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1. Executive Summary

The third reactor design in the LIBRA (Light Ion Beam ReActor) series is described

in this report. The LIBRA-SP (Self-Pinched) concept has many similarities and differences

compared to its predecessors, LIBRA and LIBRA-LiTE.

The main similarities include:

• 30 MeV Li ions to drive the light ion fusion DT target.

• The use of Helia pulsed power technology.

• The protection of the first walls with fluids carried in porous tubes which are in turn

contained inside the reaction chamber.

• The net electrical power of LIBRA-SP and LIBRA-LiTE is ≈ 1000 MWe.

The main differences among the reactor systems include:

• The method of ion beam propagation from the diodes to the target (channel transport

in LIBRA, ballistic transport in LIBRA-LiTE, and self-pinch transport in LIBRA-SP).

• The solid material containing the coolant/breeder liquid (woven SiC tubes containing

a Pb-Li alloy in LIBRA, woven HT-9 steel tubes containing Li in LIBRA-LiTE, and

perforated HT-9 steel tubes containing a Pb-Li alloy in LIBRA-SP).

• The lack of internal magnets in LIBRA-SP to help in the focusing of the ions in the

chamber.

The net results of the current design effort are:

1. A much simpler design of the energy conversion chamber.

2. A lower recirculating power fraction (16%-LIBRA-SP vs. 18%-LIBRA-LiTE, and 25%-

LIBRA).

3. A lower direct capital cost for the power plant (1640 [$93]/kWe for LIBRA-SP, $1740

for LIBRA-LiTE, and $2570 for LIBRA).
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This report also gives the first information on detailed light ion target spectra and

debris since the recent declassification in the U.S. Inertial Fusion Program. The techniques

and codes developed in this study have continuously improved the understanding of how an

attractive light ion power plant might operate and have pointed the way to even greater

improvements in safety, reliability, and economics.
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2. Introduction

The LIBRA (Light Ion Beam ReActor) concept has been developed over the past

decade into the premier commercial power reactor study for light ions. Even though this

concept has not been studied continuously over that period, critical issues associated with

the idea have been under continuous scrutiny during that time. The evolution of the LIBRA-

SP (SP=Self-Pinched) concept was addressed in a paper presented at the Eleventh Topical

Meeting on the Technology of Fusion Energy held in New Orleans, LA, June 19-23, 1994. A

copy of this paper is included in the Appendix. Additional background for the concept was

also given at the Technical Meeting on Drivers for Inertial Fusion Energy sponsored by the

IAEA in Paris, November 14-18, 1994 by Dr. G. Kessler and the description of LIBRA-SP

will be published by the IAEA.

The specific statement of work (SOW) on LIBRA for the calendar year 1994 is given

below.

A. Develop theoretical models for the propagation of protons from the pre-pulse diodes

to the target in a self-pinched mode.

B. Develop theoretical models for the propagation of Li ions from the main diodes to the

target in a self-pinched mode.

C. Modify the SCATBALL code to compute the beam losses due to scattering in the

reactor chamber.

D. Design the entrance ports and shielding for the pre-pulse and main diodes.

E. Integrate the self-pinched propagation mode with the LIBRA-SP reactor cavity

designed for the Sandia National Laboratory (SNL) in the US.

In addition to the SOW above, we initiated work on two long-standing problem areas:

the modification of the INPORT units used to protect the first wall, and the calculation of

target performance. The latter opportunity was not recognized at the start of CY 1994, but

due to major declassification in the U.S. Inertial Fusion Program, we were able to add this

area to our previous analyses.
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Each of the topics in the SOW will be addressed in the subsequent chapters and

verification of the calculations performed for this contract will, hopefully, be at least partially

verified by experiments at SNL in CY 1995. We will incorporate the results from SNL into

our work in CY 1995 to improve the LIBRA concept even further.
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3. Ion Beam Generation and Transport

3.1. Two-Stage Ion Diode

As in all earlier versions of LIBRA, a magnetically insulated extraction ion diode

is used to accelerate the driver ions. Earlier versions used single stage diodes. Since the

conclusion of LIBRA-LiTE, considerable experimental [1,2] and theoretical [3] progress has

been made on multi-stage diodes, showing them to couple diode energy to the ions more

efficiently and to reduce beam divergence. A multi-stage diode accelerates ions across more

than one gap by having more than one virtual cathode; a single stage diode has one cathode

and one gap.

A schematic picture of the LIBRA-SP 2-stage diode concept is shown in Fig. 3.1. The

picture is only schematic and is not necessarily to scale. Two sets of insulating magnets are

shown; the central cone and an outer ring. These define the magnetic fields in the cathode

region. There are clearly other magnets in the anode region and elsewhere, which are not

shown. The central cone of magnets defines the inner radius of the anode source plasma, Ri.

The focal length of the diode, F , is controlled by the shape of the anode, the magnets and

the degree of neutralization of the beam ions. The cathode tips are held to potentials V1 and

V2, relative to the potential of the diode. The gap widths of the two stages are d1 and d2.

The outer radius of the anode plasma, Ro, is an important parameter for the self-

pinched transport. Ro is determined by the required anode area, Aa and Ri. Ri must be large

enough to contain all of the magnetic field coils, power feeds and cooling within the inner

cone. The required particle current Id and the current density Jd determine Aa. Jd is the

space-charge limited current density Jscl times an enhancement factor Ke, which accounts

for the fact that the ions are emitted from a volume of plasma and not from an infinitely

thin surface. To avoid a high beam microdivergence θµ, Ke should be no more than 5. Jscl

is a function of d1 and V1,

Jscl = 0.715
V

3/2
1 q1

Ad2
1

. (3.1)

V1/(V2 − V1) is thought to affect θµ, though in a way that is not yet clear. For the current

work, we assume that V1 = 0.5V2. It is important that θµ be as low as possible because
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it determines the focal spot size that affects the self-pinched transport. The magnets must

supply an applied magnetic field at twice the critical field to avoid the shorting of either gap

by the cathode electrons before ions are accelerated, Bcrit,

Bcrit = 0.34
(V 2 + V )1/2

d
tesla , (3.2)

with V in MV and d in cm. A separate Bcrit will exist for each gap. These will define the

coils.

The focal spot radius rf is determined by F , θµ, and scattering. The effects of

scattering and microdivergence add in quadrature,

r2
f = F (θ2

µ + θ2
scat). (3.3)

θscat is the growth in microdivergence caused by scattering. The SCATBALL computer code

has been used to calculate rf with the scattering explicitly calculated and we have found that,

for the assumed chamber gas densities, scattering does not have an important impact on the

spot size. The focal spot size and Ro/F determine the self-pinched transport parameters.

