes from the center conductor araund the core to the 

out er conductor. The secondary is just the portion of the center conductor that passes 

through the core, so that the secondary valtage is the sum of the input valtage and the 

induced valtage of the center conductor linking the core. The eross-over of the two 

sections of the primary winding is accomplished by using two sectors for each section of 

the primary, interleaved as shown in Figure 2.17 • 

. Early switchout of the CPL does not affect the transformer volt-seconds signifi­

cantly, so the volt-second requirement at 1.35 MV is 

V-s = 
1.35 X 106 V X 0.75 X 10-6 S 

2 = 0.51 . (2.1 0) 

The gross length of Metglas required, with a stacking factor of 0.65, a flux change of 

3. 2 T, and a radial build of 0.35 meters, is 

2. = 0. 51 = 0 7 
3.2 T x 0.65 x 0.35 · m • (2.li) 

Figure 2.18 shows the cross-section dimensions, which are determined primarily by 

electrical stress on the positive electrodes. There are two criticallocations. The first is 
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Fig. 2.16. Schematic of 1.35-2.7 MV transformer. 
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Fig. 2.17. Transformer primary sector Connections. 
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the out er conductor. Wi th a potential difference of 1.35 MV, 

E = 1300 kV = 73 kV/cm 
102 cm w 102/85 (2.12) 

The breakdown field is 

F = 0·24 = 134 kV/cm • 
{0.31) 0' 2{2n 102 X 70) 0•075 (2.13) 

The ratio is 73/134 = 0.55. 

The second is the inner corner of the primary winding nearest the CPL. The 

breakdown field is 

F = --~~--...;::0...::.:· 2=-4.:.,__-----;:;-~ = 162 kV I cm . 
(0.31) 0' 2(2n 45 X 2n 10 X 0.25) 0· 075 (2.14) 

With the use of field enhancement curves that apply approximately, the field is 

estimated at 90 kV, with a ratio of 90/162 = 0.56. 

The primary radial sector Connections have to be 20 cm thick and rounded with a 

20 cm spacing to have adequate margin against breakdown. 

The leakage inductance is calculated from the leakage flux paths using mainly the 

coaxial inductance formula. Leakage flux is the flux that links only one winding when 

the primary and secondary have equal ampere turns. In Figure 2. 9 the leakage flux paths 

are split into several regions for calculation: 

Ainner gap 

Bouter gap 

centrance 
0 exit 

L = 2 x ( 15 + 70 + 5) w 40/20 = 125 nH 

L = 2 x (20 + 15 + 70 + 5) ~n 102/85 = 40 nH 

L = 2 x 15 ~n 102/20 = 49 nH 

L = 2 x 30 ~n 102/20 = 98 nH. 

The leakage inductance around the primary sectors is estimated by assuming 

approximate flux pa ths as 40 nH. Flux pa ths A, B, and D link the secondary and translate 

to the pr imary by the square of the turns ra tio. The total leakage inductance referred 

to the primary is 

Ltot = 40 + 49 + ( 125 + 40 + 98)/4 = 155 nH. (2.15) 
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As for the CPL and PFL cores, cooling of the transformer core can be effected by 

modest velocity oil flow in the region between windings. This also applies to the 5 JJS 

stage reactor core discussed below. 

2. 9.4 5 JJS Stage Reactor 

A 5 JJS charging time was Chosen as about the shortest switching time suitable for 

an economic primary switch. A shorter time would have been desirable, giving a smaller 

5 JJS reactor. 

The volt-second reqirement at 1.35 MV and early switchout at 8096 V-s (as in the 

case of the CPL switch, discussed in Section 2.3} is 

V-s = 1.35 x 106 V x 5 x 10-6 s x 0.8 
2 = 2.7 • (2.16} 

The gross length of Metglas required with a stacking factor of 0.65, a flux change of 3.2 

T, and a radial build of 0.4 meters is 

~ = 
2· 7 

= 3.25 m . 3.2 T X 0.65 X 0.4 (2.17) 

The radial field at the center conductor is 

E = 1350 kV = 61 kV/cm 
20 cm ~n 60/20 (2.18} 

This is substantially less than the fields m the Metglas/insulation for the PCS and the 

output switch. In the oil adjacent to the Metglas, it is only about one-third of the 

calculated breakdown value. 

With an allowance of 20 cm insulation length at the input end, the saturated 

inductance is 

L = 2 (325 + 20) ~n 60/20 = 760 nH. ( 2.19) 

2.9.5 5 JJS Water Capaeiter 

A length of 102 cm was chosen as the radius of the outer conductor, and 74 cm as 

the inner conductor radius. The electric field at the positive outer conductor is 
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1350 kV 
E = 102 cm 9.n 102/74 = 41 kV /cm • (2.20) 

The breakdown fie1d is 

F = 0
•
23 = 82 kV/cm • 

(2.1) 0 · 333 (2n 102 X 377) 0•06 (2.21) 

The ratio is 41/82 = 0.5. The impedance Z
0 

is 

Zo = 60 9.n 102 = 2.14 n . 
181 74 (2.22) 

Twenty percent additional capacitance was added as a margin for losses. Jhe required 

transit time is 

-8 
1 = C Z

0 
= 9.6 x 10 x 2.14 = 205 ns 

(2.23) 

L = T Z
0 

= 205 ns x 2.14 = 440 nH. 

Since this inductance is distributed, the equivalent for discharge is at most half this, or 

220 nH. 

The length is 7.6 m. Adding another center conductor inside to get two parallel 

coaxial lines (one inside the other) gives too high an electric field on the positive 

innermost conductor. Thus shortening the water capacitor is not possible. 

The 5 JJS coaxial water capacitor is quite long. It would be desirable to shorten it 

by adding an inner conductor to give a triaxial construction with two parallel capacitors. 

The inner conductor would then be positive, which has the lowest allowable electric field. 

It turnsout that the field at the inner conductor cannot be kept low enough. 

In a second attempt ·to shorten the 5 JJS water capacitor, the 1.35 - 2.7 MV trans­

former was moved ahead of the water capacitors, so that the water capacitor ran at 

2. 7 MV. This saved 5.8 meters on water capacitor length. However, an additional 

3.2 meters was required on the length of the 5 JJS reactor since its vo1t-second 

requirement was doubled. An additional 3.2 meters was required on the 1.35 - 2.7 MV 

transformer since it now was operating at 5 JJS rather than 0.75 JJS; so there was a net 

length increase plus substantially more Metgl2s required. 
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In a third attempt to reduce the 5 J.lS water capacitor length, a 675 kV - 1.35 MV 

transformer was placed ahead of the 1.35 - 2.7 MV transformer. The lower voltage 

allowed a four conductor coaxial arrangement with three capacitors in parallel, but only 

saved 0.6 meters on the length of the water capacitor since the total capacitance 

required is· quadrupled. The 5 llS reactor length was reduced 1.6 meters but required an 

increase in core radii to meet the saturated inductance requirement, giving a net small 

increase in volume of Metglas. The additional transformer added 0.8 meters, for a net 

reduction in length of 1.4 meters. This approach did not appear to offer enough cost 

benefit to be chosen. Figure 2.19 shows the 5 J.lS stage and its connection to the two 

water PFLs. 

2.9.6 Inductance Summary 

The allowed inductance for a 0.75 J.lS discharge at the 1.35 MV level is 

2 ( -6 2 
L = --:::-'-t- = 2 x 0. 7 5 x 10 s) = 1190 nH 

n
2 C/2 n

2 9.6 X 10-B F 
(2.24) 

Two CPL's are in the discharge circuit 

-9 L = T Z = 54 x 10 x 5.4 n = 290 nH . (2.25) 

This has to be reduced by four to get to the 1.35 MV level, by two for two parallellines, 

and by two because the inductance is distributed. This gives 18 nH. Adding all the 

components gives 

18 CPL's 

220 5 J.lS Water Capacitor 

760 5 )JS Reactor 

155 1.35 - 2.7 MV Transformer 

1153 nH 

There is a small margin below the 1190 nH allowed. 

2. 9. 7 Charging Transformer 

The 100 kV - 1.35 MV step-up transformer will be a conventional iron core pulse 

transformer, such as are made by Stangenes Industries. They have built a !arge 1.5 MV, 
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Fig. 2.19. 5 llS stage and i ts connection to the two water PFLs. 



25 JJS transformer. Higher voltages are considered developmental. It is expected, based 

on discussions with Stangenes, that a 30 JJH leakage inductance, referred to the 

secondary, can be achieved. The allowable inductance for one 5 JJS stage is 

L = 
( -6 )2 5 X 10 S = 53 JJH 
n2 9. 6 X 10-S 

(2.26) 

Thüs 23 JJH is available for the other components. The inductance of the 5 11 s water 

capacitor is negligible. Referred to the primary, 

5 
23 X 10-6 

X ( 
10 Vfi ) = 102 nH 

1. 5 X 10 V 
(2.27) 

is allowed for the switch and transfer capacitor. 

2. 9.8 Switches 

E"EV CX1812 100 kV hydrogen thyratrons are a possible choice for the switch. Four 

are used in parallel per transformer, making the peak currem 170 kA each. These 

thyratrons are undergoing development by EEV with a rating objective of 100 kV, 180 kA 

peak, 2 llS pulse length, di/dt of 4 x 10 11 A/s, and 10 - 100 Hz rep-rate. They are 

currently being tested at Los Alamos National Laboratory. The 5 1.1S pulse length required 

for LIBRA is not a significant increase in duty as it is weil within the capability of 

thyratrons, and the 3 Hz rep-rate is low enough that the average current is weil within 

the thyratron's capability. 

The thyratrons need to be put inside a coaxial return current housing, and 

connected with wide parallel plate· buswerk in order to keep the inductance down to the 

allowed va lue. 

Thyratron firing jitter can be made less. than 0.5 ns (1 o) including the firing 

circuit. This gets reduced by the square root of the number of thyratrons per module, 

(56) 112, which gives a negligible thyratron jitter. 

The largest timing error will be that due to variations in the input voltage, given by 

b.V T 
(H=IJ2• 

Fora 0.5 ns timing error, the required regulation is 
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t.V --v= 
0.5 X 10_g S X 2 

5 X 10-6 S 
= 0.02% . (2.29) 

This may weil be feasible. It is also possible to use compensation circuits that 

measure the voltage error and correct the timing on a pulse-to-pulse basis, with 

compensation circuits that measure the accelerator average output timing error over a 

number of pulses and correct the long-term timing drift. Use of these circuits can 

considerably reduce the required regulation accuracy. 

A less expensive but more developmental switch might be made from 10 series, two 

parallel ignitrons. The geometry needs to be modified from the conventional ignitron. 

A small anode-cathode spacing is required, with a center hole in the anode for Center 

firing. Ignitors have too much variation in firing time, so spark gap firing is required, 

using a pointed tungsten rod as the pulsed electrode. Studies at Texas Tech have 

demonstrated several nanosecend lo jitter, which is satisfactory when the statistical 

averaging is taken into account. This geometry keeps the arc spots from getting on the 

walls, allows higher di/dt and gives faster deionization due to the short spacings. 

A standard size E ignitron for capacitor discharge is rated 100 kA peak and 400 C. 

Ignitrons of size E diameter and special center fired design have been tested at over 

500 kA and 200 C. (ll) The c ircui t requ irernen t is 680 kA peak and 2.2 C. Special design 

small size A ignitrons have been tested at 200 kA, 4 C, and di/dt of lO 11 A/s with a 

several cycle ringing discharge. (1 2) The ringing discharge represents much more severe 

duty, as there are spots on the anode during the secend half-cycle and there is no control 

on where the arc spots start on the third half-cycle, so they almest certainly start on the 

walls rather than the mercury pool, where they melt and vaporize wall material. The 

circuit requirement is 4 x 10 11 A/s. The requirements for peak current, coulombs per 

pulse, and di/dt all appear plausible, given some further development. 

The only untested requirement is deionization time at 3 Hz, as all the other testing 

has been single pulse. Since ionization decay is exponential, there is a good chance it 

will be satisfactory. 

Except for the uncertainty of deionization time, two parallel ignitron sets of center 

fired design and size E diameter should be adequate. The total of 28 chains of ignitrons 

used in each module will make the effective diode jitter less than tha t of an individual 

switch by a factor of 28 112 - 5.3. 

Solid-state switching with thyristors was also considered. Turn-on Iosses due to 

slow conduction spread from the gate edge are normally quite high with short pulses and 
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high di/dt, and Iimit the allowable peak current. Substantially increasing the gate length 

and decreasing the gate spacing so the spreading distance is smaller reduces the lasses, 

and using a MOS fired ga te keeps the gate current low. 0 3) Small devices of this type 

ha ve been made. lt is reasonable to expect tha t development of power size devices will 

be done in the next I 0-15 years. 

If complete elimination of turn-on Iosses is postulated, .temperature cycling due to 

normal conduction Iosses determines the current Iimit. (1 4) · Continued temperature 

cycling fatigues the silicon until it cracks and fails. The lifetime in number of cycles is 

given by 

(2.30) 

For 109 cycles, liTj = 30°C. 

The Westcode R355C/A2W is a fast turn-on SCR with a 1200 vo1t rating that is 

commonly used in short pulse applications. Higher valtage devices have higher Iosses and 

slower turn-an. The transient thermal impedance(l 5) of the R355C at 5 ].JS is l0-4oc;w. 
This gives a peak allowed conduction loss of 

(2.31) 

This is an energy per pulse of 

05 -6 U = 3 X l W X 5 X 10 S = 1.5 J. (2.32) 

With an estimated snubber and reverse recovery loss of approximately 0.7 J (due to 

reflected energy), 0.8 J conduction loss is allowed, and this is reached at a peak current 

of 40 kA. The total number of thyristors needed is then about 

680 kA 105 V 
--:-:~7 X - 3- X 13 X 16 = 350,000 • 

40 kA 10 V 
(2.33) 

The estimated total cost of thyristor assernblies is at least $500 M, which is clearly 

uneconomical. 

The total current required in the driver switches can be reduced by using additional 

stages of pulse compression. However, for pulse durations in the range of 10 )JS or 
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greater, the device loss is not characterized by a fixed device resistance but more by a 

fixed voltage drop, so that the energy loss does not decrease much with additional pulse 

duration. Moreover, the problern of maintaining adequately low module jitter in the 

presence of fluctuation in the charge voltage of each charger circuit becomes propor­

tionately more severe as the input duration is increased. Thus even with additional 

stages of pulse compression the use of SCRs appears impossible on both economic and 

technical grounds. 

2. 9. 9 Transfer Capacitor 

Each transfer capacitor bank will consist of 72 polypropylene-foil units rated 50 kV, 

1.2 ]..lf each, connected 2 series, 36 parallel. This assumes continued capacitor develop­

ment to allow twice the voltage stress of today's commercially available long life, 

rep-rate capacitors. This assumption is consistent with development plans for capacitors 

in US military applications. 

The bank will be split into four sections, each switched by one thyratron, with 

5.5 ]..lf, 28 kJ per section. Low profile, low inductance bushings will be used. 

Connections will be made with very wide, closely spaced parallel plate busbars in 

order to meet the inductance requirements. 

2.10. Configuration 

The overall width of the 5 ]..IS stage and transformer is 6.3 meters. The target 

chamber size defined by the University of Wisconsin(l 1) gives a minimum distance 

between the end module cells and the pellet of 8.5 meters which allows 6.5 meters of 

overall width of the 5 ]..IS stage and transformer. 

No way was found to utilize the space between the pulse lines and still have a 

functional, accessible layout. 

Figures 2.20, 2.21, and 2.22 are conceptual engineering layout drawings showing the 

configuration of the driver and the reactor chamber. 

2.11. Cost Estima te 

2.11.1 Introduction and Basis of Estimates 

A cost estimate has been performed for the 30 MeV, 4 MJ LIBRA pulsed power 

reactor driver. Costs have been estimated for 3 and 12 Hz rep-rate systems with 

ignitron and thyratron switch options. The total costs (1989 dollars) for driver 
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components are summarized in Table 2.3 for each of the four rep-rate and switch 

options. On the summary sheet the costs are listed for: 

power supply 

charging system 

magnetic pulse compression (mag) 

accelerator modules 

mag and accelerator cell fabrication tooling and fixtures. 

The costs listed include procurement, fabrication and assembly of the listed 

hardware items. Costs of electrical and mechanical engineering and design are not 

included. Costs of procurement activities and extensive quality assurance activities are 

also not included. Hardware items not estimated or included are as follows: 

Ancillary equipment including: 

vacuum pumping equipment manifolds and piping; 

oil handling equipment including pumps, manifolds, and piping. 

Structure for supporting driver module hardware, which is assumed to be part of 

the building. 

Diedes and beam transport hardware. 

Unit costs and general assumptions used throughout the cost estimate are listed in 

Table 2.4. The most uncertain item is the cost of the Metglas cores, which is assumed to 

be about one-half of the present cost. The manufacturer indicates that the lower costs 

will be achieved by new and !arger production facilities, well before the early twenty­

first century date envisioned for LIBRA. Even further reduction may be possible if 

techniques are developed for coating Metglas with insulation; this would eliminate the 

Mylar insulation assumed in the present design, and reduce the volume of the magnetic 

compressor Metglas needed. 

Power Supply 

Costs for the dc power supplies were based on the cost per watt of recent quota­

tions for !arge power supplies obtained in other programs. 

Charging System 

Capaeiter costs for the 3 Hz designs are based on manufacturer's quotations for 

> 109 shot units, with an assumed increase of 10096 in working electric stress that is 

assumed to be realized as a result of development programs occurring before LIBRA 

reactors are built. 
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Table 2.3 LIBRA Driver Module Costs. 

Total Cost k$ 

3 Hz 3Hz 12Hz 12Hz 
Thyratron Ignitron Thyratron Ignitron 

ReQYired Switches Switches Switches Switches 

Power Supply 1 5,000 5,000 20,000 20,000 

Charging System (14x16) 

Switch 224 107,900 60,300 107,900 60,300 
Capacitors 224 8,0640) same 9,632(2) same 
Capacitor Hardware 224 4,000 ~ I 4,800 ~ 

Transformer 224 21,300 21,300 
OilTank 16 1,400 1,600 

142,664 95,064 145,232 97,632 

~ags(14x16=224total) 

Fabricated Parts 224 107,968 same 117,600 sarne 
Cores (Total) 224 153,216 116,208 

.5 Jls Stage 82,880 90,048 
Transformer 24,864 ~ 26,048 ~ 

.75 J.l.S Stage 40,096 43,456 
OP Switch 5,376 5,824 

Assernbly Labor 224 4,480 4 480 
265,664 265,664 288,288 288,288 

Accelerator Modules 

Cell (28x16-448 total) 

Fabricated Parts 448 54,208 same 57,344 sarne 
Cores 448 16,128 16,128 
Cell Supports 448 1,792 1,792 
Assembly Labor 448 2,240 ~ 2,240 ~ 

Cathode Stalk 16 800 800 
Diagnostics 16 800 800 
Assembly Labor 16 120 720 

76,688 76,688 79,824 79,824 

Aceeierntor & Mag Fab. Lot 927 927 927 927 

Tooling & Fixtures 

TüfAL: 490,943 443,343 533,731 486,671 

( 1) 72/set; (2) 86/set 
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Table 2.4. LIBRA Driver Module Cost Estimate Unit Costs and Assumptions 

Aluminum Alloy 

Stainless Steel 

Steel 

Metglas (wo und cores) 

Shop Labor Rate 

$5.5 $/kg 

$4.4 $/kg 

$1.6 $/kg 

$15/kg 

$60/hr 

The thyratron cost of $75 k/unit was supplied by the manufacturer, EEV. We use 

this price although for the quantity of 900 needed we would expect a !arger reduction 

from the present price of $100k insmall quantitites 

The cost of the ignitrons, $4.5k apiece, is an engineering estimate that the $1.5k 

cost of a type E ignitron might be tripled by modifications to achieve nanosecond jitter 

and low inductance. 

The cost of the remainder of the capacitor bank-switch systems was obtained by 

breaking each design into about ten items and estimating the cost of each. 

A quantity cost estimate was obtained from a transformer supplier. 

The prices of the oil tank and oil were estimated from the dimensions. 

For the 12Hz designs the capacitor stresswas adjusted according to manufacturer 

guidance to obtain four times greater life. The switches are not limited by average duty 

and therefore switch costs are unchanged. 

Magnetic Pulse Compression 

The costs for magnetic pulse compression (mags) are based on a detailed cost 

estimate for each stage of the pulse compression system including fabricated hardware 

(parts), diagnostics, and assembly Iabor, as listed on the engineering estimate sheet for 

the 3 Hz mag, Table 2.5. The costs shown for each state listed in Table 2.5 are based on 

a detailed cost estimate of the component parts of the stage. This includes an estimate 

of raw materials and fabrication hours to produce the component parts of the stage. The 

costs were calculated using the unit costs shown in Table 2.4 and experience gained from 

estimating costs of similar equipment. 

Costs of some components were minimized by using forgings and through reduction 

of stock material size and thicknesses. Labor costs were then reduced by having near net 

size for components compared with machining parts from thick plate or rings formed 

from bar stock. 
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Table 2.5. Engineering Cost Estimate- Magnetic Pulse Compressor, 3Hz Option 
Costs Including Learning (95% curve on fab labor) 

Item Description 

1.1. 2 Mag Consisting of 

1.1.2.1 5 JlS Water Capacitor 

. 2 5 JlS Pulse Charging Switch 

. 3 Transformer 

. 4 . 7 5 JlS Water Capacitor 

.5 .75 JlS PCS 

.6 PFL 

. 7 Output Switch 

. 8 Transition 

. 9 Cell Feed (bus) 

.1 0 Reset Inductor 

. 11 Reset Inductor 

.12 Fasteners, Seals, etc. 

.13 Assembly 

.14 Diagnostics 

Summary 

Cores 
Parts 
Assy. 

10TAL 

10TAL 

$683,780 
482,357 
20.412 

$1,186,549 

Qty. Unit 

1 ea 

1 ea 

1 ea 

1 ea 

2 ea 

2 ea 

2 ea 

2 ea 

2 ea 

2 ea 

1 ea 

1 ea 

1 lot 

1 ea 

1 lot 

MATERIAL LABOR 
Unit Total 

Unit Total Man Man 
Cost $ Hours Hours $/Hr $ 

- 6,160 53,088 

- 379,424 10,822 

- 197,723 45,878 

4,988 9,976 11,761 

94,670 189,340 ' 13,705 

6,318 12,636 13,997 

15,426 30,852 1 5,260 
4,151 8,302 8,554 

4,840 9,680 12,377 
- 13,550 17,026 

- 13,550 17,026 
- 10,000 -
- - 20,412 

- 10,000 -

946,643 239,906 

Total Core 
Item Total 
Cost Cost 

114,698 -
390,246 370,260 

243,601 110,880 

21,737 -

203,045 178,968 

26,633 -
46,112 23,672 

16,856 -

22,057 -
30,576 -
30,576 -
10,000 -
20,412 -
10,000 -

1,186,549 683,780 



Labor estimates considered the benefits of quantity production. Initially estimates 

were made that were appropriate for a single module. A 95% learning curve was applied 

to the labor for 16 modules, resulting in a 19% savings. This learning curve was selected 

after the meeting with Sandia and Titan discussed in the next section, Accelerator 

Modules. The learning curve is weaker than that applied to the cells, because the mag 

components, such as large cylinders, were considered to benefit less from quantity 

production. No learning curve was applied to material costs, which were obtained in 

quantities appropriate for 16 modules. 

The cost for diagnostics is only for detector hardware that is an integral part of the 

mechanical assembly. The cost does not include the cost for data acquisition equipment 

and associated cables. 

Costs for the 12 Hz mag were derived from the detailed estimates for the 3 Hz 

mag by applying the following factors, designed to reduce electric stresses to increase 

life by a factor of four. 

• Water lines: 

diameter of inner and outer conductors increased by 8.5%; 

lengths of lines held constant. 

Metglas cores: 

volume increased by 8.5% with corresponding increases in diameter of 

associated metal pieces. 

Accelerator Modules 

The costs for the accelerator modules are tabulated in the summary (Table 2.3) for 

cell component parts and assembly, cathode stalks, diagnostics and module assembly 

Iabor for the four driver options. 

The costs shown for the cells are based on a detailed cost estimate of cell 

component parts as listed on the engineering estimate sheet for a 3 Hz cell, Table 2.6. 

The costs shown for each component part in the table are based on a detailed cost 

estimate of the part. This includes an estimate of raw materials and fabrication hours to 

produce the cell components. The costs were calculated using the unit costs shown in 

Table 2.4 and experience gained from estimating costs of similar equipment. The 

estimates took account of the large quantities of similar items to be fabricated, as 

discussed in the following two paragraphs. 

An initial estimate for the accelerator modules was generated by PSI and 

subsequently reviewed at a meeting at Sandia Albuquerque with Sandia engineers familiar 
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with the Hermes III project and representatives of Titan Systems and Titan Spectron. 

Sam Gibson, Titan Systems, presented the methods widely used in industry whereby costs 

in !arge quantities are estimated from costs in smaller quantitites by applying a learning 

curve. In a typical 85% learning curve, when the quantity is doubled the unit cost 

decreases to 85% because initial learning and tooling costs are amortized over a !arger 

number of parts and because the fabrication process can be re-optimized for the !arger 

number by using more elaborate tooling or a process more appropriate for !arger 

quantities. The unit cost of n parts then decreases as. n-ln.085/ln2 or n-0•234• 

After comparison of the initial PSI estimate with hardware costs for Hermes-III 

induction cells, it was determined that the initial estimate was appropriate for the 

fabrication of a single driver module. In fabrica ting 16 modules cost savings were 

projected using the 85% learning curve. This reduction in unit costs w~s applied only to 

labor, since materials had already been costed in the quantities needed. This projection 

resulted in the costs shown in Table 2.6 and in Table 2.3, the total driver cost summaries. 

The cost for cell supports shown in Table 2.3 is for brackets which fasten to the 

cell cavity housing. After the brackets are attached to the housings the cells can be 
-

installed on a facility structure, aligned and fastened tagether to form 28 cell modules. 

The cathode stalk cost includes the stalk and mounting hardware to mount the stalk 

in a module. 

The cost for diagnostics is only for detector hardware that is an integral part of the 

module assembly. The cost does not include the cost for data acquisition equipment and 

associated cables. 

The costs for the 12 Hz accelerator cells were derived from the detailed estimates 

for the 3 Hz cells by applying the following factors, which are intended to reduce 

electric stress in order to increase life by a factor of four. 

• 

Cells meta! and plastic parts: 

length increased by 8.5% 

radius unchanged 

insulator stack increased by two each insulators and grading rings. 

Metglas cores: 

unchanged. 
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Table 2.6. Engineering Cost Estimate (One Cell Including Assembly)- Cell Component Parts, 3Hz Option 
Costs Including Learning (85% curve on fab labor) 

Item Descriotion 

1. 1. 3.1 Cell Consisting of 

1.1.3.1 Cavity Housing 
. 2 Front Cover Plate 
. 3 Vacuum Insulator 
. 4 Grading Rings 
.5 Tie Rods 
. 6 Field Shaping Ring 
.7 Cathode 
. 8 Ground Ring 
. 9 Azimuthai Oil Line 

.1 0 Diode Rim Feeds 

. 11 Cell Feeds 

. 12 Metglas Cores 

. 13 Rear Cover Plate 

. 14 Current Contact Retainer 

. 15 Anode Disk 

.16 Input Feed Base 

.17 Cell Assembly 

.18 Seals, Contacts, Fasteners 

. 19 Support Brackets 

Summary 

Cores 
Pans 
Assy. 

TOTAL 

TOTAL 

$ 36,232 
124,776 

4,800 

$165,808 

Qty. 

1 
1 

14 
13 
24 
1 
1 
1 
2 
4 

1 
1 
1 
1 
2 
1 
1 
1 

MATERIAL 

Unit Total 
Unit Cost $ 

ea - 4,068 
ea - 5,400 
ea 800 11,200 
ea 425 5,525 
ea 10 240 
ea - 1,225 
ea - 19,963 
ea - 1,833 
ea 1,178 2,356 
ea 100 400 
included in mag 

set - 36,232 
ea - 5,400 
ea - 280 
ea - 2,593 
ea 100 200 
ea - -
Iot - 2,000 
set - 4,QOO 

102,915 

l.ABOR 
Unit Total Total 
Man Man Item 

Hours Hours $/Hr $ Cost 

207.1 60 12,430 16,498 
43.8 2,632 8,032 

118.4 7,103 18,303 
137.4 8,245 13,770 
12.7 761 1,001 
29.6 1,776 3,001 

169.6 10,179 30,142 
66.0 3,964 5,797 
54.9 3,298 5,654 
33.8 2,029 2,429 

-
- - 36,232 

36.4 2,188 7,588 
25.3 1,522 1,802 
24.3 1,459 4,052 
8.4 507 707 

80.0 60 4,800 4,800 
- - 2,000 
- - 4,000 

62,893 165,808 



Mag and Aceeierater Cell Fabrication Tooling and Fixtures 

The cost for tooling and fixtures includes the cost of fabrication tooling and lifting 

and handling fixtures required during driver module parts fabrication, assembly and 

installation. An itemized list of tooling and fixtures was developed in parallel with the 

cost estimating process for driver component parts. A budgetary cost was assigned to 

each item resulting in the $927 k total cost. 

2.11.2 Conclusions 

The cost of the driver increases only weakly with prf in the 3-12 Hz range, so tha t 

the use of a prf closer to 12 Hz will greatly decrease the price per watt of driver power. 

The ignitron switched design is substantially eheaper than the thyratron switched 

design. The use of ignitrons appears feasible, but some development is needed. While it 

is legitimate to assume that some technology improvement will occur before the reactor 

is built, the advantage gained here is not important. 

The estimates assume the development of eheaper bulk fabrication methods for 

Metglas cores which make up over one third of the total cost. This assumption appears 

reasonable. Cost benefits of developing an insulation coated Metglas material have not 

been assumed. Improved capacitors have also been assumed, but these are a small 

portion of the cost. 

In this estimate, cost reductions assumed from learning curves, or quantity 

production, amount to less than 10% of the total cost. This is a relatively small 

ad justment. 

Finally, the electrical calculations of section 2.7 indicate that the 26 cell module 

delivers about 7% more energy at the target in 9 ns than speeified. The design costed 

has 28 cells per module (because the pulse compression system is not consistent with the 

26 cell module previously designed) and thus would deliver an additional 8% energy, or 

15% more than specified. A design with 28 smaller cells and lower energy pulse lines (or 

24 !arger cells) would cost less. This cost difference could be considered to roughly 

cover the cost of one or two additional small modules needed to produce the additional 

400 kJ precursor pulse at the pellet. 
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Appendix 2.A - Trade-Off Study 

2.A.l Method 

Table 2.A-l defines the module parameters considered in the 30 MV driver tradeoff 

study. Their significance can be understood by referring to Figure 2.A-l, which shows 

the cell design from the previous study of a 20 MV deuterium ion driver. 

The 30 MV driver is to be designed to deliver 4 MJ of ions on target. Of these, 3.6 

MJ are to be provided in a 9 ns FWHM pulse. This is to be preceded by the delivery of 

0.4 MJ over a Ionger duration. The present tradeoff study considered only the driver 

modules for the main 3.6 MJ, 9 ns pulse. 

The overall tradeoff process is a choice between the desire to keep the module 

current low to ease problems of diode focussing, channel formation, and beam transport, 

and the desire to use a large module current to minimize the number of modules and 

hence the size and cost of the driver. Consideration was given early on to resolving 

these opposing requirements by driving two diodes and beam transport channels per 

module, but this approach was rejected because of the difficulty of splitting the 

magnetically insulated transmission line of the module to feed two diodes. 

Thus the energy to be delivered by each module is given by: 

W = 3600/Nn (kJ) • (2.A.l) 

The ion energy at the target is nominally 30 MV. The diode or module voltage, VM, 

may need to be !arger than this if the ions lose kinetic energy during transport. The 

diode voltage must also be ramped during the pulse to bunch the ions during transport. 

For a particular set of possible overall driver specifications given by the transport 

efficiency and the module voltage, the design study examined various choices for the 

number of driver modules (N). In each case the number of cells per module (n) was varied 

under a set of well defined assumptions to determine an optimum design. The assump­

tions were partly based on scaling the 20 MV design. The optimum design was.considered 

to be the smallest diameter module having an inner conductor in the vacuum bore that is 

a practical size. 

The first assumption is that the axial lengths of the outer azimuthat oil line and of 

the vacuum interface are both the maximum consistent with the length of the cell. The 

insulator length is proportional to the cell voltage V(= VM/n). The azimuthalline length 

is proportional to the cell current I, since the line is designed at the maximum allowable 
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Table 2.A-l. Definition of pararoeters 

Nurober of driver roodules = N 

Efficiency between module and target = n 

Diode energy needed per roodule = w (kJ) 

Module voltage = VM (MV) 

Nurober of cells/roodule = n 

Cell voltage = V (MV) 

Module current = I (MA) 

Pulse duration = t (ns) 

Insulator radius = R (cro) 

Metglas core radial span = M (cro) 

Bore outer radius = b (cro) 

Bore inner radius = ri (cro) 

Diode iropedance = z (o) 

Celllength = 1 (cro) 
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electric field and (hence) linear current density. Therefore the ratio of cell valtage to 

cell current is constant; i t has the same 3 n value used in the 20 MV design. 

The second assumption is that magnetic insulation lasses in the valtage adder result 

in the lass of an early portion of the pulse that is proportional to the module length. 

Since the module length is the sum of the lengths of each cell, which is determined by 

the insulator length and is thus proportional to voltage, the lost pulse duration is 

proportional to VM. For the 20 MV module, the lass was 6 ns. The module energy 

requirement can therefore be written 

(2.A.2) 

The next assumption concerns vacuum insulator inductance. This is proportional to 

the cross-sectional area, which is proportional to v2, and inversely proportional to the 

mean insulator radius R. Since the drive impedance is fixed at 3 n, the L/Z risetime of 

the insulator is proportional to L; it is assumed that the risetime is allowed to be a fixed 

portion of the pulse duration t, so that L a: t; hence v2;R a: t, or R a: v2/t. Reference 

to the cell of the 20 MV design gives 

R = 3200 V2/t (cm). (2.A.3) 

The Metglas isolation core area needed in each cell is proportional to Vt, and its 

axial length is proportional to V, so that the radial span of the Metglas is simply 

proportional to t. Referring to the 20 MV design, 

t.r = 25 t/48 (cm) • (2.A.4) 

The outer radius of the Metglas core is assumed to be 15 cm inside the mean 

insulator radius. Thus the inner core radius, which is the outer radius of the vacuum bare 

of the module, is given by 

b = R - 15 - 25 t/48 (cm) • (2.A.5) 

The magnetic insulation criterion for the valtage adder at the diode is assumed to 

be that the wave impedance of the coax is 1.25 times the diode impedance, so that the 
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diode current is about 1.2 times the minimum parapotential current of the coax. The 

diode impedance is 

(2.A.6) 

Hence the inner conductor radius of the voltage adder at the diode (ri) is given by 

(2.A.7) 

The optimum module design for a given N and n is found by an interactive process 

that starts with a trial number of cells per module and uses the sequence of equations 

(2.A.l-6) to determine ri. If this is much less than 10 cm, the design is considered to be 

impractical. The number of cells is then decreased by one. This produces a relatively 

large increase in ri, owing to a combination of several factors. First, increasing the cell 

voltage increases the cell current, and both factors require the insulator radius to 

increase. This increases the outer diameter of the vacuum bore, and simultaneously the 

increased module current and consequent decreased impedance allow a smaller ratio of b 

to ri. Hence ri increases rapidly as the number of cells is reduced. 

The number of cells is reduced until ri exceeds 10 cm. However, if a number of 

cells is found that makes ri almost 10 cm, ri is scaled up to 10 cm, b is scaled by the 

same factor, and R is increased by the same amount as b; this design is adopted if it 

results in a smaller R (and hence a smaller cell radius) than a decrease in the integer n. 

2.A.2 Results 

Tables 2.A-2, 2.A-3, and 2.A-4 give the results obtained in the study. In Tables 

2.A-l and 2.A-2, the nominal voltage is 30 MV and the efficiency is assumed to be 50% 

and 62.5% respectively. In Table 2.A-3, the diode voltage is assumed to be 37.5 MV, 

anticipating 20% loss of kinetic energy per ion during transport as part of the assumed 

50% total energy loss. 

In each table, three different numbers of modules (8, 12, and 16) are considered. 

For the optimum design in each case, the number of cells, cell voltage, module current 

and pulse duration are stated. The physical parameters of the cells and voltage adder are 

then listed. Next, several derived quantities that reflect cost are shown. These include 

the total volumes of the modules, to which the cost of the modules is estimated to be 
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Table 2.A-2. Cell and module sizes for various numbers of modules 
(30 MV diode, 50% efficient transport) 

No. of modules 16 12 8 

No. of cells/module 26 24 21 

Current (kA) 385 416 476 

Pulse length 48 57 72 

Cell radius 138 138 141 

Insulator radius 88 88 91 

Bore radii: 

Out er 51 45 38 

Inner 10.0 10.0 10.3 

Module length (m) 14.4 14.4 14.4 

Total volume (m3) 1380 1035 720 

Module efficiency (%) 81 84 87.5 

Total no. of cells 416 288 168 

Ramping factor 
(6 meter transport) 

1.3 1.4 1.6 
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Table 2.A-3. Cell and module for various numbers of modules 
(30 MV diode, 62.596 efficient transport) 

No. of modules 16 12 8 

No. of cells 27 25 22 

Current 370 400 454 

Pulse length 14.4 14.4 14.4 

Cell radius 145 144 147 

Insulator radius 95 94 97 

Bore radii: 

Out er 59 53.5 49 

Inner 10.9 11.2 12.4 

Module length 14.4 14.4 14.4 

Total volume (m3) 1530 1125 780 

Total no. of cells 432 300 176 

Module efficiency (96) 82 85 87 

Ramp factor 1.25 1.35 1.5 
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Table 2.A-4. Cell and module sizes for various number of modules 
07.5 MV diode, 5096 efficient transport) 

No. of modules 16 12 8 

No. of cells 25 23 21 

Current 400 435 476 

Pulse length 41.3 48.1 61.7 

Cell radius 168 163 156 

Insu1ator radius 118 113 106 

Bore radii: 

Outer 75 73 59 

Inner 10.7 12.1 11.4 

Module length 18 18 18 

Total volume (m3) 2550 1800 1100 

Total no. of cells 400 276 168 

Module efficiency (96) 73 76.5 82 

Ramp factor 1.3 1.4 1.5 
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roughly proportional; this cost may amount for one-third to one-half the total driver 

cost. The cost of the pulse line system that drives the modules increases with the 

number of pulse lines, which is proportional to the total number of cells. The cost of the 

pulse lines and charging system increases with total energy, which changes because the 

efficiency varies as the pulse duration varies, on account of the lost duration. The 

efficiency is listed in the tables. Finally, the tables give the voltage ramp factors 

needed to bunch the ions during 6 m transport. 

By examining the tables, it is seen that as the number of modules increases, the 

size of each module either decreases very little or actually increases. The total volume 

and hence cost of the module system is thus roughly proportional to the number of 

modules. Further, the total number of cells and pulse lines always increases significantly 

more rapidly than in direct proportion to the number of modules, and the efficiency 

decreases as the module number increases, so that the cost and complexity of the pulse 

lines and charging system increases. 

Thus to minimize cost (and complexity) it is highly desirable to choose the 

minimum number of modules consistent with transport considerations. The only 

Iimitation indicated in the tables from the driver standpoint is that as the module number 

decreases, the bunching factor and the magnitude of the voltage ramp needed to achieve 

it increase. In the results given, the bunching factor required to give a 9 ns pulse at the 

target never exceeds eight, and judging by the results obtained with the 20 MV driver this 

is achievable. However, voltage ramp factors greater than about 1.4 were not achieved 

in the 20 MV design, and may entail loss in pulse line efficiency. Thus it may not be 

desirable to reduce the number of modules below about twelve. 

The tables also show that when a !arger transport efficiency is assumed it is 

desirable to decrease the t:JUmber of modules in proportion, otherwise module volumes 

increase. Also, increasing the diode voltage from 30 MV to 37.5 MV increases total 

module volume by 60-80% and reduces module efficiency by about 10%. 
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3. LIGHT ION DIODE 

3.1 Intraduction 

3.1.1 Choice of Configuration for LIBRA Diades 

Ion beam diades convert short-pulse, high-voltage electrical energy to ion beams. In the 

LIBRA design, there are a total of eighteen ion diades. Sixteen of these provide the main pulse of 

energy to drive the target, while two provide the long, low "foot" of the power pulse. 

The diodes for LIBRA use an extemally applied magnetic field to insulate the flow of 

electrons from the cathade to the anade. This class of diade is referred to as "applied-B," and has 

demonstrated the highest beam brightness in experiments. Applied-B ion diodes were invented at 

Comell University in the early 1970s.(l) They have been used extensively for ion generation 

experiments at Sandia since 1979 on the Proto-1, PBFA-1, and PBFA-11 accelerators. 

During the past two years, extraction ion diode efficiencies have been increased in 

experiments from 50 percent to 70 percent. Extraction ion diades focus the ion beam outside the 

diode, unlike "barrel-shaped" ion diodes, such as those used in experiments on the Partide Beam 

Fusion Accelerator II (PBFA-11) at Sandia National Laboratories. The topology of the two diode 

types is similar. In the case of extraction diodes, however, providing uniform magnetic insulation 

requires the use of magnetic field coils in the anade structure. Development of the theory of 

uniform magnetic insulation for extraction diades was the key to efficiency improvements. 

3.1.2 Choice of Ion for LID RA 

The ion source, located on the anade of the diade, determines the type of ion accelerated by 

the diode. Singly-ionized lithiumwas chosen for this design for several reasons. (1) The optimal 

range in the target is about 40 mg!cm2. In the range of a few tens of MV for the accelerator, singly 

ionized Iithium provides the best coupling to the target (30 MeV). (2) Singly-ionized lithium has a 

closed shell electronic configuration. Ionizing Iithium once is fairly easy (5.8 eV), but ionizing it 

again (75 eV) is very difficult. This property should permit a very pure u+ 1 beam to be 

generated. (3) Preheat of the target fuel by ions with greater penetrating power can be avoided 

through control of the Iithium beam's canonical momentum. Preheat by protons, which could 

conceivably come from hydrogen contamination of the source, can be prevented by using a 

relatively high pressure (> few Torrs) stripping region at the entrance to the gas-filled transport 

region to alter the canonical momentum of Iithium by stripping it from the + 1 ionization state to the 

+ 3 ionization state while leaving the proton canonical momentum unchanged. In this 

configuration, the Iithium can be focused onto beam transport channels, while the protonsmiss it. 

( 4) Liquid lithium metal is an excellent heat transport fluid, and offers the possibility of making a 

highly repetitive anade surface. The anade surface is the key element in a repetitive diode. 
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3.1.3 Repetitive Operation of LIBRA Diades 

Development of a repetitive ion diode for a power reactor has been a key issue in the light ion 

pro gram, and is an important technical issue in the LIBRA design. The central problern is electron 

energy deposition at the anode. Electrons which cross the applied magneiic field can deposit 

approximately 20 percent of the diodeaveragepower on the anode. At low voltage, the electron 

energy deposition observed in experiments has caused anode surface ablation, due to the short 

electron range. At high voltage, however, the electron range increases greatly. At 30 MeV, for 

example, the electron range in Iithium is 11 cm. The !arger range makes it possible to design a 

porous anode containing liquid lithium used both as the ion source and the heat transfer fluid. The 

energy deposition by electrons can, in fact provide the heat necessary to maintain the diode at the 

high working temperature needed for Iithium. Such a diode can be self-cleaning and repetitively 

operable. 

3.1.4 Developments Pushing Technologies for Application in LIBRA 

Recent developments in the light ion ICF program brighten the prospects for power 

generation using ion drivers: (1) On PBFA II, the focal intensity in a proton beam has been 

increased substantially. In March 1989, a proton beam was focused to an intensity exceeding 5 

TW/cm2 with more than 180 kJ in the focus. These values broke the 1984 record of 1.5 TW/cm2 

on Proto I with 5 kJ in the ion focus. (2) The linear induction voltage adder technology used in the 

LIBRA design has been demonstrated in the Hermes-'III accelerator. The accelerator has exceeded 

20 MV, will be used for development of extraction ion diodes and beam transport. (3) The 

emphasis provided by the Department of Energy on designs and preparation for a Laboratory 

Mierefusion Facility (LMF) is encouraging the development of extraction ion diodes and beam 

transport techniques for propagation over distances of 1-2 meters. ( 4) The effort going into Iithium 

ion source development and lithium beam experiments for PBF A ll is providing a technology base 

for repetitive lithium diodes for po~er production. 

3.1.5 Summary of Diode Design for LIBRA 

The diode design chosen for LIBRA is a uniform-magnetic-insulation extraction applied-B 

ion diode. It uses a coaxial geometry for flow of electromagnetic power to the diode. It has 

extemally driven magnetic field coils in both the cathode and anode housings. It uses a liquid 

lithium ion source to provide a singly ionized Iithium beam. The lithium is contained in a stainless­

steel fritted substrate. The source is an electrohydrodynamically driven (EHD) source, with ion 

emission occurring at field-enhanced cusps of Iithium. Rarefied lithium plasma is injected into the 

diode prior to the diode power pulse to ensure rapid beam generation. A supersonic gas puff is 

used in the beam focal region to provide neutralized beam transport and charge stripping of u+ to 
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u+3 for canonical momentum separation of the lithium accelerated in the singly ionized state from 

protons and from Iithium accelerated in doubly and triply ionized states. The diode is driven by a 

progra.mmed voltage pulse ramped from 25 MV to 35 MV for a transit-time bunching factor of 4.4. 

A sehemarle drawing of the diode showing its importa.nt features is given in Fig. 3.1. 

3.1.6 Organization of the Remainder of Chapter III 

The remainder of this chapter presents the ion diode design for LIBRA in detail. The 

organization is as follows: In Section 3.2, we discuss the basic ion diode requirements. Section 

3.3 covers the theoretical design of the diode, using results of analytic diode theory and general 

diode design principles. Section 3.4 includes a comprehensive Iist of the diode and ion beam 

parameters. In Section 3.5, we describe the electrohydrodynamic ion source chosen for LIBRA. 

Section 3.6 presents some of the important physics of ion diode operation. Section 3.7 covers 

issues important in repetitive operation of the diode. In Section 3.8, we summarize the level of 

technology extrapolation for the LIBRA diode by d.irect comparison with present experiments. In 

the Appendix, information on alternative repetitive diode concepts is discussed. The diode design 

chosen for LIBRA was an outgrowth of a workshop on repetitive ion diodes held at Sandia during 

the LIBRA study. 

3.2 Basic Ion Diode Reguirements 

3.2.1 Summazy of Basic Reguirements for LffiRA Diodes 

The set of ion diodes must provide very high power ion beams which have the correct ion 

rangein the target, the correct power time history (pulse shape), adequate total energy, adequare 

spatial symmetty, adequate temporal synchrony. Additionally, they must not produce a significant 

level of preheat in the PT fuel of the target, or compression of the fuel on a higher adiabat will 

become more difficult 

3.2.2 Ion Range in the Target 

From target design studies, the optimal ion range in the target is about 40 mg/cm2. This 

range detennines the optimallithium ion energy, which is about 30 MeV. Some variation of the 

ion range in the target is pennissible. As the target heats up, the ion range at constant ion energy is 

decreased by a factor of about two. In order to compensate for the reduction in ion range, it is 

desirable to have the ion energy increase with time throughout the power pulse. An increasing ion 

energy can also provide transit-time ion bunching in the propagation channel. The range of lithium 

ion energies desired. is about 25-35 MeV. 
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3.2.3 Transit-Time Ion Bunching 

The voltage ramp consistent with the span of ion energies through the pulse for acceptable 

range (25-35 MV) will compress the ionpulse during propagation in the plasma channels by a 

factor of 4.33. The 39 ns power pulse at the ion diode results in a 9 ns ion beam power pulse at 

the target. The shape of the ion pulse at the target is determined by the shape of the voltage pulse 

applied to the diode. 

3.2.4 Pulse Sha.pe at the Target 

The pulse shape at the target has been prescribed by the target design. The features of the 

pulse shape are required to keep the DT fuel in the target on a low adiabat, enabling minimum 

energy to provide an adequate implosion for high gain. Approximately 10 percent of the energy 

delivered to the target is in a long, low "foot". 

3.2.5 AdeQuate Total Energy 

The total energy required by the target (4 MJ input for 320 MJ yield), in combination with the 

required pulse shape and propagation channel considerations, sets the nurober of ion diodes at 18 

and the ion energy provided by each of the high-power diodes at about 360 kJ. Two low-power 

diodes provide the early part of the pulse shape, while sixteen high-power diodes provide the main 

pulse at the target. 

3.2.6 AdeQuate Spatial Symmetzy and Temporal Synchrony 

Adequate spatial symmetry for the high-power portion of the power pulse is provided by 

sixteen beams. The synchrony required by the target is less than 1 ns side-to-side, so the diode 

turn-ontime must be controlled to about this same level. 

3.2.7 Ion Source Purity 

With singly ionized lithium accelerated in the anode-cathode gap, the only ions which can act 

as a source of preheat for the DT fuel in the target are protons, or lithium accelerated in multiple 

charge states. The magnetic field configuration chosen for the diode shown schematically in 

Fig. 3.2, permits lithiumtobe stripped at a well-defined spatiallocation (shown as the gas puff). 

This field configuration results in zero canonical angular momentum in the transport region for the 

lithium which is accelerated as Li+, but non-zero canonical angular momentum for protons and 

lithium accelerated in +2 or +3 ct.a~.~e states. The Li+ is therefore focused on the channel entrance, 

while the protons, Li+2, and Li+3 miss the channel entrance and arenot propagated to the target. 

In this way, preheat is avoided, and the only constraint put on lithium purity is an 
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Cathode 

Figure 3.2. Magnetic field profiles for Li ion diode. 
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efficiency-based one. This was somewhat arbitrarily chosen to be 90 percent, so the basic 

requirement on Iithium beam purity at the source is 90 percent 

3.2.8 Diode Repetition Rate 

The dioderepetitionrate was chosen solely on the basis of the design target yield and the 

desirable reactor power. The rate of 3 Hz was selected. 

3.3 Ion Diode Design 

The design of the ion diode is determined by several factors. These include, in approximate 

order of importance, the following items: 

a. ion beam focusing limitations 

b . ion current density Ievel desired 

c. virtual cathode dynamics in the diode 

d. adequate Ievel of magnetic field uniformity, including edge effects 

e. level of critical magnetic field for insulation of electrons. 

Each of these is discussed briefly below. 

3.3.1 Ion Beam Focusing Limitations 
The relation between diode outside radius (r0 ), beam focal radius at the plasma channel 

entrance (rc), ion microdivergence at the anode (theta), and the angle of incidence of the ions at the 

target (thetamacro), can be derived from Liouville's theorem: 

r0 < rc · (thetamacrofthetamicro) . 

With thetamicro = 5 milliradians, a 51.9 cm diode focallength, and thetamacro set by propagation 

channel considerations tobe 100 milliradians, the outside diode radius must be less than 8.4 cm. 

Since ion beam propagation in the plasma channels becomes more difficult as the injection angle 

increases, we have chosen to keep the diode radius smaller, at a value of 5.2 cm. 

3.3.2 Ion Cun·ent Density Level Desired 

The level of ion current density may have some effect on beam focusability, but the 

limitations are not known. As the current density increases, the Ievel of power brightness in the 

diode (the product of voltage and current density divided by the square of the ion microdivergence) 

increases. Brighter beams should be more easily focusable. On the other hand, it is possible that 

instabilities in the virtual cathode contribute substantially to ion microdivergence, and electron 

density increases with ion current density. Experimental results on Proto I and PBF A II have, so 
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far, shown best focusing at an ion current density at the anode of about 5 kA/cm2. For these 

reasons, this value was chosen as the design value for the LIBRA diodes. We adjusted this 

parameter slightly downward to keep the diode design consistent with the driver design. The effect 

of this was to increase the margin of safety. 

3.3.3 Yirtual Cathode Dynamics in the Diode 

The space-charge-limited current density for a diode accelerating Li+ is given by 

I sei= 20.6 (V312td2) Ncm2 for V in MV, d in cm. 

In the calculation of space-charge-limited flow, the electrons are confined to a thin region near the 

physical cathode. Fora uniform density of electrons in the AK gap, the ion current density is 5.55 

times higher than the value above. When motion of the virtual cathode closer to the anode is taken 

into account, the current density can be higher still, and it depends on the ratio of the operaring 

diode voltage to V c• the critical voltage for insulation of electrons. The value of V c is calculable on 

the basis of an electron Larmor radius being about the size of the AK gap, given the applied 

magnetic field. For a diode operaring at about one-half the critical insulation voltage, (2) 

V op = 0.5 V c , and 

Ji = 8.5 Jscl = 175 (V0 p3/2jd2) Ncm2 for V in MV, d in cm. 

The size of the physical anode-cathode gap, d, calculated using this equation, with Ji = 5000 

Ncm2 and Vop = 30 MV, is 

d = 2.40 cm. 

The calculated size of the dynamic gap, g (the distance between the ion-emitting surface and the 

virtual cathode, where the potential is zero ), is smaller than the physical AK gap by the square root 

of 5.55/8.5, or 0.81, so 

g = 1.94 cm. 

3.3.4 Adeqyate Level of Magnetic Field Uniformity. Including Edge Effects 

Since electrons are tied to magnetic field surfaces in the diode, the uniformity of ion current 

density is determined directly by the uniformity of the magnetic insulation field. Azimuthai 
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symmetry is generally quite good. but radial unifonnity is more difficult to establish. With magnet 

coils in both the cathode structures andin the anode structures, there is great flexibility for tailoring 

an optimal field through the use of different numbers of windings, different current Ievels, and 

magnetic field shimming by selecting different materials and thicknesses. Good magnetic field 

unifonnity can cenainly be obtained if the radial extent of the diode is greater than the calculated 

dynamic gap. A good choice would be to have the radial extent of the diode twice the dynamic 

gap, or 

r0 - Ti= 2 g. 

Then 

r0 - Ti = 3.88 cm . 

This value, taken with the total ion current per diode (317 kA, established during the LIBRÄ study 

by assuming the target energy requirement of 4.0 MJ was provided by sixteen main beams and two 

lower energy beams), and the ion current density of 5 kNcm2, provides the following outer and 

inner radii for the diode: 

So 
T0 = 5.19 cm, and 

Ti= 1.31 cm. 

3.3.5 Level of Critical Magnetic Field foT Insularion of Electmns 

The mechanical structure of the diode must be able to support the magnetic foTces associated 

with applied-B diode operation. The critical magnetic field for insulation of electrons in the diode 

is given by: 

Bcrit = 0.34 (V20 p + V op) l/2;ct tesla, 

for V0 p in MV, d in cm. 

With d = 1.94 cm, and V0 p = 30 MV, 

Bcrit = 4.3 tesla. 

The magnetic field which must be applied to the diode with V0 p = 0.5 V crit is 

Bapp = Bcn1/0.5 = 8.6 tesla. 
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3.4 Ion Diode Parameters 

A descriptive summary of ion diode and ion beam parameters elected for the prima.ry diodes 

is given in Table 3.1. The key difference between the two low-level diodes used for the 39 ns 

precursor pulse in LIBRA is the lack of voltage programming at the diode for temporal 

compression of the pulse to 9 ns at the target. By retaining a reasonably flat voltage pulse at the 

diode for the two early beams, the early part of the required pulse shape is provided to the target. 

The LIBRA diode design is shown in Fig. 3.3. 

3.5 ElectrQhydrodynamic Ion Source 

3.5.1 Physics of ElectrQhydrodynamic Source Operation 

Electrohydrodynamics (EHD) is the electrical analog of magnetohydrodynamics CMHD). For 

an EHD ion source, the electric field at the anode is sufficiently strong that the electric tension 

exceeds the restraining force of surface tension, resulting in instability growth, and eventually, 

cusp-like perturbations. As the surface perturbations grow in the direction of the electric field, the 

electric field at the tip of the perturbations increases, and the instability continues. Singular growth 

is observed in fluid simulations of EHD after about three growth times. (3) 

3.5.2 Growth Ratesand Wavelengths for EHD Sources 

The growth rate for an EHD instability is proportional to the cube of the electric field, E, so 

that the time required for the surface to develop a two-dimensional array of cusp-shaped ion 

emitters goes as E-3. The wavelength of the instability is proportional to E-2, so the areal density 

of emitters goes as E2. For an electric field of 15 MV/ern, the time required for ion source 

formation and the beginning of ion emission (three growth periods) is one nanosecond. The 

wavelength of the dominant instability, or separation of ion emitters, is 0.2 microns. This 

provides 2.5 x 1Q9 emitters/cm2, so that a current density of 5 kA/cm2 requires only 2 

microamperes per emitter. This Ievel is routinely provided by single-point steady-state EHD 

emitters at present in liquid metal capillary sources. 

3.5.3 Scale Tests of EHD 

Experiments of EHD growth have been performed with water and methanol in the presence 

of steady-state electric fields of 15-40 kV/cm. Unstable growth of surface perturbations with 

wavelengths in the 0.1 - 1 cm range, predicted by EHD theory, was observed in the experiments. 

The scaling from the Ievel of 40 kV/cm to the level of 15 MV/ern is still a large extrapolation, but 

several basic aspects of the EHD theory including viscosity were confmned. 
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Table 3.1. Ion Diode and Ion Beam Parameters 

Ion Diode Parameters 

Iondiode type 

Ion diode configuration 

Aceeieration method 

Anode-cathode gap, d 

Calculated dynamic gap 
Anode outside radius, r0 

Anode inside radius, 1i 
Critical insulation voltage, V c 

Operating voltage, V op 

Critical B field at 30 MV, Be 

Applied-B field, Bapp 

Impedance,Z 
Input diode current, Ict 
Input diode power, Pd 

Input diode energy per pulse, Ect 
Electron energy per pulse, Ee 

Pulse repetition rate 
Average electron power loss, P e 

Ion Beam Parameters 

Ion type during acceleration . 

Ion type during transport 
Ion k:inetic energy, Ej 

V oltage ramp magnitude 
Ion beam current at diode, Ii 

Designion beam current density, Ji 

Actual ion beam current density, Ji 

Ion microdivergence, 8 

Ion beam pulse width at diode, 't 

Ion beam power (per beam) 

Ion beam power ( 16 beams) 

Ion beam energy (per beam) 

Ion beam energy (16 beams) 

Design allowable ion beam power brightness, ß 
Actual ion beam power brightness, ß 
Ion beam focal power density 
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Externally applied-B 

Coaxial extractor 

Singlegap 

2.40cm 

1.94 cm 
5.19 cm 

1.31 cm 

50 MV 

25-35 MV (nom. 30 MV) 

4.3 tesla 

8.6 tesla 

76ohms 
385k:A 

11.51W 

450 kJ 

97 kJ 

3Hz 
290 kWth 

Li+ 

Li+3 

25-35 MeV (nom. 30 MeV) 

30% 
308kA 

5.0 kA/cm2 

3.9 kNcm2 

5mrad 

39 ns 

9.231W 

1481W 

360 kJ 

5.76 MJ 
6000 TW/(cm-rad)2 

4670 TW/(cm-rad)2 

24.0TW/cm2 



Fig. 3.3. LffiRA diode design. 
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3.5.4 EHD Ion Source Divergence 

The divergence of the ion beam produced by an EHD ion source can be calculated from the 

electric field distribution in the region of the ion-emitting cusps. The calculated divergence 

depends on the spacing of emission sites. For a separation of 1.0 micron, the divergence 

calculated from geometric effects is about 3 milliradians. When small-angle scattering in the gas 

puff region is included, the divergence will increase by less than one milliradian. 

3.5.5 EHD Anode Substrate · 

The anode substrate chosen is a fritted stainless steel or Inconel. The porosity of the 

substrate is about 50%. This material is saturated with liquid lithium, and allows the front surface 

to be replenished after each shot. As shown in Fig. 3.1, the lithium is contained in a reservoir 

behind the fritted anode. Circulation of the lithium allows the energy deposited in the lithium from 

diode electrons tobe removed efficiently. 

3.5.6 Inherent EHD Ion Source Repetitive Capability 

The major source of energy loss in the diode is electrons. The range of electrons at 30 MeV 

in lithium is about 11 cm. With the porous anode substrate about 1 cm thick, nearly all of the 

electron energy is deposited in the Iithium in an "in-depth" fashion. This feature allows volumetric 

( rather than surface-dominated) heating of the lithium, which is also used as the diode heat transfer 

fluid. Surface erosion takes place only in the liquid lithium front surface of the anode. This 

arrangement provides inherent repetitive capability for the diode. 

3.6 Physics of Ion Diode Operation 

3.6.1 Principal Stages of Diode Behavior 

The important physics of ion diodes can be found in four temporal phases of the diode pulse. 

The initial conditions form the first state. Prior to arrival of the power pulse at the diode, the 

magnetic field geometry must be established with reasonable precision. The nonuniformity of the 

magnetic field in the diode acceleration gap must not exceed about 3-5%. The magnetic field 

separatrix must be controlled to within about 1 mm for high power density focusing of the ion 

beam. The second stage involves the formation of the electron sheath and movement of the virtual 

cathode closer to the anode for highly enhanced ion flow. The third stage occurs near peak power. 

In this stage, the ion current must rise to the appropriate level at the planned voltage so that bending 

of the ion beam in the externally applied and self magnetic fields of the ion beam during 

acceleration is counteracted by the vertical contour of the anode. The final phase occurs after peak 

power, but while the power is still being delivered to the beam by the diode. In this phase, the 
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impedance of the diode must be reasonably weil controlled, or focusing will be decreased by time­

dependent bending in the self-magnetic field 

3.6.2 Analytic Theozy ofApplied-B Ion Diodes 

The analytic theory of applied-B ion diodes was developed by Desjarlais;(4) The theory 

describes a limiting voltage, V*, at which the current diverges. The Iimit is determined by 

diamagnetic compression of the virtual cathode up against the anode. The value of V* is between 

60% and 75% of the critical voltage for electron insulation, V crit. depending on the electron density 

distribution in the electron sheath. A sheath which conforms closely to the virtual cathode is 

termed a "superinsulated" sheath. A sheath which has a uniform electron density is termed a 

"saturated" sheath. To date, the best theoretical agreement with experiment has been obtained by 

using a saturated sheath. 

3.6.3 Analytic Theozy of Extraction Diodes 

The analytic diode theory of Desjarlais describes the operation of applied-B diodes in either 

barre! geometry (as on PBFA II) or in extraction geometry. The Operatingpointanalysis made 

possible by the theory allows determination of the voltage and current at peak: power when driven 

by an accelerator with known impedance. The theory has been compared to extraction diode 

results on the MITE accelerator by Slutz.(5) He found excellent agreement with the theory over 

more than a factor of ten variation in diode current density. 

3.6.4 Uniform Insularion ofExtraction Diodes 

In extraction applied-B diodes, the insulating magnetic flux varies between anode and 

cathode directly with radius alongthe height of the anode emitting area. This is unlike the situation 

for barrel-geometry diodes, where the flux is constant along the anode height. In order to operate 

at highest efficiency, the magnetic insulation of the diode must be uniform. Otherwise, higher 

current density will be present where the insulation magnetic field is lower. In order to provide 

uniform insulation a diode must be used which allows magnetic field to diffuse into the anode. (6) 

3.6.5 Coaxial vs. Triaxial Diodes 
In simulating the behavior of extraction diode experiments on the MITE accelerator, Slutz 

used the 2.5 D electromagnetic particle-in-cell code MAGIC to study coaxial and triaxial diode 

geometries. In triaxial geometry, power flows into the diode from the inside (small radius) as well 
as the outside (large radius). In coaxial geometry, power flows into the diode from only one side 

(typically the outside). At the outset, it was believed that the triaxial geometry would be more 

efficient, since electrons leaving the diode gap would always see a magnetically insulated feed. 
Simulations, however, showed that the coaxial geometry gave highest efficiency: These results 
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were subsequently confmned by experiment. The simulations showed that a properly designed 

coaxial diode has a better insulated feed configuration than a triaxial diode can have. In the triaxial 
diode, only one-half of the current is present in each feed, and the self-magnetic insulation, which 
is determined by current flow, is poorer. In addition, a triaxial diode has twice the length oftotal 
power feed, so the total Iosses are higher. These results were very encouraging, since coaxial 
diodes have the simpler geometry. 

3.6.6 Summary of Optimal Diode Features 

The analytic theory of applied-B diode behavior developed over the past two years has 
provided a quantitative design capability proven by experiment. The optimal features of the diode 
design for LIBRA determined using this understanding are the following: 

Uniform insulation 

Coaxial geometry 
Low-density plasma fill 

Liquid metal source 

3.7 Repetitive Diode Behavior 

for 

for 
for 

for 

3. 7.1 Liquid Anodes for EHD Ion Sources 

Good beam quality and uniform current density 
Highest efficiency and greatest simplicity 

Rapid diode transition to enhanced current flow 

Long impedance lifetime 

The anode for the LIDRA diode consists of a porous steel substrate which is saturated with 
liquid Iithium. The Iithium is contained in a reservoir behind the substrate. In laboratory 

experiments, liquid Iithium is "wicked" into the porous substrate and forms a pure Iithium layer at 
the surface. The substrate pore size of frits which have been tested with Iithium ranges from 0.2 
microns to 20 microns. For LIBRA, the pressure of the Iithium in the reservoir and the pore size 

chosen will determine the rate of flow of Iithium to the front surface of the anode. 

3.7.2 Electron Deposition at Anode 

Electron deposition at the anodewas a persistent cause of anode "blow-off' and darnage on 

low-voltage light ion machines. In particular, PBFA I diodes, which ran at 1 - 2 MV and 5- 10 
MA, showed substantial electron darnage after each shot. However, the darnage to PBFA II 

diodes, which run at 5 - 10 MV and 3 - 4 MA, is not as great as for PBFA I, even though the 

power and power densities are much higher. The key difference is in the electron range. Nearly 
all of the energy lost in an ion diode is carried by electrons. At low energy, the electron deposition 

is at the anode surface since the range is short. At high energy, the electron deposition can be 

through the bulk of the anode since the range is long. 

3.7 .3 Liquid-Cooled Anode 
At the 30 MV voltage for the LIBRA diodes, the electron range is large, and deposition of the 

electron energy is "in-depth" in nature. The range of a 30 MeV electron is about 11 cm in Iithium, 

allowing the electrons to pass through the anode substrate and deposit their energy in a Iithium 

reservoir. The Iithium in the reservoir is circulated to remove lost power from the diode. 
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3.7.4 Liguid-Cooled Cathode 
A small portion of the total ion energy may be lost to the cathode. Since the range of Iithium 

ions is about 40 mglcm2 at 30 MeV, ions can penetrate only 8 microns into the cathode surface. 

The front surface of the cathodes can be protected from the ion energy by being covered with 

liquid-lithium-saturated porous material. Cooling of the cathodes is then transpirational in nature. 

The power loss Ievel at the cathodes is expected to be very small with suitable choice C1f anode 

shape, and no active pumping of coolant is anticipated tobe necessary. 

3. 7.5 Diode Cleanliness at High Temperature 

The 3 Hz shot rate, the anode temperature (above 300°C), and the bulk of lithium in the 

diode region are important to diode cleanliness. The lost electron power will maintain the lithium 

temperature at an adequately high Ievel for EHD source operation. The amount of Iithium available 

provides a sink for impurities, such as hydrogen, which could contaminate the beam if allowed to 

accumulate at the anode. Above 300°C, the solubility of hydrogen in liquid Iithium is high. The 

geometry in the region of the channel entrance and the cavity wall precludes a direct line-of-sight 

~rom target debris to the diodes. Without a line-of-sight for debris, with differential pumping, and 

with the Iithium source hotter than the surrounding area, condensation of target debris on the 

anodes should not be a problem, and diode cleanliness can be assured. 

3.7.6 Diode Average Power Levels 

At 3Hz, with 484 kJ for each of the main diodes, the designpower level is 1450 kW. The 

ionpower produced is 1160 kW. The power lost in electrons is 290 kW, and is the power which 

must be removed by cooling the diode region. This is roughly the amount of power generared by a 

400 horsepower engine, and it requires a similar level of cooling. 

3.7.7 Pulsed Magnetic Field Coils 

The diode magnetic fields must be pulsed on a time-scale of one-half to several milliseconds. 

It is unlikely that this pulse width can be provided by superconductors, but the energy which is 

invested in the insulation magnetic fields can be returned to a capacitor bank after each pulse by 

proper choice of circuit elements. Although a design has not been done for a repetitively pulsed 

magnetic system, the efficiency of such a system is anticipated to be fairly high for a "ring-in, 
ring-out" circuit. 

3.7.8 Isolation of Diode from Cavity 

Isolation of each diode from the cavity is necessary because of the different operaring 

pressures. At shot time, the background density in the diode acceleration gap must be less than 

about 1012 cm-3, while the density of helium in the cavity is 3.6 x 1Ql8 cm-3. This can be achieved 

by a combination of rapidly rotaring vanes and differential pumping. With one vane rotaring at 

3 Hz and another rotaring at 60 Hz, the channel aperture will be open for the required duration at 
the correct repetition rate. 
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3.8 Level of Technology Extrapolation 
The design Ievels of applied-B ion diodes for a number of light ion accelerators are shown in 

Table 3.2. The table shows the Ievel of technology extrapolation in each of the key diode 

parameters. 

Table 3.2 

Parameter LID RA LMF PBFA li HERMES SABRE HEL JA MITE 

Voltage (MV) 30 30 30 20 10 3 1 

Total Ion Current (kA) 317 1000 3500 580 200 200 170 
Source Area ( cm2) 80 600 1000 290 100 100 80 

Current Density 5 2 3.5 2 2 2 2 
(kA/cm2) 

Power(TW) 12 36 100 12 2 0.6 0.2 
Impedance ( ohms) 76 25 7 28 40 12 5 
Energy (kJ) 387 1300 1500 350 80 20 8 
Impedance Lifetime (ns) 80 80 40 40 40 40 40 
Divergence (mrad) 5 6 12 8 12 20 20 
Power Brightness 6000 1700 730 630 135 15 5 
(TW/(cm2-rad2)) 

3.8.1 Extrapolation from Diodes on PBFA li 
The PBF A TI diode is the most powerful diode tested to date. Its design Ievel of voltage is 

30 MV, and it has been operated at 10 MV in experiments so far. Total ion current at the Ievel of 
8 MV is typically 2000 kA. Current densities at the anode have exceeded 5 kA/cm2, by using ion 

sources with smaller heights than 10 cm. Although the diode is still under development, it has 

provided more than 700 kJ in ions. The best ion divergence obtained so far has been 14 mrad. 

The extrapolation from PBFA li to the LIBRA diode is primarily in ion divergence, and 

consequently, power brightness. 

3.8.2 Extrapolation from Diodes on MITE. HELIA. SABRE. and Hermes III 

The diodes for MITE, HELIA, SABRE, and Hermes III form a progression of extraction 

diodes designed for increasing power and energy Ievels. The diodes have already been fielded on 
MITE and HELIA, and the parameters shown in the table were achieved. The SABRE diode will 

be tested during 1990-91, and the Hermes III diode will be tested beginning in 1991. Inspection 

of the parameters for Hermes III and LIBRA show a very close comparison. The Hermes III 
diode has comparable energy, power, and divergence, but has higher current, and lower voltage. 
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3.8.3 Extrapolation in Voltage 
The LMF, PBFA II, and Hermes III diodes are closest to the Ievel needed for LIBRA. The 

tests on PBFA II at 15-30 MV and on Hermes III at 15-20 MV will answer the most important 
questions of diode voltage scaling. 

3.8.4 Extrapolation in Current and Current Density 
Current densities higher than 5 kA/cm2 have been used on PBF A II and MITE by decreasing 

the ion emitting area of the anode. In these experiments, ion beam uniformity was better than that 
seen at lower current density. The unresolved question in scaling of current density is the 
possibility of increased instability in the electron sheath which might increase divergence. Further 
experiments on PBFA II and particle sirnulations using the 3D electromagnetic particle-in-cell code 
QUICKSIL VER(7) are expected to resolve this question. 

3.8.5 Extrapolation in Powerper Diode 
The power Ievel delivered to an individual ion diode on PBF A II has already exceeded the 

Ievel required for LIBRA. 

3.8.6 Extrapolation in Energy per Diode 
The energy Ievel delivered to an individual ion diode on PBFA II has already exceeded the 

level required for LIBRA. 

3.8.7 Extrapolation in Diode Impedance 
The LIBRA diodes operate at an impedance higher than any tested to date. The key issue 

with high impedance diodes is the insulation of the power feeds to .the diode. Since magnetic 
insulation is provided by the current carried by the line, the insulation of such lines becomes more 
difficult as impedance increases; i.e., as the voltage is increased and the current is decreased. 
While many of the most important questions will be answered by Hermes III experiments, an 
extrapolation in diode impedance by a factor of three from Hermes III to LIBRA will still be 
necessary since the LIBRA diodes operate at such a low current 

3.8.8 Extrapolation in Power Brightness 
Diode power brightness is defined as the product of voltage and ion current density divided 

by the square of the ion divergence. Power brightness is the most important factor in ion beam 
focusing. PBFA II and Hermes III are expected to have comparable diode power brightness, but 
the scaling to LIBRA is stilllarge. The high power brightness of PBFA II is obtained by having 
Iarge voltage and current density, while that of Hermes III is obtained by having a smaller ion 
divergence. The combination of V and J from PBF A II with the lower divergence of Hermes III 
would provide a power brightness much closer to that needed for LIBRA. Experiments on 
PBFA II with much lower divergence will be possible if one of the three fully engineered Iithium 
sources which will be tested on PBFA II can provide a reduced divergence beam. 
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3.8.9 Extrapolation in Power Intensity at Focus 
The power intensity at the beam focus is proportional to the diodepower brightness, the 

fraction of ions in a focusable species, and the fraction of total solid angle subtended by the ion 
emitting area. For separate beams, the amount of beam overlap also determines power intensity at 
the target The power density at the diode focus required for LID RA is 24 TW/cm2. Experiments 
on PBFA II have demonstrated apower intensity of about 5.4 TW/cm2 with protons, averaged 
over the surface of a 6 mm diameter target. The scaling with Iithium beams to and beyond the 
Ievel required for LID RA will be demonstrated on PBF A II. 

3.8.10 Extrapolation in Ion Divergence 

A srnall ion divergence is one of the most important elements in achieving high brightness ion 
beams. The power brightness and focusabilty are inversely proportional to the square of beam 
divergence. A beam divergence of 14 milliradians has been obtained with proton beams on 
PBFA II. This Ievel was achieved with an epoxy-in-groove surface flashover source. The Iithium 
sources under development for PBFA II have much finer spatial scale and should provide lower 
divergence ion beams. Scaling to lower divergence Iithium beams will be tested most thoroughly 
on PBFA II and SABRE. 

3.8.11 Exrrapolation in Diode Rt(petition Rate 

Repetition rate is the area of the greatest extrapolation. Although diodes using liquid Iithium 

for an EHD ion source are to be tested on PBF A II, and are being designed for SABRE, 

Hermes III, and LMF, they are all single-shot diodes. While repetitive capability may be there, it 

will not be tested on these accelerators. 
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4. LIGHT ION BEAM TRANSPORT 

4.1 Introduction 

Preformed plasma channels are used in the LIBRA concept to propagate the light 

ion beams over a distance of 6.6 meters. This propagation length of several meters 

allows the time-of-flight bunching and pulse shaping that is required for successful 

implosion of ICF targets. A stand-off distance has the added advantage of protecting the 

diode and target chamber first wall from the x-ray flux or the blast wave generated by 

the target explosion.(l) In the plasma channel concept, large electrical discharges, 

guided by Iaser preionization, rarify the channel and form ion confining azimuthal 

magnetic fields. 

The target chamber design for LIBRA is shown in Fig. 4.1, where one can see the 

position of the ion diades and the target. The channels enter the target chamber in two 

cones, 35° above and below the horizontal plane bisecting the target. Foreach channel, 

there is a 4.5 meter channel to return the discharge current that leaves the target 

chamber through the top. The channel pararneters are listed in Table 4.1. The energy 

and power flow in the LIBRA beam propagation system is shown in Fig. 4.2. 

Table 4.1 Parameters for LIBRA Channels 

Number of beam channels 

Number of return current channels 

Channel length 

Channel radius 

Beam ion 

Confining azimuthal magnetic field 

Average channel mass density 

Target chamber gas 

Time delay between discharge current pulses 

Laser beam diameter 

16+2 

16+2 

6.6 m 

0.5 cm 

30 Mev u+3 

27 kG 

< 5 x 10-6 g/cm3 

3.55 x 10 18 cm-3 helium 

1 microsecond 

4 mm 

The plasma discharge channels are guided through a background gas by laser beams. 

Lasers preionize paths in the gas that high valtage discharges then follow. In the LIBRA 

channel concept, laser-guided discharges form these plasma channels in a 3.55 x 10 18 

atoms/cm3 helium background gas. The discharges force the flow of electrons from an 
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electrode at the top of the target chamber, to an overlap region near the target, and 

finally, to electrodes near the diodes. This electron current generates azimuthat mag­

netic fields that guide ion beams from the diodes to the target. The required magnetic 

fields are high enough that the electron discharge currents must be large. These high 

current densities could lead to magnetohydrodynamic instabilities that could disrupt the 

channels before the ion beams have reached the target. The avoidance of these instabili­

ties and channel formation dynamics require a very rapidly rising discharge current, that 

calls for a high discharge voltage. This Ieads to electrical insulation problems; axial 

magnetic fields are used in an attempt to solve these problems. Also, the beam intensi­

ties are high enough to Iead to plasma instabilities and induced ion energy loss that will 

Iead to limitations on the ion beam power per channel. Issues of channel formation, ion 

transport in plasma channels, ion beam power limits imposed by stability and energy loss, 

and the use of applied magnetic fields to inhibit electrical breakdown between the 

channels and target chamber walls have been analyzed. Based on these analyses, a viable 

design for the LIBRA plasma channe ls has been obtained though there are still some 

issues that must yet be studied. 

The final channel parameters in Table 4.1 were obtained through Simulations of 

channel formation where the goal is to design channels that are acceptable for the propa­

gation of 30 MeV Iithium ions. The trajectories of beam ions in the designed plasma 

channels were followed to determine propagation efficiency. These calculations show 

that it is possible to carry a !arge fraction of the ions emitted by an ion diode through 

plasma channels to an ICF target. The results of analytic methods are used to study the 

stability of channels containing high current ion beams and to show the predicted Iimits 

on the power of ion beams that can be carried by channels. Finally, the problern of 

electrical breakdown between the plasma channels and the walls of the LIBRA target 

chamber is considered. Slowing the breakdown with the use of applied magnetic fields 

that are parallel to the channel axes has been investigated and the required magnetic 

fields are shown to be manageable. 

4.2 Channel Formation 

The formation of plasma channels for ion beam transport has been studied with 

computer simulation. First, a parametric study was done where several features of the 

channels were varied. On the basis of this parametric study, para{Tleters for the LIBRA 

plasma channels were chosen. The chosen point design for the channels was then studied 

in detail. 
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Previous studies have determined the power of the lasers needed for preionization. 

The laser pulse energy required is related to the laser pulse width, the length of the 

channels, and the density of the gas species that is absorbing the laser radiation. 

Previous work considered absorption by a sodium vapor seed in a gas and 5 meter long 

channels. (2) The method considered used a tuned laser to resonantly create a population 

of excited states that, through super-elastic collisions, then ionized the gas. For a 

sodium density of 1016 cm-3, a 10 ns, 2 J laser could preionize a 2 mm radius path. 

A 500 ns, 2 J laser would be required for each channel if the sodium density were 

10 14 cm-3. Sodium may not be an acceptable material to allow in the target chamber, so 

other schemes may need to be considered for LIBRA. Perhaps Iasers could be tuned to a 

Iithium atomic transition line since there will be some lithium vapor in the fill gas. 

If the process works the same as for sodium, a 2 J Iaser should be acceptable, if the pulse 

width is chosen consistent with the Iithium vapor density. 

Simulations of channel formation were performed with the ZPINCH computer 

code.<3) ZPINCH is a one-dimensional Lagrangian hydrodynamics computer code with 

magnetic field generation and diffusion and magnetic force terms in the treatment of 

hydrodynamic motion. Both conductive and radiant heat transfer are considered, where 

the radiant heat transfer is done within a 20 energy group radiation diffusion model. 

Equations-of-state and opacities are interpolated from data tables created by the 

IONMIX computer code. (4) ZPINCH uses experimental data for electrical conductivities 

for argon and molecular nitrogen. 

Previous studies considered the formation of plasma channels for light ion beam 

propagation by predicting the ion beam confining azimuthal magnetic fields for various 

combinations of discharge current history, preionizing Iaser width and background gas.< 2) 

This parametric study assumed a molecular nitrogen gas at a mass density of 2.37 x 10-5 

g/cm3, where for some calculations the radiation transport was artificially disabled and 

where Iaser and discharge current parameters were varied. Based on these calculations, 

lower atomic number gases that radiate less · were studied for LIBRA. This hypothesis 

was tested by simulating the formation of a channel in helium gas and based on these 

calculations helium was chosen as the target chamber gas for the LIBRA study. 