3.2. Self-Pinched Transport

In the LIBRA-SP concept, the ion beams are transported to the target in the self-

pinched mode. The net electrical current of the beams provides the azimuthal magnetic

fields that confine the ions to the channels. The required net electrical current is

Inet = 0.5

(
Ro

rf

)2

θ2
µIA. (3.4)

IA is the Alfvén current,

IA = βγ
A

q

mpc
3

e
. (3.5)

β and γ are the normal relativistic parameters, A is the beam ion atomic mass, e is the

electronic charge, c is the speed of light, and mp is the mass of a proton. For the beam to

have a current of Inet, most of the ion current must be neutralized by electrons ionized from

the target chamber gas. The electrons move with the beam ions, neutralizing most of the
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ion current. The current neutralization fraction is

fm = 1 −
(

Inet

Ibeam

)
. (3.6)

The degree of neutralization achieved can only be calculated with a full 2-D electromagnetic

particle-in-cell computer simulation.

The guiding of a self-pinched beam to the target is one open question. Lasers could be

used to pre-ionize a path to the target. The increased conductivity might lead to propagation

along a preferred direction. Another option, the method chosen for LIBRA-SP, uses guide

tubes that aim the beams at the target. It is thought that the beams will propagate in a

straight line without any pre-ionizing by a laser. The beams must be aimed precisely. The

guide tubes confine the beam with image charges and will allow some large radius bends.

Neither of these methods has been studied in any detail.

In a self-pinched beam the neutralization is created by the head of the beam.

Azimuthal magnetic fields are created in the head of the beams and are frozen in when

the conductivity is sufficiently high. The head of the beam is not itself fully confined and is

continually eroded, leading to an energy loss per unit transport length. This is not related to

any energy loss per ion, but is a loss of ions. From a discussion with Dale Welch of Mission

Research Corporation in Albuquerque, NM, a 30 MeV fully stripped 50 kA net current beam

would lose 1 ns of beam per 400 cm of transport. We have scaled an energy loss law from

this,

ε = Epulse
1 ns

τ

Lbeam

400 cm

Inet

50 kA
. (3.7)

This is only one component to the efficiency. Each ion may lose energy from axial fields and

scattering.

3.3. Ion Beam Parameters

The concepts described in the previous two sections have been used to create

consistent designs for the diodes and transport systems. The overall parameters, which

serve as the system requirements, are shown in Table 3.1. The target requires 7.2 MJ in a 40

ns pre-pulse and a 20 ns main pulse. The main pulse is time-of-flight bunched by a factor of
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Table 3.1. LIBRA-SP General Ion Beam Parameters

Parameter Unit Main Pre-Pulse

Ion species Lithium Lithium

Ion energy MeV 30 30
Energy on target MJ 6.0 1.2

Total transport efficiency % 90 90
Energy leaving diodes MJ 6.67 1.33

Number of beams 12 12
Pulse width at diodes ns 40 40

Pulse width at target ns 20 40

Power at diodes TW 167 33
Power at target TW 300 30

Particle current at diodes MA 5.56 1.11
Particle current at target MA 10 1

2. The ions must be roughly 30 MeV lithium ions. The peak total power must be 330 TW.

These parameters have been used in designing the diodes, whose parameters are shown in

Table 3.2. Both the main and pre-pulse diodes accelerate the lithium ions to 30 MeV in 2

stages; we assume that the charge state in both stages is 1, and that the stages have equal

voltages. The diode parameters determine the self-pinched transport parameters, shown in

Table 3.3.

References for Section 3

1. M. G. Mazarakis, et al., “Light Ion Pulsed Power Induction Accelerator for the

Laboratory Microfusion Facility,” Proceedings of the 15th Biennial Particle Accelerator

Conference (1993) IEEE Publ. Serv.

2. S. Miyamoto, et al., “Intense Light Ion Beam Divergence in Single-Stage and 2-Stage

Diodes,” IEEE Transactions on Plasma Science, 21, 567 (1993).

3. S. A. Slutz and M. P. Desjarlais, “Theory of Multistage Intense Ion-Beam

Acceleration,” J. Appl. Phys., 67, 6705 (1990).
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Table 3.2. LIBRA-SP Diode Parameters

Parameter Unit Main Pre-Pulse

Current/diode kA 463 92.6

Voltage Drop 1 V1 MV 15 15
Voltage Drop 2 V2 MV 30 30

Physical Gap 1 d1 cm 2 2
Physical Gap 1 d2 cm 2 2

Enhancement factor Ke 5 5
Inner anode radius Ri cm 10 10

Microdivergence θµ mrad 4 4

Focal length F cm 150 150

Jscl kA/cm2 0.3 0.3
Jd kA/cm2 1.5 1.5

Anode area Aa cm2 309 62

Outer anode radius Ro cm 14.1 10.9
Focal spot radius rf cm 0.6 0.6

R/F 0.094 0.073
Bcrit for Gap 1 T 2.63 2.63

Bcrit for Gap 2 T 2.63 2.63
Bappl for Gap 1 T 5.27 5.27

Bappl for Gap 2 T 5.27 5.27

Table 3.3. LIBRA-SP Self-Pinched Transport Parameters

Parameter Unit Main Pre-Pulse

Transport length L cm 800 800

γ 1.005 1.005
β 0.096 0.096

Charge state 3 3
Alfvén current kA 6958 6958

Inet kA 30.7 18.5
fm 0.978 0.933

Energy loss ε kJ 17.1 2.1
Efficiency % 96.9 98.1
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4. Target Calculations
4.1. Introduction

High-gain targets to be used in inertial confinement fusion (ICF) power reactors are

expected to release ∼ 102 − 103 MJ of energy in the form of x-rays, energetic ions, and

neutrons [1-3]. This energy originates in the central, highly compressed core of an ICF

target due to fusion of deuterium (D) and tritium (T). The primary fusion products of D-T

reactions are α-particles (4He) and 14 MeV neutrons, while secondary products from D-D

and D-3He reactions include lower energy neutrons, gamma photons, and charged particles

(3He, T, and protons). Because charged particles have relatively short mean free paths,

the bulk of this energy is deposited within the target. Energy is transferred from the hot

central fuel region to the outer layers of the target by radiation, conduction, and mass motion

(kinetic energy) leading to release of x-rays and ion debris. On the other hand, a significant

fraction of the neutrons escape the target. It is important to understand the partitioning

of energy during the target explosion phase because it provides information critical to the

design of ICF target chambers.