Channel formation for a discharge current history of the type shown in Fig. 4.3 was 

studied, where a !arge main pulse follows a smaller prepulse. A preionizing Iaser with a 

Gaussian radial intensity profile was assumed. The double pulsed current history was 
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first proposed several years ago.<5> For this study it was parameterized by a delay 

time llt. For these Simulations a 2.37 x 10-5 g/cm3 nitrogen background gaswas used. 

In Fig. 4.4 the maximum magnetic field and the peak field at 0.5 cm from the channel 

axis is shown to vary with llt for a 5 mm Gaussian half-width Iaser beam. One readily 

sees that the maximum field and the field at 0.5 cm increase as the time delay is 

decreased, which is consistent with the hypothesis that radial heat transfer works to 

reduce the azimuthal magnetic fields. In Fig. 4.5 the fields change with Iaser width 

whether or not radiation transport is taken into account. Here one sees that the narrow 

initial discharges, implied by narrow Iaser beams, Iead to higher azimuthal magnetic 

fields and that radiation transport reduces the fields. 

These results show that, even for the optimum current history and Iaser profile, 

radiation transport prevents the formation in nitrogen of channels acceptable for the 

LIBRA reactor design. One should note that the required azimuthal field at 0.5 cm from 

the channel axis is 27 kG, while the best Simulation result with nitrogen is 18 kG if 

radiant heat transfer is considered. Therefore, a low atomic number gas, such as helium, 

should radiate less and allow the formation of more acceptable channels. 

Simulations of channel formation in helium gas at a mass density of 2.37 x 10-5 

g/cm3 were performed. A l \.IS delay time in the discharge current and a Iaser half-width 

of 2 mm, values that seemed to be optimum in the nitrogen parameter study were used. 

For these values, ZPINCH simulations predict that the magnetic field at 0.5 cm from the 

channel axis reaches 27 kG and that the average mass density in the channel is approxi­

mately 5 x 10-6 g/cm3• Such a channel design would be able to focus 30 MeV Iithium ions 

onto a light ion beam driven target, and is therefore acceptable for LIBRA. 

Therefore, the point design for the LIBRA channels has the parameters outlined in 

Table 4.1. According to ZPINCH code simulations, this design is successful because 

helium gas does not radiate strongly when it is fully ionized, the initial channel radius 

is small, and the discharge current rises rapidly. The proposed discharge current is shown 

in Fig. 4.6, where one sees that the small first pulse is immediately followed by a !arge 

pulse that reaches a maximum a 100 kA at 2 \.IS after the start of the initial pulse. The 

hydrodynamic motion of the LIBRA channel, as simulated with the ZPINCH code, is 

shown in Fig. 4. 7. Here, the positions of Lagrangian zone boundar ies in the simulation 

are plotted against time. One can see that as the discharge current approaches its maxi­

mum value, the center of the discharge begins to pinch, while the edge of the discharge 

continues to expand as an outward moving cylindrical shock. The peak magnetic field 

4-7 



r\ 

C!l 
~ 

'-1 

"'C 

-
QJ 

·-
Ll... 

u 
·-
+-
QJ 
t: 
0) 

t:S 
!: 

39~----------------------------------------------~ 

Zta 

lta 

-

Field a.t .5 c:m. 
MaximUID. Field 

- -

Laser radius is 5 mm. 

ta I I I I I I • i I I I I I I I I I I I I 

ta 1 2 3 4 s 6 

Time Delay C m i croseconds) 

Fig. 4.4. Maximum and peal< azimuthal magnetic fields @ 0.5 cm versus time delay 
for second discharge current pulse. T~se ca~J=ulations are for laser-guided 
plasma channels created in 2.37 x 10- g/cm nitrogen with the discharge 
current shown in Fig 4.3. The laser Gaussian half-width was 5 mm. 

4-8 



3~~r--------------------------------------------

~ 

C!l 
~ 

V 

"'0 ..... 
QJ 

·-
IJ.. 

u ...... 
+-
QJ 
~ 
0) 

w 
!: 

Fig. 4.5. 

2ta 

10 

G- - - -9 -o- -Cl 

~--------~------~~ 

Field at .ö cm 
Mazimmn Field 

0 No Radiation 
D With Radiation 

- -"€) 

Time delay is l microsecond. 

ta I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

ra 1 2 3 4 s 6 

Laser Radius C mm) 

Maximum and peak azimuthal magnetic fields @ 0.5 cm versus Iaser 
Gaussian half-width. Th~e cal<julations are for laser-guided plasma chan­
nels created in 2.37 x 10- g/cm nitrogen with the discharge current shown 
in Fig. 4.3. The time delay for the secend discharge current pulse was 1 lJS. 

4-9 



Fig. 4.6. 

""o ~ 
~ 0,---------------------------------------------~ * -

0 
CO 

0.0 0.4 0.8 1.2 1 6 2.0 

Time (mcrs) 

Double pulse discharge current history for the formation of plasma channels 
for LIBRA. 

4-10 



0 

64-------~------~--------~------~------~ 
0.0 0.4 0.8 1.2 1.6 2.0 

Time (mcrs) 

Fig. 4.7. Hydromotion during formation of LIBRA channels. 

4-11 



magnetic field and the edge of the discharge current remain just inside this shock front. 

One can see the plasma temperature profiles at various times in Fig. 4.8. The times at 

which the temperatures and other parameters are plotted are all within the main pulse of 

the discharge current. The temperatures are much higher than in a nitrogen discharge of 

the same mass density because helium radiates much less strongly. The low radiant 

power also means that there is little heating of the gas ahead of the shock. Fig. 4.8 

clearly shows this. Therefore, the electrical resistivity is low in a region confined to a 

narrow radius. This is shown in Fig 4.9. The discharge current only flows in the regions 

where the resistivity is low. The discharge current profiles lead to the magnetic field 

profiles of Fig. 4.10. At a time around 1.7 llS, ZPINCH predicts a magnetic field at 

0.5 cm from the channel axis of 27 kG. The mass density profiles, plotted at the same 

times in Fig. 4.11, show the central pinching of the discharge. The density peak in the 

center of the discharge is roughly equal to the initial gas density, though the averaged 

density through the discharge is below the initial value by a factor of four. 

One aspect of channel formation that is not considered in the ZPINCH code is the 

possible onset of magnetohydrodynamic instabilities that could disrupt the discharge 

before the required magnetic fields are reached. The standard stability criterion for 

MHD modes other than the sausage is based on an energy principle and is often reduced 

to an expression like 

22 (ddP) + 41 > 0 • 
8 

r r -
z 

(4.1) 

The pressure profiles at various times as predicted by ZPINCH are shown in Fig. 4.12. 

One sees that ~~ is negative in most places, so that Eqn. 4.1 is not satisfied throughout 

unless B2 is !arge enough. In the standard plasma channel concept B2 = 0, so it is clear 

that the channels have the potential tobe at least kink unstable. The important issue is 

the growth rates for the instabilities. Typically, one estimates the growth rate of MHD 
,. 

modes to be the ratio of the Alfven speed to the channel radius: 

V ~2 y=~= _a_/r. 
rc 4ne c (4 .2) 
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Due to recent experiments on solid pinches, there has been a reawakening of interest in 

the stability of pinches and this has led to improved calculations of the growth rates.(6) 

This work shows that growth rates may be significantly less than the classical expression 

in Eqn. 4.2 at high density and plasma pressure. Conservatively using the classical 

expression, we estimate that the growth rate is about 107 s -t. Therefore, the instability 

can grow for several e-fotding times before the ion beam is injected at 0.7 JJS after the 

beginning of the main pulse. Olsen(7) has experimentally shown that the kink mode can 

severely Iimit the propagation of ion beams. In addition to high density and pressure 

effects, the channels may be additionally stabilized by the axial magnetic fields that are 

applied to impede breakdown between the channels and the target chamber wall. In sum­

mary, the classical estimates indicate that MHD instabilities will reduce ion transport in 

the channels, though there are mitigating effects. The MHD stability of plasma channels 

remains a critical issue. 

4.3 Ion Beam Propagation in Plasma Channels 

In addition to the MHD instabilities discussed in the preceding section, there are 

two other mechanisms that prohibit ions from reaching the target. First, the ions reach 

the channel entrance in a distribution in angle and radial position, so that some of them 

simultaneously have a !arge angle of incidence and are at a relatively !arge distance from 

the channel axis. These ions either are not trapped by the channel's magnetic fields and 

pass through the background gas never turning back toward the channel axis, or they are 

turned back by the magnetic fields but at a !arge enough radius that those ions have only 

a small chance of striking the target. Second, the ions are no Ionger confined by the 

channels when the magnetic fields cancel each other in the region near the target. The 

ions would just continue in the directions they were going when they entered this over lap 

region and the beam would spread, with some ions missing the target. 

These two possibilities have been studied by following the trajectories of a random 

sampling of ions in initial angle and radial position as they move down the channel. It is 

assumed that the magnetic field is only in the azimuthat direction and that it rises 

linearly from zero on the channel axis to a maximum value at the channel radius and falls 

as the inverse of the radial position beyond the channel radius. This is the Situation in 

the main part of the channel, between where it enters the target chamber at the inside 

edge of the channel insulation magnetic fields and the point near the target where azi­

muthat magnetic fields from adjacent channels begin to interfere significantly. For axial 
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positions within the overlap region, it is assumed that the azimuthal fields linearly fall to 

zero over a length of 1 cm from the edge of the region. The ions are assumed to enter 

the channels with radial positions distributed in a Gaussian distribution with a given 

half-width and with angles of incidence distributed uniformly out to a given value. The 

ION computer code(8) was used to follow these ion trajectories. In the calculations pre­

sented here the trajectories of up to 5000 ions were followed. One obtains from these 

calculations the fraction of ions reaching a disk 0.5 cm in radius as a function of the 

distance from the end of the channel. 

The trajectories of ions for a variety of maximum magnetic fields, focal spot sizes 

and maximum injection angles have been calculated. First, the sensitivity of the ion 

propagation to the maximum angle of injection that the ions make with the channel axis 

was computed. This angle is approximately equal to the ratio of the diode radius to the 

diode focal length, R/F. The peak magnetic field was assumed to be 28 kG, the diode 

microdivergence was 5 mrad, the channel radius was 0.5 cm, the diode focal spot radius 

was 0.35 cm, and the channel length was 540 cm. The fraction of ions leaving the diode 

that reach the target are plotted for these parameters versus the distance from the end 

of the channel for three different values of R/F in Fig. 4.13. One sees that the fraction 

is not greatly reduced by changes in R/F from 0.1 to 0.13. This spans the range of R/F 

that is expected for LIBRA diodes. In Fig. 4.14, the sensitivity to the focal spot size and 

the microdivergence is shown. This particular set of calculations used a peak field of 

7 kG and an R/F of 0.08, corresponding to the case where a high field channel could not 

be formed, but where the source density on the anode of the diode was high enough so the 

required radius was small. The microdivergence is directly related to the spot size; the 

spot radius is equal to the product of the focal length and the microdivergence. One sees 

here that, for this set of parameters, the fraction gets much lower as the spot size is 

increased to 0.35 cm. This low magnetic field scenario will be acceptable for very low 

microdivergences. 

The fraction of ions leaving the diode that strike the target in the LIBRA point 

design is shown in Fig. 4.15. For this calculation, the peak magnetic field was 28 kG, 

R/F was 0.12, the microdivergence was 5 mrad, the focal spot radius was 0.35 cm, and 

the channel radius was 0.5 cm. One sees that at the end of the channel, 8396 of the ions 

are within 0.5 cm of the channel axis. The other 1796 were not well confined by the 

channel. As the distance from the end of the channel increases, the fraction of ions 

within a 0.5 cm radius disk decreases, until at 9 cm from the channel the fraction has 
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fallen to 40%. In LIBRA, 18 channe1s converge on the target, with 9 in each of 2 cones. 

The channels are 0.5 cm in radius and the target is 0.5 cm in radius, so the distance 

between the point where the channels begin to overlap and the target surface is 0.43 cm. 

According to Fig. 4.15 about 8096 of the ions reach the target. In Figs. 4.16, 4.17, and 

4.18, the radial profiles of the LIBRA ion beams at the end of the channel, at 1 cm from 

the channel, and at 2 cm from the channel are shown. As one would expect, the beam 

begins to diverge as it moves out of the confining influence of the magnetic field. 

Each of the plasma channels in LIBRA must carrying several hundreds of kilo­

amperes of beams ions, which can perturb the channels and possibly inhibit the transport 

of the beam ions. The Iimits on the ion beam power imposed by the onset of electro­

static instabilities, Warnentation of the ion beam and the plasma channel, and beam ion 

energy loss were analyzed. Expansion of the channels due to the ion beam was also 

analyzed but it does not pose an important constraint. The analysis has followed the 

formalism developed a number of years ago at the Naval Research Laborator/9) and 

involves the use of the WINDOW computer code.(lO) 

The results are shown for LIBRA parameters in Fig. 4.19. One sees that the input 

ion beam power per channel is limited to 9 TW at a diode R/F value of 0.12. 

4.4 Electrical Insulation of Plasma Channels 

The LIBRA target chamber design requires that the channels pass through a neutron 

reflector, a structural wall, and a tritium breeding blanket. At least some of these will 

conduct electricity. The channel requires a discharge valtage of about l MV to produce 

the current history shown in Fig. 4.3 and 4.6. This valtage is applied across the channel 

at the points where it enters and leaves the target chamber. The electrical potential of 

the wall, blanket and reflector floats between the potentials of the two channel ends so 

that the maximum valtage between the channel and the structure surrounding the hole 

tha t it must pass through is ab out 500 kV. The holes in the target chamber must be as 

small as possib1e to minimize the leakage of neutrons from the target explosion, with 

a l 0 cm radius as the goal. A method of preventing the breakdown of this gap in a 

50 kY /cm electric field must be devised or the channels will not properly form. 

Applied axial magnetic fields are proposed to slow the breakdown for a time long 

enough for the channels to form, that is, for about 1 )JS. The valtage across the gap 

between the channels and the wall is large enough that a very large gap would be 
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required to totally prevent breakdown, thus the hope is to slow the breakdown. 

Heylen< 11) shows how magnetic fields can slow the flow of electrons in a breakdown and 

this analysis was used to predict that a 3.2 T axial magnetic field can slow the breakdown 

for a 10 cm gap by l JJS. A solenoidal magnet was designed to provide this field. Analysis 

shows that such magnets could survive in the LIBRA target chamber environment for an 

adequate length of time. 

Heylen derives the following formula for the drift velocity v~ for electrons moving 

in a crossed electric field E and magnetic field B: 

(4.3) 

Here, e/m is the charge to mass ratio for electrons, N is the number density of the gas, 

ov is the collision rate per gas atom for an electron, and wc is the electron cyclotron 

frequency. This formula is strictly valid for parallel plate geometries, where t is 

directed from one plate to the other and S is parallel to the plates. The geometry in 

plasma channels is, of Course, coaxial, with e parallel to the channel axis. This e is an 

applied field and should not be confused with the fields created by the channel. Heylen 

states that coaxial geometries should have lower drift velocities than parallel plates, so 

using a parallel plate formulation is conservative. 

The distance between the channel and the wall, D, divided by drift velocity in 

Eqn. 4.3 is the time that it takes for the breakdown to occur. This is dependent on the 

assumption that breakdown occurs through a Townsend process where the cascade begins 

at the inside of the opening in the wall and finishes at the channel edge. At the 

high-electric fields present in this system, breakdown may begin inside the gap which 

would render this analysis invalid. This time is required to be greater than or equal to 

the rise time for the channel discharge current, l1t. The electric field E can be written 

as the valtage drop between the channel and the wall, V d' divided by D. These expres­

sions can be rearranged in a formula for D, 

(4.4) 

Here, Dis in cm, Vd is in kV, ll.t is ins, N is in cm-3, and wc is in 1/s. wc can be written 

in terms of the magnetic fieldas 1.76 x 1011 B, if B is in tesla. 
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Using Eqn. 4.4, the minimum distance between the channel and the wall was calcu­

lated for some LIBRA parameters as a function of the applied magnetic field. In order 

to overcome the inductive impedance of the channels, L·di/dt = L(100 kA/JJs), 1 MV must 

be applied across the length of the channels. It is assumed that one can bias the channel 

potential so that one end is 500 kV below the potential of the rest of the target chamber 

and the other end is 500 kV above it. Therefore, 500 kV must be held off for 1 JJS, which 

is the rise time for the channel discharge current. The gas species is helium which has a 

ov of about 10-8 cm3 /s. Actually, av is a function of electron energy, which depends on 

av. Therefore, this value of av is an estimate which is probably correct within a factor 

of 2. 

The results are shown in Fig. 4.20, where D is plotted versus B for four different 

gas densities. Based on channe1 formulation simulations, the gas density was chosen as 

3.55 x 1018 cm-3. If we wish to keep the distance from the channel to the wall down to 

10 cm, we need a 3.2 T applied axial field. One can see the transition at the higher 

densities to the regime where the cyclotron frequency term is small compared to the 

collision term and the distance is no Ionger a function of magnetic field. 

A preliminary design for a magnetic solenoid around the channels in the region of 

the blanket, reflector and wall has been done for LIBRA. This design, shown in Fig. 4.21, 

is discussed in Chapter 6. 

One rather interesting thing to note in Eqn. 4.4 is that the required distance is not 

a function of the rise time. The maximum allowed V d is proportional to 1 I 11t so Eqn. 4.4 

is independent of at. Obviously, other things may limit one from going to a very short 

at and a very high V d· 

4.5 Future Considerations 

The development of plasma channels for ICF has reached a point where a set of 

self-consistent design parameters can be proposed, but there are still issues to be 

resolved. For example, in our proposal to use magnetic fields to inhibit breakdown, there 

are radial magnetic fields applied to the regions at the ends of the solenoidal magnets 

which will add angular momentum to the beam ions. This rotation of the beam may 

reduce the ion confinement. Another issue is accuracy of the ZPINCH computer· code. 

The multigroup diffusion method currently used for radiation transport in ZPINCH is 

suspect because the channels are optically thin and because line radiation is important. 

New radiation transport schemes are under study. 
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The magnetic insulation of plasma channels needs to be considered further. Thus 

far, an analysis assuming Townsend breakdown has been used. The possibility of rapid 

breakdown due to other physical processes needs investigation. Also, one needs to 

evaluate the propagation of the ion beam in the presence of the applied magnetic fields. 
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5. TARGET 

5.1 Target Design 

The target design effort for LIBRA is similar in scope to the design effort in the 

HIBALL study .< 1) The initial target concept for LIBRA was published by Bangerter and 

Meeker(2) in 1976. No detailed implosion calculations were done for the LIBRA study. 

Attention was instead focussed on the dynamics of the target microexplosion, assuming 

that the target could be imploded to the proper configuration to ignite and burn. 

A schematic of the initial target dimensions and those at the instant of ignition are 

shown in Fig. 5.1. A list of parameters is given in Table 5.1. The target isasingleshell 

with three layers. The outer layer of Iead serves as a tamper to enhance the implosion 

efficiency. The next layer is a deuterated plastic ablator where the majority of the ion 

energy is deposited. Deuterium is used rather than protium to simplify the separation of 

tritium from the exhaust of the chamber. The inner layer is frozen DT fuel. 

The ion beam pulse shape is shown in Fig. 5.2. The long, 40 ns, low power part is 

produced by two non-bunched beams while the high power part is produced oy overlapping 

16 additional bunched beams on the target. The driver design for LIBRA concentrated on 

the short high power beams. The total energy delivered to the target is therefore 

0.4 + 3.6 = 4 MJ. 

At ignition, the DT is compressed to 485 times its solid density to a pR-value of 

2 g/cm2• Part of the plastic ablator (14%) has also been compressed areund the DT to 

the same density, but at a pR-value of 1 g/cm2. The remairüng ablator and Pb tamper 

have expanded outward to roughly l 0% of their initial density. These conditions are 

sufficient to produce a 30% burn fraction if the DT fuel ignites. The 3.2 mg of DT fuel 

will then produce a yield of 320 MJ of fusion energy. 

This target design and the ignition conditions assumed for it are meant to be repre­

sentative of high yield light ion targets. Four MJ of ion energy are assumed to achieve 

these conditions. This is consistent with published gain curves(3) while the peak power of 

400 TW is 20% less than published guidelines(3) as shown in Fig. 5.3. The gain of 80 is 

sufficient for economical power production but is also "conservative" in comparison to 

the gains used in many other reactor design studies. A table of target design parameters 

is given in Table 5.1. 

One important aspect of the target design that has not received substantial atten­

tion is illumination symmetry. A direct drive target, like the one used for this analysis, 

will require very good illumination symmetry--probably better than the axisymmetric 
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Fig. 5.1. LIBRA target design. 

5-2 

Ablator-.... 
0.44 g/cm3 
46.08 mg 

Fuel 
102 g/cm3 

3.2 mg 
2 g/cm2 

IGNITION CONDITION 



400 

10 ns 

10~-------------------' 

40 

Time(ns} 
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Table 5.1 Target Parameters 

Energy on target 

Peak power 

Ion energy 

Ion type 

Target gain 

Target fusion yield 

Endothermic Iosses 

Neutron yield 

Gamma yield 

X-ray yield 

Ion debris yield 

Net target yield 

Neutron mu1tiplication 

DT fuel shell mass 

inner radius 

outer radius 

CD2 pusher/ab1ator shell mass 

inner radius 

outer radius 

Pb tamper shell mass 

inner radius 

outer radius 

Initial target temperature 

DT temperature prior to implosion 

Injection velocity 

Illumination symmetry 

Number of low power beams 

Number of high power beams 

High power pulse width 

Low power pulse length 

5-5 

4 MJ 

400 TW 

25-35 MeV 

Li 

80 

320 MJ 

7 MJ (2.2%) 

216 MJ (67.5%) 

1 MJ (0.3%) 

63 MJ (19.7%) 

33 MJ (10.3%) 

313 MJ 

1.025 

3.2 mg 

0.223 cm 

0.245 cm 

53.7 mg 

0.245 cm 

0.292 cm 

0.292 cm 

0.309 cm 

4K 

7K 

200 m/s 

axisymmetric 

2 

16 

9 ns 

40 ns 



beams in the LIBRA design. In Section . .5.4 we briefly discuss the suitability of the LIBRA 

target chamber for a hybrid target design. However, we expect that indirect drive tar­

get designs with better beam energy smoothing mechanisms might be required for the 

LIBRA beam placement. This lack of consistency in an otherwise nearly consistent con­

ceptual design is an unfortunate but unavoidable shortcoming. 

5.2 Target Miereexplosion 

Energy is released from the burning target in three forms: neutrons, x-rays, and 

energetic ion debris. The fraction of total energy in each of these forms and the energy 

spectrum of each are important inputs to the design of the reactor cavity. The initial 

split of energy from a DT reaction is of course one 14.1 MeV neutron and one 3.5 MeV 

alpha particle. However, neutron interactions with the compressed _target material 

significantly soften the neutron spectrum. The energy deposited by the neutrons and 

alpha particles heats the target and ultimately takes the form of radiated x-rays from 

the hat plasma or expanding ionic debris. 

Neutranies calculations have been performed for the LIBRA target using the 

one-dimensiona1 discrete ordinates code ONEDANT. The target configuration at ignition 

used in the calculations is shown in Fig. 5.1. The calculations were performed using 

spherical geometry and 30 neutron - 12 gamma group cross section data based on the 

ENDF /B-V evalua tion. A uniform 14.1 MeV neutron source was used in the compressed 

DT fuel zone. 

The total energy deposited by neutrons and gamma photans in the target was cal­

culated to be 1.754 MeVper DT fusion. Only 0.11% of this energy is deposited by gamma 

photons. About 70% of the energy is deposited in the DT fuel zone. Due to (n,2n) and 

(n,3n) reactions occurring in the target, 1.025 neutrons are emitted from the target for 

each DT fusion reaction. These neutrons carry an energy of 11.93 MeV implying that the 

average energy of neutrons emitted from the target is 1l.64 MeV. For each DT fusion 

reaction, 0.013 gamma. photans are emitted from the target with an average energy of 

3.&5 MeV. The energy spectra of neutrons and gamma photans emitted from the LIBRA 

target are shown in Fig. 5.4. Performing an energy ba1ance for the target indicates that 

0.37 MeV of energy is lost in endoergic reactions per DT fusion. For the LIBRA DT fuel 

yield of 320 MJ, the target yield is calculated tobe 313.3 MJ. The neutron and gamma 

yields are 216.9 and 0.9 MJ, respectively, while the combined x-ray and debris yield is 

95.5 MJ. The energy flow for the LIBRA target is given in Fig. 5.5. 
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Fig. 5.5. Energy flow for LIBRA target. 
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The x-ray and ionic debris energy split and spectra were computed by scaling 

results from PHD-IV(4) radiation-hydrodynamic, thermonuclear burn Simulations. Sesame 

equations of state and astrophysical library opacities were used in the simulations. The 

fraction of energy radiated as x-rays is a streng function of the material composition of 

the target. Bare DT compressed spheres radiate a small fraction of energy as x-rays 

(- 5%) and these are in a hard bremsstrahlung spectrum. They originate in the burning 

fuel. In the LIBRA target, the Pb tamper attenuates the majority of these hard x-rays 

and re-radiates the energy in a softer blackbody spectrum. The high Z material radiates 

more efficiently than the DT and thus a larger percentage of energy is in the form of 

x-rays. This is shown in Fig. 5.5. The x-ray spectrum is shown in Fig. 5.6 and the ion 

spectrum is given in Table 5.2. No spectral information is available for the ions because 

their expansion is modelled with a fluid code and only their fluid velocity is computed. 

As the ions expand they cool to low temperatures by expansion cooling. 

These parameters for energy partition and spectra are used as input for the cavity 

response and blanket response calculations. 

Table 5.2 Ion Spectrum 

Species Kinetic Energy/Ion Total Energy (MJ) 
D 1.93 0.08 

T 2.89 0.12 

He 3.8 0.1 

c ll.l 6.2 

Pb 198.0 26.5 

5.3 Target Heating During Injection 

There are three phases of heating that the target experiences. First, there is fric­

tional heating of the sabot that encases the target during the acceleration of the target 

in the pneumatic gun barre! of the target injector. The pneumatic target injector is the 

same as the one designed for the HIBALL study, and is shown in Fig. 5.7. The sabot 

design is from the HIBALL-n(5) study and is shown in Fig. 5.8. The heat load on the 

outside of the sabot is estimated to be 51 W /cm2• Calculation of the heating of the 

sabot and target shows that only the sabot is heated during this phase and that the target 

enters the target chamber at a uniform temperature of 4 K. Secondly, there is heating 

of the target during its transit from the muzzle of the gun barre! to the focus of the ion 
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beams. The target has a speed of 200 m/s and the distance it must travel is 3.9 m, so the 

time during which this heating occurs is 19.5 ms. The LIBRA target chamber is filled 

with helium gas at a density of 3.5 x 1018 cm -3 and a temperature of 800 K. Taking the 

diameter of the target to be 1 cm, the viscosity of helium at 800 K to be 383.6 x 10-6 

g/cm-s, and the thermal conductivity of helium under these conditions to be 4.04 x 10-4 

W /cm-K, one can easily calculate the convective heating rate of the target to be 8.4 

W /cm2• Adding this to the radiant heat load from the target chamber, the total heat 

load dur!ng this phase is 10.4 W/cm2. The results of the PELLET Simulationare shown 

for this phase in Fig. 5.9. The temperature in the target is shown as a function of 

position for three times: when the target enters the target chamber (t = 0), when the 

target reaches the ion beam focus (t = 19.5 ms), and when the ion beams reach the tar­

get, that is after the radiant heat from the channel warms the target (t = 19.502 ms). 

One sees here that, after injection, the fuel is only heated to about 7 K. The final phase 

is when the target is near the ion beam focus, after channel formation has begun. Esti­

mates from the channel simulations indicate that the plasma in the channels reaches a 

temperature of about 20 eV. The channels do not radiate like blackbodies because the 

helium is fully ionized. The channels overlap about 1 cm from the target and the channel 

formation Simulations indicate the average radiant power density on the target over the 

roughly 2 \.lS formation time is 2.3 x 104 W /cm2• This estimate neglects overlapping of 

radiant heat from adjacent channels and additional heating due to the preionizing laser 

system. The results, shown in Fig. 5.9, indicate that the target fuel is not heated at all 

by the channel heat flux because it takes too long to diffuse through the lead and plastic 

shells. If the heat load on the target during this phase were increased by an order of 

magnitude, this conclusion would not change. 

One can easily understand this result if one considers the thermal conductivity and 

specific heat times mass density product profiles for the target, shown in Figs. 5.10 and 

5.11 respectively. These are the profiles present in the target just as the ion beam 

strikes the target. In Fig. 5.10, one notices a very low thermal conductivity of plastic. 

The distance that heat can diffuse into a material in a time fit is of the order 

fiX = 21 allt (5.1) 

For the lead shell and for fit = 2 \.lS, fix is 0.0014 cm, which is about what is observed in 

Fig. 5. 9. For a 10 \.lS channel formation time (it is hard to imagine a much Ionger 
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formation time) the heat would only diffuse 0.0032 cm into the target and would still not 

have passed the lead shell. 

Therefore, a plastic pusher in the target or any other insulating layer solves the 

problems of DT fuel heating prior to the heating of the target by the ion beam. 

5.4 Optional Hybrid Target Design 

We have discussed with Mark at Lawrence Livermore National Labaratory the 

possibilities for a target that combines the positive features of both the direct and 

indirect drive concepts. (6) The advantage of such a hybrid design is that the gain-energy 

relation is improved over that for pure indirect drive, while the beam symmetry require­

ments are within the range of that which can be achieved within the LIBRA concept. 

The gain-energy relation for a hybrid drive concept is shown in Fig. 5.12, where one can 

see the improvement over pure indirect drive. The figure shows two points for hybrid 

drive, a gain of 90 at an input energy of 2.5 MJ and a gain of 140 at 6.6 MJ input energy. 

The low energy and gain point was the result of a calculation for a driver beam of 3 GeV 

Cs at a peakpower of 150 TW focused on to a 3.4 mm diameter spot. The r3/ 2R parame­

ter is 0.004 for this case. The high gain and energy calculation was for 4 GeV Cs on a 

5.1 mm diameter spot (r312R = 0.01) at a peakpower of 250 TW. For both cases, the gain 

is about a factor of two higher than the corresponding curves for pure indirect drive. 

However, the spot sizes are both significantly less than what we predict for the LIBRA 

beam propagation scheme, 10 mm. Therefore, only 11% of the beam would be within a 

3.4 diameter spot and 89% of the beam would be wasted. This would Iead to a much less 

advantageaus gain-energy relation. 

The illumination symmetry is improved if one places the beams at nulls of Legendre 

polynomials. (7) This approach eliminates long wavelength asymmetries, which are con­

sidered to be the most damaging. If one arranges the 18 LIBRA light ion beams in two 

cones 35° out of the equatorial plane, one can remove some, though not all, of the long 

wavelength modes. The LIBRA target chamber does in fact have the beams so arranged, 

though it is not clear if the symmetry is good enough for the hybrid drive scheme. 

A better scheme would have the beams in cones 50.8° above and be1ow the equatorial 

plane and also in the equatorial plane, but cones of such high angle are not compatible 

with the current LIBRA target chamber design. 

In summary, the hybrid drive target concept provides a higher gain at lower input 

energy than does indirect drive, though it is not clear that the LIBRA target chamber 

5-17 



300 
r312 R 

200 0.005 

0.01 

z 100 0.02 
-<( 
CJ 
I- / 

/ w / / CJ 50 / I 0.005 a: I I <( 0.01 I- I I 
I I 0.02 

I I 

I I 
I I 

I I , 
I I • 

10 
1 5 10 20 

INPUT ENERGY, MJ 

Fig. 5.12. Gain-energy relation for hybrid target. 
R = ion range (g/cm2), r = radius of target 
Dashed curve is for hybrid-drive, solid curve is for indirect drive 

5-18 



concept will allow adequate beam symmetry. Also, one would need to find a way to 

focus the light ion beams in LIBRA to a smaller spot or a way to drive the hybrid target 

with a beam of larger spot size. Therefore, further work on the hybrid concept and 

modification of target chamber concepts should be considered before the hybrid concept 

becomes the main line target design for commercial light ion fusion. The advantages of 

hybrid targets to the economics of power production are quite evident. 
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6. TARGET CHAMBER DESIGN AND MAINTENANCE 

6.1 General Discussion 

The LIBRA target chamber is similar to the HIBALL (Heavy Ion Beams and Lithium 

Lead) reactor design which was completed in 1981. ( 1) Although the basic configurations 

of the two reactor systems are similar, there are fundamental differences, some of which 

are listed below: 

1. HIBALL utilized ballistic focusing of heavy ions whereas LIBRA uses a preformed 

plasma channel for transporting the ions to the target. 

2. The ambient gas pressure in HIBALL was 10-5 torr, while in LIBRA it is 260 torr 

(equivalent of 100 torrat 0°C). 

3. HIBALL was connected to a steady state vacuum pumping system while LIBRA 

utilizes a self-pumped feature. 

4. In HIBALL the heat exchangers were located in a separate building, whereas in 

LIBRA they are built into the base of the chamber. 

5. The maintenance schemes for the two reactors are substantially different. 

These differences are primarily due to the dissimilar process needed for transporting 

heavy ion beams as opposed to light ion beams. With respect to energy extraction and 

power cyc1e considerations, there are no differences. 

Location of the heat exchangers in the base of the target chamber in LIBRA was 

motivated by a single consideration: that of minimizing the total inventory of LiPb. 

Because of its high density (p = 9.6 g/cm3) transporting LiPb over long distances in pipes 

is problematic. Further, to av()id any possibility of a water/LiPb interaction, the heat 

exchangers in the base of the chamber transfer the energy from LiPb to helium gas which 

then goes to a steam generator and a conventional steam power cycle. 

The high pressure in the target chamber needed to form plasma channels has 

several beneficial aspects. For example, the maximum temperature of the LiPb in the 

front INPORT units in HIBALL was limited to 500°C because of the low pressure in the 

chamber (1 o-5 torr). There is no such limitation in LIBRA. But the main benefit is 

the fact that the chamber can be made to be self-pumping, a feature which would be 

impossible at the low pressure of HIBALL. The main difficulty of operating at this 

pressure is the isolation of the beam transmission tubes which have to be at pressures on 

the order of 10-5 torr. Although they have not been designed, it is assumed that some 
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kind of rotating shutters will be used to isolate the chamber environment from that of 

the ion diodes. 

In LIBRA, as in HIBALL, the breeding/cooling material is Li 17Pb83• The roof, 

which is designed to be periodically replaced, is cooled with LiPb flowing through wedge 

shaped modules. After going through the roof this coolant then flows down the vertical 

sides of the chamber through rear INPOR T uni ts. Additional Li Pb is routed into the 

remaining INPORT units. All the coolant then collects in the bottom pool after which it 

goes through the heat exchangers, giving up its energy to helium gas which is used in a 

conventional steam cycle. 

One of the concerns many people have about this scheme is LiPb dripping from the 

roof and intersecting the path of a light ion beam. This turns out to be a non-issue. 

The shortest distance from the roof to a beam outlet is 1.6 m. The distance a droplet 

travels by gravity in 0.33 s (3 Hz repetition rate) is 0.53 m. Clearly any drop which falls 

from the roof immediately after a shot will be vaporized and disassembled by the suc­

ceeding shot long before it reaches the vicinity of the beam paths. The repetition rate 

will have to be reduced to 1.75 Hz before this will become a problem. 

In the next sections the target chamber and its maintenance are discussed. Target 

chamber self-pumping, beam line protection and the thermal hydraulics are also 

described. 

6.2 Target Chamber Description 

The LIBRA target chamber is an upright cylinder with internal dimensions of 7.7 m 

height on axis and 6.0 m in diameteras shown in Fig. 6.1. The chamber is characterized 

by three distinct zones, the blanket, reflector and shield. The blanket in the vertical 

sides of the chamber consists of a 1.35 m thick zone of flexible porous SiC tubes called 

INPORT (inhibited flow porous tube) units. Figure 6.2 shows the distribution of the 

tubes wi th the first two rows of 3 cm diameter and the follow ing 9 rows of 10 cm diame­

ter tubes respectively. These tubes occupy 33% of the available space and have LiPb 

breeding/cooling material flowing through them. Since the tubes are porous, there is a 

wetted film present on the outer surface at all times. This wetted film absorbs the 

surface heat from x-rays, ion debris and radiant energy coming from the target explo­

sion. The blanket is followed by a 50 cm thick reflector zone made of the ferritic steel 

HT -9 and also cooled with LiPb. Besides reflecting neutrons, this zone is the primary 

structural support for the INPOR T units and is the vacuum barrier for the chamber. 
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Fig. 6.2. Distribution of INPOR T units in the LlßRA blanket. 
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It extends to the top of the chamber where it is sealed to the upper flange of the roof 

structure. The vertical part of the reflector is penetrated by 18 beam tubes, nine on the 

top and nine on the bottom, equally distributed, coming in at an angle of 34° to the hori­

zontal, as shown in Fig. 6.1. There are also nine exhaust ducts penetrating the reflector 

at the midplane connecting the target chamber with the suppression chamber through a 

LiPb trap. Finally, the reflector is followed by a 2.5 m thick shield made of reinforced 

concrete. This is cooled by helium gas. 

The roof of the chamber is covered with 10 cm thick wedge shaped woven SiC 

modules which have LiPb flowing through them. These modules are attached to a 25 cm 

thick HT -9 reflector cooled with LiPb. This reflector is welded to six equally spaced 

structural beams which are 1.1 m high and 6 cm thick. These beams, along wi th the inte­

gral central hub, constitute the primary support structure for the roof. Six independent 

shield segments fit between the beams to provide an effective shield thickness of 2.95 m. 

The last element in the roof is the vacuum flange made of HT -9 which is sealed to the 

vertical reflector to form the vacuum barrier for the roof. A pellet injector is located 

in the center of the roof, fitting through the central hub. This pellet injector is sealed 

to the top vacuum flange and can be removed independently for servicing. 

The bottom of the cavity consists of a LiPb pool which is formed by the coo1ant 

flowing through the roof modules and the INPORT tubes. It drains through a 15 cm thick 

perforated plate made of HT -9, which acts as a reflector as well as a shock damper. 

From there, the LiPb flows down a 20 cm thick splash plate into three ports leading to 

the three heat exchangers built into the base of the chamber. 

A suppression tank is located on the outer perimeter of the target chamber. It is 

toroidal in shape, 2.30 m in diameter and partially filled with LiPb. The outlet of 

the exhaust pipes from the target chamber are immersed in this pool of LiPb forming a 

so-called trap. Gases from the target chamber can exhaust into the suppression tank by 

bubbling through the LiPb, but they cannot return back, prevented by the column of LiPb. 

This scheme is part of the self-pumping feature of the target chamber and will be dis­

cussed in the next section. 

6.3 Target Chamber Evacuation 

The LIBRA chamber is designed to be self-pumped by the target explosion gene­

rated overpressure which expands into the suppression tank through nine ducts, equally 
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spaced at the chamber midplane. A He gas equivalent to 100 torrat 300 K is needed for 

beam propagation. 

The gas temperature in the target chamber just prior to a shot is 800 K and the 

pressure 260 torr. Immedia tely after the shot the temperature rises to 9000 K and the 

pressure to 2900 torr. The temperature in the Suppression tank LiPb is maintained at 

350°C by replenishment and the gas pressure at 260 torr. Right after the shot the gas 

in the target chamber undergoes an isentropic expansion through the LlPb lock into the 

suppression chamber. As the gas expands it is also cooled. When the gas pressures in 

the target and Suppression chambers equilibrate, the LiPb trap prevents any further 

communication between them. The post-expansion gas temperature in the target cham­

ber is higher than it was prior to the shot and the fraction of gas w ithin the INPOR T 

units zone quickly equilibrates with the temperature of the LiPb. Precise determination 

of the temperature in the LIBRA target chamber upon pressure equilibration is very 

difficult. In the present calculation we make the following conservative assumptions: 

The gas in the target chamber expands isentropically into the suppression chamber. 

The gas in the INPOR T unit zone cools down to the maximum temperature of the 

LiPb (773 K). 

• The gas in the center of the chamber remains at the temperature it cooled down to 

due to the isentropic expansion. 

• The temperature of the gas is then averaged for these two zones and the target 

chamber pressure is based on this temperature. 

As the gas in the target chamber continues to cool down, approaching the initial temper­

atur:e of 800 K, the pressure falls below the initial pressure of 260 torr. At this point 

fresh helium gas is injected into the chamber to maintain the pressure at the prescribed 

pre-shot value. Another simplifying assumption that has been made in this calculation is 

that the gas entering the Suppression chamber is immediately cooled to 350°C. This is 

not a bad assumption when one considers that the LiPb in the Suppression tank can be 

continuously injected in the form of a mist which falls down to the bottom of the cham­

ber. The LiPb is then pumped out from the bottom of the suppression tank at the same 

rate it is injected, to maintain the correct Ievel in the tank for proper trap action. 