Below, we describe calculations of the fusion burn and explosion energetics of the

ICF target for the LIBRA-SP light ion fusion reactor design [4]. In this design, the spherical

target is irradiated with 24 Li ion beams (12 prepulse and 12 full power) containing a total

energy of 7.2 MJ. The peak beam power on target is 330 TW and the pulse width of the

full power beams is 20 ns. Internal pulse shaping of the x-ray flux onto the capsule [5] is

expected to lead to a gain of about 80, thus producing a total target yield of approximately

550-600 MJ.

The purpose of this investigation is to begin to address quantitatively the explosion

dynamics of the LIBRA target. It is anticipated that the physics of the implosion phase

will be addressed in a future study. To study the explosion dynamics, we start with an

already-imploded configuration which represents a reasonable representation of the target

plasma conditions at the instant of ignition. The evolution of the target breakup is then

simulated using the PHD-IV radiation-hydrodynamics code [6]. This code computes the
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Table 4.1. LIBRA-SP Target and Ion Beam Parameters

LIBRA-SP

Total absorbed beam energy 7.2 MJ
Peak beam power (main + prepulse) 330 TW

Hohlraum radius 0.7 cm
Yield 589 MJ

Peak beam intensity 54 TW/cm2

Target gain 82

time-dependent fusion burn and energy transport within the target. The calculations also

utilize new equation of state (EOS) and opacity models developed at Wisconsin [7]. The

primary goal of the calculations is to make quantitative predictions for the time-dependent

target x-ray flux and ion debris energy. These quantities can then be used to determine the

response of the target chamber first wall to the target microexplosion.

The original LIBRA [1] and LIBRA-LiTE [8] designs utilized scaled versions of targets

originally designed for heavy ion beam reactors [2] because of classification issues in the U.S.

However, recent declassification of light ion targets now allows the use of more realistic target

configurations [9]. The LIBRA-SP target design, shown in Fig. 4.1, is based on the target

design for the Laboratory Microfusion Facility (LMF) [9]. Several of the LIBRA-SP target

parameters are listed in Table 4.1. The two targets are designed with the same strategy.

The beam ions penetrate the Hohlraum case and deposit in a low density carbon or plastic

foam that is doped with high Z impurity to control the deposition profile. The foam heats

to 200-300 eV, creating the drive radiation which is confined by the Hohlraum case. The

radiation burns through the pulse-shaping layer around the capsule, shortening the pulse of

radiation in the process. The capsule is then driven to implosion by the reshaped radiation

pulse. This design has been studied in detail for the LMF target [9]. The predicted gain for

the LIBRA-SP design is compared with that of other ICF reactor conceptual design studies

in Fig. 4.2.
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4.2. Physics Models

4.2.1. PHD-IV Target Simulation Code

PHD-IV [6] is a plasma radiation-hydrodynamics code with models for ion beam

energy deposition and fusion burn designed to model ICF target physics processes. It is a 1-D

Lagrangian code which solves the single-fluid equation of motion with pressure contributions

from electrons, ions, radiation, and fast charged particle reaction products. Energy transfer

in the plasma is treated with a 2-temperature model — i.e., separate ion and electron

temperatures. Thermal conduction through each species is treated using Spitzer’s form

of the thermal conductivity. The electron conductivity is flux-limited. Radiation emission

and absorption terms couple the electron temperature equation to the radiation transport

equations. In addition, the electron and ion temperature equations contain source terms

that couple them to the ion beam energy deposition calculation and the energy deposited

from the fusion reactions.

The simulations for the LIBRA-SP target utilize a hybrid equation of state model

which couples high-density thermodynamic properties calculated using a muffin-tin model

to lower density properties which are computed using a detailed configuration accounting

model. Multigroup opacities are computed using the EOSOPA code (see below). Radiation

is transported using a multigroup flux-limited diffusion model [10]. A total of 200 frequency

groups was used in the simulation described below. The time-dependent radiation energy

density equations are solved using implicit finite difference techniques.

Fusion reaction equations for DT, DD, and D-3He are solved and the reaction products

are transported and slowed using a time-dependent particle tracking algorithm. In addition,

PHD-IV includes an ion beam energy deposition package to model the time which includes

contributions to the stopping power from both bound and free electrons. However, this latter

package was not required for the microexplosion simulation described below.
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4.2.2. EOS and Opacity Models

The equation of state covers a wide domain of densities and temperatures. It consists

primarily of three contributions: (1) the zero-temperature isotherm, (2) a thermal electronic

component, and (3) a thermal ionic part. We have used a hybrid model in the equation

of state calculations: a detailed configuration accounting (DCA) model is used for the low-

density, high-temperature regime, while a “muffin-tin” model [11] is used for the high-density

regime.

In the detailed configuration accounting model, each isolated ion in the plasma is

in equilibrium with free electrons. Plasma effects on each atomic system are considered as

perturbations. Ion abundances and level occupation numbers are obtained from detailed

ionization balance calculations. In our LIBRA-SP calculations, the EOS’s are obtained

for plasmas with local thermodynamic equilibrium (LTE) populations. Continuum lowering

effects are accounted for in the opacity calculations using an occupation probability formalism

[12]. The following contributions are included in the equations of state: (1) the translational

energy of ions and atoms, (2) the energy of partially degenerate electrons, (3) configuration

effects from Coulomb interactions (Debye-Hückel corrections), and (4) atomic internal

contributions (excitations and ionizations).

The muffin-tin model is used to accurately compute the equation of state for high-

density plasmas. It is applicable to electrons on the zero-temperature isotherm as well as for

any finite temperature. It has much of the simplicity of an isolated atom model but captures

much of the physics of the band-structure model. In particular, it provides an accurate

description of cohesion and the behavior of solids under compression. This model also

describes an isolated atom or an ion in equilibrium with an electron gas in low density cases.

Hence the muffin-tin model smoothly connects high-density electron degenerate regime and

low-density plasma regime. This smooth connection provides thermodynamic consistency of

calculated equations of state over a wide domain of temperatures and densities.
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Our hybrid model is designed to provide reliable equations of state over a wide range

of temperatures and densities. Figure 4.3 shows our results for energy and pressure isotherms

of aluminum. In the low-density regime, the nonlinear behavior due to ionization/excitation

is clearly seen. The cohesive, degenerate, and pressure ionization effects are observed for

the high-density regime. Figure 4.4 shows a comparison of calculated shock Hugoniots with

experimental data for Al and Au. It can be seen that the agreement is good.

In order to be able to treat properly the transfer of radiation in LIBRA targets, it is

necessary to have values of the opacity for both low-Z and high-Z elements in a wide range of

conditions. Radiation is absorbed by atoms and ions via the following types of processes: (1)

bound-bound transitions (line absorption); (2) bound-free transitions (photoionization); (3)

free-free transitions (Bremsstrahlung); (4) scattering of photons by electrons. In principle,

the calculations of opacity for low-Z and high-Z systems are the same. In practice, however,

they must be treated differently. We use a detailed term accounting (DTA) method for low-Z

systems, and use an unresolved transition array (UTA) model for high-Z systems.

For high-Z atomic systems, especially for the ions in electronic configurations with

open d or f shells, each configuration contains a very large number of levels. As a consequence,

the number of lines corresponding to the bound-bound transitions between these levels are

so numerous that it is impractical to do detailed line accounting calculations. On the other

hand, these lines are so closely packed that intrinsic broadening effects suffice to merge them

together. Because of this characteristic of high-Z line spectra, an unresolved transition array

(UTA) model [13] can be used to compute high-Z opacities. The UTA model uses an average

transition between configuration-averaged atomic levels to represent the numerous possible

transitions (the transition array) between configurations. The splitting effect of these lines

is accounted for by using a line shape for each transition array which is determined from

Slater integrals. It is very important to include line broadening due to this UTA effect.

Figure 4.5 shows a comparison of gold opacities calculated with and without this broadening

effect. The curve on the left was calculated with normal line shapes which include Doppler,

natural, and electron impact broadening, while the curve on the right also includes UTA
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broadening. It is seen that the non-UTA result leads to a mean Rosseland opacity that is a

factor of 40 lower than the UTA result. The UTA model is more accurate and is used in our

Pb opacity calculations for the LIBRA target.

To assess the reliability of our opacity calculations, we have compared our results

with other theoretical results [14]. In general, we find good agreement with some of the

more reputable opacity codes (e.g., OPAL [15] and STA [16]).

4.3. Results

Conditions at the start of ignition assumed for the microexplosion simulation are

shown in Fig. 4.6. At present, we simply assume these conditions can be roughly achieved

using the beam parameters discussed above in conjunction with an x-ray internal pulse

shaping scheme [9]. Clearly, however, a numerical simulation of the implosion is required to

provide a more accurate target configuration at ignition.

The LIBRA-SP target is composed of 4 materials: the central DT fuel, a CH ablator,

C deposition and isolation foams, and an outer Pb case (Hohlraum). At the start of the

PHD-IV simulation, each of the material regions is assumed to have a uniform temperature

and density, with the values indicated in Fig. 4.6. The exception to this is the DT fuel,

which consists of a central hot spot surrounded by two other DT regions of successively

higher density and lower temperature. The outer Pb region is assumed to have expanded by

almost three orders of magnitude by the start of ignition. A total of 100 spatial zones was

used in the simulation. At the start of the simulation, the areal density of the central hot

spot is 0.3 g/cm2, while that of the entire DT fuel is 3.3 g/cm2. The fusion burn begins in the

hot DT core which is initially at 8 keV. The burn region then propagates outward engulfing

the entire DT region. By the end of the simulation a burn fraction of approximately 35% is

achieved.

Results from the simulation are shown in Figs. 4.7 through 4.11. Figure 4.7 shows

the time-dependent position of the Lagrangian zones, which indicate the material motion in

the target. Figures 4.8 and 4.9 describe the energy partitioning and radiation flux histories.

Figure 4.10 shows time-integrated spectra for the radiation flux escaping the target at several
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simulation times. Figure 4.11 shows radial profiles for the ion and electron temperatures,

fluid velocity, and mass density at several simulation times.

The fusion burn phase lasts approximately 200 ps and produces a peak ion

temperature in the DT fuel of about 300 keV. The DT expands rapidly outward, converting

its internal energy into kinetic energy. Note that at 0.4 ns, 98 MJ (or roughly 80% of the

total α-particle energy released by the DT fuel) is in the form of kinetic energy (almost all

of it in the DT). Figure 4.6 shows a strong shock propagating radially outward through the

outer CH, C, and Pb regions. Shortly after the shock enters the Pb region, somewhat more

than half of the DT kinetic energy has been converted back into internal energy throughout

the target.

The radiation flux from the target is characterized by two main peaks (Fig. 4.8). The

first occurs from about 0.2 to 0.5 ns, and is due to hard x-rays emitted directly from the

high-temperature DT. By this time, the DT has a significantly larger radius than near the

start of ignition, and therefore has a larger radiating surface area. By 1 ns, about 11%

of the total α-particle energy generated during the burn phase (i.e., about 13 MJ) escapes

the target in the form of hard x-rays. Fig. 4.9 shows that virtually all hard x-rays with

hν >∼ 50 keV are emitted by this time.

A burst of softer x-rays is emitted from the target from about 1.5 to 5 ns. These

x-rays in large part originate in the Pb region, where electron temperatures reach as high

as several keV during this time (see Fig. 4.10). By 5 ns, a total of 85 MJ has been radiated

from the target, and by the end of the simulation (t = 20 ns) a total of 97 MJ of radiative

energy has escaped the target. The frequency dependence of the escaping radiation (Fig. 4.9)

shows the bulk of the radiation comes out between 10−1 and 102 keV, with the spectrum

being clearly non-Planckian. The structure seen in the spectra is due to the fact that the

temperature in the Pb region decreases as the radius increases. These features are thus due

to absorption (as opposed to emission), which result from cooler regions absorbing radiation

emitted from the higher temperature Pb at smaller radii. In particular, the Pb M-shell and

L-shell photoabsorption edges can be seen near 1.6 and 10 keV, respectively.
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Table 4.2. Debris Ion Kinetic Energies

Species Energy (MJ) Energy per Ion (keV)

H 0.30 0.46

D 0.44 0.69
T 0.101 1.05

He3 0.047 1.40

C 2.25 10.9
Pb 17.3 309

Table 4.3. Results for LIBRA-SP Target Burn Simulation

Corrected for

PHD-IV Results Neutron Reabsorption

Total yield 589 MJ 589 MJ

Neutron yield 472 MJ 383 MJ
X-ray yield 97 MJ 1687 MJ

Debris ion yield 20 MJ 35 MJ
Energy lost in endoergic reactions – 4 MJ

By the end of the simulation a total of 20 MJ remains in the form of kinetic (debris

ion) energy. The partioning of the energy between the various target ion species in the

PHD-IV simulation is shown in Table 4.2. The debris ion energy, along with the time-

and frequency-dependent x-ray spectra, are then used in the LIBRA-SP target chamber

simulations to determine the response of the PERIT units and LiPb liquid jet shield to

the target explosion. Note that the results listed in Table 4.2 do not include the effects of

neutron energy deposition within the target.