In this way, the energy which leaves the target chamber with the evacuated gas is 

recovered and used in the power cycle. 
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Table 6.1 gives the results of the calculation as a function of the ratio of the 

suppression tank volume to the target chamber volume. The first two columns give the 

average gas temperature and the average gas pressure in the target chamber after equili­

bration with the gas in the suppression tank. The third column gives the ratio of the 

pressure after equilibration to the initial pressure in the suppression tank. This is the 

ratio that the vacuum pumps have to deal with. The fourth column gives the fraction of 

the target chamber gas evacuated per shot and the last column gives the effective steady 

state pumping speed needed to pump down the suppression tank to the prescribed initial 

pressure of 260 torr in 0.33 s. 

Figure 6.3 is a plot of the pressure ratio of the equilibrated pressure to the initial 

pressure and the required effective pumping speed as a function of the volume ratio of 

the Suppression chamber to the target chamber. The only kind of pumpsthat are capable 

of Operating in such high pressure are mechanical pumps. However, since there will be 

tritium present in the helium, they must be oil-less pumps, otherwise the oil will be 

contaminated with tritium. There are mechanical pumps with dry seals, usually made of 

plastics. It is not recommended that such pumps be used with pressure surges of higher 

than 3096. Thus it would seem that the cutoff would be at a pressure ratio of 1.3 which 

occurs at a volume ratio of suppression chamber to target chamber of 0.6. The required 

pumping speed is 1.67 x 105 9./s for this volume ratio. 

Typically, vacuum pumps are more expensive than pressure vessels and a difference 

of 3096 in pumping capacity could be a substantial difference in cost. This would indicate 

that it would be prudent to choose a !arger suppression tank and lower the pumping 

speed. A word of caution has to be included here. Such high capacity roughing pumps 

operating in the 250-350 torr regime, especially of the oil-less variety, do not exist 

today. Such a roughing pump, say of 104 rx./s capacity, would take a substantial develop­

ment program to produce. 

6.4 Beamline Magnetic Protection 

The LIBRA target chamber has 18 beam lines, 9 equally distributed at the top and 

9 on the bottom, inclined at 34° to the horizontal. To prevent the beams from shorting 

to the blanket, they are transported between the INPORT units through magnetically 

insulated tubes which are shown in Fig. 6.1. Although the scope of this study did not 

allow a detailed design of how the magnetically insulated tubes protrude through the 

INPOR T uni ts, we assume for the present that the two systems are fully integra ted 
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Table 6.1 Pumping Parameters for LIBRA 

Ratio of Gas A vg. T emp. Gas A vg. Press. Ratio of Press. Fraction of Steady State 
Suppression in Target Cham. in Target Cham. After Equil. Target Cham. Pumping Speed 
Chamber Vol. After Equil. After Equil. to Initial Volume Exhausted Required 

to Target with Suppr. with Suppr. Pressure per Shot 
Chamber Vol. Chamber Chamber 

(K) (torr) (96) (t/s) 

l.O 1076 290 1.12 16.4 1.23 X 105 

0.9 1118 299 1.15 17.9 1.42 X 105 

0.8 1173 308 1.18 19.3 1.53 X 105 

"" I 

1.61 X 105 00 0.7 1240 319 1.23 20.7 

0.6 1317 333 1.28 22.2 1.67 X 105 

0.5 1420 353 1.35 23.4 1.71 X 105 

0.4 1557 382 1.47 24.4 1.73 X 105 
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such that there are no unprotected surfaces. Practically, this means that the tubes are 

concentric with manifolds which carry the LiPb from the upper connecting INPOR T units 

to lower connecting INPORT units. 

lt has been determined that a magnetic field of 3.2 T is needed within a 20 cm bore 

beam tube to slow down the electrons sufficiently to allow the channels to form in 1 J.iS. 

To generate this field we have proposed a coil made of the molybdenum alloy TZM, with 

turn-turn insulation of BeO completely encapsulated in SiC. 

Figure 6.4 shows a picture of the coil. It is 2.9 m long with an 10 of 20 cm and 

00 of 34 cm, has 123 turns and requires a current of 60 kA at 11.3 kV. It has a pulse rise 

time of 5 ms and an L/R decay constant of 22 ms. The power required per beamline is 

1.47 MW and the total stored energy in the 18 coils is 8.8 MJ. The coil is fed from the 

point of attachment to the diode housing and has a current return path through the cham­

ber by virtue of having the last turn shorted to the LiPb. The coil is cooled by the 

flowing LiPb which surrounds it and the dissipated power is recovered in the LiPb. 

Table 6.2 gives the pararrieters of the beamline magnetic insulation coils. 

Tab1e 6.2. Parameters of Magnetically Insulated Beam Lines 

Number of beamlines 18 

Length of beamline (m) 2.9 

Conductor material TZM 

Magnetic field generated (T) 3.2 

Conductor current (kA) 60 

Specific current (MA/m) 2.55 

Coil 00/IO (m) 0.34/0.20 

Number of turns/coil 123 

Voltage required (kV) 11.3 

Coil inductance (J.lh) 300 

Coil resistance (ohms) 0.014 

Pulse rise time (ms) 5 

L/R time constant (ms) 22 

Power/beamline (MW) 1.47 

Total stored energy (MJ) 8.8 
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The magnetic protection beam lines must be replaced at a frequency consistent 

with that of the INPOR T units, which is every 1.5 (FPY) full power years. It has been 

estimated that TZM can withstand radiation darnage of up to 25-30 dpa,<2) before a 

thermal anneal is required if it operates at > 500°C. The maximum neutron wallloading 

in LIBRA at the midplane is 6 MW /m2 and thus at the front surface of the coil it is 

3.8 MW/m2• This produces an average of- 40 dpa per FPY. At this rate the TZM would 

have to be annealed once during its lifetime. Annealing the coils would be trivial by 

passing a DC current through them during a convenient down time. 

It appears that the coil replacement is dictated by radiation darnage to the SiC 

encapsulating material and not the TZM. Maintenance of the target chamber is discussed 

in Section 6.6. 

6.5 Target Chamber Thermal Hydraulics 

The target chamber in LIBRA is cooled with LiPb, with the exception of the shield, 

which is He gas cooled. As a safety feature, no water cooling is used in the target 

chamber. A single LiPb loop is employed in the reactor. It integrates the cooling of the 

reflector with the cooling of the roof and the INPOR T units, as well as cooling of the 

exhaust gases in the Suppression chamber. The Li Pb inventory is minimized by having the 

heat exchangers built into the base of the target chamber, obviating the need for exten­

sive heavy piping. 

There are three separate LiPb circuits within the target chamber all combined into 

the same coolant loop. The first cools the roof of the chamber. Here the Li Pb goes 

through the reflector flowing toward the center of the chamber and then enters the SiC 

modules at predetermined radial locations to flow back out. After going through the 

roof, the heated LiPb flows down the vertical sides of the chamber through rear INPOR T 

units, where the nuclear heating is low, finally joining the bulk of the LiPb in the bottom 

pool. The second circuit feeds the remaining INPORT units. It enters the tubes at the 

top and flows down, eventually spilling into the bottom pool. The third circuit is used to 

cool the exhaust gases in the Suppression chamber and to cool the reflector. This LiPb is 

sprayed into the suppression chamber in the form of a mist to maximize surface area, 

and falls down to the bottom of the suppression chamber. A constant level has to be 

maintained in the suppression chamber pool to act as the trap needed to prevent back­

flow of gases into the target chamber. From the bottom of the suppression chamber, the 

LiPb is pumped to the top of the reflector, where i t flows down and joins the pool in the 

bottom of the target chamber. 
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In all three coolant circuits the inlet temperature is 340°C and the outlet 

temperature 500°C. An energy balance determines the mass flow rate in each circuit. 

The total thermal energy in the reactor is 1160.5 MW and the mass flow rate of LiPb is 

5.07 X 104 kg/s. 

The surface temperature of the front tubes is not critical in LIBRA since the 

operating pressure needed for channel formation is - 260 torr at the operating 

temperature. The maximum time averaged surface heating at the reactor midplane is 

- 180 W /cm2 and when averaged over the whole tube length it is - 146 W /cm2• In order 

to maintain an outlet temperature of 500°C from the front tubes, the required LiPb 

velocity is 2.6 m/s. The ma.ximum surface temperature just prior to a shot is 570°C and 

the corresponding LiPb vapor pressure is 8 x 10-4 torr. The LiPb vapor will constitute a 

minute fraction of the gas in the target chamber (- 3 ppm). 

The estimated pressure drop of the LiPb in the whole primary loop is 2 MPa and the 

pumping power is 10.8 MW. Table 6.3 gives the thermal hydraulic parameters for LIBRA. 

Table 6.3. Pertinent LIBRA Thermal Hydraulic Parameters 

Gross thermal energy (MW) 

LiPb inlet temperature (°C) 

LiPb outlet temperature (°C) 

LiPb-mass flow rate (kg/s) 

Maximum time averaged surface heat flux (W /cm 2) 

Maximum steady state surface temperature (°C) 

Velocity in front row of tubes (m/s) 

LiPb steady state vapor pressure (torr) 

Estimated LiPb pressure drop (MPa) 

Li Pb pumping power (M W) 

6.6 Reactor Target Chamber Maintenance 

1160.5 

340 

500 

5.07xl04 

180 

570 

2.6 

8 x 1 o-4 

2 

10.8 

It has been determined that the roof reflector and integral SiC modules, the 

INPOR T units, and the magnetic protection coi1s are not reactor lifetime components 

and will have tobe rep1aced periodically. 

The maximum dpa/FPY sustained by the SiC in the front row of tubes at the 

midplane where the maximum time average neutron wall loading is 6.05 MW /m2 is 
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157 dpa/FPY. lt has been estimated inHIBALL(l) that up to 196 of the SiC molecules 

can lose one atom each before any tube strength degradation will occur. The 157 

dpa/FPY rate produces a loss of one atom each in 0.6796 of the SiC molecules giving the 

front row of INPORT tubes a lifetime of 1.5 FPY. On the other hand, the roof modules 

which are exposed to a time average neutron wall loading of 2.83 MW 1m2 will have an 

expected life of 3.2 FPY. 

In Section 6.2 it was decided that the lifetime of the magnetic protection coils 

based on the darnage to their SiC encapsulating cover is 1.5 FPY. Finally, the lifetime of 

the roof reflector has been estimated to be 4 FPY in Section 8.1. 

It appears that a maintenance schedule based on 1.5 FPY cycles is needed. At an 

availability of 7 596 this amounts to 24 calendar months. The front row INPOR T units and 

the magnetic protection coils will be replaced every 24 calendar months. The roof SiC 

modules and the reflector to which they are attached will be replaced every other 

maintenance cycle, or every 48 calendar months. The remaining INPORT units will be 

replaced on a schedule consistent with the darnage accumulated in them. 

Once the LiPb has been drained from_ the reactor a scheme for dismantling the roof 

of the chamber to provide access to the interior of the target chamber has been 

developed. Figure 6.5 shows a picture of the target chamber with a disassembled roof. 

The first component to be removed is the pellet injector estimated to weigh - 14 tonnes. 

A pellet delivery conveyer system not shown in the drawing will have to be initially 

removed. The next step is to unbolt and remove the vacuum flange which is the primary 

vacuum barrier for the roof. This 5 cm thick flange can be sealed with a conventional 

elastomer seal, since the seal is protected,.with 3.5 m of shield material, can be changed 

out each 1.5 FPY and seals against a roughing vacuum of the order 200-300 torr. The 

mass of the flange is 33 tonnes. Next come the six individual wedge shaped shield seg­

ments, each weighing 100 tonnes. Heliumgas coolant lines have to be disconnected prior 

to the removal of the shield segments. Finally, the wagon wheel shaped structural beam 

assembly with the attached roof reflector and SiC modules is removed as a single unit, 

also weighing 100 tonnes. There is no need to undo coolant connections since these are 

made by virtue of aligning supply ports in the reactor target chamber to ports on the roof 

reflector. The ports will have spring loaded metal seals of the omega bellows type. 

Furthermore, these seals do not have to be tight since a certain amount of leakage can 

be tolerated. The leaking LiPb will simply run down the sides of the INPORT units in the 

back of the reactor. 
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Fig. 6.5. Disassembly sequence for reaction chamber roof. 
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Once the target chamber roof has been disassembled, free access to the chamber 

interior is made possible through a 6 m diameter hole. Remote handling machines 

mounted on the overhead crane can then be lowered into the target chamber to remove 

and replace the INPORT units and the magnetic protection coils. Afterheat dissipation 

will not pose a problern since natural convection of air through the reflector coolant 

passages will be capable of handling it. Containment building air will have to be 

circulated for cooling and detritiation purposes. 
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7. CA VITY RESPONSE 

7.1. Overview 

The ablation of LiPb from the surface of the INPOR Ts and the response of the 

tubes to the resulting impulse are the major issues discussed in this section. Specifically, 

the following questions are addressed: 

Where is the target x-ray and debris ion energy deposited? 

How much LiPb is vaporized (ablated) from the INPOR Ts after each shot? 

• What are the conditions (pressure, temperature, radiation flux) at the 

vapor/liquid LiPb interface as a function of time? 

What is the magnitude of the impulse applied to the INPORTs? 

What effect does varying the cavity size have on the applied impulse and mass 

of LiPb vaporized? 

What are the general characteristics of the INPORT mechanical response? 

Can INPORT physical parameters be Chosen to effect steady state motion which 

is coplanar with the radial impulsive loading? 

Figure 7.1 illustrates the major physical processes occurring in the LIBRA target 

chamber "cavity". Here, the "cavity" includes the background gas and INPORTs carrying 

the LiPb. The cavity parameters are listed in Table 1.1. Roughly 20% of the x-ray 

energy and all of the debris ion energy is deposited in the He gas. This Ieads to high 

temperatures and pressures near the center of the cavity, which drive a strong shock 

wave radially outward. Rapid vaporization of liquid LiPb occurs because roughly 80% of 

the target x-ray energy is deposited volumetrically in the LiPb. Although other gases 

(e.g., argon) are better x-ray absorbers than He, the chamber gas composition and density 

are constrained by beam transport requirements (see Chapter 4). After the target x-rays 

are absorbed, the high pressures in the LiPb vapor cause it to expand rapidly away from 

the INPORTs, and creates a "recoil" impulse on the tubes. The expanding LiPb produces 

a strong inward-moving rarefaction wave, which eventually collides with the outward­

moving shock. Calculations indicate that the momentum of the LiPb vapor front strongly 

dissipates the outward moving shock. Thus the tradeoff associated with the x-ray 

vaporization of LiPb is this: the inward flowing LiPb vapor front shields the INPOR Ts 

from the outward-moving shock, but produces very high instantaneous pressures at the 

vapor/liquid interface and applies a large recoil impulse to the INPORTs. 

The INPOR T concept was introduced for the HIBALL conceptual design and has 

now been adapted for LIBRA. Briefly, each INPORT consists of a tube of braided silicon 
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Fig. 7 .1. Schematic of physical processes in the LIBRA target chamber follow ing a 
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carbide, with a porous flexible wall (Fig. 7 .2). A fraction of the lithium/lead flowing 

through the INPORT coats the outer surface and provides protection from x-rays and 

target debris. Such components have been fabricated and tested for strength at elevated 

temperatures and fatigue testing of the silicon carbide fibers has also taken place. 

The INPORT Iayout for the first wall and blanket is shown in Fig. 7 .3. The first 

wall consists of 628, 3 cm diameter INPOR Ts equally divided between the first and 

second rows. The blanket is made up of 9 rows of 10 cm INPORTs, each row containing 

140 units, for a total of 1260. This combination prov ides a packing fraction of 33%. 

7.2. Radiation-Hydrodynamic Calculations for the LIBRA Target Chamber Cavity 

7 .2.1. Overview of the Radiation-Hydrodynamic Simulations 

The post-ignition response of the He background gas and LiPb coating the INPOR Ts 

is simulated using the 1-D Lagrangian radiation-hydrodynamics code called CONRAo.< 1} 

CONRAD calculates the energy deposition of target x-rays and debris ions in the cavity 

gas and first surface material, the vaporization and condensation of first surface 

material, hydrodynamic flow in the background gas and vaporized material, and energy 

transport through the vapor and condensed media. In the condensed medium (here, the 

liquid LiPb), energy is transported by thermal conduction. In the gas, energy is 

transported by radiation, fluid motion, and electron thermal conduction. 

It is emphasized that because CONRAD is a one-dimensional code, it is unable to 

model the actual geometric configuration of the LIBRA target chamber. This is because 

the target explodes with spherical symmetry while: (1) the INPORTs constitute a 

cylindrical first wall for the target chamber cavity, (2) the LiPb surface on each INPOR T 

(i.e., the vapor/liquid interface) is axisymmetric, and (3) the cavity boundary has many 

holes for beam ports. In our calculations, it is assumed that the cavity boundary is 

spherically symmetric and located at a distance of 3 meters from the target (i.e., the 

minimum distance between the target and INPOR Ts in the LIBRA design). Thus, while 

the qualitaf.ve features of our results should be valid, the numerical values presented in 

this section must be viewed as approximations. 

Energy and momentum transfer in the gas and condensed region are modeled 

separately. In the condensed region, movement and compression of the fluid are 

neglected. Energy flow from the vapor/liquid interface toward the SiC weave located 

2 mm behind the interface is computed via the conduction equation 
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2 
C aT = ~ !_I + 5 

V at 2 P ax 
(7.1) 

where T is the temperature of the liquid, cv is the specific heat, p is the mass density, K 

is the thermal conductivity, and S is a source term. cv, p and K are assumed to be 

constant throughout the liquid. The source term includes energy incident at the 

vapor/liquid interface due to radiation and debris ions (for LIBRA, the debris ions are 

stopped in the He near the target). The temperature 2 mm behind the interface (i.e., at 

the SiC weave) is held fixed at 500°C. 

The momentum and energy conservation equations for the plasma have been 

described in detail elsewhere.<2> They will be discussed only briefly here. The 

momentum conservation equation is given by 

au a apd 
ät = - V ar (P + q) - V ät (7.2) 

where u is the fluid velocity, V is the specific volume, P is the plasma pressure, q is the 

artificial viscosity and Pd is the debris ion momentum. The first term represents the 

acceleration due to pressure gradients and the secend term represents the contribution 

from collisions between the background plasma and the debris ions. 

The plasma energy equation is 

(7.3) 

~ - V (P + q + (av ) ) + A- J + S 
T 

where T is the temperature of both the electrons and ions, Kp is the plasma thermal 

conductivity, Ep is the plasma specific internal energy, S is a source function, and A and 

J are the plasma absorption and emission rates, respectively. Radiation transport is 

calculated using a multifrequency flux-limited diffusion model. The radiation energy 

equation for each of the 20 photon energy groups is 
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aE~ V a 2 aE9 
V - = -- (r g _R) at r2 ar KR ar Ccrg EgR + Jg P,A g = 1,20 (7.4) 

where E~ is the radiation energy density of group g, K~ is the radiation 

conductivity, cr~ ,A is the Planck mean opacity for absorption, c is the speed of light and 

Jg is the plasma emission rate for photans in group g. The radiation absorption, emission 

and diffusion rates are calculated from the following relations: 

A = I g Eg (7.5) 
g 

ccrP,A R 

Jg 41lo~,E 
\)g+l 

J = I = I f B dv 
\) g g \)g 

KQ 
R = (cV)/{3o~) 

where the group opacities are defined in Eqns. 7.12 through 7 .14. 

In practice, the target x-rays are deposited during the initialization procedure. 

Thus, some of the LiPb is in the vapor phase as the calculation begins. The debris ion 

energy is deposited through the time-dependent source term in Eqn. 7.3. 

For the He and LiPb vapor, momentum and energy transport are governed by 

Eqns. 7.2 and 7.5. All Lagrangian zones that contain liquid LiPb are not allowed to 

undergo hydrodynamic motion and energy transport is governed by Eqn. 7 .1. As the 

plasma radiates energy to the INPORTs, the temperature at the vapor/liquid interface 

rises and some additional LiPb can be vaporized. Thus, the number of Lagrangian zones 

in the vapor phase can change with time. No mixing occurs between the He and LiPb as 

no mass is exchanged between zones. 

Radiation re-emitted by the cavity gas is effectively deposited at the surface of 

the interface because of the shorter mean free paths (compared with target x-rays). 

Vaporization of first surface material in the post-x-ray deposition phase is modeled using 

the kinetic theory approach of Labuntsov and Kryukov.<3) The mass vaporization rate 
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per unit area is 

(dm) 2 ( JJ )1/2 
dt v = 3 RTv Psat (7.6) 

where T v is the vapor temperature, P sat is the saturation vapor pressure, JJ is the mean 

atomic weight and R is the gas constant. The rate of condensation of LiPb back onto the 

INPORTs is 

(7.7) 

where P v is the vapor pressure, f
5 

is the sticking coefficient, which represents the 

fraction of vapor atoms striking the interface that attach to it, and fnc is a parameter 

which accounts for the presence of noncondensable gases (i.e., He). 

Before describing the results of the radiation-hydrodynamic Simulations, the details 

of models used to calculate the equations of state and opacities, target x-ray energy 

deposition, and debris ion stopping are discussed. Results from the radiation­

hydrodynamic calculations are discussed in Section 7 .2.5. 

7.2.2. Eguation of State and Opacity Data 

The eguations of state and opacities for He and LiPb vapor were calculated using 

the IONMIX computer code.( 4) IONMIX computes thermodynamic properties and 

multigroup opacities for multicomponent LTE (local thermodynamic eguilibrium) and 

non-LTE plasmas. The calculations are valid for low-to-moderate density plasmas, where 

interparticle potentials are unimportant, and at temperatures ~ 1 eV, where molecular 

vibrational and rotational effects are unimportant. Thus, the physical and chemical 

properties of LiPb near the liquid/vapor phase transition are not modeled in detail. 

IONMIX computes steady-state ionization populations by balancing the collisional 

ionization rate with the sum of the collisional, radiative and dielectronic recombination 

rates for each ion. Similarly, the excitation populations are determined by balancing the 

collisional excitation rate with the sum of the collisional plus radiative deexcitation 

rates. Here, "collisions" refer to the electron impact processes, i.e., collisions between 

ions and free electrons. Rate coefficients are based on the hydrogenic ion 
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approximation.< 5> Processes which are coupled with the radiation field -- photoionization 

and photoexcitation -- are not considered in the calculations discussed here. Because of 

this, the plasma properties are a function of the local plasma density and temperature 

only, and independent of the radiation field. 

After the ionization and excitation populations are determined, the equation of 

state properties are easily calculated, as interparticle potentials are assumed to be 

small. Interna! energies are computed relative to the ground state energy of the neutral 

atom of each species. Thus, the specific energy for an arbitrary mixture of ions is 

n 
E = ~ot{~ (1 + <Z>)T + ~ fk (7.8) 

where p is the mass density and ntot is the total number density of nuclei. The relative 

species, ionization, and excitation fractions are defined by 

nk 
f = --, 

k "tot 

n.k 
f - ___JJ5_ 

jk - nk • 
= "ijk 

f,. J.k n 
jk 

(7.9) 

where nk, njk' and "ijk refer to the number density of nuclei of gas species k, the jth 

ionization state of species k, and the ith excitation state of the jth ionization state of 

species k, respectively. The <~~tk are the ionization potentials, and t~Ei n the excitation 
' 0 

energies with respect to the ground state energy of each ion. The last two terms on the 

right side of Eqn. 7.8 represent the energy stored in ionization and excitation, 

respectively. The average charge state and pressure are given by 

<Z> fjk·j (7 .1 0) 

and 

P = (1 + <Z>) n 101kT (7.11) 
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where T represents the temperature of both the electrons and ions, which are assumed to 

be in equilibrium. 

The radiative properties are calculated using hydrogenic ion cross-sections for 

bound-bound, bound-free, and free-free transitions. (6) IONMIX computes the absorption 

coefficient, ~e", emission coefficient, n", and scattering coefficient, a", at a large 

number (- 102 to 103) of specially placed photon frequencies v. Multigroup Planck mean 

opacities for absorption and emission are then calculated by integrating over each 

frequency group: 

"g+1 
K B dv f 
" " 9 = l "g (7 .12) 0P,A 

p " 1 J g+ B dv 
" "g 

and 

f "9+1 
n dv 
" g = 1. "g (7 .13) Op E 

p " 1 ' f 9+ B dv 
\) 

"9 

where "g and "g+l are the group boundaries of group g, and Bv is the Planck function. 

The Rosseland mean opacity is 

"9+1 aB 
f (aTv) dv 

09 1 " =- aB (7.14) 
R 

p f\)9+1 1 (aTv) dv 
IC + cr 

"9 \) \) 

The Rosseland mean is used to calculate the transport of radiation in the flux-limited 

diffusion model, while the Planck means are used to calculate the rates of energy 

exchange between the radiation field and plasma. Note that the Planck means for 
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emission and absorption must be computed separately because local thermodynamic 

equilibrium (LTE) is not assumed. At relatively high densities, where collisions dominate 

all atomic processes, the plasma approaches LTE and the Planck-Kirchhoff relation, 

nv = K vBv, becomes valid. 

In CONRAD simulations of the LIBRA cavity environment, the He and LiPb vapor 

are not allowed to mix. Each zone in the hydrodynamic simulation contains either pure 

He or u 17Pb83• This allows setting up of two separate equation of state tables using 

IONMIX. For each density and temperature point in the table, values are tabulated for 

the specific energy, specific heat capacity, mean charge state, density derivative of the 

specific energy, and, for each of 20 photon energy groups, the Rosseland mean opacity, 

and the Planck mean opacities for absorption and emission. 

Some results from the IONMIX calculations for He and LiPb are shown in Figs. 7.4 

through 7 .8. Figs. 7.4 and 7.5 show the internal energy density and mean emission 

coefficient (paP,E integrated over all photon energies) for He as a function of 

temperature for 3 different densities: 3 x 1016, 3 x 1018 and 3 x 1020 cm-3. Recall the 

cavity initia!Jy contains a uniform density He gas of 3.5 x 10 18 cm-3. At 

temperatures ~ 1 eV, He is essentially an ideal monatomic (neutral) gas. At temperatures 

» 10 eV, He is fully · ionized and the opacity becomes dominated by bremsstrahlung 

emission. At intermediate temperatures, some structure is evident in both the energy and 

opacity curves as He is partially ionized. At temperatures ~ 10 eV, most of the opacity is 

due to line emission. 

In a recent study,<7) it was shown that radiative recombination and deexcitation 

rates often exceed the collisional rates at temperatures and densities relevant to high-

-gain ICF target chambers. Thus, the ionization and excitation populations are not 

adequately calculated using the Saha equation and Boltzmann statistics, and the plasma 

is not in L TE. Non-L TE processes tend to reduce the mean ionization state, specific 

energy, and plasma emission rate relative to LTE. This is shown in Figs. 7.6 and 7.7, 

where the non-LTE internal energies and emission opacities are compared with the L TE 

values. At a density of 3 x 1020 cm-3 the non-LTE energies are virtually 

indistinguishable from the LTE values, as are the emission opacities at temperatures 

above 2 eV. However, as the density decreases, the ratio of the radiative to collisional 

recombination rate increases and the plasma deviates more and more from L TE. Thus, in 

calculations where LTE is assumed, the plasma emission rate -- and thereby the flux at 

the first wall -- is overestimated. 
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Figure 7.8 shows the mean charge state of LiPb as a function of temperature at 

densities of 3 x 1016 (circles) and 3 x 1020 cm-3 (squares). As a reference, the mean 

density of 10 kg of LiPb vapor - which is roughly the amount predicted tobe vaporized 

-- spread throughout a 3m radius spherical cavity is 3 x 1017 cm-3• The solid and dashed 

curves represent the non-LTE and L TE values, respectively. Again, the disparity between 

the L TE and non-LTE results becomes greater as the density decreases. In the CONRAD 

simulations, temperatures in the LiPb vapor range· as high as 10 to 20 eV just after the 

target x-rays are absorbed, and thus some of the LiPb is dissociated and partially ionized. 

7.2.3. Target X-ray Energy Deposition and Rapid Vaporization 

X-ray energy emitted from the target is deposited throughout the He background 

gas and in a thin layer of LiPb coating the INPORTs. After the x-rays are absorbed, the 

energy density within the first few microns of LiPb exposed to the target exceeds the 

binding energy of the liquid, and a few kilograms of LiPb is ablated from the INPOR T 

tubes after each explosion. The resulting pressures in· the Li Pb vapor cause it to expand 

rapidly away from the tubes, providing a strong "recoil" impulse to the INPORTs. 

To determine the spatial deposition of the x-ray energy, a multifrequency 

exponential attenuation model is used. This model assumes the x-rays are deposited 

instantaneously, and that they originate from a point source. The energy deposited in 

each zone is given by: 

(7 .15) 

where Kg is the mean absorption coefficient for frequency group g, F g is the incident 

flux, M is the fOne width and 6(h\l)g is the photon energy group bandwidth. The target 

x-rays are absorbed by photoionization. In the case where the absorber is a many­

electron atom, photoionization of inner shell electrons contributes significantly to the 

attenuation cross-sections. CONRAD uses the absorption cross-section data of Biggs and 

Lightfoot. (8) For each energy group, the x-ray attenuation is calculated for a large 

number (- 100) of subgroups to provide sufficient accuracy in frequency regions where 

the absorption coefficient changes rapidly. 

Figure 7. 9 shows the target x-ray spectrum used for the LIBRA cavity response 

calcu1ations. This spectrum is similar to that used in the HIBALL study,<9> but with the 

intensities scaled to give a total target x-ray yield of 62.7 MJ. 
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The x-ray energy deposition profile in the He gas is shown in Fig. 7.10. Only 12.5 

MJ (or 2096) of the x-ray energy is deposited in the He. This is because the absorption 

cross-section for He is very small at photon energies ~ 102 eV. The temperature near the 

center of the cavity just after the x-rays are deposited is about 12 eV. The temperature 

increases significantly, however, when the target debris ions are stopped near the 

target. The pressure gradients resulting from this energy deposition profile cause the He 

near the center of the cavity to rush rapidly outward, forming a strong blast wave. 

The remaining 50 MJ of x-ray energy is deposited in a thin region (- 10 J.lm) of the 

LiPb facing the target. Figure 7.11 shows the specific energy deposited in the first 10 J.lm 

of LiPb behind the liquid LiPb/He gas interface. In this calculation, the photoionization 

cross-sections for pure lead were used as CONRAD does not presently have the 

capability to model x-ray attenuation in multi-component materials. 

To calculate the amount of LiPb vaporized from the surface of the INPORT tubes, 

a simple energy balance model is used. The basic features of the model are illustrated in 

Fig. 7.12. CONRAD divides the condensed material (LiPb) into 3 regions, which are 

defined by the intersection of the material's specific internal energy profile and the 

"vaporization energy" and the "sensible heat". The sensible heat is the specific energy of 

the material at its vaporization temperature. The vaporization energy is the sensible 

heat plus the heat of vaporization. In region A, the specific energy is higher than the 

vaporization energy. All material in this region is assumed to become superheated 

vapor. In region C, the specific energy remains lower than the sensible heat. None of the 

material in this region is vaporized by the target x-rays. In region B, the specific energy 

lies between the vaporization and sensible energies, and the temperature is equal to the 

vaporization temperature. To estimate the amount of material vaporized from region B, 

CONRAD redistributes the energy within the region so that all material is either at the 

vaporization energy or the sensible energy, while maintaining energy conservation. The 

redistributed energy is represented by the dotted line in Fig. 7 .12. 

In the CONRAD simulations of the LIBRA target chamber, 6.7 kg of Li Pb is 

vaporized immediately by the target x-rays. For a 3 meter spherical target chamber, 

this corresponds to a layer 6.2 J.lm thick. At later times, "thermal" radiation, i.e., energy 

absorbed by the He gas and reemitted, heats the LiPb and causes an additional 1 to 2 kg 

to be vaporized (see below). Again, these results should be viewed as qualitative because 

the CONRAD calculations are based on a spherical geometry. 
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When the LiPb is volumetrically heated by the target x-rays, the pressure in the 

LiPb vapor becomes very high because of the high particle density. This causes the LiPb 

vapor to flow rapidly away from the INPORTs, and provides a recoil impulse to the 

tubes. The impulse is calculated by integrating the pressure at the vapor/liquid interface 

over time. The impulse due to the x-ray vaporization of 6.7 kg in LIBRA is 108 Pa-s. As 

described below, an additional impulse of about 17 Pa-s is caused by vaporization at later 

times due to reradiated energy from the cavity gases. Thus, the total impulse applied to 

the INPOR T tl1Pes is about 125 Pa-s. The mechanical response of the tubes to i mpulses 

of this magnitude is described in Section 7 .3. 

The effect of varying the distance to the INPOR T tubes has also been studied. 

Table 7.1 shows the results from calculations in which the minimum tube distance was 

varied between 2 and 5 meters. :rabulated are the x-ray energy deposited in the LiPb, 

the mass and thickness of the LiPb region vaporized (due to the target x-rays only), and 

the resulting recoil impulse on the tubes. Note that the x-ray energy deposited in the 

LiPb varies little with distance to the tubes. This is because He is effective in 

attenuating only the lowest energy x-rays, while being essentially transparent to high 

energy x-rays. This fact, coupled with the greater surface area of LiPb at larger 

distances, leads to the interesting result that the mass of LiPb vaporized increases with 

the target-to-tube distance in the 2 to 5 meter range. Both the thickness of the region 

vaporized and recoil impulse are seen to decrease with increasing distance to the 

INPORTs. 

Table 7.1. Effect of Target-to-Tube Distance on X-ray Vaporization of LiPb 

Energy Mass of Thickness of Impulse 
Distance Deposited Li Pb LiPb Layer from X-ray 

(m) in LiPb (MJ) Vaporized (kg) Vaporized (lJm) Vaporization (Pa-s) 

2 52.0 4.51 9.4 208 

3 50.2 6.69 6.2 108 

4 48.7 8.74 4.6 69 

5 47.5 10.88 3.6 47 
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The pressures in the LiPb vapor immediately after the x-rays are absorbed are 

extremely high (- 104 - 105 MPa). This pressure is applied to the vapor/liquid interface 

and can generate a shock through the liquid LiPb layer to the SiC weave located 2 mm 

behind the interface. This could potentially cause two problems. First, the shock could 

cause structural darnage to the SiC weave. Second, a shock reflected from the SiC could 

cause the - 1 mm (or - 103 kg) of LiPb on the outside of the weave to disassemble. In 

this case, most of the ejected LiPb would be in the form of droplets because the energy 

required to vaporize 103 kg of LiPb is - 103 MJ. Since the time it takes a droplet to fall 

6 m to the bottom of the target chamber under the influence of gravity is 1.1 s, it 

appears that if a !arge amount of LiPb (» 10 kg) is ejected from the INPORT tubes after 

each target explosion, the repetition rate would have tobe reduced. This problern should 

be studied in more detail in the future. 

7.2.4. Debris Ion Energy Deposition 

Target debris ions are highly charged and have high kinetic energies as they explode 

into the background gas. The kinetic energy of the debris ions decreases as they undergo 

ion-e1ectron, ion-neutral, and ion-ion collisions until they eventually reach a state of 

equilibrium with the surrounding plasma. The rate. at which ions transfer their 

momentum and energy to the background is calculated using a classical stopping power 
model:( IO) 

(7 .16) 

where (dE/dx) is the kinetic energy lost by a debris ion as it traverses a distance dx 

through a background medium of density Nbg· The three terms on the right hand side of 

Eqn. 7.16 represent (from left to right) the contributions from collisions with free 

electrons, bound electrons, and nuclei of the background plasma. 

The free electron contribution to the stopping power is given by 

(7 .17) 

where 
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and 

2 
= erf(y) - _f e-Y 

hr 

w = p 

is the plasma frequency. Here y is the ratio of the debris ion velocity, vl' to the mean 

electron velocity, <v e>; q 1 is the debris ion charge state, e is the electron charge, ne is 

the electron density and me is the electron mass. The Coulomb logarithm is given by 

Afe = (0.764 v1)/(wpbmin) 
where 

vl 2 vl 
bmin = a0

max[q1(y-) , ~] 
0 0-

a0 is the Bohr radius, and v
0 

is the Bohr velocity (= 2.2 x 108 cm/s). At high 

temperatures, the background plasma is highly ionized and the stopping power is 

dominated by the free electron term. Under these conditions, the stopping power is 
. 1 2 proport10na to q1. 

Inelastic scattering with bound electrons and elastic nuclear scattering are 

important at Iow temperatures. The nuclear contribution can be written as: 

(7 .18) 

where 
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and 

The subscripts 1 and 2 refer to the debris ion and background plasma, respectively. A, Z, 

and p refer to the atomic weight, atomic number and mass density, respectively. 

The bound electron contribution is calculated using one of two theories, depending 

on the debris ion velocity. Lindhard.:..Scharff theor/ 11 ) is valid when the debris ion 

velocity is small compared with the orbital velocity of the bound electrons, in which case 

the bound electrons are treated as a cloud as opposed to point charges. The expression 

for the Lindhard-Scharff stopping power is: 

(7 .1 9) 

* where E 1 is the debris ion kinetic energy in keV, and z2 is the average number of bound 

electrons per nucleus. Thus, at low velocities, the rate at which the debris ions lose their 

energy is proportional to their velocity. When the debris ion velocities are !arge 

compared with the electron orbital velocities, the bound electrons can be treated as 

point charges, and Bethe theory is used to determine the debris ion energy loss rate. The 

expression for the Bethe stopping power is(l 2) 

(7 .20) 

where <~ 2> is the average ionization potential of the background plasma. To ensure a 

smooth transition between the two models, we interpolate to get the total bound electron 

stopping power. 

The total debris ion kinetic energy of the LIBRA target is 32.8 MJ. The kinetic 

energies and charge states for each of the debris ions as they leave the target are listed 
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in Table 7.2. The ions exploding from the LIBRA target are D, T, He, C, and Pb. All ions 

are assumed to be singly ionized as they leave the target, and have a velocity of 

4.3 x 107 cm/s. 

Species 

D 

T 

He 

c 
Pb 

Table 7 .2. Target Debris Ion Properties 

Kinetic Energy (keV /ion) 

1.90 

2.86 

3.80 

11.1 

198.0 

Charge State 

+1 

+l 

+l 

+l 

+l 

When the stopping ranges of the debris ions are comparable to the size of the 

cavity, the time-dependence of the debris ions' Charge states must be computed to 

accurately determine the energy deposition profile. This, however, is not the case in the 

LIBRA Simulations because of the high background gas density. In the CONRAD 

Simulations, we find that the debris ions are stopped within a few centimeters of the 

target when the ions are assumed to be singly ionized. For an actual target explosion, 

the debris ions would certainly be more highly ionized, and their stopping range would be 

even shorter. Thus, the time-dependence of the debris ions' charge states is unimportant 

in the present LIBRA design. 

7.2.5. Results of Radiation-Hydrodynamic Simulations 

The purpese of the radiation-hydrodynamic calculations is to compute: ( l) the time­

dependent energy deposition and transport within the target chamber cavity; (2) the 

vaporization and recondensation of LiPb; and (3) the time-dependent conditions at the 

INPOR Ts. In this section, results will· first be presented for the vapor region of the 

cavity, and later for the conditions at the vapor /liquid interface at the tubes. 

The fl!Jid motion in the cavity is shown in Fig. 7 .13, where the positions of the 

Lagrangian zone boundaries are plotted as a function of time out to 0.2 ms. For clarity, 

the position of every third zone is plotted. The dashed line represents the boundary 

between the He and LiPb vapor. The target explodes at the origin and the initial position 

of the LiPb is at 3 meters. Figure 7.13 clearly shows the outward moving shock which is 
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driven by the high-temperature microfireball, and the inward moving flow which is driven 

by the expansion of LiPb from the INPORTs. The two fronts collide at 0.1 ms at a radius 

of about 2 meters, and produce reflected shocks that travel in opposite directions. 

After the shocks collide, the validity of the CONRAD results are questionable. 

This is because in the LIBRA cavity, the LiPb expands away from the INPORTs in a 

direction normal to the tube surfaces, while the shock driven by the microfireball 

expands spherically. Thus, the interaction between the two fronts will occur Jater near 

the top and bottom of the chamber than at the center, where the target-to-tube distance 

is the smallest. Because of this, concentration on the CONRAD results at times ~ 10-4 s 

is made (the exception to this is the condensation portion of the calculation). 

Figures 7.14 through 7.16 show the conditions in the He and LiPb gas at 3 times: 

3 \.IS (immediate1y after the debris ions have stopped in the He surrounding the target), 

82 IJS (just before the two shock fronts collide), and 200 \.IS (after the shocks collide). At 

each time, the temperature, fluid velocity, pressure and mass density are plotted as a 

function of distance from the target explosion. At 3 IJS, most of the cavity gas has not 

had time to respond hydrodynamically. The fluid is stationary except near the target and 

the INPORTs. The temperature of the microfireball reaches its peak value (- 90 eV) at 

this time. The density in the microfireball has dropped by roughly a factor of 10 as mass 

is pushed ahead of it, forming a shock front. The density of liquid LiPb at the INPOR Ts 

is 9.55 g/cm3. The velocity plot shows material flowing rapidly in two regions: away 

from the target explosion and away from the INPORTs (positive velocities indicate 

material flowing away from the target). 

At 82 IJS (Fig. 7.15), the temperature of the microfireball has fallen to below 3 eV. 

The outward and inward travelling shocks are located at 1.8 and 2.2 m, respectively, and 

are clearly visible in the pressure plot. The shock fronts are moving toward each other 

with a speed - 10 km/s. The discontinuity near 2.7 5 m is the He/LiPb (vapor) interface. 

The results in this region are of questionable validity because CONRAD does not model 

mixing of the He and LiPb. In addition, the density spike at 2.9 m. is artificial, as it is 

caused by a single Lagrangian cell being vaporized by energy radiated by the 

microfireball. Note that the temperature in the Li Pb close to the INPOR Ts is very low 

(< 1000 K). This is simply a result of expansive cooling as the LiPb vapor pushes itself 

away from the tubes. In this cold region, the Pb becomes supersatured and it is quite 

possible that the Pb would homogeneously nucleate and form droplets. 
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At 200 ~s (Fig. 7.16), the reflected shocks are dearly visible at 1.3 m and 2.6 m. 

Temperatures behind the shocks range from 0.5 eV to 2.1 eV. Thus, if Pb droplets do 

form in the rarefaction wave near the INPOR Ts, it seems quite plausible they would 

revaporize later when the reflected shock travels back through the cold region at 

t - 0.5 ms. However, because the cavity is cylindrical, one could also speculate that the 

droplets in the top and bottarn corners of the chamber may not vaporize. Because of 

these complexities, it is very difficult to predict the physical state of the LiPb at late 

times. 

The physical conditions at the INPORTs are shown in Figs. 7.17 through 7.19. Figs. 

7.17 and 7.18 show the radiative flux and time-integrated flux at the vapor/liquid LiPb 

interface as a function of time after the target x-rays are deposited. A maximum flux of 

- 1 x 108 W /cm2 occurs at early times ( < I0-8 s) and is due to radiation emitted by 

superheated LiPb. This radiation, however, deposits little energy at the interface 

because of the short duration of this "pulse". At times > 10-7 s, radiation emitted by the 

microfireball reaches the INPORTs. The peak flux of this radiation is 8 x 105 W/cm2. 

Figure 7.18 shows that this radiation deposits - 3 MJ (or - 3 J/cm 2) at the tubes by 

10 ~s. An additional 1 MJ of radiant energy is absorbed by the liquid LiPb between 10 and 

200 ~s. Thus, of the 95 MJ of x-ray and debris ion energy released by the target, 50 MJ 

are deposited directly into the LiPb in the form of target x-rays, and an additional 4 MJ 

are deposited at the vapor/liquid interface by 200 J.1S. 

When the energy flux into the LiPb exceeds the rate at which conduction can carry 

energy through the liquid away from the interface, the temperature at the interface will 

rise. This is shown in Fig. 7 .19, where the temperature of the liquid LiPb at the 

interface is plotted as a function of time. At times < 10-7 s, the temperature falls from 

its post-x-ray absorption value. As the radiation emitted by the microfireball arrives at 

the IN PORTs, the temperature at the interface rises, and more Li Pb is vaporized. At 

later times, conduction carries energy away from the interface and the temperature 

falls. 

Figure 7.20 shows the mass of LiPb in the vapor phase as a function of time. 

Approximately 6.7 kg of LiPb is vaporized immediately by the target x-rays (see Section 

7.2.3). As the temperature of the liquid at the interface rises, an additional 1.3 kg of 

LiPb is vaporized. Thus, our 1-D Simulations predict the total amount of LiPb vaporized 

per shot is about 8 kg. This corresponds to a layer with a thickness of 7 J.lffi. 
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CONRAD has also been used to calculate the condensation of LiPb back onto the 

INPORTs. In practice, the simulation is restarted a t t - 10-4 s, wi th uniform 

temperatures and pressures throughout the cavity, using the mass of LiPb vapor and total 

energy from the explosion/vaporization calculation. In this calculation, noncondensable 

gas effects are neglected, as are chemical bonding effects. Li 17Pb83 is treated as a 

single atom. Figure 7.20 shows that roughly 90% of the LiPb has recondensed back onto 

the INPOR T tubes by 10-2 seconds. At this time, the Li Pb/He number ratio is 0.007. 

Thus, according to these calculations, the LiPb condensation time would not be expected 

to Iimit the reactor shot rate of 3 Hz. However, the presence of a noncondensable gas 

may significantly slow the condensation rate. This is because the fractional abundance 

of noncondensable gas a toms increases in the Knudson layer, effecti ve ly ''blocking" the 

flow of LiPb atoms to the interface. Recent calculations(l 3) indicate that the presence 

of He may dramatically slow the LiPb condensation rate. Because of the uncertainties 

associated with the condensation times, a pumping system has been devised to evacuate 

the post-shot gases from the target chamber (see Chapter 6). 

7.2.6. Summary of Radiation-Hydrodynamic Calculations 

Our results indicate that roughly 80% of the target x-ray energy is deposited in the 

LiPb coating the INPORTs, and that about 8 kg of LiPb is vaporized after each target 

explosion. The LiPb vapor expands away from the INPORTs and provides a recoil impulse 

of 125 Pa-s. The shock driven by the high temperature microfireball contributes little to 

the total impulse because it is overwhelmed by the inward moving LiPb front. The peak 

pressures in the LiPb vapor immediately after the target x-rays are absorbed are very 

high (- 105 MPa). This could potentially cause problems for the structural integrity of 

the SiC weave of the INPORTs, or perhaps restriet the reactor repetition rate if a 

significant amount of LiPb were to disassemble from the INPOR Ts as droplets. The 

condensation rate of LiPb was not found to limit the reactor shot rate. But because of 

the uncertaL1ties in this part of the calculation (e.g., noncondensable gas effects, droplet 

formation), a pumping system is used to clear the cavity of post-shot gases. 

7 .3. INPORT Mechanical Response 

7.3.1 Dynamic ModeHing Background 

The credibility of the INPORT concept for LIBRA depends upon a design which is 

characterized by an acceptable mechanical response of these components under proposed 
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operating conditions. The basis of the response simulation is modal analysis rather than 

lumped parameter modelling. Also, there are no known finite element programs which 

contain the features necessary to represent this specialized problem, such as variable 

tension, sequential shock loading, high damping, nonlinear strain-displacement effects 

and three dimensional motion. The basic theoretical developments have been presented 

earlier·.(l 4) Results for the linearized eigenvalue problem(l 5) included precise natural 

frequencies and mode shapes, which are important to preclude resonance from 

synchronization with the drivers. It was shown that the tension gradient due to gravity 

will become insignificant if the tensile preload force is relatively large compared with 

the weight. Also, i.t was determined that the error in neglecting gravity gradients could 

be reduced if the effective tension includes one half of the weight. These modifications 

are made for the equations of motion which follow. 

7.3.2 Analytical Outline 

The governing equations are presented in final form, omitting details of the 

derivations. The two equations represent dynamic equilibrium in the axial (x) and radial 

(y) directions, with respect to the cylindrical chamber. The equation of motion for the 

circumferential (z) direction is identical in form to the secend of these equations and can 

be obtained by replacing the radial component, v, by the circumferential component, w. 

Notation 

At cross sectional area of tube (INPORT) 

c velocity of internal fluid (LiPb) 

E elastic modulus of INPORT (SiC) 

g gravitational constant 

2. length of INPOR T 

mf mass per length of fluid (LiPb) 

mt mass per length of tube (INPORT) 

p internal pressure 

t time 

T 
0 

static pretension force 

u displacement in axial direction 

v displacement in radial direction 

w displacement in circumferential direction 

x axial coordina te 
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damping coefficient 

'J Poisson's ratio for INPOR T (SiC) 

(7 .21) 

2 2 2 2 a a av 
(mf + mt) a 2v + 2m c ..L.Y._ + m c .LY. + m S _y + K -

at f axat f ax2 f at ax o at 
(7 .22) 

a {T** ~ + (EA _ r**)[i!! _ (i!!)2 + 1.. (lY)2 + 1.. (aw)2]lY} = 0 ax ax t ax ax 2 ax 2 ax ax 

.. * where the effective tension, T , is given by 

(7 .23) 

It can be seen that displacements in all three directions are mutually coupled. 

However, coupling exists only through nonlinear displacement gradients. Since the 

longitudinal wave speed terms are much greater than the corresponding transverse wave 

terms, axial inertia can be neglected. Thus the three principal equations are reduced to 

two, involving the radial (v) and circumferential (w) components. 

These partial differential equations of motion are reduced to a system of coupled 

ordinary differential equations by Galerkin's method, facilitated by the orthogonal 

characteristics of the eigenfunctions. For this, the solution components are sums of 

linear modes: 

a> Q) 

v(x,t) I vn(t) q,n(x) L vn(t) 
. nnx 

= = s1n-
n=l n=l 2. 

(7 .24) 

Q) a> 

w(x,t) I w (t) q, (x) I wn(t) 
. nnx 

= = s1n-
n=l n n n=l 2. 

(7 .25) 
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where n represents the number of half waves of the particular harmonic. Specific results 

are obtained by numerically integrating the series of nonlinear equations for vn(t) and 

wn(t) using a high precision Runge-Kutta routine. 

7 .3.3 Response Characteristics 

The maximum steady state motion of the INPORTs is the most important issue for 

establishing tube placement for the LIBRA cavity design. In determining fundamental 

characteristics of the response, amplitude-frequency plots have been developed for linear 

cases, keeping fixed both the impulsive pressure magnitude and the repetition rate. 

Typical results are shown in Fig. 7.21 for various Ievels of damping. Dimensionless 

parameters are used and defined as follows: 

- V 
V =-

2. 
w w=-
2. 

(7 .26) 

Here a and c equal to zero imply negligible flow Velocity and nonlinear strain effects, 

respectively. One point on one of these curves corresponds to the steady state response 

for a particular history. Over 100 data points per curve have been used to accurately 

display the features. Each data point is obtained by starting the system from rest, then 

applying sequential impulses at a particular repetition rate until a steady state 

oscillation persists. Then the maximum steady state displacement is recorded. Typically 

this may require as many as 1000 shots. From Fig. 7 .21, the fundamental period is 

confirmed to be 2n. A peak also develops for the third harmonic at timp =2.09, 2n/3, 

etc. (Even harmonics, such as the second, are not excited because INPORT motion is 

symmetric with respect to the midplane of the cavity.) 

When nonlinear effects are significant, the modal equations are each similar to that 

of a Duffing oscillator driven by harmonic excitation. Thus the corresponding nonlinear 

amplitude-frequency curves will exhibit discontinuous jumps near resonant frequencies. 

The calculations are essentially the same as the linear cases. To observe the jump 

effect, the simulation was carried out by gradually increasing or decreasing the 
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repetition rate or tim]' keeping the impulsive pressure amplitude fixed. Results are 

shown in Fig. 7.22 for c = 1.0 instead of zero, while all other parameters are the same as 

Fig. 7.21. For low Ievels of damping the asymmetries in the curves arenot streng enough 

to develop a vertical tangent. However, at 2% damping, there is a sizable jump 

associated with the fundamental frequency. As timp is decreased from a !arge value, 

the steady state amplitude continuously increases as shown by the uppermost curve. 

At timp equal to 5, the response amplitude suddenly drops an order of magnitude 

(following the dashed curve). In contrast, if timp is steadily increased, the steady state 

amplitude will suddenly jump up to a higher Ievel, at timp equal to appro.ximately 5.5. 

Small changes in the relative repetition rate can produce dramatic changes in the steady­

state response, and care must be exercised to avoid operating in such sensitive regimes. 

Although the impulsive loading and primary motion of the INPORTs is in the radial 

direction (v), it is to be expected that imperfections in the system would result in 

perturbations orthogonal to this (w). This was simulated with the program using 5 modes 

in both v and w (producing 20 coupled first order equations for Runge-Kutta 

integration). The strengest influence on three-dimensional vs. two-dimensional motion is 

the repetition rate value relative to natural frequencies. This is shown in Figs. 7 .23, 7.24 

and 7.25, in which timp has values of 3, 5 and 7 with all other parameters held fixed. In 

Fig. 7.23, the radial component (v) develops the expected steady state response while the 

orthogonal (tangential) component (w) diminishes to zero. The orbital plots of v vs. w at 

midspan show these effects as well, with startup motion (0 $ t < 50) involving both 

components but with long term motion (t ~ 200) being planar. However, when timp is 

changed to 5 (Fig. 7 .25), the out-cf-plane component (w) is initially small but eventually 

develops into a steady state value comparable to the radial component (v). The orbital 

plots show initial motion dominated by v but long term response in which the INPOR T 

"whirls", with cross sections following an oval-shaped path. Finally, when timp is 

increased to 7.0 (Fig. 7 .25), steady state response for v develops, the tangential 

component w decays to zero and once again planar displacements characterize the 

motion. Clearly, for practical purposes, parameters must be prescribed to produce such 

planar displacements rather than a three dimensional response. 

For the proposed LIBRA cavity, some of the INPORT parameters are fixed. 

However, it is possible to select those remaining to effect an acceptable response, i.e., 

planar motion with a moderate amplitude. The INPOR T length, diameter and wall 

thickness are 6.4 m, 3 cm and 2 mm, respectively. The mean tension of 3000 N shifts the 
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fundamental frequency away from the impressed repetition rate of 3 Hz but produces 

axial stresses which are well below current strength Ievels of silicon carbide fiber. (The 

wall stresses from hydrostatic pressure are essentially negligible.) Mechanical response 

results are shown in Fig. 7 .26. The impulsive loads of 125 Pa-s intensity produce radial 

displacements with a maximum startup value of 6 cm and steady-state extremes from 0 

to 4 cm, about a mean displacement of 2 cm. The companion circumferential 

displacement is initially sizable but quickly approaches zero. These features can also be 

seen in the corresponding total displacement plot of Fig. 7 .27. The initial impulse event 

is labeled 1, second, 2, etc., with the plot limited to the first seven shots for clarity. The 

long term result would consist of a vertical path, i.e., the desired radial displacement 

coplanar with the sequential pressure pulses. 

Thus, the results show that the initial concern regarding three-dimensional motion 

of INPOR Ts was valid. For some designs, it can develop from planar sequential impulsive 

pressures and would compromise the integrity of the first wall. However, by selectively 

tuning the system's physical characteristics, the desired planar response can be achieved, 

legitimizing a circumferentially close-packed double first wall of INPORTs. 

7-47 



200.0 

-(/) 
I 

CO 
CL -
(]) 100.0 
L... 

::! 
Cf.l 
(/) 
(]) 
'-

CL 

0.0 
0.0 1.0 2.0 3.0 4.0 5.0 

Time (s) 

10.0 

-E 
(.) -
> 
+-' c 
<D 0.0 
E 
(]) 
(.) 
CO 
0.. 
(/) 

0 
-10.0 I 

0.0 1.0 2.0 3.0 4.0 5.0 

Time (s) 

10.0 

E 
(.) -
~ 
+-' c 

0.0 <D 
E 
<D 
(.) 
CO 
0.. 
(/) 

0 
-10.0 

0.0 1.0 2.0 3.0 4.0 5.0 

Time (s) 

Fig. 7 .26. Sequentia1 impulses, radial and circumferential displacement histories. 

7-48 



8.0 

-E 
ü 4.0 -
> 

+-' c: 
(!) 

E 
(!) 
ü 
<0 
0. 0.0 
<f) 

0 2 4 6 7 5 3 1 

0.0 < t < 2.0 

-4.0 
-4.0 -2.0 0.0 2.0 4.0 

Displacement w (cm) 

Fig. 7.27. INPOR T midspan orbital plots for Fig. 7 .26. 

7-49 



References for Chapter 7 

1. R. R. Peterson, J. J. MacFarlane, and G. A. Moses, "CONRAD - A Combined 
Hydrodynamic-Condensation/Vaporization Computer Code", University of 
Wisconsin Fusion Technology Institute Report UWFDM-670, revised July 1988. 

2. G. A. Moses, R. R. Peterson, and T. J. McCarville, Comp. Phys. Comm. 36, 249 
(1985). -

3. 0. A. Labuntsov and A. P. Kryukov, Int. J. Heat Mass Transfer 22, 989 (1979). 

4. J. J. MacFarlane, "IONMIX - A Code for Computing the Equation of State and 
Radiative Properties of L TE and Non-L TE Plasmas", University of Wisconsin Fusion 
Technology Institute Report UWFDM-750, December 1987. 

5. D. E. Post, R. V. Jensen, C. B. Tarter, W. H. Grasberger, and W. A. Lokke, Atomic 
Data Nucl. Data Tables 20, 397 (1977). 

6. D. Mihalas, Stellar A tmospheres, 2nd Edition (Freeman, New York, 1978). 

7. J. J. MacFarlane, G. A. Moses, and R. R. Peterson, "Non-LTE Effects in Inertial 
Confinement Fusion Target Chambers", Nucl. Fusion 29, 27 (1989). 

8. K. G. Adams and F. Biggs, "Efficient Computer Access to Sandia Photon Cross 
Sections", SC-RR-72-0683, Sandia Lab., Dec. 1973. 

9. "HIBALL - A Heavy Ion Beam Fusion Reactor Design Study", a Joint FRG & UW 
Design Effort, University of Wisconsin Fusion Technology Institute Report 
UWFDM-450, June 1981. 

10. T. A. Melhorn, J. Appl. Phys. 52,6522 (1981). 

11. J. Lindhard and M. Scharff, Phys. Rev. 124, 128 ( 1961 ). 

12. J. D. Jackson, Classical Electrodynamics, 2nd Edition (Wiley, New York, 1975). 

13. M. El-Afify and M. Corradini, ''Transient Condensation of Vapor Using a Direct 
Simulation Monte Ca~lo Method," Fusion Technology 15(2), 783 (March 1989). 

14. R.L. Engelstad and E.G. Lovell, "ßasic Theory for Three-Dimensional Motion of 
LIBRA INPORT Tubes," Fusion Power Associates Report FPA-84-2, Madison, WI, 
Oct. 1984. 

15. R.L. Engelstad and E.G. Lovell, "Planar Vibrations of LIBRA INPORT Tubes 
Including Gravity Gradient Effects," Fusion Power Associates Report FPA-84-3, 
Oct. 1984. 

7-50 



8. CHAMBER NEUTRONICS ANALYSIS 

8.1 One-Dimensional Scoping Analysis 

A one-dimensional scoping analysis was performed for LIBRA to determine the 

blanket design options that satisfy the tritium breeding and wall protection 

requirements. The ONEDANT(l) code was used with the chamber modeled in one­

dimensional spherical geometry. Multigroup cross section data based on ENDF/B-V were 

used in the calculations. A point source emitting neutrons and gamma photans with the 

spectra calculated for the LIBRA target was used at the center of the 3 m radius 

cavity. The results were normalized to a DT yield of 320 MJ and a repetition rate of 3 

Hz. The blanket is made of banks of INPORT tubes with 0.33 packing fraction. The 

tubes consist of 2 vol96 SiC and 98 vol96 u 17Pb83• A 0.5 m thick reflector consisting of 

90 vol96 HT -9 and 10 vol96 Li 17Pb83 is used behind the blanket. 

A minimum tritium breeding ratio (TBR) of 1.1 is required to achieve tritium 

self-sufficiency. In addition, the INPORT tubes are required to protect the first metallic 

wall from radiation damage. The peak end-of-life diplacements per atom (dpa) in HT -9 is 

required to not exceed 200 dpa implying that for 30 full power years (FPY) reactor life 

the peak dpa rate should not exceed 6.6 dpa/FPY. The design should also aim at 

maximizing the energy multiplication (M) due to its impact on the cost of electricity. In 

addition, the blanket thickness needs to be minimized to minimize the length of the 

channel used for beam propagation. 

The calculations were performed for 12 cases with different blanket thicknesses 

(ll8 ) and Iithium enrichments (96 6Li). The results are given in Table 8.1. Mn is the 

nuclear energy mul tiplica tion in the blanket and reflector, while M
0 

is the overall energy 

multiplication that gives the ratio between the total energy deposited in the blanket and 

reflector and the DT yield. Fora fixed Iithium enrichment, increasing the blanket thick­

ness results in increasing TBR, decreasing M and decreasing darnage rate. Increasing the 

Iithium enrichment for a given blanket thickness results in increasing TBR, decreasing M, 

and decreasing the dpa rate. The TBR and dpa rate values obtained for the different 

cases analyzed are mapped in Fig. 8.1. In order to satisfy the tritium breeding and wall 

protection requirements, the design point should be in the box indicated in the upper left 

corner of the graph. In order to satisfy the other design goals of minimizing the blanket 

thickness and maximizing M, it is clear that the design point should be a t the right or 

lower boundaries of the box. The intersection of the boundaries of the box with the 

curves that correspond to different enrichments gives the options that satisfy the design 

requirements. 
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Table 8.1. Neutronics Resi.JJts for the Different Blanket Designs 

Considered in the Scoping Analysis 

Peak Peak 

dpa/FPY He appm/FPY 

Case 96 6Li ll 8(cm) TBR Mn Mo in HT-9 in HT-9 

1 7.42 50 0.421 1.465 1.313 38.87 75.46 
2 7.42 100 0.705 1.450 1.302 18.40 12.91 . 
3 7.42 150 0.944 1.408 1.273 8.51 2.16 
4 7.42 200 1.136 1.366 1.243 3.88 0.37 

5 30 50 0.791 1.381 1.253 36.00 75.39 
6 30 100 1.108 1.357 1.236 16.07 12.89 
7 30 150 1.312 1.323 1.212 6.99 2.15 
8 30 200 1.445 1.296 1.193 3.00 0.36 

9 90 50 1.108 1.311 1.204 ·31.16 75.18 
10 90 100 1.387 1.294 1.192 12.60 13.57 
11 90 150 1.528 1.274 1.178 4.95 2.14 
12 90 200 1.603 1.260 1.168 1.92 0.36 

Table 8.2 gives the nuclear parameters for the different options that satisfy the 

design requirements. While alJ options alJow the reflector to be a lifetime component, 

different values of TBR and M are obtained. The high enrichment option yields the 

thinnest blanket but the energy multip1ication is relatively low and excessive tritium 

breeding is obtained. The largest M is obtained using natural Iithium in the Li 17Pb83 
blanket but a relatively · long channel is required. To minimize the length of the beam 

propagation channel, a 1.35 m thick blanket with 9096 6u enrichment is chosen for 

LIBRA. This yields 1ocal (one-dimensional) TBR and energy multiplication values of 1.5 

and 1.18, respectively. The peak dpa and helium production rates in HT-9 for this design 

are 6.6 dpa/FPY and 3.5 He appm/FPY, respective1y. Since spherical geometry has been 

used in the calculations, the darnage rates given above represent the worst conditions at 

the midplane of the cylindrical chamber. 
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Table 8.2. LIBRA Blanket Design Options Satisfying TBR and Darnage Requirements 

%6Li t.8 (em) TBR Mo dpa/FPY He appm/FPY 

90 135 1.5 1.183 6.6 3.5 
30 135 1.32 1.215 6.6 2.0 

7.42 190 1.1 1.248 4.4 0.8 

Sinee the baseline blanket design, with a 1.35 m thiek zone of INPORT tubes, 

results in a re1atively !arge TBR in the ehamber sides, a smaller loea1 TBR is allowed in 

the reaetor roof. It is estimated that- 15% of the neutrons emitted from the targetwill 

go directly to the roof. For a loea1 TBR of 1.5 in the side blanket and bottarn pool an 

overall TBR greater than one (- 1.27) ean still be aehieved without breeding in the roof. 

However, a proteetive layer of Li 17Pb83 is required to proteet the struetural material in 

the roof refleetor. · 

A seoping analysis for the roof has led to a 10 em thiek Li 17Pb83 proteetive layer 

wi th 2% SiC fabrie followed by a 25 em thiek HT -9 reflector eooled by 10% Li 17Pb83• 

The local TBR in this zone is 0.8 and the peak dpa rate in HT -9 is 50 dpa/FPY. The roof 

strueture has to be replaeed every 4 FPY. Sinee only - 15% of the souree neutrons go to 

the roof, this design will yield an overall TBR that exeeeds the minimum requirement by 

an adequate margin. The impaet of neutron streaming on TBR is neg1igible due to the 

small solid angle subtended by the penetrations (< 0.5%). Furthermore, no signifieant 

radiation darnage is expeeted in the sensitive eomponents of the diades whieh are not in 

direet line of· sight of neutrons produeed in the target. Detailed three-dimensional 

neutranies results are given in the next seetion. 

8.2 Three-Dimensional Neutranies Analysis 

In this section three dimensional neutranies and photonies blanket and shie1d 

ealeulations for the LIBRA reaetor study are presented. A stationary time averaged 

neutranie and photonie souree is used to ealeulate with the Monte Carlo eode MCNP( 2) 

sealar flux densities, tritium breeding, and nuelear heating in the different reaetor 

regions. At first, all input data neeessary to run the three dimensional Monte Carlo eode 

MCNP JA will be tabulated; this means espeeially the input to deseribe the geometry and 

the material eompositions. This will be followed by a seetion, which deseribes the 
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determination of the eomplieated LIBRA volumes. The neutranies and photonies souree 

used in the ealeulations will be explained afterwards. 

In the seetions presenting the results, first all volumes, masses and gram densities 

m the different reaetor regions are listed, followed by the neutranies and photonies flux 

densities ealeulated by MCNP. Afterwards the detailed tritium breeding rates are 

tabulated. The last seetion eontains the results for the neutranies and photonies nuclear 

heating. 

8.2.1 Reaetor Geometrieal Model 

The main part of work in preparing the eode input is to model the geometry for the 

three-dimensional ealeulations with MCNP.(2) One must define all the surfaees (planes, 

spheres, eylinders, eones, general quadratie and sometimes also speeial surfaees of 

fourth-degree) to be used in the model. In a seeond step these surfaees are used to 

define eells by the intersections, unions, and complements of the regions bounded by the 

surfaces. These cells should be bounded by only a small number of surfaces. The reason 

for this restriction is explained as follows: because the particle tracks are followed in 

the system, the intersection of the track with each bounding surface of the eell has tobe 

calculated. This is very time consuming if th~ cell has many surfaces. As a eonsequence 

some auxiliary surfaces have been added to the main surfaces defining the LIBRA 

geometry. One of these surfaces is shown in Fig. 8.2, which subdivides the upper and the 

lower part of the model. This figure, along with Fig. 8.3 and Fig. 8.4, are graphic output 

of the program MCNP of the model used in the calculations. This !wo-dimensional plot, 

an intersection of the three dimensional x-y-z geometry with a user defined plane, is 

normally used to control the geometrical input. 

When modelling the LIBRA geometry, we have chosen the z-ax1s to be identical 

with the axis of the cylindrical vacuum chamber. Because of the 120° symmetry, we 

have only modelled three of the 9 segments. This can be seen in Fig. 8.3 and Fig. 8.4. 

Three segments had to be modelled, because of three holes in the bottom splash 

plate, which destroys the 40° symmetry of the LIBRA chamber consisting of 9 elements, 

each containing a beam tube at the top and at the bottom and an exhaust duct in the 

midplane. One half of two of these holes in the bottom splash plate can be seen in 

Fig. 8.3. It should be kept in mind that in Fig. 8.3 and Fig. 8.4 the -y-axis Starts at the 

intersection of the two outer bounding planes (shown as straight lines in the figure) and is 

directed downwards. The -y-axis thus divides the segment in the middle into two 

identical parts. 
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Fig. 8.2. 

999 

Vertical cut of the geometric model used in the MCNP calculations. The 
cut-plane is constructed by vectors e 1 = (0,-1,0) and e2 = (0,0,1); the 
-y-axis is directed from right to left and the +z-axis from bottom to top. 
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Fig. 8.3. Horizontal cut of the geometric model used in the MCNP calculations. 
The cut-plane is constructed by vectors e 1 = (1,0,0) and e2 = (0,1,0) with 
z = -430 cm. 

16 

Fig. 8.4. . Horizontal cut of the geometric model used in the MCNP calculations. 
The cut-plane is constructed by vectors e 1 = (1,0,0) and e2 = (0,1,0) with 
z = -330 cm. 
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The . two outer planes, which are bounding the model, are mirror-ref!ecting 

surfaces. The numbers used in the figures are explained in Table 8.3 and Table 8.4. 

These numbers are also used in following tables. 

In comparing our model with the cross section of the LIBRA chamber (Fig. 1.2), one 

can see that all necessary details for our MCNP ca!culations have been modelled. 

8.2.2 Material Compositions 

In this section all material compositions as defined by the University of Wisconsin, 

Madison, are listed; Table 8.3 and Table 8.4 give the materials for the different reactor 

zones. The following table (Table 8.5) summarizes the particle densities used in these 

materials. 

The numbers in column 1 of Table 8.3 _and Table 8.4 are also used in the preceding 

figures (Fig. 8.2, Fig. 8.3, and Fig. 8.3) and in the tables, which lists the results of the 

ca lcula tions. 

8.2.3 Determination of the Volumes 

Only 15 of the 89 volumes of the different cells used in our model are calculated 

automatically by MCNP; for neutron flux density calculations all volurnes must be 

known. There are two ways to calculate the volumes: 

( 1) MCNP itself can be used to obtain the values stochastically as described m (2), 

p. 160. 

(2) The user hirnself determines the volumes. 

In both cases the volumes not calculated by MCNP itself must be determined before 

MCNP is used to ca!culate e.g. the flux densities. These volume values are added to the 

input of the prograrn. 

When MCNP is used, the volumes are calculated by a stochastic estimation using 

ray tracing. To do this, all cells in the model are voided and particles are started from a 

sphere surrounding the whole geometry. An inward-directed, biased cosine source with 

weight equal to nr2 is used. This will cause a particle flux in the system to statistically 

approach unity. The cell flux tally (F4) is used to estimate the volume areas: this tally 

is inversely proportional to the cell volume. In cells whose volumes are known (either 

ca!culated automatically by MCNP itself or given in the input), the F4-tally will 

approach unity, whereas in unknown volumes (with volume initially set to 1.0) the tally 
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Table 8.3. LIBRA Chamber Component Description (Part 1). 

Num 
Components Dimensions Composition her 

100 Vacuurn Chamber 300cm radius !Je gas at I 00 torr 

l Roof protective LiPb layer in SiC I Ocm effective 95% Li17Pbs3 
f~lbric thickness 5% SiC 

2 Stecl rellector, cooled with LiPb 25cm 90% steel (IIT-9) 
10% Li17Pbs3 

3 Roofsupport structural ring 25cm thick 95% steel (I IT-9) 
wcldcd to structural bcams (4), 145cm high 5'Yt, llc coolant 
!Je cooled 

4 Roofsupport beams wclded to 6cm thick 95% stecl (IIT-9) 
ring(.\), (i cqually spaccd l!Ocrn high .'i% Ilc coolant 

5 Pellet injcctor shicld module Scalc from 20'~/o stccl (Cl020) 
drawing IO~o He coolant 

70% concrete 

6 Roof shicld extends into spacc ( 4) - 295cm thick 20% steel (Cl 020) 
straddling the structural bcams 10% !Je coolant 

70% concrete 

7 Roof vacuum seal flangc 5cm thick 100% steel (IIT-9) 
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Table 8.4. LIBRA Chamber Component Description (Part 2). 

Num 
Components Dimensions Composition ber 

8 Manifold for INPORT units Scalc from 90% LinPbsJ 
drawing 10% SiC 

9 Driver diode, 9 on top, 9 on bot- 150cm diametcr 30% stcel (HT-9) 
tom, equally spaced lOOcm thick 70% void 

10 !kam transmission linc lOOcm diamctcr 80'Yt1 Al 
20% void 

11 Beam tube (34 degrces angle) 

lla 1kam tubc wall 7.0cm thick 60.49% TZM 
(TZM = molybdcnum alloy) 4.78% BcO 

34.73% void 
llb Bcam tubc inner volume 20.0cm diamctcr 11c gas at 100 torr 
12 IN PORT units 135cm zone thick- 32.34% LinPbsJ 

ness 0.66% SiC 
67.00% ·void 

13 Rcflcctorjvacuum chambcr, LiPb 50cm thick 90% stcel ( HT -9) 
coolcd 10% Li 17 Pb83 

14 Chambcr shield, He cooled - 200cm thick 20% stccl (Cl020) 
10% 11c coolant 
70% concrcte 

l5a Vacuum exhaust tube interior 7 5cm interior I Ie gas at 100 torr 
15b volurne diamcter 
15c 

l5d Vacuum exhaust tube wall l.Ocm thick 100% steel (HT-9) 
l5e 

16 Suppression tank shicld Scale from drawing 10% stcel (Cl020) 
r 10% lle coolant 

80% concrete 

17a Suppression tank interior volume 248cm diameter lle gas at 100 torr 

17b Suppression tank wall 2cm thick 100% steel (IIT-9) 

18 LiPb pool in tank ; 25% of tank vol- 100% LinPbsJ 
ume 

tl) Lil'b pool in rcactor chamber Scalc frorn drawing 100% Li17l'b8J 

20 Perforated shock absorbing plate !Sem thick 90'~'0 stecl (11T-9) 
10% LinPbsJ 

21 Bottom splash platc 20cm thick 100% stecl (llT-9) 

22 LiPb/IIe heat exchanger, 3 each N/A 

23 LiPb pump N/A 

24 Electric motor N/A 

901 Vacuum region bclow shock Vacuum 
absorbing plate 

999 Outside world within su~rounding 1200cm sphcrc Vacuum 
sphere radius 
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Table 8.5. Partide Densities of Materials Used in MCNP Calculations. 

Material Nuclide Partide Densities 
Remarks Names [1024cm-3] 

IIT-9 
Fe 0.0768 (normally uscd for neutranie cal-
Cr 0.0102 culalions) 

Fe 0.07171 

Cr 0.01039 

Ni 0.00040 

Mo 0.00049 

IIT-9A V 0.00028 (normally uscd for activation cal-
culations) 

Si 0.00042 

Mn 0.00043 

c 0.00078 

w 0.00013 

~Li 0.00500 

Li17Pbs3 jLi 0.00055 (90% ~Li) 

Pb 0.02715 

SiC 
Si 0.04834 

Cr 0.04834 

Fe 0.0847 

Cl020. 
Mn 3.91. I0-4 

(reinforcing stccl in concrctc) 
Si 4.25. I0-4 

c 7.96-I0-4 

H 0.010401 

c 0.006459 

0 0.043063 

Si 0.007814 

K 0.000268 

Ca 0.008004 

concrctc Fe 0.000205 

Na 0.000255 

Mg 0.000851 

Al 0.001067 

N 0.000010 

s 0.000074 

Ti 0.000015 

Al Al 0.057 

TZM Mo 0.06400 

Be 0.07287 
BeO 

0 0.07287 

Ilc Ilc 3.55. I0-6 ( 100 Torr. 0 ° Celsius) 

He He 6.48 • 10-4 ( 60 bar. 400 o Celsius) 
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estimates the value of the volume. The approach to unity for known volumes can be used 

to check the volume values given by the user in the input to MCNP. 

To achieve small statistical errors in our calculations, about 6,400,000 source 

particles were started in MCNP using 288 minutes CPU-time on a SIEMENS 7890. The 

statistical 1-a-error for most of the volumes then was smaller than 1%. 

To check the estimation, nearly all volumes have been calculated analytically or 

semi-analytically also. In this case the REDUCE systern(4,5) was used to manipulate the 

algebraic expressions for the different surfaces (REDUCE is very useful to perform 

coordinate-transformations and analytical integrations). Because analytical integration 

could only be done in a very few, simple cases, the volumes in nearly all cases were 

calculated semi-analytically: All expression manipulations were done with REDUCE 

giving a function, which could be integrated numerically over a one- or two-dimensional 

region by using the subroutines DCADRE and DBLIN of the IMSL Library.(3) In the case 

of a cylinder bordering the torus, an explicit expression for the integrand was not used, 

because REDUCE did not solve the equation of the surface F(x,y,z)=O with respect to the 

variable z. lnstead we used the IMSL routine ZREAL2, which uses the Newton iteration 

method to calculate the zeros of the expression F(xset'Yset'z) by variation of z for values 

xset and y set given by the integration routine DBLIN. 

When comparing the estimated and the calculated values for the various volumes, 

which was done for 67 cases, we found the following results: For 41 of 67 cases the 

relative percentage error between estimated and calculated results. was smaller, than 1-o, 

for 64=41+23 cases it was smaller than 2-o, and for all 67=41+23+3 cases it was smaller 

than 3-o. If this is compared to theory, 68% of the results should be within the 1-a, 95% 

within the 2-o, and 99.7% within the 3-a Iimits. The calculations give the resu1ts: 

41/67 x 100=61%, 64/67 x 100=96%, and 67/67 x 100 = 100%, which are close to the 

theoretical values. 

In conclusion one can state: lf the volumes have been estimated by MCNP with a 

statistica1 error of about one percent ( 1a), and if this accuracy is enough, then it is not 

necessary to calculate the volumes by an analytical method. 

8-12 



8.2.4 Neutranie and Photonie Source 

In Section .5.2 (Target Microexplosion) the neutranies calculations for the LIBRA 

target are described. A short summary of the results given in Section .5.2 and used in the 

MCNP calculations will be given here. 

The target, for which the geometry and material compositions are given in Fig . .5.1, 

consists of 3 layers. The outer layer contains lead followed by a layer of deuterated 

plastic. The inner layer is frozen DT fuel. Per fusion event 1.0248 neutrons and 0.0133 

gammas are leaking out of this target. The neutron and gamma spectra shown in Fig • .5.4 

are repeated in Fig. 8 . .5 for the neutrons and in Fig. 8.6 for the photons. 

Because MCNP allows only one type of starting particle in a specific calculation, 

one has - if neutranie and photonie source particles must be considered - always to do 

one calculation with a neutranie source, where the neutrons and the photans produced by 

these neutrons are transported, and a secend calculation with a photonie source, where 

only these photans are transported. The results of these two calculations must then be 

added. Because we have used weight l for the neutranie and also the photonie source 

particles, we had to - for the LIBRA target - multiply the neutranie results by 1.0248 and 

the photonie results by 0.0133 before adding, in order to get results relating to one fusion 

event. 

8.2 . .5 Volumes and Masses 

In Table 8.6 we have listed the volumes, masses, and gram densities for all LIBRA. 

regions. Volumes and masses are given for the total geometry and not only for parts like 

120° sectors. Only if the component can be found more than one time in the LIBRA 

chamber (as e.g. the beam tubes or vacuum exhaust tubes) the numbers refer to only one 

of these elements. It should also be noticed, that the values refer to our model shown in 

Fig. 8.2, where we have introduced an artificial lower plane, which borders the 

chamber. The units for the different values are always given in the header of each 

column. 

8.2.6 Neutron and Photon Flux Densities 

In Table 8.7 the flux densities for neutrons and both type of photans (starting from 

the source and created by neutrons in the LIBRA chamber) are tabulated. The numbers 

in left and right parentheses are the statistical errors of the results as calculated by 

MCNP. This estimated relative error R, which is given by MCNP for each tally, is 
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Fig. 8.5. Spectrum of neutrons leaking out of the pellet. The ordinate is the energy 
integral in each group. 
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Spectrum of Photons 
leaking from LIBRA 
target 

Fig. 8.6. Spectrum of photons leaking out of the pellet. The ordinate is the energy 
integral in each group. 
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Table 8.6. LIBRA Volumes and Masses. 