The overall partitioning of energy at the end of the PHD-IV simulation is shown in

Table 4.3. Also shown in the right column are the values corrected for the redeposition of

neutron energy within the target. Details of the neutron transport calculation are discussed

in the next section. Overall, approximately 65% of the total energy released by the high-

gain target escapes the target in the form of neutrons, while the x-ray and debris ion energy

account for 28% and 6% of the energy release, respectively.
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Table 4.4. Target Data at Ignition

Region Material Density (g/cm3) Radius Range (cm)

1 DT 230 0-0.0173
2 CH 0.013 0.0173-0.55

3 C 0.024 0.55-0.6983

4 Pb 11.4 0.6983-0.7

4.4. Target Neutronics

The initial split of energy from a DT fusion reaction is one 14.1 MeV neutron and one

3.5 MeV alpha particle. In an inertial confinement fusion reactor, the DT fuel is heated and

compressed to extremely high densities before it ignites. Therefore, neutron fuel interactions

cannot be neglected. This results in significant softening of the neutron spectrum as a result

of elastic and inelastic collisions with the target constituent materials. In addition, neutron

multiplication occurs as a result of (n,2n) and (n,3n) reactions and gamma photons are

produced. The energy deposited by the neutrons and gamma photons heats the target and

ultimately takes the form of radiated x-rays from the hot plasma and expanding ionic debris.

Neutronics calculations have been performed for the LIBRA-SP target using the one-

dimensional discrete ordinates code ONEDANT [17]. The LIBRA-SP target utilizes 5 mg of

DT fuel. Although the DT fuel areal density (ρR) value changes during ignition, a value of

4 g/cm2 is used in the target neutronics calculations. This is representative of the temporal

average during ignition and burn. The target data at ignition used in the calculations are

given in Table 4.4. The calculations were performed using spherical geometry and 30 neutron

- 12 gamma group cross section data based on the ENDF/B-VI nuclear data evaluation [18].

A uniform 14.1 MeV neutron source was used in the compressed DT fuel zone.

Due to (n,2n) and (n,3n) reactions occurring in the target, 1.073 neutrons are emitted

from the target for each DT fusion reaction. These neutrons carry an energy of 11.43 MeV

implying that the average energy of neutrons emitted from the target is 10.65 MeV. It is

interesting to note that only 61.2% of the neutrons emitted from the target are uncollided
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Table 4.5. Nuclear Energy Deposition in Target

Region 1 2.53896 MeV/DT fusion

Region 2 0.00345 MeV/DT fusion
Region 3 0.00039 MeV/DT fusion

Region 4 0.00002 MeV/DT fusion
Total 2.54282 MeV/DT fusion

14.1 MeV neutrons. For each DT fusion reaction, 0.0005 gamma photons are emitted from

the target with an average energy of 2.4 MeV. The energy spectra of neutrons and gamma

photons emitted from the LIBRA-SP target are shown in Figs. 4.12 and 4.13, respectively.

The total energy deposited by neutrons and gamma photons in the target was

calculated to be 2.543 MeV per DT fusion. Almost all of the energy is deposited in the

DT fuel zone as demonstrated by the results in Table 4.5. This is a direct result of the

relatively large ρR value for the DT fuel region. When the 3.5 MeV energy carried by the

alpha particle emerging from the fusion reaction is added, a total energy of 6.043 MeV per

DT fusion is found to be carried by x-rays and target debris following the microexplosion.

Performing an energy balance for the target indicates that 0.127 MeV of energy is lost in

endoergic reactions per DT fusion. The detailed partitioning of the energy produced from

the target is listed in Table 4.6. For the LIBRA-SP DT fuel yield of 589 MJ, the target

yield is calculated to be 584.8 MJ. The neutron and gamma yields are 382.5 and 0.04 MJ,

respectively, while the combined x-ray and debris yield is 202.3 MJ.

4.5. Discussion and Future Work

We have performed preliminary calculations for the fusion burn and microexplosion

of the LIBRA-SP target. Our results predict a total of 589 MJ of fusion energy is released,

providing a gain of 82. The energy released in the form of neutrons is 383 MJ (65%). The

bulk of this energy, because of the relatively long mean free paths of neutrons, is deposited

in the LiPb blanket (PERIT units). Approximately 28% (167 MJ) of the target energy is
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Table 4.6. Energy Partitioning from LIBRA-SP Target

Fusion energy 17.6 MeV/DT fusion

Energy carried by neutrons 11.429 MeV/DT fusion
(64.94%)

Energy carried by gamma photons 0.001 MeV/DT fusion
(0.006%)

Energy carried by x-rays and debris 6.043 MeV/DT fusion
(34.34%)

Energy lost in endoergic reactions 0.127 MeV/DT fusion

(0.72%)

emitted in the form of x-ray radiation, while 6% (35 MJ) is released in the form of debris ion

kinetic energy. The x-ray and debris energy is stopped within the first few microns of the

LiPb liquid jets located in front of the PERIT units. The response of the jets to the target

x-ray and debris will be addressed elsewhere.

The purpose of these calculations has been to make quantitative predictions for the

release of energy from high-gain ICF targets. However, much work remains to be done.

Implosion calculations must be done to determine an accurate picture of the target conditions

at the start of ignition. In addition, a more accurate, self-consistent simulation of the fusion

target microexplosion requires the modeling of the reabsorption of neutron absorption within

the target. It is anticipated that these items will be addressed in future work.
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5. Design of PERIT Units
5.1. Overall Design

LIBRA-SP is a conceptual design study of an inertially confined 1000 MWe fusion

power reactor utilizing self-pinched light ion beams. There are 24 ion beams altogether.