Volume Mass Density 

Description [-g-] 
[m3] [103kg] cm3 

Vacuum chambcr 205.58 0.004851 0.00002 

Roof protcctivc 1aycr 4.75 43.171 9.08925 

Roof steel reflector 13.79 112.283 8.14220 

Roofsupport structural ring 0.86 6.516 7.60273 

Roofsupport beams 1.57 11.930 7.60273 

Pellet injector shicld modu1e 1.80 5.791 3.20981 

Roof shield 190.03 609.963 3.20981 

Roof vacuum seal !lange 5.08 40.635 8.00265 

Manifold für inport units 8.75 76.807 8.78023 

I nport units 196.X4 602.463 3.06065 

Rcflector vacuurn chamber 154.47 1257.7 8.14220 

Chamber shicld 981.60 3150.8 3.20981 

Suppression tank shicld 254.70 661.729 2.59808 

Suppression tank 197.55 0.004661 0.00002 

Suppression tank wall 8.77 70.223 8.00265 

Li17Pbs3 poo1 in tank 65.89 619.283 9.39828 

Lin PbsJ poo1 in reactor chamber 43.75 411.216 9.39828 

Shock absorbing plate 6.63 53.957 8.14220 

Bottom splash plate 11.79 94.345 8.00265 

Vacuum rcgion below shock absorb- 21.74 O.OE+OO 0.00000 
ing plate 

lJ ppn lx:am transmission linc 0.97 1.991 2.04311 

Lowcr beam transmission line 0.51 1.049 2.04311 

U pper driver diode 2.15 12.038 5.60186 

Lowcr drivcr diode 2.11 11.820 5.60186 

Beam tube wall 0.17 1.087 6.31229 

Beam tube inner part 0.09 2.1 E-06 0.00002 

Vacuurn cxhaust tubc inner, volumc 1.93 4.6E-05 0.00002 

Vacuum exhaust tube wall 0.25 1.979 8.00265 
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Table 8.7. Neutron and Photon Flux Densities (Part 1). All values in units of 
particles 

cm2 x fusion 

N Photons 
u 

111 
Components Neutrons 

b from the produced in total 

e pellet the reactor 

r 

100 Vacuum chambcr 2.47E-05 7.59E-08 1.02E-06 l.lOE-06 
( 0.17 %) ( 0.02 %) ( 0.59 %) ( 0.55 %) 

I Roof protcctivc LiPb l.56E-05 5.05E-ü9 4.98E-07 5.03E-07 
layer in SiC fabric ( 0.33 %) ( 0.15 %) ( 0.63 %) ( 0.62 %) 

2 Roof stecl ref1ector 7.52E-06 1.37E-l0 4.73E-07 4.73E-07 
coolcd with LiPb ( 0.43 %) ( 0.73 %) ( 0.65 %) ( 0.65 %) 

3 Roofsupport struc- 1.13E-06 6.21E-11 1.51 E-07 l.51E-07 
tural ring ( 3.95 %) ( 4.25 %) ( 5.34 %) ( 5.34 %) 

4 Roofsupport beams 4.17E-07 1.51 E-13 1.22E-07 l.22E-07 
( 2.45 %) (48.74 %) ( 3.12 %) (3.12%) 

5 Pellet injector shicld 2.63E-07 1.91 E-10 9.90E-08 9.92E-08 
modulc ( 4.00 %) ( 3.03 %) (6.63%) ( 6.62 <~/o) 

6 Roof shicld l.l9E-07 7.65E-14 5.44E-08 5.44E-08 
( 0.60 <~/o) (14.41 %) ( 0.99 %) ( 0.99 %) 

7 Roof vacuum scal O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+üü 
flangc ( 0.00 %) ( 0.00 %) ( 0.00 %) ( 0.00 %) 

8 Manilold für INPORT 4.58E-06 l.09E-l0 5.40E-08 5.41 E-08 
units ( 0.65 %) ( 0.78 %) ( 1.53 %) ( 1.53 %) 

9 Driver diode 2.63E-08 l.78E-11 4.52E-09 4.54E-09 
( 7.24 %) ( 1.67 %) ( 6.72 %) ( 6.69 %) 

10 Beam transmission line 5.88E-10 O.OOE+OO 
(47.18 %) ( 0.00 %) 

!Ia Beam tubc wall 6.75E-06 l.31E-09 l.I5E-06 l.l5E-06 
(0.58%) ( 0.56 %) (0.92%) ( 0.92 %) 

llh lkam tuhc inner vol- 7.88E-06 l.59E-08 1.251:-06 1.27E-OG 
umc ( 0.91 %) ( 0.88 %) ( 1.51 %)' ( 1.49 %) 

12 INPORT units l.18E-05 l.98E-09 2.94E-07 2.96E-07 
(0.16%) ( 0.05 %) (0.24%) ( 0.24 %) 

13 Ref1ector vacuum l.26E-06 l.68E-14 2.97E-08 2.97E-08 
chamber ( 0.41 %) (15.94 %) ( 0.70 %) ( 0.70 %) 

14 Chambcr shield 1.19E-08 6.49E-15 6.01E-09 6.01E-09 
( 0.80 %) (15.76 %) ( 1.31 %) ( 1.31 %) 
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defined by 

S­x R =--
X 

with x = Monte Carlo (sample) mean and Sx = Standard deviation of the sample. If E(x) 

is the exact value of the quantity (mean value of x), 

x(l - R) < E(x) < x(l + R) 

holds with a probability of 0.68. 

In Table 8.7 and Tabie 8.8 only those flux values are listed where we got statistical 

errors smaller than 50%, because results w ith errors grea ter than 50% are marked as 

garbage in the MCNP manual. Results with errors between 20% and 50% can be regarded 

as precise with a factor of a few, whereas results with errors between 10% and 20% are 

questionable. Nearly all of the tabulated MCNP results have errors smaller than 10% and 

about one third smaller than l %. Results with such small errors could be regarded -

following the manual - as generally reliable. 

Naturally it is possible to improve big statistical errors by increasing the size of 

the sample. But because the statistical error is inversely proportional to the square root 

of the number of particles, this wouid have required much computer time to get 

questionable resul ts in reactor regions, which are not very important for this type of 

study. Therefore we also did not try to irnprove the small number of results not listed by 

using variance reduction methods. All results given in this and the following tables have 

been obtained by totally analog Monte Carlo methods. 

If there are flux values of zero in the table, this means only that none of the 

started particles or produced particle has reached this region. For the neutranie source 

300,000 particles, using 330 minutes of cpu-time on a Siemens 7890 computer, and for 

the photonie source 4,485,000 particles, using 248 minutes of cpu-time, have been 

started. 

In column 1 of Table 8. 7 and Table 8.8 numbers are given for the different 

components. These numbers can be found in Fig. 8.2, Fig. 8.3, and Fig. 8.4. 

8.2.7 Tritium Breeding Rates 

In Table 8.9 the tritium breeding rates for all components of the LIBRA reactor 

chamber which contain Iithium are listed. There is one column for the tritium breeding 

8-18 



Table 8.8. Neutron and Photon Flux Densities (Part 2). All values in units of 
particles 

cm 2 x fusion 

N Photons 
u 
m 

Componcnts Neutrons b from the produced in total 

e pellet the reactor 

r 

15a Vacuum exhaust tube 3.15E-06 O.OOE+OO l.18E-07 l.18E-07 
interior volume in steel ( 1.57 %) ( 0.00 %) ( 6.48 %) ( 6.48 <~/o) 

reflcctor 

15b Vacuum exhaust tube 4.50E-07 O.OOE+OO 7.13E-08 7.13E-08 
intcrior volume in ( 2.23 %) ( 0.00 %) ( 4.65 %) ( 4.65 %) 
shield 

15c Vacuum exhaust tube 2.09E-08 O.OOE+OO 5.88E-09 5.88E-09 
interior volume in sup- (14.55 %) ( 0.00 %) (30.31 %) (30.31 %) 
pression tank 

15<.1 Vacuurn exhaust tube 7.27E-07 O.OOE+OO 9.26E-08 9.26E-08 
wall in shield ( 2.35 %) ( 0.00 %) (3.69%) ( 3.69 %) 

15e Vacuurn exhaust tube 6.68E-09 O.OOE+OO !.I ~E-09 1.18E-09 
wall in suppression (17.94 %) (0.00%) (27.71 %) (27.71 %) 
tank 

16 Suppression tank l.l3E-10 O.OOE+OO !.12E-!O l.12E-l0 
shield (16.90 %) (0.00%) (21.28 %) (21.28 %) 

17a Suppression tank inte- l.07E-09 O.OOE+OO l.39E-!O l.39E-l0 
rior volumc (20.24 %) ( 0.00 %) (35.45 %) (35.45 ~1o) 

17b Suppression tank wall 5.74E-10 O.OOE+OO 8.84E-11 8.84E-11 
(22.63 %) ( 0.00 %) (32.26 %) (32.26 %) 

18 Li17Pbs3 poo1 in tank 2.01E-10 O.OOE+OO 
(37.97 %) ( 0.00 %) 

19 Li17Pbs3 poo1 in reac- 5.23E-06 5.67E-l0 l.O I E-07 1.01E-07 
tor chambcr ( 0.36 %) (0.16%) ( 0.57 %) (0.57%) 

20 Perforated shock 2.99E-06 O.OOE+OO 6.10E-08 6.10E-08 
absorbing plate (0.93%) (0.00%) ( 2.04 %) ( 2.04 %) 

21 ßottom splash plate l. 76E-07 O.OOE+OO 3.89E-09 3.89E-09 
( 2.70 %) ( 0.00 %) ( 7.02 %) (7.02%) 

901 Vacuum rcgion bclow 3.50E-08 O.OOE+OO 6.23E-IO 6.23E-l0 
shock absorbing plate ( 3.87 %) ( 0.00 %) (28.70 %) (28.70 %) 

999 Outside world within 4.89E-10 O.OOE+OO 1.3üE-ll l.36E-11 
surrounding sphcrc ( 2.93 %) ( 0.00 %) (25.99 %) (25.99 %) 
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Table 8. 9. Tritium Breedin Rates Related to l. Fusion Neutron. The numbers in ( ) 
give the estimated statistical relative errors at the 1o-level. See 
Section 8.2.6 for explanation. 

~Li 3Li Sum 

lnport Units 0.865738 0.001913 0.867651 (0.24%) (0.32%) 

Li 17 PhsJ -Pool in Reactor 0.266176 0.000438 0.266614 
Chambcr (0.51 %) (0.80%) 

Roof Protective Li11Pbs3 Layer 0.088991 0.000218 0.089209 (0.53%) (0.73%) 

Rcflcctor;Vacuum Chambcr 0.071174 0.000002 0.071176 
(0.95%) (3.52%) 

Stcel Rcflcctor 0.043896 0.000011 0.043908 ( 1.02<~/o) ( 1.270;(,) 

Manil'old 
0.018528 0.000013 0.018542 
(0.93~/o) (2.32%) 

Shock Absorbing Plate 0.003908 0.000000 0.003908 (1.89%) (8.56%) 

Li11Pbs3 -Pool in Tank 0.000061 0.000000 0.000061 (31.93%) (31.93%) 

Sum 1.358471 0.002596 1.361066 
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by neutrons reacting with ~Li and one column for breeding by neutrons reacting 

with jLi. The last column gives the sum of these two reactions. In the last row of the 

table the tri tium breeding rate for the two nuclides is summed over all components of 

the reactor chamber. The tritium breeding rate summed over all components and the 

two nuclides yield the value l.36 tritium atoms per fusion event. 

8. 2.8 Neutron and Photon Nuclear Hea ting 

[n this section values for neutron and photon nuclear heating for nearly all 

components of the LIBRA chamber are given. These values have been calculated by 

MCNP using the F6-Tally (energy deposition averaged over a cell). lf no values are given 

for a specific component, the statistical error in the MCNP calculation was greater than 

50% (see Section 8.2.6). 

The results produced by MCNP are m units of MeV /gram. The results given in 

Table 8.10 and Table 8.11 have been produced by multiplication of the MCNP-results 

with the masses listed in Table 8.6 

To renormalize the energy re leased per fusion event to the planned thermal power, 

one starts with the target yield of the pellet, which has the value 320 MJ. 80% of this 

energy (256 MJ) is carried away by the 14.1 MeVneutrons emitted in the fusion process. 

Thus division of 256 MJ by 14.1 MeV will give the number of neutrons produced in the 

generation of 256 MJ. This Ieads to 

256 MJ 
14.1 MeV 

256 X 106J = 1 fusion events per pellet implosion. 
14.1 X 1.6022 X 10- 3J 

Because in the LIBRA design the fusion targets are imploded at a rate of 3 Hz, this 

number must be multiplied by 3 yielding 

~ 256 X 106
J 

-----~------------------~- = 
14.1 X 1.6022 X 10-13J 

3. 4 x 10
20 

fusion events per second. 

Table 8.12 and Table 8.13 have been produced by multiplication of the numbers in Table 

8.10 and Table 8.11 with this factor and division by the volume values listed in Table 8.6. 
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Table 8.1 0. Neutron and Photon Heatin (Part 1 ). The numbers in ( ) give the 
estimated statistical relative errors at the lcr-level. See Section 8.2.6 
for explanation. 

N 
Neutrons 

Photons Total 
u 

111 from the produccd in 

b 
Components pellet the reactor 

e 
[MeV/fusion] 

[MeV/fusion 
r [MeV/fusion] [MeV/fusion] 

100 Vacuum chamber 
6.36E-03 7.70E-06 5.56E-05 

0.006 
(0.17 %) (0.01 %) (0.75 %) 

l 
Roof protective LiPb 5.83E-01 6.64E-03 4.24E-Ol 

1.013 
layer in SiC fabric (0.42 %) (0.14 %) (0.80 %) 

2 
Roof stccl rcOcctor 3.66E-OI 2.41 E-04 7.52E-01 

l.l19 
coolcd with LiPb (0.70 %) (0.73 %) (0.86 %) 

3 
Roofsupport struc- l.ll E-03 5.11 E-06 1.35E-02 

0.015 
tural ring (8.21 %) (4.36 '%) (7 .23 'Y.,) 

4 Roofsupport beams 
3.32E-04 1.33E-08 2.45E-02 

0.025 
(6.54 %) (61.18 %) (4.26 %) 

5 
Pellet injcctor shicld 2.71E-03 1.63E-05 8.31E-03 

0.011 
module (7.84 %) (3.16 %) (8.51 %) 

6 Roof shield 
5.90E-02 5.02E-07 5.32E-OI 

0.591 
(1.18 %) (14.25 %) (1.24 %) 

7 
Roof vacuum sea1 O.OOE+OO O.OOE+OO O.OOE+OO 

O.OOE+OO 
Oangc (0.00 ~'o) (0.00 %) (0.00 %) 

Manifo1d for INPORT 2.98E-01 2.35E-04 7.95E-02 
0.378 8 

units (0.81 %) (0.73 %) (1.89 %) 

2.05E-03 5.62E-05 1.07E-02 
0.013 9 Driverdiode 

(8.71 %) (1.65 %) (9.04 %) 

1.84E-02 4. 70E-04 2.54E-OI 
0.273 11a ßcam tubc wall 

( 1.00 %) (0.55 %) (1.17 %) 

ßeam tube inner vo1- l.IOE-05 1.28E-08 4.52E-07 
l.14E-05 11b 

urnc (2.21 %) (0.83 %) ( 1.99 %) 

5.43E+OO 3.63E-02 3.39E + 00 
8.847 12 INPORT units 

(0.20 %) (0.05 %) (0.29 %) 

Rcf1cctor vacuum 4.47E-01 1.88E-07 6.67E-01 
1.114 13 

chamber (0.66 %) (13.78 %) (0.96 %) 

2.24E-02 1.15E-07 3.01 E-01 
0.324 14 Chambcr shicld 

( 1.53 %) (13.95 %) (1.65 %) 
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Table &.11. Neutron and Photon Heatin (Part 2). The numbers in ( ) give the 
estimated statistical relative errors at the la-level. See Section &.2.6 
for explanation. 

N 
Neutrons 

Photons Total 
u 
m from the produced in 

b 
Components pellet the reactor 

e 
[MeV/fusion] 

[MeV/fusion 
r [MeV/fusion] [MeV/fusion] 

Vacuum exhaust tube 
2.53E-06 O.OOE+OO 5.55E-08 

15a interior volume in steel 
(2.84 %) (0.00 %) (8.25 %) 

2.59E-06 
rcllcctor 

Vacuum exhaust tube 
l.58E-06 O.OOE+OO 2.82E-07 

15b intcrior volumc in 
(0.00 %) (5.88 %) 

I.S6E-06 
shicld 

(4.83 %) 

Vacuum exhaust tube 6.50E-04 O.OOE+OO 1.81 E-02 
0.019 15d 

wall in shield (5.50 %) (0.00 %) (5.01 %) 

Vacuum exhaust tube 
2.16E-06 O.OOE+OO 7.49E-05 

!Se wall in suppression 
(24.50 '%) (0.00 %) (29.44 %) 

7.71E-05 
tank 

Suppression tank 3.52E-05 O.OOE+OO 9.75E-04 
1.0 I E-03 16 

shield (25.07 ~'o) (0.00 %) (27.50 %) 

Li 11 Pb&J pool in rcac- 1.58E + 00 7.10E-03 7.99E-OI 
2.381 19 

tor chambcr (0.44 %) (0.14 %) (0.69 %) 

Perforated shock 3.12E-02 O.OOE+OO 4.94E-02 
0.081 20 

absorbing plate (1.32 %) (0.00 %) (2.81 %) 

8.10E-04 O.OOE+OO 6.17E-03 
0.007 21 Bottom splash plate 

(3.56 %) (0.00 %) (9.94 %) 

System total 8.841 0.051 7.327 16.218 

8-23 



Table 8.12. Neutron and Photon Average Power Density (Part 1). The numbers are 

based on 3.4 •I o20 fusions per second. The numbers in ( ) give the 
estimated (statistical) relative errors a t the 1 a-level. See Section 8.2.6 
for explanation. 

N 
Photons Total 

Neutrons 
u 

111 from the produccd in 

b 
Componcnts pellet the reactor 

e 
[W/cm**3] [W/cm**3] 

r [Wjcm**3] [Wjcm**3] 

100 Vacuum chamber 
5.06E-03 6.12E-06 4.42E-05 

0.005 
(0.17 %) (0.01 %) (0.75 %) 

l 
Roof proteelive LiPb 2.01E+Ol 2.29E-Ol 1.46E+OI 

34.870 
layer in SiC fabric (0.42 ~10) (0.14 %) (0.80 %) 

2 
Roof stccl rcf1cctor 4.34E+OO 2.85E-03 8.92E+OO 

13.261 
coolcd with LiPb (0.70 %) (0.73 %) (0.86 %) 

3 
Roofsupport struc- 2.l2E-OI 9.74E-04 2.57E+OO 

2.786 
tural ring (8.21 %) (4.36 %) (7.23 %) 

4 Roofsupport bcams 
3.46E-02 1.38E-06 2.56E+OO 

2.591 
(6.54 %) (61.18 %) (4.26 %) 

5 
Pellet injcctor shicld 2.45E-01 1.48E-03 7.52E-OI 

0.999 
modulc (7.84 %) (3.16 %) (8.51 %) 

6 Roof shicld 
5.08E-02 4.32E-07 4.58E-O I 

0.508 
(1.18 %) (14.25 %) ( 1.24 'Yo) 

7. 
Roof vacuum seal O.OOE+OO O.OOE+OO O.OOE+OO 

O.OOE+OO 
Hange (0.00 %) (0.00 %) (0.00 %) 

8 
Manifold for INPORT 5.56E+OO 4.39E-03 l.49E+OO 

7.055 
units (0.81 %) (0.73 %) (1.89 %) 

9 Driver diode 
8.72E-03 2.39E-04 4.55E-02 

0.054 
(8.71 %) (1.65 %) (9.04 %) 

II a ßeam tube wall 
9.70E-OI 2.48E-02 l.34E+Ol 

14.414 
(1.00 %) (0.55 %) (1.17 %) 

llb 
Beam tubc inner vol- 1.09E-03 1.28E-06 4.50E-05 

1.14E-03 
ume (2.21 %) (0.83 %) (1.99 %) 
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Table 8.13. Neutron and Photon Average Power Density (Part 2). The numbers are 

based on 3.4 •l o20 fusions per second. The numbers in ( ) give the 
estimated (statistical) relative errors at the lo-level. See Section 8.2.6 
for explanation. 

N 
Photons Total 

Neutrons 
u 
m from the produced in 

b 
Components pellet the reactor 

e 
[Wjcm**3] [Wjcm**3] 

r [Wjcm**3] [Wjcm**3] 

12 INPORT units 
4.50E+OO 3.02E-02 2.81E+OO 

7.345 
(0.20 %) (0.05 %) (0.29 %) 

13 
Reflector vacuum 4.73E-OI l.98E-07 7.06E-01 

1.179 
chambcr (0.66 %) (13.78 %) (0.96 %) 

14 Chamber shield 
3.72E-03 1.92E-08 5.02E-02 

0.054 
(1.53 %) (13.95 %) ( 1.65 '~/o) 

Vacuum cxhaust tube 
2.08E-04 O.OOE+OO 4.56E-06 

15a interior volume in steel 
(2.84 %) (0.00 %) (8.25 %) 

2.13E-04 
ref1ector 

Va<.:uum cxhaust tube 
2.05E-05 O.OOE+OO 3.64E-06 

15b interior volume in 
(4.83 %) (0.00 %) (5.88 %) 

2.41E-05 
shicld 

15d 
Vacuum exhaust tube 7.26E-02 O.OOE+OO 2.02E+OO 

2.092 
wall in shield (5.50 %) (0.00 'Yo) (5.01 %) 

Vacuum exhaust tube 
4.64E-04 O.OOE+OO l.61E-02 

15e wall in suppression 
(24.50 %) (0.00 %) (29.44 %) 

1.65E-02 
tank 

16 
Suppression tank 2.26E-05 O.OOE+OO 6.25E-04 

0.001 
shield (25.07 %) (0.00 %) (27.50 %) 

19 
Li 17 Pbs3 pool in reac- 5.88E+ 00 2.65E-02 2.98E+OO 

8.894 
tor chamber (0.44 %) (0.14 %) (0.69 %) 

20 
Perforated shock 7.69E-OI O.OOE+OO l.22E+ 00 l. 987 . 
absorbing plate (1.32 %) (0.00 %) (2.81 %) 

21 ßottom splash plate 
l.l2E-02 O.OOE+OO 8.55E-02 

0.097 
(3.56 %) (0.00 %) (9.94 %) 
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In Table 8.14 and Table 8.15 the power values in units of MW for the different 

reactor components are listed. These values have been produced out of the MCNP 

results similar to the power densities in units of W /cm3 given in Table 8.12 and Table 

8.13, but suppressing the division by the volume values. 

The total thermal power produced by neutrons and photons from the target in the 

LIBRA reactor chamber adds up (see Table 8.15) to 883.5 MW. If the values, given in 

Fig. 5.5 for x-rays (189 MW) and the debris (97.5 MW) are added, the result is 1170 MW. 

This is very close to the design parameter of 1160 MW given in Table 1.1 

8.3 Activation Analysis 

8.3.1 Calculational Procedure 

Neutron transport calculations have been performed for the LIBRA chamber using 

the one-dimensional discrete ordinates code ONEDANT(l) and the LANL MATXS5(6) 

cross section data library processed from the ENDF/B-V files. The standard LANL 30 

neutron-12 gamma group structure was used in the calcula tions. The problern has been 

modeled in spherical geometry with materials and dimensions consistent with a cut 

through the midplane of the reactor. A point source was used at the center of the 3 m 

radius chamber. The LIBRA target neutron spectrum that accounts for neutron-target 

interactions was used to represent the source spectrum. The source strength was 

normalized to the DT target yie1d of 320 MJ and the 3 Hz repetition rate. 

The radial build used in the calculations is given in Fig. 8.7. The concrete shield 

thickness was determined such that the biological dose rate outside the shield during 

reactor operation does not exceed 2.5 mrem/hr. Figure 8.8 gives the dose rate at the 

back of the shield as a function of the thickness of the helium cooled steel reinforced 

concrete shield. Since a spherical geometry was used in the calculations, the results 

correspond to the conditions at the reactor midplane where the dose rate is expected to 

be greatest. A shield thickness of 2.6 m, which yields a dose rate of 1.4 mrem/hr during 

operation, is used in the activation calculations. While the initial LIBRA chamber design 

uses the ferritic steel alloy HT -9 as chamber structural material, activation calculations 

have been performed also for a modified HT -9 alloy which would have lower long term 

activity .<7) The eiemental compositions of these ferritic steel alloys as weil as those for 

the SiC, Li 17Pb83 , concrete and carbon steel C 1020 used in the activation calculations 

are given in Table 8.16. 
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Table 8.14. Neutron and Photon Power (Part 1). The numbers are based on 3.4•1020 
fusions per second. The numbers in ( ) give the estimated (statistical) 
relative errors at the l a-leve1. See Section 8.2.6 for exp1anation. 

N 
Neutrons 

Photons Total 
u 

111 from the produced in 

b 
Componcnts pellet the reactor 

e 
[MW] 

[MW] 
r [MW] [MW] 

100 Vacuum chamber 
3.47E-Ol 4.19E-04 3.03E-03 

0.350 
(0.17 %) (0.01 %) (0.75 %) 

1 
Roof protective LiPb 3.18E+01 3.62E-Ol 2.31E+01 

55.206 
layer in SiC fabric (0.42 %) (0.14 %) (0.80 %) 

2 
Roof stccl rcl1cctor 2.00E + 01 1.31 E-02 4.10E+OJ 

60.956 
cooled with LiPb (0.70 %) (0.73 %) (0.86 %) 

3 
Roofsupport struc- 6.05E-02 2.78E-04 7.35E-OI 

0.796 
tural ring (8.21 %) (4.36 %) (7.23 %) 

4 Roofsupport beams 
1.81 E-02 7.23E-07 l.34E + 00 

1.355 
(6.54 %) (61.18 %) (4.26 '%) 

5 
Pellet injcctor shic1d l.48E-01 8.90E-04 4.53E-O I 

0.601 
module (7.84 %) (3.16 %) (8.51 %) 

6 Roof shicld 
3.21E+OO 2.73E-05 2.90E+01 

32.203 
(1.18 %) (14.25 %) ( 1.24 %) 

7 
Roof vacuum seal O.OOE+OO O.OOE+OO O.OOE+OO 

O.OOE+OO 
flange (0.00 %) (0.00 %) (0.00 %) 

Manifold for INPORT 1.62E + 01 l.28E-02 4.33E+OO 
20.571 8 

units (0.81 %) (0.73 %) (1.89 %) 

1.11 E-01 3.06E-03 5J\IE-ül 
0.696 9 Driver diodc 

(8.71 %) (1.65 %) (9.04 %) 

l.OOE+OO 2.56E-02 1.3<JE+Ol 
14.892 lla !kam tubc wall 

(1.00 %) (0.55 %) (1.17 ~1o) 

Bcam tube inner vol- 5.97E-04 6.99E-07 2.46E-05 
6.22E-04 11 b 

ume (2.21 %) (0.83 %) ( 1.99 %) 

2.96E+02 1.98E+OO 1.84E + 02 
481.943 12 INPORT units 

(0.20 %) (0.05 %) (0.29 %) 

Reflector vacuum 2.44E+01 1.02E-05 3.63E+Ol 
60.706 13 

chamber (0.66 %) (13.78 %) (0.96 %) 
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Table 8.15. Neutron and Photon Power (Part 2). The numbers are based on 3.4•10
20 

fusions per second. The numbers in ( ) give the estimated (statistical) 
relative errors at the l o-level. See Section 8.2.6 for explanation. 

N 
Neutrons 

Photons Total 

u 
m from the produced in 

b 
Components pellet the reactor 

e [MW] 
r 

[MW] [MW] [MW] 

14 Chamber shield 
1.22E+OO 6.28E-06 l.64E+Ol 
( 1.53 %) (13.95 %) (1.65 %) 

17.634 

Vacuum exhaust tube 
l.38E-04 O.OOE+OO 

l5a interior vo1ume in steel 
3.02E-06 

1.41 E-04 
rcflcctor 

(2.84 %) (0.00 %) (8.25 %) 

Vacuum cxhaust tubc 
8.62E-05 O.OOE+OO 

15b intcrior volume in 
l.53E-05 

i.02E-04 
shield 

(4.83 %) (0.00 %) (5.88 %) 

15d 
Vacuum exhaust tube 3.54E-02 O.OOE+OO 9.85E-01 
wall in shicld (5.50 %) (0.00 %) (5.01 %) 

1.021 

Vacuum cxhaust tubc 
l.18E-04 O.OOE+OO 

15c wall in suppression 
4.08E-03 

4.20E-03 
tank 

(24.50 %) (0.00 %) (29.44 ~/o) 

16 
Suppression tank l.92E-03 O.OOE+OO 5.31 E-02 
shicld (25.07 %) (0.00 %) (27.50 ~1o) 

0.055 

19 
Li 17 Phs3 pool in rcac- 8.58E+01 3.87E-01 .<j.35E+01 

129.717 
tor chambcr (0.44 %) (0.14 %) (0.69 %) 

20 
Perforated shock l.70E+OO O.OOE+OO 2.69E+OO 
absorbing platc (1.32 %) (0.00 %) (2.81 %) 

4.389 

21 Bottom splash plate 
4.41E-02 O.OOE+OO 3.36E-Ol 

(3.56 %) (0.00 %) (9.94 %) 
0.380 

System total 481.589 2.784 399.116 883.489 
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Table 8.16 Eiemental ComQosition (wt%) Used for UBRA Activation Anal~sis 

Element SiC 
3 LiFPb(c3 3 Cl020 

3 
HT-9 Mod. HT-9

3 
Concrete 

3 3 (p=3.21 g/cm ) (p=9. 1 g cm ) (p=7 .93 g/cm ) (p=7.8 g/cm ) (p=7.8 g/cm ) (p=2.32 g/cm ) 

H 0.75 
Li 0.62 
B 0.01 0.001 
c 29.35 0.2 0.2 0.15 5.55 
N 0.05 0.001 0.01 
0 0.01 0.007 49.29 
Na 0.00018 0.42 
Mg 1.48 
Al 0.55 0.01 0.008 2.06 
Si 70 0.25 0.35 0.2 15.70 
p 0.02 0.013 
s 0.02 0.004 0.17 
K 0.00012 0.0003 0.0003 0.75 
Ca 0.09 0.00018 22.95 
Ti 0.09 0.1 0.05 
V 0.3 0.3 

00 Cr 12.0 11.0 
I 

N Mn 0.45 0.55 0.53 1.1:> 
Fe 0.0001 99.1 85.0 85.16 0.82 
Co 0.02 0.005 
Ni 0.5 0.006 
Cu 0.0002 0.09 0.003 
Zr 0.001 0.001 
Nb 0.11 0.00011 
Mo 1.0 0.00027 
Ag 0.001 0.0001 0.00009 
Cd 0.0001 0.0001 
Sn 0.003 0.003 
Sb 0.0003 0.001 0.0005 
Ba 0.001 0.0002 
Tb 0.0005 0.0002 
Ta 0.001 0.0004 
w 0.5 2.50 
Tr 0.0005 0.0002 
Pb 99.37 0.001 0.0005 
Bi 0.004 0.001 0.0002 
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Fig. 8.7. Radial build used in the activation calculations. 
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The neutron flux obtained from the neutron transport calculations has been used in 

the activation calculations. The radioactivity code DKR-ICF(S) has been used with the 

ACTL (9) neutron transmutation data library. The decay and gamma source data are 

taken from the Table of Isotopes. (1 O) The DKR-ICF code allows for appropriate 

modeling of the pulsing schedule. Using an equivalent steady state operation results in 

underestimating the produced activity, particularly at short times following shutdown as 

will be shown in the following section. The pulse sequence used in the activation 

calculations is shown in Fig. 8.9. The reactor is assumed to be shut down for 5 days 

every month for routine maintenance and for 40 days every year for extended 

maintenance. This operational schedule corresponds to a reactor availability of 7 596. 

The activity for the reflector and shield was calculated for the 40 year reactor lifetime 

while the activity for the SiC INPORT tubes in the blanket was determined for an 

operating time of 2 years. The coolant activity was calculated separately by modifying 

the operation schedule to allow for the fact that the coolant spends only half the time 

exposed to neutrons in the reactor. The coolant residence time in the reactor is assumed 

to be 1 0 seconds. 

The dose rate at the back of the shield following shutdown was determined by 

combining the decay gamma source given by DKR-ICF with the adjoint dose field 

determined by performing a gamma adjoint calculation using ONEDANT with flux-to­

dose conversion factors representing the source at the back of the shield. Since the 

contact dose at the back of the shield is determined mainly by the shield and reflector 

activation, an operation time of 40 years was used in the dose calculations. Notice that 

the short term activity and dose activation parameters (within about a year after 

shutdown) are independent of the operation time while the long term activity (more than 

- 10 years after shutdown) which is important for waste management is approximately 

proportional to the operation time. 

8.3.2 Activity, Biological Hazard Potential (BHP) and Decay Heat in the 

LIBRA Chamber Structure 

The total activity as a function of time aftershutdown is given in Fig. 8.10 for the 

case when HT-9 is used as structural material in the reflector. The results are given in 

Fig. 8.10 for both cases when the pulse sequence shown in Fig. 8.9 is utilized and when an 

equivalent steady state operation is considered. lt is clear that using the steady state 

operation results in a factor of two lower activity at shutdown with the difference being 
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negligible only after about one month following shutdown. The !arge difference within a 

short time following shutdown is due to the fact that the activity is dominated by short 

lived radionuclides whose activities are sensitive to the operational schedule prior to 

shutdown due to buildup during the on-time with the subsequent decay between periods of 

operation. Notice that the average neutron flux used in the equivalent steady state 

calculation is lower than that during the on-time preceding shutdown. On the other .hand, 

the long term activity is dominated by long lived radionuclides whose activity · is 

determined by the total neutron fluence regardless of the temporal variation of the flux. 

The effect of replacing HT -9 by the low activation alloy, modified HT -9; is shown in 

Fig. 8.11. The total activity at shutdown increases by a factor of - 2.5 while the long term 

activity decreases by a factor of - 25. This results from reducing the amount of Mo, Nb 

and Ni which contribute to the long term activity, while increasing the content of W which 

contributes to the short term activity. Table 8.17 compares the activity, biological hazard 

potential (BHP), measured in km3 of air required to dilute the isotopic concentration to 

the maximum permissible concentration, and the decay he"at measured in MW at shutdown 

for the cases with HT -9 or modified HT -9. The modified HT -9 is recommended for the 

LIBRA reference design since the long term activity is more of a concern due to its 

impact on waste management. 

Table 8.17 Effect of Reflector Material on Radioactivity Parameters at Shutdown 

Activity (Ci) BHP (km3 air) Decay Heat (MW) 

HT-9 Mod. HT-9 HT-9 Mod. HT -9 HT-9 Mod. HT-9 

Blanket 2.77. X l 0 7 2.77 X l0 7 9.35 x w5 9.35 X 10 5 0.47 0.47 

Reflector 5.47 x 1 o8 1.536 X 109 8.58 x w7 1.741 X 108 3 6.774 

Shield 9.06 X I 06 9.06 X l0 6 6.54 X 105 6.54 X 105 0.064 0.064 

Total 5.838 X l08 1.573 x 1 o9 8.74 X 107 1.757 X !08 3.534 7.308 

Figure 8.12 gives the activity in the blanket, reflector, and shield as a function of 

time after shutdown. The IOta! activity per unit of thermal power at shutdown is 1.36 

Ci/W and drops to 0.16 Ci/W in one week. Almosl all of the total activity results from 
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the activation of the reflector structure. The contribution from the activity of the SiC 

used in the blanket is very small and drops rapidly after shutdown. Table 8.18 lists the 

major contributing radionuclides in the different reactor zones at different times 

following shutdown. The results for the BHP and decay heat are given in Fig. 8.13 and 

Fig. 8.14, respectively. The variation with time after shutdown is similar tothat for the 

activity. The BHP value per unit thermal power at shutdown is 151 km3/kW and the 

decay heat is 0.63%. It should be pointed out that although a spherical geometry model 

was used, the calculated total activity is expected to be close to that obtained in the 

actual right cy lindrica1 chamber since the same number of neutrons which activate the 

chamber materials is incident on the blanket in both cases. 

8.3.3 Waste Disposal Rating (WDR) of LIBRA Chamber Structure 

The specific activities calculated for the different radionuclides have been used 

with the U.S. waste disposal Iimits (WDL) to evaluate the radwaste of the LIBRA 

chamber. The lOCFR61 Iimits( 11 ) (the current U.S. legal limi ts) were used. Table 8.19 

lists the calculated WDR values for Class C low Ievel waste (LL W) for the different 

reactor regions. An operation time of 2 years is used for the blanket while the reflector 

and shield have an operation time of 40 years. The WDR is defined as ~ CJWDLi, where 

Ci is the specific activity of the ith nuclide and WDL 1 is the waste 
1
disposal Iimit. A 

WDR value :S 1 implies that the radwaste classifies as Class C LLW and quallfies for 

shallow land burial. 

The results are given for both cases with HT-9 and rnodified HT-9 reflector 

structure. The non-compacted values are based on averaging over the total volume of 

the particular region implying that internal voids are to be filled with concrete before 

disposal. On the other hand, the compacted values correspond to crushing the solid waste 

before disposal. The WDR values are given also for the case when the reflector and 

shield are disposed of together. While the WDR values for the blanket and shield are 

much smaller than unity, the reflector WDR is !arger than unity when HT -9 is used 

implying the need for deep geological burial. Replacing HT -9 by the low activation 

modified HT -9 results in the reflector being classified as Class C LL W. 
14c, generated from the 13c(n,y) reaction, is the only contributing radionuclide to 

the WDR for the blanket and shield. On the other hand, about 98% of the WDR for the 

rnodified HT -9 reflector is contributed by 94Nb which is produced by the 93Nb(n,y) 

reaction and (n,p), (n,np), (n,d), and (n,t) reactions with the different Mo isotopes. This 
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Table 8.18 LIBRA Activity Major Contributors 

Time After 
Shutdown Blanket Reflectoro Shield 

0 ~~Al, 2.24 m, (a) 91.9% (b) ;r w, 23.85 h, 82.3% 
Al, 6.56 m, 4.4% Fe, 2.68 y, 4.1% 

55 
56 

Fe, 2.68 y, 47.9% 
Mn, 2.58 h, 37% 

1m 28 187 
29

Al, 2.24 m, 92.3% 55 w' 23.85 h, 82.4% 
Al, 6.56 m, 5.4% Fe, 2.68 y, 4.1% 

55 
56

Fe, 2.68 y, 48.7% 
Mn, 2.58 h, 37.5% 

10m 28 ;r w, 23.85 h, 82.8% 
29

Al, 2.24 m, 63.1% 
Al, 6.56 m, 22.4% Fe, 2.68 y, 4.2% 

55 
56

Fe, 2.68 y, 51.5% 
Mn, 2.58 h, 38% 

I h 24 ;~7 w' 23.85h, 83.5% 31 
Na, I5 h, 45% 
Si, 2.62 h, 34.2% Fe, 2.68 y, 4.3% 

55 
56

Fe, 2.68 y, 56.2% 
Mn, 2.58 h, 33.1% 

6h 24 187 
37

Na, 15 h, 57.4% 55 w' 23.85 h, 84.8% 
Ar, 35 d, 27.6% Fe, 2.68 y, 5% 

55 
56

Fe, 2.68 y, 75% 
Mn, 2.58 h, 11.5% 

1 d 24 ;r w, 23.85 h, 78.4% 
37

Na, 15 h, 47.7% 

00 
Ar, 35 d, 51.8% Fe, 2.68 y, 7.8% 

55 
45

Fe, 2.68 y, 85% 
Ca, 165 d, 3.8% 

I 
VJ 37 Ar, 35 d, 99% 55 
"" 1 w 18~e, 2.68 y, 35.7% 

W, 75.1 d, 33.1% 

55 
45

Fe, 2.68 y, 86% 
Ca, 165 d, 3.7% 

I mo 37 Ar, 35d, 100% 55 
18~e, 2.68 y, 43.3% 

W, 75.1 d, 32.9% 

55 
45

Fe, 2.68 y, 89.3% 
Ca, 165 d, 3.5% 

1 y 37 55 
55

Ar, 35 d, 41.5% 
54

Fe, 2.68 y, 80.6% 
Fe, 2.68 y, 25.4% Mn, 312.2 d, 11.9% 

55 
45

Fe, 2.68 y, 98.7% 
Ca, 165 d, 1.2% 

10 y 39 55 
14

Ar, 269 y, 47.1% Fe, 2.68 y, 89.1% 
C, 5730 y, 13.8% 

55 Fe, 2.68 y, 99.5% 

100 y 39 40 9 
14

Ar, 269 y, 48.4% 
63

K, 1.3 X IO y, 86% 
C, 5730 y, 17.6% Ni, 100 y, 6.8% 

41 5 
14

ca, 1.03 x 10 y, 98.2% 
C, 5730 y, 1.6% 

1000 y 14 40 9 
41

c, 5730 y, 29~% 14K, 1.3 X 10 y, 97.1% 
Ca, 1.03 x 10 y, 24.2% C, 5730 y, 1.6% 

41 5 
14 

Ca, 1.03 x 10 y, 98.2% 
C, 5730 y, 1.5% 

(a) Half life 
(b) Percentage contribution 
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explains the three order of magnitude reduction in the reflector WDR by replacing HT -9 

by modified HT -9. Table 8.20 gives the contribution of the different radionuclides to the 

reflector WDR. 

8.3.4 Coolant .A.ctivity. 

The activity produced m the Li 17Pb83 coolant has been determined. We assumed 

tha t the coolant volume in the loop outside the chamber is the same as tha t in the 

chamber. The residence time of the coolan t in the chamber was taken to be I 0 seconds. 