Figure 5.1 is a cross sectional view of the reaction chamber which is an upright cylinder with

an inverted conical roof resembling a mushroom, and a pool floor. The vertical sides of the

cylinder are occupied with a blanket zone consisting of many perforated rigid ferritic steel

tubes with a packing fraction of about 50% through which the breeding/cooling material,

liquid lead-lithium, flows. This blanket zone, besides breeding T2 and converting neutronic

energy to thermal energy, also provides protection to the reflector/vacuum chamber so as to

make it a lifetime component. The distance from chamber center to the first row of tubes

is 4.0 m, the thickness of the blanket zone is 1.25 m and the length of the tubes is 10.6 m

in two segments of 5.3 m each. The perforated rigid tubes are called PERIT (Perforated

Rigid Tubes) units and are made of solid HT-9 ferritic steel. The idea behind the concept

is to make the tubes rigid and not flexible, as in LIBRA-LiTE’s INPORT units, so they can

withstand shock, and to make them perforated so they can maintain a wetted surface through

the jet fan spray. There are two rows of 7 and 8 cm diameter PERIT units arranged at 14

cm between centerlines at midplane in the circumferential direction as well as between rows.

These front tubes are configured to totally shadow the rear zone, and the spaces between

the rows are determined from dynamic motion considerations. The rear tubes are 15 cm in

diameter and there are 7 rows of them. Their sole function is to transport the PbLi which

moderates neutrons and breeds T2. Behind the blanket is a 50 cm thick HT-9 ferritic steel

reflector which is also the vacuum boundary. Finally, the whole chamber is surrounded by a

steel reinforced concrete shield which varies in thickness from place to place but is nominally

2.7 m.

Figure 5.2 shows the distribution of PERIT units and the shield/blanket zone at

midplane. Figure 5.1 also shows vacuum tubes located behind the shield/blanket zone at

the chamber midplane. There are six such tubes leading to an expansion tank situated below

the reaction chamber. The function of this tank is to provide volume for the vapor to expand
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into, following a shot. As the vapor flows into the expansion tank it exchanges heat with the

PERIT units, and cools itself by virtue of an isentropic expansion. Vacuum pumps which

are attached to the expansion tank then evacuate the noncondensable species in preparation

for the next shot.

The chamber roof is not protected with PERIT units and for this reason is removed

to a distance of 16 m from the target, also making it a lifetime component. The roof with its

integral shield is designed to be removed to provide access during internal reactor chamber

component maintenance. Since the roof will be cooled, it also will condense vapor and have

a wetted surface which will be vaporized after each shot. Another function of the mushroom

shape is to protect the side walls which are shadowed by the PERIT units and to provide

additional volume in the chamber for the vapor to expand into.

Figure 5.3 shows a view of one of the PERITs feed/return arrangement. PERITs

are made of ferritic steel HT-9 consisting of two tubes stacked on top of each other; each is

5.30 m long and has an inner bore of 7 cm and an outer diameter of 7.6 cm. Each segment

of the cooling tubes has a separate manifold at its top end. The coolant feed pumps only

supply the liquid metal to the open liquid tank at the top of each segment group. The liquid

metal flows under the effect of gravity down the coolant tubes and through the perforations.

A very thin sheet of liquid metal that jets from the tube’s perforations (fan sheet spray) is

provided at a short distance from the tube to be the first defense against target x-rays and

microexplosion debris. Figure 5.4 is a view of three of the PERIT units showing these fan

sheet sprays. The rest of the shield/blanket zone is made of ferritic steel HT-9. The PbLi

coolant enters the reactor at 370◦C and exits at an average temperature of 500◦C. After

flowing through the PERIT and shield/blanket zone the PbLi collects in the bottom pool.

The collected PbLi drains through a perforated plate into a sump leading to the intermediate

heat exchangers (IHX) located in the base of the chamber. In the IHX the PbLi exchanges

heat with liquid PbLi, which in turn is pumped to a steam generator. A fraction of the PbLi

flow is diverted to a T2 removal system. Steam is used in a double reheat cycle to generate

electricity at 43% efficiency.
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5.2. First Surface Protection

5.2.1. Motivation and Introduction

One of the major changes in the LIBRA design is the method used for the first

surface protection. In the previous designs of LIBRA and LIBRA-LiTE, we flexible woven

steel tubes, INPORT (INhibited flow PORous Tubes) units, are used [1,2,3]. In this way the

coolant is allowed to seep through the porous wall of the flexible woven steel tube to keep

the coolant tube outer surface wet all the time. The target microexplosion releases x-rays,

neutrons and ion debris that deposit in the target chamber vapor and structure. The x-rays

are deposited in the liquid metal film on the INPORTs and rapidly vaporizes some of the

liquid. This vapor expands into the target chamber exerting a relatively high impulsive load

on the INPORTs. To limit the resulting three dimensional motion of the tubes, axial tension

must be applied on the INPORTs.

A major motivation for switching from the flexible woven INPORT units to the solid

PERIT units is due to the uncertainty with respect to the applied tension needed for the

INPORT units. This applied tension is a major input parameter in determining the natural

frequency of the INPORT units and, therefore, has control on the mode and the deflection

of the oscillations. Not only is it important that the tension is correct from the start of

pulsing, but it is imperative that it does not change with time. A small change in the

tension could drive the tubes toward the fundamental or a harmonic frequency with dire

consequences to the operation of the reactor. It would be impossible to vary the tension

of each individual INPORT unit during operation and even more impossible to ascertain

that the tension will stay constant over time. Such uncertainty is due to the possibility that

the tensioning mechanism will itself loosen, or the material properties of the tubes changing

from radiation and other effects. Other second order effects, such as changes in the porosity

of the woven material and deviation from a circular tube shape, have also been taken into

account in making the switch from woven to solid tubes.
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5.2.2. Recent Work and Discussion

LIBRA-SP uses solid coolant tubes for the first surface, blanket and shield to improve

the performance of the target chamber. Shortening the coolant tube span will improve both

mechanical and thermal hydraulics characteristics of the first surface tubes.

Formation of Liquid Sheets. Conventional thinking about the formation of liquid

sheets may be visualized by considering a fluid that is issuing from an orifice with an

elongated exit, or even from a slit, to produce the required liquid sheet which is flattened in

the direction of the long axis of the orifice. But, due to surface tension and the eccentricity

in the jet cross section the fluid velocity in the direction of the longest axis of the jet cross

section is much greater than it is in the perpendicular direction. Energy is conserved and

each particle then travels at a constant speed. Due to differences in pressure between the

jet center and the jet free surface, the jet eventually will transform itself to a diverging jet

with its longest axis becoming normal to the original one [4]. Practically this method is not

useful.

Liquid sheets are either flat or conical. In this work, our attention will be concentrated

on flat liquid sheets.

When two equal cylindrical coplanar jets collide they form an expanding sheet in the

plane at right angles to the line containing their axes. If the two jets are coaxial the sheet is

symmetrical so that its thickness at any point depends only on distance from the axis. This

condition is sketched in Fig. 5.5 (a). If the jets are coplanar but not coaxial and meet at an

angle 2θ the sheet formed is not symmetrical but it is flat and it bisects the angle between

them. The sheet expands radially from the region of the collision and extends furthermost

in the direction of the component of velocity of the jets in the plane of the sheet. This

condition is indicated in Fig. 5.5 (b). As the angle θ decreases the extension of the sheet in

the opposite direction decreases and eventually disappears leaving the sheet in the condition

shown in Fig. 5.5 (c) [4].
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Figure 5.5. Sketch of sheets formed by impact of two cylindrical jets [4].

In practice, in the fan sheet nozzle, two streams of liquid are made to impinge

behind an orifice by specially designed approach passages and a sheet is formed in a plane

perpendicular to the plane of the streams. The principle is illustrated in Fig. 5.6 (a) which

shows liquid flowing through a rectangular orifice formed at the end of the rectangular tube.

Under these conditions the flow through the orifice is constricted in only one plane and the

streamlines converge to form an origin of pressure behind the orifice. A flat sheet is produced

as the liquid freely spreads through the orifice limited only by the side walls. The spreading

angle of the sheet can further be increased by extending the opening to the sides of the

orifice, as in Fig. 5.6 (b). A commercial nozzle is shown in Fig. 5.6 (c). It is designed on this

principle, made of ceramic material and contains a rectangular orifice which is produced by

the interpenetration of two rectangular slots.

In the absence of surface tension, the edges of the sheet would travel in straight

lines from the orifice so that a sector of a circle would be formed. However, as a result of

surface tension, the edges contract and a curved boundary is produced as the sheet develops

beyond the orifice. Liquid at the edge moves along the curved boundary, and later becomes

disturbed and disintegrates. When this occurs, the resulting drops sustain the direction of

flow of the edge at the point at which the drops are formed and remain attached to the
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Figure 5.6. Sketch of mechanism of flow through fan sheet nozzles [5].

receding surface by thin threads which rapidly disintegrate into streams of drops (Fig. 5.7)

[4]. The breakdown of the edges is restrained by viscosity. At higher injection velocities

the contraction is less pronounced, and the placid sheet eventually becomes ruffled, and

experiences violent oscillations due to a flag-like instability caused by the reaction of the

surrounding gas with the sheet. The sheet then disintegrates before the two edges coalesce.

5.2.3. Analysis of Flow in Sheets

In order to examine the nature of the fluid stream lines in a fan sheet, investigators

[4,5] have used photographs of jets containing aluminum particles. Figure 5.7 demonstrates

the direction of flow of liquid within the sheet and as it passes through the sheet edges into

the ambient atmosphere. Two points of interest can be observed:

1. The sheet streaklines are straight and unaffected by the curved boundaries.

2. The drops leave the edges tangentially at an angle different from that of the streak.
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Figure 5.7. Streaklines in a sheet spray.

Measurements from successive photographs with different conditions indicate that

the stream velocity is constant along the sheet and its absolute value depends only on the

differential injection pressure.

It will be assumed for the following analysis that,

1. The liquid flows from the nozzle as if there were a line of high pressure perpendicular

to the sheet.

2. The contraction of the edges by surface tension does not affect the flow pattern of the

sheet, i.e. the liquid corresponding to the “vanished” part of the sheet is concentrated

at the curved boundary.
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Figure 5.8. Flow parameters in sheet analysis.

Figure 5.8 shows a diagram of this simplified flow pattern. θT is the angle at which

the sheet edges first issue from the orifice, and x is the radial distance of a point on the edge

from the pressure center.

G. I. Taylor [4] and N. Dombrowski, et al. [5] analyzed this problem and the latter

reached an approximate expression for the trajectory

x = g · P · K · C2
Q[1 − sin (β + θ)]/(2γ)

with a boundary condition of β = π/2 − θ as x → 0, where:

5-12



g gravitational acceleration

P the differential injection pressure

K constant = S · x
S sheet thickness

CQ orifice discharge coefficient

b the angle defined in Fig. 5.8

g the free surface energy per unit area (surface tension coefficient).

From this simple analysis of the flow it can be seen that θT , the sheet angle at the

orifice, and the trajectory of the sheet edge may be predicted from a knowledge of the sheet

thickness as expressed in terms of K. Then after substitution of the value K, we obtain an

expression for the sheet thickness, S:

S = (2γ)/g · P · C2
Q [1 − sin (β + θ)] .

Using the parameters from Table 5.2 the calculations are performed to design the required

nozzle needed to produce a satisfactory liquid metal sheet for LIBRA-SP. Figure 5.9 shows

the trajectory of the sheet edge of the liquid PbLi for a 5 mm × 1.5 mm fan spray nozzle.

Figure 5.9 also shows the sheet thickness distribution along the jet with an average value

of 37 µm. To get full coverage for the PERIT every consecutive sheet must overlap. The

required overlap gives the distance between each consecutive nozzle to be 8 cm.

From the structural dynamics (fatigue) point of view, it is better to have the

perforations as close as possible to the bending plane (less stress concentration). Then,

the direction of the jet is chosen to make the sheet 1.0 mm away from the surface of the

next PERIT. This makes the angle φ approximately equals to 13◦ (Figure 5.9). Exactly on

the opposite side of the PERIT there is another system of perforations but staggered 4.0 cm

in the vertical direction to complete the coverage of the cavity first surface. The mechanical

advantage of having both perforations on the opposite sides is that the lateral jet reaction

is canceled.
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5.3. Mechanical Response

It is expected that the first two rows of PERIT units will be subjected to the

radial impulse load from the blast wave. It is assumed that the pressure load is uniformly

distributed over the length of the tube and is applied at the rep rate of the reactor. The

primary response of the tube will be a radial displacement (or planar displacement), however,

it has been shown that the tubes could begin to “whirl” under certain operating conditions.

If three-dimensional motion were to take place, it is assumed that the maximum displacement

would not be greater than the maximum planar displacement, therefore characterizing the

planar motion (and the resulting stresses) was the focus of this study.