A total reactor operation time of 40 years is considered. Table 8.21 gives the total 

coolant activity and BHP at shutdown with the contributions from the different radio­

nuclides. It is clear that at shutdown, the major contribuwr to the activity and BHP 

is 209Pb(T 112 = 3.25 h). 203Pb is the major activity contributor between 6 hours and a 

week after shutdown. The long term activity is comributed by 108mAg, 204Tl, 

and 205Pb. 210Po, which is produced from the Bi impurities, is an alpha emitter and 

volatile and represents a particular concern in LiPb systerns. 210Po is the major 

contributor to the coolant BHP between a week and a year after shutdown. During this 

period the 210Po BHP vaiues change from 7 x 105 to l.2 x 105 km 3 of air. 

8.3.5 Dose After Shutdown 

The dose rate at the back of the shield that results frorn the gamma decay of the 

activation products in the chamber materials is given in Fig. 8.15 as a function of time 

after shutdown. The dose rate after shutdown is quite low (1.43 x w-5 mrem/hr at 

shutdown). Notice that the decay dose rate value immediately after shutdown is five 

orders of magnitude lower than the promptdoserate during reactor operation. 
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Blanket 

Reflector 

Shield 

Reflector 
and Shield 

* Table 8.19 Class C Waste Disposal Rating for LIBRA Chamber 

HT -9 Reflector Modified HT -9 Reflector 

Non-Compacted Compacted Non-Compacted Compacted 

6.07 X 10-6 9.06 X 10-4 6.07 X 10-6 9.06 X 10-4 

708 789 0.72 0.8 

2.73 X 10-4 3.03 X 10-4 2.73 X 10-4 3.03 X 10-4 

68 75 0.07 0.08 

" * Table 8.20 Isotopic Contribution to Reflector WDR 

WDR 

Isotope Mod. HT-9 HT-9 

14c 0.012 0.608 
59 Ni 6.59 X 10-4 5.5 X 10-2 

63Ni 1.17x10-3 9.03 X 10-2 

94Nb 0.706 706 
99Tc 1.2 X 10-4 0.446 

Total 0.72 708 

* A WDR value of less than 1 qualifies that material for Class C waste disposal 

procedures. 
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Table 8.21 Coolant Activity and BHP at Shutdown 

Isotope Activity (Ci) BHP (km3 air) 

He-6 0.808 s 2.01 X 107 6.70 X 105 

Li-8 0.844 s 7.21 X 10-4 2.40 X 104 

F-20 11 s 1.04x104 2.28 X 102 

Ne-23 37.2 s 3.10x 103 3.04 X 101 

Ar-37 34.8 d 1.27 X 104 1.27 X 10- 1 

Cu-62 9.74 m 7.02 X 103 2.34 

Cu-64 12.7 h 1.86 X 104 4.65 X 102 

Ag-106 24m 2.17x104 7.25 X 102 

Ag-106m 8.5 d 1.12 X 104 1.12 X 105 

Ag-108 2.42 m 3.46 X 105 1.73 X 102 

Ag-108m l30y 6.04 X 103 3.19 x 1 o4 

Ag-110 24.6 s 2.64 X 105 3.75 X 101 

Ag-110 m 250 d 1.04 X 104 1.37 X 104 

Tl-204 3.78 y 1.03 X 105 1.13 X 105 

Pb-203 2.17 d 8.31 X 10 7 1.38 X 106 

Pb-205 1.5 X 107 y 1.97xl03 1.96 X l04 

Hg-203 46.6 d 2.30 X 105 1.15 x 1 o5 

Hg-205 5.2 m 2.17 X 106 7.23 X 104 

Pb-209 3.25 h 2.28 X 108 2.28 X 109 

Bi-21 0 5.01 d 5.73 X 103 2.87x 104 

Po-210 138.4 d 4.44 X 103 7.4 X 105 

Total 3.34 X 108 2.283 x io9 
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40 year operation @ 75% availability 

10-I~~IDL~~~~mL~~~~~~~~~UW~~~-UWW~~~~~ 

ld ld ld 1d ld 1d 1d 1d 1d 1d ld 0 ld 1 

TIME AFTERSHUTDOWN (s) 

Fig. 8.15. Dose rate at back of shield as a function of time after shutdown. 
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9. TRITIUM SYSTEMS 

The principal tritium systems considered in LIBRA are the fueling and breeding 

circuits. In addition, the tritium inventories in the reactor subsystems are identified. 

Such inventories and locations are required in order to evaluate the potential radiological 

hazards to the plant personnel and the surrounding environment during routine and off­

normal releases of tritium. 

9.1 Tritium Fuel Preparation 

The fuel targets are prepared in a Target Fabrication Facility which is separated 

from the reactor hall. The proposed fuel targets consist of a three-layer structure of 

spherical shells, Fig. 9.1, in which a uniform shell of solid, molecular DT coats the 

interior surface of a polymeric shell, possibly composed of deuterated 

methylmethacrylate, which in turn is overcoated with a Pb shell. At the proposed fueling 

rate of 3 Hz nearly 270,000 targets will need to be fabricated and injected into the 

reactor cavity per full power day. The mass production of acceptable targets will 

require the development of relatively simple target fabrication procedures tagether with 

many advanced, automated manufacturing processes. On-line quality assurance 

instrumentation must be developed to assure that the targets meet specification and, 

also, to detect off-normal Operations so that the percentage of rejects is low. 

Additionally, the quantity of tritium involved in the manufacturing process should be 

kept as low as possible so that the total on-site tritium inventory is small. 

A conceptualized procedure is presented for target fabrication which appears to be 

amenable to mass production and requires a minimal excess of tritium during the 

manufacturing process. The process begins with the pre-selection of uniform polymeric 

shells which have a small entrance hole in each shell. These shells are positioned on 

trays which are placed into a pass-box which is subsequently evacuated. The trays of 

shells are then conveyed into a high pressure box containing molecular DT at 23 MPa, 

Fig. 9.2(a). This pressure is sufficient to fill the cavity of each sphere with 3.2 mg of 

gaseaus DT, 1.28 mg D and 1.92 mg T. A plug of the same polymer as the shell is 

inserted into each shell, sealing the required fuel inside. The filled shells are transferred 

to a small box, Fig. 9.2b, in which the atmospheric DT is diluted and replaced with 

helium at the same pressure and temperature. The transfer box cannot be evacuated at 

this stage because the plug in the shell is not sufficiently robust to withstand a large 

differential pressure. The exterior of the shells is relatively free of DT at this stage so 
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Fig. 9.1. Cross-section of a fabricated target. 
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that the spheres can be placed on sheets of Iead foil, containing a dimple for each sphere, 

Fig. 9.2(c). A similar Pb foil sheet is placed on top of the spheres. An automated tool is 

utilized here which cuts off and cold-swages a Pb foil sphere around each polymer shell. 

The fabricated shells are next transferred to a helium refrigerator in which the 

temperature is reduce(j to the triple point of DT, 19.8 K at 20 kPa. The targets remain 

at this temperature for - 2 hr whi1e a uniform thickness of solid DT forms on the interior 

of the polymer shell. The uniformity of the fuel coating is caused by the radioactively 

induced sublimation of the DT.(l) Subsequent1y, the prepared targets are stored at 4.2 K 

where the internal pressure of DT .is only 4 x l0- 10 Pa so that the helium overpressure 

can be removed before the targets are delivered to the reactor delivery injector. A one­

day's supply of fuel targets is maintained, containing - 500 g of tritium, which can be 

utilized in the event of a malfunction in the target factory. Storage of targets for Ionger 

than one day is not recommended at this time because the inventory of tritium is 

increased. 

The procedure outlined above requires - 2 hr per batch of targets and an inventory 

of only - 134 g of tritium (41 g in the targets and 93 g in the high pressure box). This 

tritium inventory is much smaller than that required by an alternative scheme, such as 

gaseous DT permeation through the polymer shell. For such a procedure it is necessary 

to consider the time required for the permeation of 6.4 x 10-4 moles of DT through the 

polymer shell and the allowable differential pressure which can be applied to the hollow 

sphere. Literature values( 2) indicate that the methylmethacrylate polymer at - 25°C has 

a permeation rate of 1.1 x l0- 15 moles H2/s•Pa•m and a compressive tensile strength of 

70 MPa. These values, combined with the dimensions of the shell, Fig. 9.1, indicate that 

the differential pressure must be < 21 MPa of DT in order to avoid compressive fai1ure. 

Because of the relatively thick walls of the polymer, buckling-mode failure of the sphere 

requires a much higher pressure.(3) When the DT pressure for permeation is limited to 

< 21 MPa, the time required to fill each shell with the required amount of DT is- 33 hr. 

The batch size of targets for this process is increased to - 360,000 targets and would 

require an inventory of - 775 g of tritium, nearly 6 times !arger than the initially 

described procedure; consequently, the former method would be preferred. 

An experimental program will be needed to develop the automated, mass produc­

tion of targets as described, and will make use of techniques presently being developed 

for the handling of high pressure tritium gas.( 4) In order to increase target performance, 

go1d foil has been suggested as a replacement for the Pb. If such a Substitution were 
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made, then nearly 102 kg of Au would be required per full power day, representing an 

investment of $1.4 million (U.S.). Because of such a large investment, techniques would 

need to be developed to recover the Au from the liquid LiPb alloy within the reactor 

cavity. 

9.2 Tritium Breeding and Recovery 

During full power operations frozen fuel targets, containing 1.28 mg of deuterium 

and 1.92 mg of tritium, are delivered into the reactor cavity at the rate of 3Hz. Inside 

the reactor cavity the liquid alloy, Li 17Pb83 , provides both sensible heat removal and 

tritium breeding. The debris from the target explosion is essentially deposited in the 

fiJms of the liquid alloy existing on the outer surfaces of the INPOR T tubes and on the 

pool at the bottom of the reactor. The neutrons from the fusion reaction are chiefly 

deposited in the alloy contained within the INPORT tubes. The fate of the unburned fuel 

within the cavity and the location of the tritium produced by neutranie reactions must be 

considered in order to devise a tritium recovery scheme. 

During the fusion burn, - 3096 of the fuel is consumed; consequently, 7096 of the 

unburned fuel is propelled throughout the cavity with the target debris. Quickly 

following the fusion burn, the liquid films of the LiPb alloy are heated, initially by x-ray 

photons, and later by fast particles so that these films vaporize - 7 kg of LiPb. During 

this rapid heating phase, the helium gas within the cavity expands and approximately 2296 

of the gas is expelled through the suppression tank. If the unburned fuel is homo­

geneously distributed, then - 22% of the D+ T is also expelled. The majority of the 

unburned fuel, 7896, remains in the vapor phase during the time in which the LiPb vapor 

begins to condense. The chemical composition of the condensing vapor is unknown, but it 

will probably not be the alloy u 17Pb83• Most likely, the Li atoms will favor the very 

stable compound u 7Pb2 which has a high melting point. Liquid alloys near this 

composition, u 7Pb2, are know to dissolve significant amounts of hydrogen. The Li atom 

concentration formed by the vaporization of one kg of Li 17Pb83 is 103 times greater 

than the atomic concentration of D+ T from the unburned fuel; therefore, nearly all of 

the unburned fuel will be scavenged from the reactor cavity by the condensing LiPb 

droplets and eventually deposited in the pool at the bottom of the cavity. The pool will 

also contain all of the tritium bred within the cavity. In addition, the D+ T expelled from 

the cavity to the suppression tank should also dissolve in the liquid Li 17Pb83 alloy in this 

tank. Because this alloy eventually feeds the reactor cavity, tritium recovery of both 
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the unburned fuel and the bred fuel will be accomplished principally by tritium extraction 

from the LiPb alloy in the pool, where tritium will accumulate at the rate of 6.45 mg/s. 

The Tritium Removal System (TRS) is located external to the reactor cavity. The TRS 

must process sufficient LiPb that it recovers tritium at the rate at which it forms within 

the reactor cavity, i.e. 6.45 mg/s. The quantity of LiPb that must be processed in the 

TRS is dependent upon the tritium concentration, which should be as low as reasonably 

practical in order to keep a small total tritium inventory. Previous studies have 

indicated that the achievable mmtmum tritium partial pressure in the alloy is 

- 1.3 x 10-2 Pa, gtvmg a tnttum concentration of approximate.ly 1.4 x 10-4 wppm based 

upon the experimentally determined Sievert's constant.(5) At this tritium partial 

pressure, however, the tritium permeation at the steam generator is - 10 5 times too 

!arge to meet acceptable environmental release practices. For this reason, a tritium 

removal system is also placed in the helium intermediate transfer circuit, Fig. 9.3. 

The TRS must process 6.5 Mg/s of the LiPb alloy, approximately the same flow as 

to the heat exchanger. Vacuum degassing of tritium(6) is accomplished from small 

droplets, 240 llm diameter formed by a spray nozzle a t the top of an evacuated vessel 

which is 6 m high by 10 m diameter. The droplets, which fall by gravity after an initial 

velocity impulse of l m/s, require one second to transit the chamber. Du ring this time 

- 70% of the tritium effuses from the droplets into the evacuated chamber, which is 

maintained at a pressure of 1.3 x 10-3 Pa so that the tritium concentration of the 

degassed alloy is - 0.4 wppm. The parameters of the two TRS's are given in Table 9.1. 

The TRS for the helium heat transfer circuit utilizes oxidation of the tritium and 

collection of the tritiated oxide on a desiccant. The intermediate heat exchanger will 

probably be fabricated from a ferritic steel, HT -9, with the LiPb alloy containing tritium 

on one side. The helium side of the tubes, approximately 1.5 mm thick, will be coated 

with a thin Pd catalyst layer - 16 llm thick.(?) An oxygen partial pressure is maintained 

in the He in the range of 10-3 to 10 Pa so that the palladium surface is continuously 

saturated with oxygen atoms. As a result, the tritium atoms are oxidized as they 

permeate the heat exchanger tubes and are released as tritiated water into the helium. 

This water is eventually adsorbed on a desiccant. Approximately l x 10-4 g/s of tritium 

permeates the IHX; however, the catalyst is capable of oxidizing a much greater amount, 

- 0.8 g/s of tritium. In the tritium oxide form tritium should not permeate the steam 

generator and be lost to the environment. The catalyst has been conservatively 

estimated tobe 99.9% efficient so that 0.1% of the tritium may exist as T2 (or HT). This 
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Table 9.1 Tritium Removal Systems 

Liquid Breeder Alloy 

Recovery Technique: Vacuum Degassing of Liquid Droplets 

Breeder flow to TRS, m3 /s 6.5 

Tritium pressure a t inlet, Pa 

Tritium conc. at inlet, wppm 

Tritium pressure at outlet, Pa 

Tritium conc. at outlet, wppm 

Tritium recovery in TRS, g/s 

Droplet diameter, JJm 

Time of fall, s 

TRS size, m 

Vacuum port area, m2 

Helium Heat Transfer Circuit 

1.3 X 10-2 

1.4 X 10-4 

1.3 X 10-3 

0.4 X 10-4 

6.45 X 10-J 

240 

10 dia. x 6 ht. 

5 

Recovery Technique: Catalyzed Oxidation of T 2, 
Followed by Adsorption on a Desiccant 

Helium flow rate to TRS, kg/s 

T 20/He, mole fraction 

T 20 pressure, Pa 

T 2/He, mole fraction 

T 2 pressure, Pa 

Tritium recovery, g/s 

9-9 

9 (l% of He flow) 

8 X 10-9 

4 X 10-2 

8xl0-12 

4 X 10-5 

l.05 X 10-4 



T 2 is oxidized and absorbed on a desiccant when 196 of the He flow is diverted to the 

TRS. In such a case, T 2 (at a pressure of 4 x 10-5 Pa) will permeate through the SG; 

however, the SG has an oxide barrier layer on the steam side which is conservatively 

estimated to decrease the T permeation by a factor of 100. Using these two estimates, 

we calculate that - 18 Ci/d of HTO will accumulate in the steam generator water and be 

released into the environment. The tritium inventory in the He circuit, existing chiefly 

as tritiated water, is small, - 0.22 g (2200 Ci). 

The tritium (containing some H and 0 impurities) from the TRS's in the Li and the 

He circuits is sent to a fuel reprocessing building where chemical impurities are removed 

and the hydrogen isotopes are separated. Only freshly prepared molecular OT (containing 

little 3He) isther sent to the Target Fabrication Facility. 

In addition to the tritium absorbed in the breeder alloy, some tritium dissolves in 

the SiC fibers of the INPOR T tubes. The solubility of tritium in these fibers as a 

function of the tritium concentration in the alloy has not been determined. The 

solubility of 0 2 gas has been measured in both the alpha and beta forms of SiC 

powders. (8) The solubility of 0 2 in the beta form increases rapidly below - 1 000°C while 

the temperature effect is much smaller for the alpha phase. Examination of the SiC 

fibers, such as those used in the INPORT tubes, indicates that they contain excess carbon 

and especially oxygen araund the periphery of the fibers. (9) These observations are 

consistent with the mode of fabrication of the fibers, e.g. partial oxidation of 

organosilane polymer fibers. This oxide formation on the fibers should retard the 

permeation of tritium into the fibers and, by analogy, cause them to behave similarly to 

the alpha-phase SiC powders. Based upon this analogy, the solubility of tritium in the 

fibers was estimated to be 9 wppm at 500°C, yielding a total inventory of 150 g of 

tritium dissolved in the fibers. 

9.3 Environmental and Safety Concerns 

9.3.1 Tritium Inventory and Pathways 

The tritium flow diagram for the complete fuel system is shown schematically in 

Fig. 9.4 tagether with the estimated tritium inventories in each of the major subsystems. 

Because trit.ium is the mo'St difficult to contain of the radioactive species, its release to 

either the atmosphere or waterways under routine and accidental conditions must be 

evaluated, as shown in Table 9.2. 
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Table 9.2 Tritium Inventory and Location 

Location System Tritium Routine Aceidental 
g Ci/d T,g 

Target Fab. Facility 
In-Process 134 5 93 
Storage 500 0 0 

Reactor Hall 
Fuel Targets 21 0 21 
Breeder Alloy 0.3 2 0.1 
Breeder-TRS 0.1 2 0.1 
INPORT Tubes 150 0 15 
Helium Circuit 0.2 0 0.2 
He-TRS 0.8 1 0.8 
Exhaust 1.3 1 0.6 

Fuel Processing 
Purification 1.3 1 1.3 
Isotope Separation 45 2 45 

Storage (inactive) Vault 2000 0 0 

Steam Generator Water 0 18 0.2 

Total 2854 14 (air) 177.3 
18 (water) 
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Not shown in Fig. 9.4 is the inactive storage, up to several kg of T 2, absorbed on 

uranium beds at sub-atmospheric pressure or in shipping Containers at near atmospheric 

pressure. This tritium will be stored in a vault type structure in which water, air and 

combustible materials must be excluded. This is necessary in order to prevent the 

generation of heat in the tritium Storage containers which would lead to an increase of 

T 2 pressure and possible leakage of the containers. This vault would contain a dedicated 

tritium gas waste treatment (TWT) system in which the tritium would be oxidized and the 

T 20 captured on !arge desiccant beds for later recycle. 

The largest tritium inventory among the active tritium processes, Fig. 9.4, is 

located in the Target Fabrication Facility, nearly 634 g. Most of this tritium exists in 

the form of fabricated targets stored at < 19 K. If the refrigeration system failed, then 

!arge quantities of gaseous DT would result; consequently, the Storage Containers for 

these targets would be connected to !arge, evacuated tanks by means of a ruptl:Jre disk so 

that the overpressure in these storage vessels could be quickly relieved. Additional tanks 

containing hydrogen getters, such as Zr (Al) or uranium would also be used to adsorb the 

vented DT. Such procedures have been tested and found to be reliable at TST A. (lO) All 

the off-gases from the Target Fabrication Facility would flow through a TWT before 

being released to the atmosphere. 

Small quantities of fabricated targets sufficient for one hour of fuel, - 21 g of 

tritium, would be transferred to the fuel injection system which would be located above 

the roof of the reactor in an isolated compartment in case of tritiated gas release if one 

or more of the targets would rupture. 

The main reactor hall, located within a Containment building, would include the 

reactor cavity and the intermediate heat exchanger for the liquid LiPb/helium. Also 

within the Containment building would be the Tritium Removal Systems for both the 

liquid meta! and the helium heat transfer circuits. Each of these subsystems has a 

tritium inventory and a routine tritium release. In order to prevent tritium accumulation 

in the atmosphere within the containment building, each of the process systems will be 

enclosed within a secondary enclosure containing an inert gas which is routinely 

circulated to a Tritium Waste Treatment facility for oxidation of the tritium and 

collection of the tritiated water. Because the exhaust gases of the TWT can be held, 

monitared and recirculated for further processing, the amount of tritium finally released 

to the atmosphere can be < 10 Ci/d, as demonstrated by TSTA.(lO) 
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In the event of a !arge release of tritium in the Containment building, emergency 

TWT systems would be activated to circulate the atmosphere and recover the tritium. If 

the Containment structure were not damaged, the exhaust from these TWT's could be 

recirculated until the tritium concentration was low before being exhausted through a 

stack. The amount of tritium released will be an economic consideration as weH as a 

radiological health issue based upon the insta11ed and opera tional costs of the TWT 

urlits. The atmosphere chosen for the Containment building must also be considered. The 

use of air is preferred if human maintenance workers are permitted within the building 

and also, air is a convenient gas for the oxidation of tritium. During operation, however, 

this atmosphere will be subjected to a significant neutron dose which produces argon-41 

and activates the nitrogen to form carbon-14. Both nitrogen and carbon dioxide have 

been suggested for atmospheres within fusion reactor facilities.(ll) 

A major breach of the reactor cavity should be a very unlikely event. More likely 

would be a rupture of one of the ion beam power feed lines or a leak in the intermediate 

heat exchanger. The LiPb breeder alloy reacts very slowly with water to release any 

dissolved tritium. Of greater concern is the rapid heating which would occur if water 

were mixed with the hot breeder alloy, forming !arge quantities of steam. In order to 

prevent such a reaction, he!ium has been used as the intermediate heat transfer fluid so 

that the liquid metal cannot come in contact with water in the steam generator. On the 

other hand, water is used as an insulator for the high voltage lines leading to the ion 

beam ports. Such ports will need to be examined and modified so as to assure that water 

cannot enter the beam ports during an accident. 

lf the aceidentat ingress of water is excluded from the reactor cavity, then the 

other accidental possibility is the ingress of air. In such an event the liquid LiPb a11oy 

would form a solid oxide coating which would protect the a11oy as it solidifies; 

consequently,. only a small portion of the tritium would be released. Also, the SiC 

INPORT tubes contain - 150 g of tritium which could be oxidized by air; however, SiC 

reacts very slowly with air and then only at high temperatures. As a result, only a small 

amount of the tritium dissolved in the fibers should be released. 

The other major tritium system is the fuel reprocessing system m which the 

hydrogen isotopes coming from the liquid meta! TRS are chemically purified and 

isotopically separated. This stream should not contain significant impurities because 

impurities like carbon, nitrogen, oxygen and corrosion products will remain in the liquid 

metal, which will require routine, on-!ine removal. The fuel stream will probably be 
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passed through cryogenic traps to remove any suspended liquid particles and then sent to 

the cryogenic distillation apparatus which will contain - 45 g of tritium in the boiler. 

The distillation columns with high T 2 concentration will be in a high pressure box. In the 

event of the loss of refrigeration, these gaseswill be diverted through a rupture disk to a 

!arge evacuated tank which is capable of storing all the gas at atmospheric pressure. 

These tanks may contain a hydrogen getter material to absorb the tritium and maintain a 

sub-atmospheric pressure. 

9.3.2 Additional Radioactive Products in the Liquid Breeder Alloy 

In addition to tritium dissolved in the LiPb alloy other radioactive constituents will 

be present due to neutron irradiation of the alloy as it transits the reactor. For instance, 

radioactive isotopes of nicke!, iron and chromium, which are corrosion products from the 

steel piping, will exist in the alloy. These radioctive species will need tobe scavenged 

continuously when a fraction of the flowing heat transfer fluid is diverted to an alloy 

purification system. Also, a system will be needed to remove the non-metallic impurities 

such as oxygen, nitrogen and radioactive carbon and silicon dissolved from the INPOR T 

tubes. 

A significant quantity of 21 0Po (an alpha-emitter with a 138-day half-life) will be 

formed from the breeder alloy,0 2) initially from the impurity 209Bi, and more slowly by 

the irradiation of 208Pb, as shown by the two reactions, 

The 210Po production rate has been assessed for the LIBRA study, in Section 8.3.4 and 

found to be - 1 g initially. The vapor pressure of eiemental Po is fairly high, - 266 Pa at 

500°C; consequently, some of it will evaparate from the small droplets formed in the 

Tritium Removal System. The quantity of Po which effuses from the TRS has been 

qualitatively assessed in order to determine its impact on the tritium off-gas system and 

to determine· its steady-state concentration in the alloy. 

In this assessment, the Po loss rate (radioactive decay plus evaporation) equals the 

production rate at steady-state, as expressed by the relationship, 
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dm/dt + vnA/RT =Po (production), (9.1) 

where m = mass of Po in the alloy, t = time, v = velocity of Po vapor, n = the gas phase 

density of Po, R = 8.3 m3 • Pa/mol•K, and T = °K. The area, A, in this case is the cross­

sectional area of the TRS evacuation port, 5 m2, which was sized for the tritium gas 

flow. The Po gas-phase density, n, is a function of the Po partial pressure, Pp0 , which is 

determined by the relationship, 

where P~0 = the vapor pressure of eiemental Po (233 Pa at 500°C) 

x = the mole fraction Po in the liquid alloy, and 

y = the activity coefficient of Po in the liquid alloy. 

(9.2) 

By combining Eqns. (9.1) and (9.2) one can determine a value for m, the mass of Po 

·in the liquid alloy, if a value for y is available. Because the value of y for Po dissolved in 

this liquid alloy has not been determined, two extreme values were considered. In one 

case, an ideal solution (y = 1) was assumed which indicated that a steady-state . 

concentration of 0.48 g of Po (- 2200 Ci) would exist in the alloy after - 2 yrs of 

irradiation and would increase to - 2.0 g (8800 Ci) in - 30 yrs. An alternative case made 

use of the fact that the activity coefficient for Po in liquid bismuth had been measured 

yielding a value of 4 x 10-3 at 500°C. If the Pb alloy, containing a significant Bi 

impurity, behaved similarly, then the retention of Po in the liquid alloy increases to 

- 8.0 g in two years. This Po retention can be decreased when the size of the vacuum 

port is increased to its maximum physical size (- 75m2), so that the Po concentration is 

decreased- 50%, yielding approximately 4.2 g (18,500 Ci) after 2 yrs and 17 g (74,000 Ci) 

after - 30 yrs. 

Because of its short half-life 210Po does not pose a long-term waste disposal 

hazard; however, its prompt release during an accident does pose an airborne radiological 

concern. The pathways by which Po could be released from the alloy during an accident 

must be evaluated as weil as the fractional release of the Po inventories given above. In 

addition, the Po hazard to plant personnel tending the TRS systems must be considered. 

Because of the volatile nature of Po it would probably be collected on cryogenic filters 

installed in the TRS off-gas ducts. Such filters would collect between 7 and 15 g (32,500 

to 75,000 Ci) of 210Po per year, depending on the value of the activity coefficient. 

These filters would need to be safely removed and stored. 
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9.4 Environmental Analysis 

9.4.1 Tritium Release During Normal Operation 

Release rates of tritium estimated for normal operation of the LIBRA plant are 

given in Table 9.2. On the basis of the calculational procedure described in the national 

German guidelines,(l3) the committed effective dose equivalents due to airborne and 

liquid effluents have been calculated for the most exposed individual (about 100 m 

distance from the site).04) For the dose assessments of discharges to the atmosphere, 

meteorological data measured at Karlsruhe, FRG, have been used; in the case of liquid 

effluents, an average flow rate for the river water of 1000 m3 /s was assumed. Because 

of the predominant contribution of the wet deposition processes to radiation exposure, 

releases from 1 00 m and 200 m stacks give nearly the same dose values. The results are 

shown in Table 9.3. The estimated doses are well below the present limit of 

3·10-4 Sv/y* prescribed by the German radiation protection regulations. They decrease 

with growing distance and are in the range of 10-6 Sv/y at about 1 km from the site. 

For comparison, radiation doses estimated on a 1 GWe•y basis for a typical 

pressurized wa ter reactor (PWR) and a respective reprocessing plant are quoted. 0 5) 

Whereas the LIBRA plant will release tritium only, additional radionuclides, e.g. 

radioactive noble gases (Kr, Xe) and aerosols (fission and activation products) must be 

accounted for in the case of the PWR and the reprocessing plant. For a 100 m stack, the 

committed effective dose equivalent due to gaseous and liquid effluents during normal 

operation of a PWR at 1 km distance is about 1.5·10-6 Sv/(GWe•y); the corresponding 

value for a reprocessing plant (200 m stack) is about 2.5·10-7 Sv/(GWe•y). It should be 

recalled that the results for the PWR and its respective reprocessing plant are based on 

realistic (measured) data, whereas the estimates for the LIBRA plant depend upon the 

assumptions made in the source term calculations. 

9.4.2 Aceidental Releases of Radioactivity 

Licensing regulations will require the consequence analysis of radioactivity release 

from the reactor plant to the environment. This analysis will have to be performed 

following through all possible accident sequences which can Iead to major radioactivity 

releases from the plant. 

* 1 Sv/y = 11.4 mRem/hr 
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Potential accidental releases of tritium from the LIBRA plant are listed in 

Table 9.2. However, not all T -releases listed in this table are considered to occur at the 

same time. Therefore, as an example for the consequence analysis a puff release (2 h) of 

100 g tritium in the form of HTO (; 106 Ci) is assumed. The radiation dose an individual 

receives from a puff release at a certain distance from the plant depends on its position 

relative to the radioactive plume, the release height .and the meteorological conditions 

(e.g. wind speed v, wind direction, diffusion category DC); The committed effective dose 

equivalents have been calculated for the activity release mentioned above at a height of 

50 m during the day for two different weather conditions (DC = D, v = 5 m/s, no rain; 

DC = F, v = 2 m/s, no rain). The new computerprogram UFOTRI for assessing the offsite 

consequences from accidental tritium releases has been applied. (1 6) The exposure 

pathways considered are internal exposure via inhalation (including reemission and skin 

absorption) and ingestion of contaminated foodstuffs. In Figures 9.5 and 9.6, the dose 

estimates under the centerline of the plume are presented as a function of distance from 

the plant and for each exposure pathway separately. In both cases, the ingestion dose is 

a factor of 3-4 higher than the inhalation dose. Dependent on the dispersion conditions, 

the maximum dose values are calculated at about 300 m and 2 km from the site, 

respectively; they do not exceed about 5•1 o-3 Sv. If the same activity release is 

assumed in the form of HT, the corresponding dose values are a factor of about 10 

smaller .< 17) 

Table 9.3 Tritium Release During Normal Operation of the LIBRA Plant 
and Resulting Doses of the Most Exposed Individual 

Airborne* 

Liquid* 

Release Rate 
[Ci/d] 

14 

18 

*Tritium release in the form of HTO 
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Fig. 9.5. 
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Fig. 9.6. 
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10. POWER CONVERSION AND BALANCE OF PLANT 

10.1 LIBRA Power Cycle 

The power cycle in LIBRA utilizes a He gas intermediate loop to transfer the 

energy from the LiPb to the steam. There are several advantages for this kind of an 

arrangement. Two of the most obvious are: 

1. Eliminates the possibility of a LiPb/water interaction 

2. Eliminates tritium diffusion into the steam. 

There are three LiPb/He heat exchangers built into the base of the target 

chamber. As the UPb flows down from the bottom pool through the perforated p1ate, it 

enters into three separate parts, each leading to a heat exchanger. Once in the heat 

exchanger enclosure, it flows radially outward along the upper tube bundle shroud, then 

enters the tube bundle zone through an oblong orifice as shown in Fig. 10.1. From here 

the LiPb flows between the tubes radially inward, then makes a U turn and flows radially 

outward to exit the heat exchanger at the bottom. The He gas at 8 MPa is confined to 

the tubes in the heat exchanger. It enters the heat exchanger through the bottom inlet 

orifice, flows radially inward, makes a U bend and flows radially outward exiting through 

the upper outlet orifice. In this configuration a true counterflow heat exchange is 

achieved between the LiPb and the He gas. Each heat exchanger has a tube bundle which 

is 2 m in diameter and has a heat transfer area of 2210 m2• The average He gas velocity 

is 80 m/s. The He gas enters at 300°C and exits at 470°C giving a log mean temperature 

difference with the LiPb of 35°C. 

The three heat exchangers in the base of the target chamber are designed for easy 

removal of the tube bundle for maintenance. Figure 10.1 shows the cross section of one 

heat exchanger and the perspective of another. The cross-sectional view shows how the 

tube bundle can be slid out from the base of · the chamber. It should be mentioned here 

that some leakage of He gas from the heat exchangers is tolerable. Gas would be swept 

out of the chamber by the flowing LiPb ending up at a free surface. Gas that diffuses 

into the chamber would have no adverse effect on the operation of the reactor, since it is 

already filled with He gas. 

A single reheat stage superheated steam power cycle is proposed, with the steam 

temperature of 430°C and steam pressure 11 MPa. The steam mass flow rate is 2.3 x 106 

kg/hr and the steam generator surface area is 6 x 103 m2. At these conditions the gross 

thermal efficiency is 3896. 
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Fig. 1 0.1. LIBRA reaction chamber. 
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Figure 10.2 is a power flow diagram for LIBRA. The figure shows that a total of 

960 M W of energy is released from the target, of which 19.9 M W is lost in endoergic 

losses. The amount in x-rays and ion debris is 286.6 MW leaving a total of 653.5 MW 

from gammas and neutrons. A blanket energy multiplication of 1.28 is applied to the 

gamma and neutron fraction. The total thermal energy, including LiPb pump heating and 

magnetic beam insulation Iosses (37.4 MW), is equal to 1160.5 MWth" The total electric 

power generated at a 38% gross efficiency is 441 MWe, of which 110 MWe are needed for 

operating the plant. A total of 331 MWe is available for sale and distribution giving an 

overall net plant efficiency of 28.5%. Table 10.1 gives the power cycle parameters for 

LIBRA. 

Table 10.1 Power Cycle Parameters 

Type of steam cycle 

Steam temperature (°C) 

Steam pressure (MPa) 

Steam mass flow rate (kg/hr) 

Feedwater temperature (°C) 

Reheat temperature (°C) 

Steam generator surface area (m 2) 

Gross thermal conversion efficiency (%) 

Gross electric power generation (MWe) 

Net plant efficiency (%) 

Net electric power generation (MWe) 
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11 

2.3 X 106 

300 

430 

6 X 103 

38 

441 

28.5 

331 
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Fig. 1 0.2. Power flow diagram for LIBRA. 
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11. COST ESTIMATE 

A preliminary costing analysis for the LIBRA reactor has been performed using the 

FUSCOST code,O) a PC-based menudriven program for economic analysis of fusion facilities. 

The scaling laws used in this code are taken from the latest available up-to-date information from 

both MFE and ICF sources. (2,3,4,5) The scaling laws calculate the direct cost of the plant 

equipment, given the reactor parameters. The economic model then calculates all the other 

components of the cost such as total direct costs, indirect costs, total capital cost, operating costs 

and the cost of elecnicity. Inputs to the economic model such as inflation and escalation rates, 

interest rates, construction time etc. are provided by the user of the code. 

11.1 Scaling Laws 

As in most ICF reactor systems, the reactor direct costs are dominated by the cost of the driver. 

The LIBRA driver cost was estimated in Section 2.11. For a 4 MJ driver utilizing ignitron 

switches, the cost for 3Hz rep. rate system is 443.3 M$ (1989) or 426.3 M$ (1988). For 12Hz it 

is 470 M$ (1988). Following this weak dependence on repetitionrate and using a 0.8 power 

dependence for scaling energy on target, we derive the following expression for the driver cost: 

Cd= (410.8 + 5.1724 CRR) (~f· 8 
(1989 M$) 

where CRR is t~e rep. rate and Ed is the driver energy on target. It is useful to compare this 

estimate with that recommended for use in SAFIRE, a Systems Analysis Code for ICF Reactor 

Economics.(5) The recommended scaling law in 1987$ is: 

(1987 M$) 

where R is the distance from the diode to the target. If this scaling law is inflated to 1988, using 

the Consumer Price Index, the above estimate becomes: 

(1988 M$) 

The driver cost estimated for LIBRA by Pulse Seiences Inc. is 443.3 M$ (1989) and by the 

SAFIRE code 382M$. We will use the PSIdriver costs, since they are more firmly grounded in 

present day technology (HERMES-III), and use SAFIRE for obtaining all the other costs. 
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Table 11.1 gives the scaling laws used in calculat:ing some of the other major cost items. 

Table 11.1. Some Pertinent Scaling Laws 0987$)* 

Turbine plant equipment 

Electric plant equipment 

Miscellaneous plant equipment 

Liquid metal pumps 

$0.35M (Pth)0.8 

$5.7M (Pg)0.2(Pin)0.3 

$5.05M cPg)0.3 

$27 .45M (m/3.2)0.8 

Liquid metal heat exchanger $81.2M (Pthf2081) 

Maintenance equipment $4.1M (Pth)0.3 

Instrumentation and control $2.52M (Pth)0.3 

Heat reject:ion $145k (Pg)0.8 

Reactor building $3.8k(V)0.8 

Tritium building $4.96k(V)0.8 

Maintenance building $1.8k (V)0.7 

Radwaste building $4.96k (V)0.8 

*Scaled to 1988$ by Consumer Price Index factor, 1.041 

The units used are: 

Pth- total thermal power (MW) 

P g - total gross electric power (MW) 

Pin - driver inputpower (MW) 

m - mass flow rate (kglhr) 

V - volume in m3 

M - million 

k - thousand 

11.2 Unit Costs 

The mostrelevant unit costs of materials are given in Table 11.2: · 

Table 11.2 Relevant Material Unit Costs (1987$)* 

Fabricated SiC tubes 

Fabricated SiC roof modules 

20% 6Li enriched Li17Pb83 

Fabricated steel 

Concrete for shield 

*Scaled to 1988$ by Consumer Price Index factor, 1.041 
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11.3 Target Costs 

For the reference design we have assumed a target cost of 18i/target based on reference [7]. 

In this report Pendergrass et al. estimate the cost of a single shell direct drive target as ranging from 

27 i/target for a pulse rep-rate of 3 Hz to 18i/target for a rep-rate of 20 Hz. In a mature fusion 

economy where the target factory will not be a captive unit of a power plant, it is reasonable to 

assume that a factory with many assembly lines will produce targets consistent with a rep-rate of 

20Hz, thus providing targets for several ICF power plants simultaneously. 

11.4 Economic Model 

Once the total direct costs (TDC) are determined, the economic model then computes the 

remaining quantities of interest. (8,9) These are the total ovemight costs, total capital costs, the 

levelized annual operaring cost, the annual operation and maintenance cost, the annual fuel cost and 

the cost of electricity. These quantities are computed in both constant and current dollar modes. 

For LIBRA we will report only the constant dollar values to be able to compare them with other 

reactor studies which also use the constant dollar mode. 

The total ovemight cost is the sum of the direct and indirect costs, thus the interest on the 

capital as weil as inflation and escalation are not included. Total indirect costs are obtained by 

multiplying the total direct costs by the home office factor, field office factor, and owner's cost 

factor. 

The levelized annual financial outlay includes the cost of capital, the cost of fuel (target costs) 

and operation and maintenance costs. The cost of capital is the product of the fixed charge rate and 

the total capital cost. The fixed charge rate is a function of many factors. (9) Of course the main 

factor is the interest rate, but it also includes the salvage fraction at end of life, income tax rate, 

property tax rate, investment tax credit, annual interim replacement fraction, total plant life, 

construction time, escalation and inflation rates and finally, depreciation time. The cost of fuel is 

simply the target cost. Finally, Operation and maintenance is taken as 3% of the total ovemight 

cost, a value which is fairly representative of current nuclear power plants. 

The cost of electricity is then simply the levelized annual cost divided by the net power 

generated which in the case of LIBRA at an availability of 75% is 2.138 x 109 kWh. Table 11.3 

gives the pararneters used in the economic model. 

11.5 Capital Costs and Cost of Electricity 

Table 11.4 gives the total direct costs in 1988 dollars, broken into the major accounts. As 

might be expected, the driver cost dominates, accounting for 46% of the total. The reactor cavity 

and some of the balance of plant accounts, such as the turbine plant, buildings, heat transfer and 

electric plant are also !arge cost items. Figure 11.1 is a bar chart of the total direct costs. 

11-3 



Table 11.3. Parameters Used in Economic Model 

Plant availability (%) 

Y ears of accelerated tax depreciation 
General inflation rate (%) 

Cost escalation rate, average (%) 

Construction time in years 

Plant life in years 
Construction factor (%) 

Horne office factor (%) 

Field office factor (%) 

Owner's cost factor (%) 

Rate of return on common stock (%) 

Fraction of capital from common stock (%) 

Rate of return on preferred stock (%) 

Fraction of capital from preferred stock (%) 

Interest rate on capital borrowed (%) 

Fraction of capital borrowed (%) 

Investment tax credit rate (%) 

Property taxrate (%) 

Levelized interim replacement cost fraction (%) 

75 
10 
6 
6 
6 

30 

10 
10 
10 

5 
14 

40 

11 

10 
10 
50 

8 
2 
1 

Table 11.4. LIBRA Total Direct Costs ($M 1988) 

Driver (PSI Based) 

Turbine plant 

Reactor chamber 

Buildings 

Heat transfer equipment 

Electric plant 

Maintenance equipment 
Miscellaneous plant 

Instrumentation and control 
Fuel handling equipment 
Heat rejection 

Cost of land acquisition 

Total Direct Costs 
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Costs From 
CSAFIRE) Code 

426 

97 

82 

78 
75 

57 

34 
31 

20 

20 
16 

_2 

941 
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Figure 11.1. Total direct capital costs for LIBRA. 
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The total direct unit cost for LIBRA is $2894/kWe as estimated by PSI and $2779/kWe as 

estimated by SAFIRE. It is interesting to compare the LIBRA direct unit cost with those calculated 

for other fusion reactor designs performed over the past 15 years and normalized to 1988 dollars. 

Figure 11.2 shows the LIBRA cost along with two heavy ion beam systems, HIBALL-1 and 

HIBALL-II as weil as five tokamak confinement devices. The heavy ion beam systems were 4000 

MWe andin general the tokamak systemswerein the 1000 MWe or higher range. The pointtobe 

madeisthat the LIBRA costs are slightly higher than the others in spite of the fact that it is only 

producing 331 MWe of electricity. Economy of scale will reduce the LIBRA direct unit cost if the 

reactor is designed tobe of the 1000 MWe range (see Section 11.6). 

Table 11.5 gives the remaining costs described in the economic mode. 

Table 11.5 Summary of Cost Parameters for LIBRA C331 MWe) 

Total Direct Capital Cost 

Total Indirect Capital Cost 

Total Overnight Costs 

Time Related Costs 

Total Capital Cost 

Annualized Fuel Costs 

Annualized O&M Costs 

Annualized Cost of Capital 

Total Annualized Costs 

Total Cost of Electricity 

(1988$) 

ll1 
941 

329 

1270 

384 

1654 

~ 
13 

39 

141 

193 

The cost of electricity (COE) is calculated from the levelized annual cost: 

COE _ 193 x 109 mills 

- (331 x 10)3 kWe 876~e':urs (0.75) 

= 88.7 mills/kWh. 

11-6 

$LkW~ 

2843 

3837 

4997 

millslkWh 

88.7 



I 

cn -cn 
0 
u 
a:s -
-(..) 
CU ,_ 
c 

::~~ . .1. ..IL ............... .l.. ............... ..!. .................. l ........... -..~.~ .. ....... 1~~1f. ...... ! ...... . 
; : ~~ 

2600 ! ~ __ , ARIE 
l 1---""T H BALL·II (1200 ,-

2400 ~AK-111 ~ J..IIRAII.I 113784\ I. V 

22oo \i~~·~:·~~ ~~~~ ! ~~~~1-~:~: .-~~;;:· .................. V~~- .......... . 

21080000 ··············--~~1~~~~-~... ..• l ::~::.'·-·····-·· 1 __ 11 ~~~--= ........... EJono }u. 
' UWMAK·II v~·-····· !!i ············ 

1600 .. --+ ....... --~ .. 1.~-t's.~i __ ··---- .. _ _ _ . ~~ ~~~~-~ _ 
i ~ I Ir 

1400 ~ . I j I LIBRA • 
1200 I i ' (12Q_Q_)H---~ 

I I 
1ooor---4----+--~----+---~---+----~--~--~--~ 

8oor---~~±===~---r---r---+--~---4--~~~ 
i • ~htlons , 

600 ................... + ..... .Ä. .... ~4kamaks .. j .................................................................................................................................... . 
j lll H~vy Ions ! 

400 [ (Power Level-ke) 
~ ~ 

2oor---~---+--~----+---~---+----~--~--~--~ 

Cl7o 72 74 76 78 80 82 84 86 88 90 

Year Study Published 

Figure 11.2. Direct capital costs of recent full scale commercial fusion reactors. 
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It is interesting to detennine the COE sensitivity to the cost of targets. For example, if the cost of 

targets doubles to 36~/target, the COE rises from 88.7 to 96 mills/kWh, an increase of only 8%. 

11.6 Economic !mplications of Scaling LIBRA fiom 330-1200 MWe 
It is well known that economy of scale will reduce the cost of electricity (COE) as the power 

output is increased. One of the problems with fusion, both magnetic and inertial, is the inability to 

produce low power systems with good economics, at least in the presently envisioned 

embodiments. Among the inertial confinement concepts, the light ion beams have a definite edge 

over Iasers and heavy ion beams to produce power at power Ievels of < 1000 MWe while 

maintaining some economic competitiveness. At 331 MWe, the net power output ofLIBRA, the 

COE is 88.7 mills/kWh and the unit direct cost is 2843 $/kW when costed in constant 1988 

dollars. In this section we have scaled LIBRA up from 331 MWe to a nominal1200 MWe Ievel by 

invoking several scaleup scenarios. Wehave selected five seenarios for presentation and thesewill 

be discussed in the next several paragraphs, as weil as modifications to accommodate the increased 

power Ioad on the reactor chamber. 

11.6.1 Reactor Chamber Modifications 

A scaleup in the power output by a factor of 3.6 requires concomitant modifications in the 

chamber design. These changes fall into two categories: 

1. Increased fluence necessitates more protection for the permanent reflector wall. 

2. Higher power requires increased LiPb flow within the cavity. 

In order for the permanent reflector wall to survive the added fluence of a factor of 3.6 by the 

reactor end of Iife, the effective thickness of the LiPb in the INPORT unit zone must be increased 

by 10 cm. However, since the distance from the target to the driver diodes cannot be increased 

beyond the nominal 6 m, the distance from the target to the frrst row of tubes and from the target to 

the surface of the reflector cannot be increased. This fixes the number of 2 cm diameter INPORT 

units at the same value as for the 330 MWe case. The number of 10 cm diameter tubes must be 

increased to provide the added protection. This is accomplished by spacing the 10 cm diameter 

tubes closer together, increasing their number from 1260 to 1550, an increase in mass of 

associated components by 23.5%. The solid fraction goes up from 33% to 40%. 

The LiPb velocity in the front row of tubes is increased from 1 m/s to 3.6 m/s thus 

maintaining the same temperature rise in the front row. This is still weil within credible parameters 

since the flow in the HIBALL front row of tubes was 5 m/s. The flow in the rear tubes is 

increased by a factor of 2.9 and in all cases remain < 2 m/s. Flow in the tubes closer to the target 

is higher than in tubes in the rear of the breeding zone. 
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For costing purposes the chamber materials have been increased by 25%. For consistency, 

the volumes of all the buildings were also increased the same amount. 

11.6.2 Scaleup Scenarios 

Five scaleup seenarios have been envisaged. They are: 

I. Increasing the rep-rate from 3Hz to 11Hz while keeping the same driver energy (4 MJ) 
and the same target gain. The thermal power is 4257 MW th and the net electric power 

1218 MWe. Beam insulating, LiPb pumping, He gas pumping, auxiliary power and 

driver electric requirements are increased by a factor of 3.6. Target cost is held at 

18i/target. 

II. Repetition rate is increased from 3Hz to 6Hz and target gain from 80-144. Driver 

energy is unchanged. Beam insulating and driver electric requirements are doubled, 

while the systems associated with increased power handling by 3.6 as above. The 
thermal power is 4214 MWth and the net electric 1330 MWe. Because of the higher 

target gain we have used a target cost of both 18i/target and 36i/target. 

III. Driver energy andrepetitionrate is unchanged but target gain is increased from 80 to 285. 
The gross thermal power is 4187 MWth and the net electric 1398 MWe. Target costs are 

18i and 36i/target. 

IV. Driver energy increased from 4 to 6 MJ, repetition rate from 3 Hz to 6 Hz and target gain 
from 80-100. The gross thermal power is 4214 MWth and net electric 1279 MWe. The 

target cost is taken as 18i/target. 

V. In this scenario we assume that a single driver is used to drive two identical chambers. 

The driver energy is 6 MJ, each chamber repetitionrate is 3Hz and target gain is 100. 
Again the target cost is 18i/target. Gross thermal power is 4214 MWth and net electric is 

1279MWe. 

11.6.3 Scaling Laws 

The same scaling laws outlined in Section 11.1 are used to perform the economics analysis. 

11.6.4 Results and Conclusions 

Table 11.6 gives the results of the economic analysis for the five scenarios. The frrst four 

lines give the parameters used and the cost of the target. The gross thermal power and net electric 

power are listed next. The next eleven lines give the costs of the various reactor components. The 

driver cost was obtained using the PSI scaling law. The last four lines give the total direct costs in 

million of dollars, the unit direct costs in $/kWe, the total capital costs in millions of dollars and the 

COE in mills/kWh. 
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Table 11.6 Libra Scalin~ Comparisons* 

I II(a) II(b) ill(a) III(b) N V 
Primary Backup 

Reference Reference 

Driver Energy, MJ 4 4 4 6 6 

Rep. Rate, Hz 11 6 3 6 3+3 

TargetGain 80 144 285 100 100 

Target Cost, i 18 18 36 18 36 18 18 

Thermal Power, MW th 4257 4214 4187 4214 4214 

Net Electric, MWe 1218 1330 1398 1279 1279 

Driver Cost, M$ 468 442 426 611 611 

Miscel. Plant, M$ 46 46 46 46 46 

Turbine Plant, M$ 280 278 276 278 278 

Electric Plant, M$ 144 120 97 135 135 

Heat Rej., M$ 49 47 46 48 48 

Maint Equip., M$ 50 50 50 50 50 

Inst. & Contr., M$ 31 31 31 31 31 

Fuel Hancll., M$ 26 26 26 26 26 

Heat Trans., M$ 252 249 247 249 259 

Reactor Charnb., M$ 102 102 102 102 188 

Land & Buldings, M$ 94 94 94 94 125 

Tot. Dir. Costs, M$ 1543 1485 1485 1441 1671 1798 

Unit Dir. Cost, 1267 1117 1117 1031 1306 1406 
$/kWe 

Tot. Cap. Costs, M$ 2711 2609 2609 2531 2936 3159 

Cost of Elect., 42.8 35.6 38.4 31.6 33.0 41.3 44.2 
mills/kWh 

*Where costs are quoted they are in 1988$M 
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The COE ranges from a low of 31.6 rnills/kWh for case lila to a high of 44.2 rnills/kWh for 

case V. From the standpoint of overall technical credibility, we have selected case IV as our 

primary reference and case V as the backup reference. Thus, it appears that the COE can be 

reduced from 88.7 to 41.3 rnills/k.Wh, more than 50%, by increasing the power output from 330 

MWe to a nominal value of 1200 MWe while using entirely credible scaling laws. Likewise the 

unit direct costs go down from 2843 to 1306 $/k.We. 

Figure 11.3 shows the comparison of the unit direct costs and the COE for the LIBRA 

reference design point of 330 MW e and the nominal 1200 MW e case IV selected as the primary 

reference. Although the points are joined by a straight line, in the actual case, they would fall on a 

curve with some scaling function. 

Two interesting points can be made with the 330 and 1200 MWe LIBRA design costs in 

Figure 11.2. First of all, the cost of even a low power light ion reactor like LIBRA is very 

competitive with larger (1200-3400 MWe) DT tokamak and heavy ion beam reactors. Secondly, 

when we take advantage of the economy of scale by increasing the power level of LIBRA up to 

1200 MWe, it becomes clearly one of the most econornical DT reactors designed in the last decade. 

This point is emphasized even more in Fig. 11.4 where we have compared the direct capital 

costs versus reactor power level for heavy ions (HIBALL-1 and II), a Iaser reactor (SOLASE) and 

several recent DT tokamaks. This figure shows that the eventual commercialization of light ion 

beams could be favored over heavy ion beams if the cost of RF or induction linacs cannot be 

reduced. This favorable position can also be claimed against the recent large and difficult to 

maintain tokamaks. 

In summary, it is clear that the econornic potential of light ion beam fusion is promising if 

technical difficulties relating to beam transport and focussing can be overcome. It is not easy at 

this time to see if these problems are any more difficult than confinement in tokamaks. If the two 

problems can be solved on the same time scale, then the low reactor driver cost of light ion beams 

may present society with its most econornical form of electricity. 
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1. GENERAL PARAMETERS* 

Average DT power - 17.6 MeV/fusion (MW) 

Target power (MW) 

Target energy multiplication 

Target yield (MJ) 

Ion type 

Ion energy (MeV) 

Ion beam pulse energy (MJ) 

Target gain 

Overall driver efficiency (%) 

Fusion gain 110 

Overall energy multiplication 

Nuclear energy multiplication 

Gross thermal power 

Netthermal efficiency (%) 

Gross electrical output (MW) 

Recirculating power fraction (%) 

Net electrical output (MW) 

Chamber repetitionrate (Hz) 

Chamber geometry 

Chamber diameter (m) 

Chamber height (m) (at vacuum wall) 

Chamber material 

# of beam ports 

iondiedes 

return paths 

Breeding material 

Tritium breeding ratio 

Chamber gas 

Chamber gas pressure at 0°C (torr) 

Neutron wallloading (MWJm2) 

*TBD = To Be Determined 

A-1 

960 

940.08 

0.9792 

313.36 

Li+ 

25-35 

4 

80 

23.6 

16 

1.17 

1.20 

1 1 6 1 

38 

441 

25 

331 

3 

cyl 

8.7 

6.4 

HT-9 

36 

16+2 

16+2 

Pbg3Li17 

1.4 

He 

100 

6 



2. TARGET PARAMETERS 

Composition 

D(mg) 

T (mg) 

DTload (mg) 

Pusher/Absorber (mg) 

Tamper(mg) 

Burnup (%) 

Total mass (mg) 

Configuration (# of shells) 

Initial DT shell diameter (cm) 

Absorbed ion energy (MJ) 

DT yield (MJ) 

Target yield (MJ) 

Target energy multiplication 

Target gain 

Average DT power (MW) 

. Target power (MW) 

Neutron yield (MJ) 

Ave. neutron energy (MeV) 

Neutron multiplication 

Fraction of yield in neutrons 

Gamma yield (MJ) 

Ave. gamma energy (MeV) 

Fraction of yield in gammas 

X-ray yield (MJ) 

X -ray spectrum - blackbody (ke V) 

Fraction of yield in X-rays 

Debris yield (MJ) 

Debris spectrum (keV/amu) 

Fraction of yield in debris 

Radioactivity production (Ci/target@ t = 0) 

Target injection velocity (rn/s) 

A-2 

1.28 

1.92 

3.2 

53.68 

230.4 

30 

287.28 

1 

0.6 

4 

320 

313.36 

0.9792 

80 

960 

940.08 

216.9 

11.64 

1.0248 

0.692 

0.93 

3.85 

0.003 

62.672 

1 

0.2 

32.858 

0.6 

0.1048 

TBD 

200 



Max. DT temperature after injection (K) 

Max. DT temperature after channel heating (K) 

Target injector type 

A-3 

6.7 

6.8 

gas gun 



3. TARGET MANUFACTURE AND DELIVERY PARAMETERS 

Target manufacture 

Production rate (#/s) 

Material stored within target factory (kg) 

Deuterium 

Tritium 

Material#! 

Material #2 

Cost/target (cents) 

Target storage 

# of targets in storage 

Average target storage time (hr) 

Target delivery 

Longitudinal positioning tolerance (mm) 

Lateral positioning tolerance (mm) 

Targetvelocity (m/s) 

Repetition frequency (Hz) 

Injection: 

Type 

Projectile (sabot+target) mass (g) 

Propellant gas amount (torr liters/shot) 

Propellant gas 

Total prop. gas handled (mg/shot) 

Buffer cavity pressure, min. (torr) 

max. (torr) 

Buffer cavity volume (m3) 

Injection channel diameter (mm) 

Prop. gasentering reactor cavity (mg/shot) 

Gas gun total efficiency 

Gas gun total efficiency 

Gun barre! diameter (mm) 

Pressure of prop. gasreservier (bar) 

Aceeieration distance (m) 

A-4 

3 

0.33 

0.50 

Li 14 

Pb60 

18 

2.6 X 105 

24 

0.5 

0.7 
231 

3 

gas gun 

2 

608 

He 

141 

1 

2 

0.88 

10 

1.6 

0.5 

0.5 

10 

5 

2.3 



Aceeieration (mJs2) 

Aceeieration time (ms) 

Travei distance in buffer gas (m) 

Injector tube iength (m) 

Target travei time in buffer gas and injector tube (ms) 

Target travei time in target chamber gas (ms) 

Toierance on total travei time (ms) 

Distance injector tube to focus (m) 

Initial DT temperature (K) 

Max. DT temperature after injection (K) 

Track:ing: 

Lateral track:ing 

Longitudinal tracking, type 

Tracking position 1, distance from focus (m) 

Tracking position 2, distance from focus (m) 

Light beam diameter (mm) 

Precision of arrival time prediction (J..I.S) 

Duration of processing tracking results (ms) 

A-5 

104 
23 

2.0 

3.5 

23.8 

19.5 

3.0 X 10-3 

4.5 

4 

6.7 

none 

light beam 
interception 

TBD 

TBD 

0.2 
±1 

1 



4. DRIVER PARAMETERS 

Ion 

Type 

Charge state , 

Energy (MeV) 

Velocity (rn/s) 

Beta, ß = v/c 

Gamma, y = (1 - ß2)·l/2 

Mass number (amu) 

Aceeierntor - general 

Type 

Efficiency 

N umber of modules 

N umber of stores/module 

N umher of retum current paths/module 

Outer radius of inducti.ve voltage adder (m) 

Innerradius of inductive voltage adder (m) 

Ou~rr.KtiusofN.UTL(m) 

Innerradius of N.UTL (m) 

Radius of water-vacuum interface (m) 

Radius of diodes (m) 

Energy in primary store (MJ) 

Energy at diodes (EM) (MJ) 

Power at diodes (EM) (1W) 

Voltage across diodes (MV) 

Impedance ( ohms) 

Type Prime Storage 

Type 

Number/module 

Volume/module (m3) 

Energy density (MJ/m3) 

Charge time (s) 

Discharge time (s) 

Charging voltage (MV) 

Discharging voltage (MV) 

A-6 

Li+ 

+1 

26-35 

2.86 X 107 

.095 
1.0046 
7 

Helia 

47 
16 

26 

26 

20.4 

6.0 

6.0 

6.0 
TBD 

6.0 

15.4 

7.2 

184 

26-35 

3 

( rotaring 

machine 

+ step up 

transformer) 

TBD 

TBD 

TBD 

TBD 



Dieleenie TBD 

Efficiency 72 
Charging Pulse Line (CPL) 

Number/module 26 

Length (m) 180 

Diameter (m) .95 
Gap (m) .22 

Material water 

Charging time (IJ.s) TBD 

Discharging time (IJ.s) TBD 

Switch type magnetie 

Dieleenie metglas 

Voltage (MV) TBD 

Pulse Fonning Lines (PFL) 

N umber/module 26 

Length (m) 1.0 

Radius (m) .95 

Gap width (m) .13-.20 

Geometry eonieal 

Material TBD 

Switch type magnetie 

Dieleenie metglas 

Charging time (ns) TBD 

Discharging time (ns) TBD 

Voltage (MV) 1.15 

Inductive Voltage Adder (IV A) 

N umher of eells/module 26 

Material metglas 

Bore (m) 1.0 

V acuum insulator diameter (m) 1.70 

Cell diameter (m) 1.80 

Celllength (m) .554 
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Average cell voltage (MV) 1.15 

Average module voltage (MV) 30.0 

Module pulse width (ns) 40.0 

Magnetic insulated transrnission lines CMTIL) 

Number 0* 

Length (m) TBD 
Vacuum gap (cm) TBD 
Height (cm) TBD 
Width (cm) TBD 
Material TBD 
Voltage (MV) TBD 

Efficiency of CPL + PFL + IV A + MTIL 65% 

*Not included in present design but may be included in future. 
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5. DIODE PARAMETERS 

General Parameters 

Diode type 

Source type 

Number of main diodes 

N umber of prepulse diodes 

Diode efficiency (%) 

Efficiency from diode to target (%) 

Ma:in Diode Parameters 

Energy output per diode (MJ) 

Energy on target per diode (MJ) 

Nominal voltage (MV) 

Minimum voltage (MV) 

Maximum voltage (MV) 

Bunching factor 

Channellength (cm) 

Nominal voltage pulse width @ diode (ns) 

Nominal voltage pulse width@ target (ns) 

Nominal Output current per diode (kA) 

Nominal output power per diode (1W) 

Ion microdivergence (mrad) 

Maximum anode current density (kNcm2) 

Maximum power brightness (TW/cm2/rad2) 

Nominal impedance (ohms) 

Nominal A-K gap (cm) 

Dynamic gap (cm) 

Applied magnetic field (1) 

Critical magnetic field (f) @ 30 MV 

Anode surface area ( cm2) 

Critical insulation voltage (MV) 

Actual anode current density (kNcm2) 

Actual diodepower brightness (1W/cm2/rad2) 

Anode outer radius (cm) 

A-9 

single gap 
applied-B 

ERD-liquid Li 

16 

'2 

80 

60 

0.360 

0.225 

30 

26.1 . 
33.9 

4.33 

600 

39 

9.0 

308 

9.23 

5 

5 

6 X 103 

76 

2.4 

1.94 

8.6 

4.3 

79 
50 

3.90 

4.67 X 103 

5.19 



Anode inner radius (cm) 

Focallength ( cm) 

Macrodivergence RJF (rad) 

Focal spot radius (cm) 

Focal spot area (cm2) 

Prepulse Diode Parameters 

Energy output per diode (MJ) 

Energy on target per diode (MJ) 

Nominal voltage (MV) 

Minimum voltage (MV) 

Maximum voltage (MV) 

Bunching factor 

Channellength (cm) 

Nominal voltage pulse width@ diode (ns) 

Nominal voltage pulse width@ target (ns) 

Nominaloutput current per diode (kA) 

Nominaloutput power per diode (1W) 

Ion microdivergence (mrad) 

Maximum anode current density (kNcm2) 

Power brightness (fW /cm2/rad2) 

Nominal impedance (ohms) 

Nominal A-K gap (cm) 

Dynamic gap ( cm) 

Critical insulation voltage (MV) 

Actual anode current density (kNcm2) 

Actual diodepower brightness (TW/cm2/rad2) 

Applied magnetic field (T) 

Critical magnetic field (T) 

Anode surface area (cm2) 

Anode outer radius (cm) 

Anode inner radius (cm) 

Focallength ( cm) 

Macrodivergence R/F (rad) 

A-10 

1.31 
51.9 
0.10 

0.35 

0.38 

0.36 
0.20 

30 

30 
30 

1 

600 

39 
39 

278 

8.33 

5 

5 

6x 1Q3 

76 

2.4 

1.94 
50 

3.52 
4218 
8.6 
4.3 

79 

5.19 
1.31 
51.9 
0.10 



Focal spot radius (cm) 

Focal spot area (cm2) 

Ion Source Parameters 

Enhanced field at anode surface (MV /cm) 

Gap field near anode (MV /cm) 

Anode enhancement factor 

Critical or "turn on" voltage (MV) 

Diode Vacuum Parameters 

Minimumgas density (atoms/cm3) 

Diode chamber volume (cm3) 

Gas type 

Puffgas mass (g) 

Gas leakage from cavity per shot (g) 

Totalgas mass 

Maximumgas density (atoms/cm3) 

Gas pumping port radius (cm) 

Gas pumping pipe length (cm) 

Gas pumping conductance 

Gas pumping rate (1/s) 

Diode Proteerion Parameters 

Type 

Number of disks 

Shutter speed (rev/s) 

Aperturediameter (cm) 

Shutter thickness (cm) 

Impulse on shutters (MPa-s) 

Diode Heat Rejection 

Average rejection power per diode (kW) 

Heat rejection method 

Diode Radioactivity 

Activity after 1 FPY from fusion neutrons (Ci) 

Activity after 1 FPY from from 30 Mev Bremss (Ci) 

A-ll 

0.35 

0.38 

100 

5 

20 

10 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

Rotating vane 
shutters 

TBD 

TBD 

20 

TBD 

TBD 

290 

lithium coolant 

TBD 

TBD 



6. PREFORMED PLASMA CHANNEL PARAMETERS 

N umher of ion channels 

N umher of return current channels 

Channellength (m) 

Channel diameter ( cm) 

Cavity gas density before discharge (cm-3) 

Cavity gas temperature before discharge ( e V) 

Channel density 

g/cm3 

#/cm3 

Channel temperature ( e V) 

Before ion beam 

Afterion beam 

Discharge current (kA) 

Discharge current density (kNcm2) 

Discharge rise time(~) 

Total energy in capacitor banks (MJ) 

Circuit inductance (J.LH) 

Circuit capacitance (~ 

Discharge voltage (k V) 

Maximum azimuthal magnetic field strength (T) 

Position of maximum B-field (cm) 

Ion cyclotron freq. (s-1) 

Lasertype 

W avelength (Jlill) 

Laser beam diameter (cm) 

Intensity (Wfcm2) 

Pulse energy/channel (J) 

Total energy in Iaser beams (J) 

Laser efficiency 

Energy to drive lasers (J) 

Ionization/excitation mechanism 

Energy hitring target (J) 

Magnetic insulation of channels 

Number of beamlines 

A-12 

16+2 
16+2 
5.4 

1.0 

3.55 X 1018 

0.67 

6.64 x 10-6 

1 X 1018 

20 

35 

100 

127 
1 

0.44 

12 
0.34 

1200 

2.8 

0.5 

1.3 X 108 

TBD 

TBD 

0.4 

TBD 

TBD 

TBD 

TBD 

TBD 

LIBORS 

TBD 

18 



Length of each (m) 2.9 

Specificcunent~m) 2.55 

Magnetic field (T) 3.2 

Conductor current (kA) 60 

Current density (kNcm2) 4 

Conductor x-section (cm x cm) 2.25 X 6.7 

N umber of turns 123 
Inductance of coil (IJH) 300 

Coil resistance (ohms) .0137 

Inductive resistance (ohms) 0.188 

Voltage pulse magnitude (kV) 11.3 

UR time constant (ms) 22 

Voltage rise time (ms) 5 

Power dissipated/beamline (MW) 1.47 

Total power (MW) 26.5 

S tored en~rgy /beamline (MJ) 0.54 
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7. ION BEAM PARAMETERS 

Ion type li 

Ion charge state 3 

Nominalion energy (MeV) 

Atchannelenttance 30 

At channel exit 22.5 

Energy/channel (MJ) 

Atchannelentrance 0.36 

At channel exit 0.29 

On target 0.225 

Average power/channel (1W) 

At channel enttance 9.23 

At channel exit 32.2 

On target 25 

Beam current/channel (MA) 

At channel enttance 0.308 

At channel exit 1.43 

On target 1.11 

Pulse bunching factor 4.33 

Energy loss in channel (MJ) 0.65 

Total beam energy (MJ) 

Atchannelenttance 5.76 

At channel exit 4.64 

On target 3.60 

Total average beam power (1W) 

Atchannelentrance 148 

At channel exit 515.2 

On target 400 

Total beam current (MA) 

At channel enttance 4.93 

At channel exit 22.9 

On target 17.8 

Beam overlap radius (cm) 1.3 

Overlap efficiency (%) 80 
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Energy on target (MJ) 3.6 

Average power on target (1W) 400 

Peak power on target (1W) 400 

Beam divergence half-angle (radians) 

At channel entrance 0.10 

At channel exit 0.10 
Beam brightness B=IV Jm2S2 

(fW Jcm2Jrad2) 

Atchannelentrance 1175 

At channel exit 4100 

Focal spot size (cm) 

At channel entrance 0.35 

At channel exit 0.35 

Total# of ions (cm-3) 8.3 X 1017 

Total mass of ions (g) 9.7 X 10-6 
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8. CA VITY AND BLANKET PARAMETERS 

Coolant 

Breeding Material 

Li-6 enrichment, % 

Tube Region 

Inport structural material (v/o) 

Inport coolant (v/o) 

First surface radius (ro) 

Tube bank. thickness (ro) 

Tube bank. packing fraction 

Effective coolant thickness at first wall (cro) 

Mass of coolant in tubes (tonnes) 

Front tubes 

Length (ro) 

Diameter (cm) 

Thickness (mm) 

Nurober 

Secondary tubes 

Length (ro) 

Diameter (cm) 

Thick:ness (mm) 

Nurober 

Nurober of beam ports 

Diameter of beam port ( cm) 

Cavity gas 

Type 

Pressure@ 0°C (torr) 

Density (gtcm3) 

(#/cro3) 

Teroperature (eV) 

(K) 

Pressure at op. terop. (torr) 

Aow rate (kgls) 

(torr- Q I s) 

A-16 

Li17Pbg3 

Li17Pbg3 

90 

SiC (2) 

LinPbs3(98) 

3 

1.35 

0.33 

50 

627 

6.4 

3 

3 

628 

6.4 

10 

10 

1260 

18 

20 

He 

100 

2.36 X 1Q·5 

3.55 X 1Ql8 

0.07 

800 

300 

TBD 

TBD 



Speed (rn/s) 

Outlet 

Atchannel 

Eqm. radioactivity (Ci) 

Cavity Gas 

Target 

Fireball 

Initial size (cm) 

Initial temperature (eV) 

Initial energy (MJ) 

Max. heat flux on frrst surlace (W/cm2) 

Total energy flux on first surlace (J/cm2) 

Arrival time of max. heat flux (s) 

Max. overpressure on first surlace (MPa) 

Arrival time of max. overpressure (s) 

Duration of pressurepulse (s) 

Cooldown time of cavity gas (s) 

Time between shots (s) 

Totalimpulse (Pa-s) 

Chambertop 

Structural material and (v/o) 

Coolant (v/o) 

Height from chamber center (m) 

Region thickness (cm) 

Mass of coolant in cavity top (tonnes) 

Number of penetrations in top region 

Total area of penetrations at chamber inner surlace (cm2) 

Chamber pool 

Structural material and (v/o) 

Coolant (v/o) 

Ave. depth (cm) 

Distance, chamber center to surlace (m) 

Mass of coolant in pool (tonnes) 
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TBD 

TBD 

TBD 

TBD 

40 
100 

45 

106 
12.5 

2 X 10-8 

105 

2 x 10-9 

10-s 

0.33 

0.33 

125 

SiC (5) 

Li 17Pbg3(95) 

4.45 
10 

40.5 
1 

3.1 

0 

Li 17Pbg3(1 00) 

45 
3.2 

238 



Maximum 1st surface neutron energy 

current - at chamber midplane (MW/m2) 

Uncollided neutrons streaming through 

each beam line penetration per shot 

DT power (MW) 

Total nuclear power in cavity (MW) 

Tuberegion 

Cavity top 

Cavity bottom 

Total power in cavity, including x-rays and debris (MW) 

Average power density (W /cm3) 

Tuberegion 

Topregion 

Bottom region 

Peak/average spatial power density in tube region 

Impulse on first wall tubes (Pa-s) 

Amount of coolant blown off per shot (kg) 

Maximum dpa/FPY 

Tuberegion 

Topregion 

Bottom region 

Maximum He production (appm!FPY) 

Tuberegion 

Topregion 

Bottom region 

Maximum SiC burnup (apprn/FPY) 

Tuberegion 

Topregion 

Tritium breeding per DT fusion 

6!j 

Tuberegion 

Topregion 

Bottomregion 
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6 

3.24 X 1Ql6 

960 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

125 

9 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 



7l.j 

Tuberegion 

Topregion 

Bottom region 

Coolant 

Inlet temp., frrst wall tubes (°C) 

Outlet temp., frrst wall tubes (°C) 

Flow rate, frrst wall tubes (kg!s) 

Flow velocity, frrst wall tubes (m/s) 

Avg. flow velocity, secondary tubes (m/s) 

Total mass flow rate (kg!s) 

Pressure (MPa) 

LlP for entire loop (MPa) 

Pumping power delivered to coolant (MW) 
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TBD 

TBD 

TBD 

TBD 

338 

500 
4.26 X 1Q3 

1.0 

0.5 

5.12 X 1()4 

2.3 

2.0 

10.9 



9. CHAMBER, REFLECTOR AND SHIELD PARAMETERS 

A. Reflector 

Structural material 

Coolant 

Side reflector 

Inside diameter (m) 

Thickness (m) 

Mass of structure (tonnes) 

Mass of coolant (tonnes) 

v /o of structure 

v /o of coolant 

Top reflector 

Thickness (m) 

Mass of structure (tonnes) 

Mass of coolant (tonnes) 

v/o of structure 

v /o of coolant 

Bottom of reflector (splash plate) 

Thickness (m) 

Mass of structure (tonnes) 

Mass of coolant (tonnes) 

v /o of structure 

v /o of coolant 

Totalmass of structural material in reflector (tonnes) 

Total mass of coolant in reflector (tonnes) 

Average power density (W /cm3) 

Side reflector 

Top reflector 

Bottom reflector (splash plate) 

Peak/average spatial power density - in side reflector 

Power deposited in reflector (MW) 

Side 

Top 

Bottom 

A-20 

HT-9 

Li17Pbg3 

8.7 
0.5 

1068 

146 
90 

10 

0.25 

86 

11.8 
90 

10 

0.35 

143 
11.2 
94 

6 

1297 
169 

TBD 
TBD 
TBD 
TBD 
TBD 
TBD 
TBD 
TBD 



Maximum dpa/FPY TBD 

Side reflector TBD 

Top reflector TBD 

Bottom reflector TBD ....;;;..;;;;.;:;;., ___ _ 
Maximum He production in structural material (apprn/FPY) TBD 

Side reflector TBD 

Top reflector TBD 

Bottom reflector TBD __,;;,.;..,.;;;;.. ___ _ 
Tritium breeding per DT fusion TBD 

6ü TBD 

Side TBD 

Top TBD 

Bottom TBD _ _.;... ___ _ 
7U TBD 

Side TBD 

Top TBD 

Bottom TBD 

Coolant 

Mass of coolant within reflector (tonnes) 

Flow rate (kg!hr) 

Inlet temperature (0 C) 

Outlet temperature (0 C) 

Maximum coolant velocity (m/s) 

Pressure (MPa) 

M> for entire loop (MPa) 

Pumping power delivered to coolant (MW) 

Maximum structure temperature (0 C) 
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------
163.4 

2.85 X 1Q7 

338 

450 

0.5 
2.3 
2 

1.68 

490 



B. Shield 

Structural material and (v/o) 

Shield material (v/o) 

Coolant and (v/o) 

Side shield 

Inside diameter (m) 

Thickness (m) 

Top shield 

Height above midplane at centerline (m) 

Thickness (m) 

Bottom shield 

Height below midplane (m) 

Thickness (m) 

Maximum power density at midplane (W/cm3) 

Average power density (W/cm3) 

Power deposited in shield (MW) 

Dose rate during operation at outer surface 

of shield at midplane (mrem/hr) 

neutron 

gannna 

Coolant 

Inlet temperature (0 C) 

Outlet temperature (0 C) 

Flow rate (kg/hr) 

Maximumvelocity (m/s) 

Pressure (MPa) 

LW in entire loop (MPa) 

Pumping power delivered to coolant (MW) 

Peak structure temperature (0 C) 

A-22 

ss (20) 

Concrete (70) 

He (10) 

9.7 

TBD 

4.8 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

He 

200 

380 

2 X 1Q5 

40 
8 

0.3 

2.64 

400 



10. POWER CONVERSION AND BALANCE OF PLANT 

Intermediate heat exchange 

Li17Pbg3 mass flow rate (kg/s) 
Li 17Pbg3 inlet temperature (0 C) 

Li 17Pbg3 outlet temperature (0 C) 

Surface area (m2) 

He gas pressure (MPa) 

Average He gas velocity (m/s) 
He gas inlet temperature COC) 
He gas outlet temperature (°C) 

S team generator 

Type of steam cycle 
Steam temperature (°C) 

Steam pressure (MPa) 

Steam mass flow rate (kg/hr) 
Feedwater temperature (0 C) 

Reheat temperature COC) 
Steam generator surface area (m2) 

Gross thermal conversion efficiency (%) 

Gross electric power generation (MW e) 

Net plant efficiency (%) 

Net electric power generation (MWe) 

A-23 

Li17Pbg3f'He 

5.12x 104 

500 
338 
6630 
8 

80 

300 
470 

Superheated 

430 
11 

2.3 X 1()6 

300 
430 
6x 103 

38 
441 

28 5 

331 



11. SYSTEM PARAMETERS 

Average DT pqwer (MW) 

Total power recoverable (MW) 

System energy multiplication 

Total pumping power delivered to coolant (MW) 

Gross thermal efficiency (%) 

Gross plant output (MWe) 

Recirculating power (MW e) 

Driver system 

Pulsed power machine 

Channel capacitor banks 

Channellasers 

Target manufacture and delivery (MW) 

Coolant pumps 

Vacuum pumps 

Plant auxiliaries 

Net plant output (MWe) 

Net plant efficiency (%) 
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960 

1160 

1.17 

10.9 

38 

441 

110 

TBD 

10.9 

TBD 

5.0 

331 

28.5 



12. TRITIUM PARAMETERS (FOR 30% BURNUP) 

Material inserted per shot 

D- target (mg)/(# of atoms) 

T- target (mg)/(# of atoms) 

CD2- target (mg)/(# of atoms) 

Pb-target (mg)/(# of atoms) 

Li-ion beam (mg)/(# of atoms) 

Li - INPORT (g)/(# of atoms) 

Pb- INPORT (g)/(# of atoms) 

D:2 (target injector) mg/shot/# of atoms 

Total D, T, D2 (mg)/(# of atoms) 

Fractional burnup, fb = Tbf(Tb + T p) 

# of shots per second 

Cavity pressure (torr@ 0°C) 

Coolant breeding region 

Breeding material 

Flow rate (kg/hr) 

Breeder mass (kg) 

Irrlet temperature (0 C) 

Outlet temperature (0 C) 

Breeding ratio 

Steady state tritium concentration (wppm) 

Tritiumpressure (torr@ 500°C) 

Extractor 

Mass flow rate (kg/s) 

Inlet temperature (0 C) 

Outlettemperature(0 C) 

Irrlet concentration (wppm) 

Outlet concentration (wppm) 

Extraction method 

Size of extractor 

Mass of breeding material within extractor (kg) 

o/o of total breeding material within extractor 
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1.28/3.84 X 1020 

1. 92/3.84 X 1020 

61.5 mg/2.30 x 102l(C) 

4.61 x 102l(D) 

230.4/6.69 X 1020 

9.7 X 10-3/8.3 X 1017 

52.3/5.3 X 1024 

8940/2.6 X 1025 

1.6/4.8 X 1020 

4.8/1.25 X 1021 

0.30 

3 

100 

(liquid) 

Li17Pbg3 

1.84 X 108 

2 X 1()6 

338 

500 

1.4 

1.4 X 10-4 

10-4 

6.5 X 103 

500 

500 

1.4 X 10-4 

0.4 X 10-4 

Droplet Degassing 

6 m hi x 10 m dia. 

6.3 X 1()4 

3.2 



Steam generator 

Material composition TBD 
Wall thickness (mm) TBD 
Primary inlet temperature ec) TBD 
Primary outlet temperature (0 C) TBD 
Secondary inlet temperature (°C) TBD 
Secondary outlet temperature (°C) TBD 
Seconda.ry pressure (MPa) TBD 
Surface area (m2) TBD 
Tritium permeation rate to H20 (Ci/d) 18 

Tritium inventory - steady state 

Breeding material 

Reactor chamber (g) 0.2 

Reflector (g) 0.1 

Silicon carbide (g) 150 

Cavity exhaust pumps (g) 1.3 

Cryogenic distillation columns (g) 45 

Fuel cleanup (g) 1.3 

Structural material and piping 

Target manufacture/delivery (g) 155 

Steam generator piping (g) 0.5 

Storage - one day fuel supply (kg) 0.5 

Total (kg) 0.854 

Total (Ci) 1 X 107 

Containment 

Total building volume (m3) TBD 
Volume of reactor & auxiliaries (m3) TBD 
Cleanup volume (m3) TBD 
Containmentpressure (torr@ 0°C) TBD 
Time for tritium cleanup (hr) TBD 
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13. LIBRA COSTING 

Main Account $M ('86) 

Land and Land Rights 5 

Site and Buildings 78 

Reactor Cavity 82 

Heat Transfer System 71 

Fuel Handling, Radwaste, Injector 20 

I&C 21 

Maintenance Equipment 34 

Heat Rejection 16 

Electrical Plant 57 

Turbine Plant 97 

Aceeierntor 426 

Target Factory 

1DTAL 941 
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