The general equation of motion describing the mechanical response of the PERIT

units under sequential impulse loadings can be expressed as

EI
∂4y

∂x4
+ γ

∂2y

∂t2
+ c

∂y

∂t
= 2RIp

nτimp≤t∑
n=0

δ(t − nτimp)

y = radial displacement coordinate
x = spatial coordinate

t = time
E = modulus of elasticity

I = area moment of inertia
γ = mass per unit length of the beam

c = coefficient of viscous damping per unit length
R = radius of the beam

Ip = impulse pressure.
τimp = impulse period.

Using separation of variables and assuming the tubular units are clamped (or “fixed”)

at both ends, the homogeneous solution is given by :

yh(x, t) =
∞∑
i=1

qi(t) φi(x)

qi(t) = Ci e
−ζiωit sin((ωd)i t + φi)

(ωd)i = ωi

√
1 − ζ2

i

ωi = k2
i

√
EI

γ
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φi(x) = cosh (kix) − cos (kix) − αi(sinh (kix) − sin (kix))

kiL = 4.73004074, 7.85320462, · · ·

αi = 0.982502215, 1.000777312, · · ·

where ki and αi are separation constants [6], Ci and φi are integration constants, L is the

length of the beam and ζi represents the modal damping. If the tube is initially at rest, the

homogeneous solution is equal to zero. Variation of parameters can then be used to find the

particular solution [7]. Consequently, a solution of the following form is assumed:

yp(x, t) =
∞∑
i=1

Ti(t)φi(x)

where qi(t) has been replaced by an unknown function Ti(t). Inserting the assumed solution

in the governing equation and using the orthogonality property of the shape functions, φi(x),

it can be shown that

Ti(t) =
4RIpαi

γLki(ωd)i

[1 − (−1)i] q∗i (t)

q∗i (t) =
nτimp≤t∑

n=0

e−ζiωi(t−nτimp) sin [(ωd)i t − (ωd)inτimp] .

Therefore, the general solution for the displacement of the tube starting from rest and driven

by sequential impulses is given by

y(x, t) =
8RIp

γL

∞∑
i=1,3,5,···

αi

ki(ωd)i

φi(x)q∗i (t) .

It should be noted that the response solution will be the same considering the impulse

loadings as a series of external forcing functions or as increases in the velocity of the tube

simulating an initial value problem.

For the PERIT units, the bending stress σ is equal to

σ(x, t) = Ec
∂2y

∂x2

where c is the perpendicular distance from the neutral axes of the tube to the outer diameter.

Finally, the general expression for the bending stress along the beam is given by
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σ(x, t) =
8RIpEc

γL

∞∑
i=1,3,5,···

kiαi

(ωd)i

φ∗
i (x)q∗i (t)

φ∗
i (x) = cosh (kix) + cos (kix) − αi(sinh (kix) + sin (kix)) .

For the proposed LIBRA-SP cavity, a number of the PERIT design parameters have

been set by power requirements and heat transfer requirements, e.g., using HT-9 as the tube

material and LiPb as the liquid metal. Table 5.1 lists the system parameters that have

been used to calculate the mechanical response. In addition, two damping levels (2.0% and

1.0%) were used to show the effect that damping has on the dynamic displacements and

stresses. The magnitude of the impulse load was approximated at 150 Pa-s, so calculations

were performed using impulse loads of 100 Pa-s and 200 Pa-s. The results scale linearly so

the displacements and stresses can be easily determined for any impulse magnitude.

Table 5.1. PERIT System Parameters

Density of HT-9 ρHT−9 = 7625 kg/m3

Elastic modulus of HT-9 E = 163.0 GPa

Density of LiPb ρLiPb = 9440 kg/m3

Tube diameter 3 cm

Tube thickness 3 mm
Flow velocity 4.0 m/s

Rep Rate 3.88 Hz

The length of the tubes remained as a design parameter to be optimized. Parametric

studies were performed to determine the necessary length to preclude resonant conditions

and minimize the radial displacements and normal stresses. Figure 5.10 shows the midspan

displacement amplitude as a function of the impulse frequency (or rep rate) for a tube span

of 5.3 m for a damping level of 2.0%. A maximum allowable displacement of 3.5 cm (to

prevent tube interference) has also been noted on the figure. For a rep rate of 3.88 Hz, the

absolute displacement of the tube is well below the allowable. The corresponding stresses

are given in Fig. 5.11 with the yield strength of the material [8] marked as shown. Both

figures illustrate the frequencies or rep rates associated with resonant conditions, i.e., the
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peaks in the response curves. These peaks would effectively shift if the length of the tube

changes. Therefore, it is necessary to establish the free span of the tube at approximately

5.3 m. The effect of lowering the damping level to 1% can be seen in Figs. 5.12 and 5.13.

With the higher modes contributing to the response, the curves are not as smooth, however,

at a rep rate of 3.88 Hz the actual values of displacement and stress are about the same as

with damping at 2%.

5.4. Neutronics Analysis

Neutronics analysis has been performed for the LIBRA-SP chamber using one-

dimensional spherical geometry calculations. The discrete ordinates code ONEDANT [9]

was utilized along with 30 neutron – 12 gamma group cross section data based on the most

recent ENDF/B-VI nuclear data evaluation [10]. A point source is used at the center of the

chamber emitting neutrons and gamma photons with the LIBRA-SP target spectrum. The

target spectrum takes into account neutron multiplication, spectrum softening and gamma

generation resulting from the interaction of the fusion neutrons with the dense target material

as discussed in Section 3. The results presented here are normalized to a 589 MJ DT fuel

yield and a repetition rate of 3.88 Hz which correspond to a fusion power of 2285 MW.

The primary goal of the neutronics analysis performed for LIBRA-SP is to determine

the blanket design that satisfies tritium self-sufficiency, large energy multiplication (M), and

wall protection requirements. The blanket is made of banks of PERIT tubes with 0.5 packing

fraction. The Li17Pb83 eutectic with 90% 6Li enrichment is used as breeder and coolant. It

flows in tubes which are made of the ferritic steel alloy HT-9. The tubes consist of 8 vol.%

HT-9 and 92 vol.% Li17Pb83. A 0.5 m thick reflector consisting of 90 vol.% HT-9 and 10 vol.%

Li17Pb83 is used behind the blanket. A minimum local (1-D) tritium breeding ratio (TBR)

of 1.3 is required in the PERIT tubes and reflector. This relatively high TBR is required to

achieve overall tritium self-sufficiency with a simple roof design that does not have a breeding

blanket. In addition, the PERIT tubes are required to provide adequate protection for the

front of the reflector (chamber wall) to make it last for the whole reactor life. In this study,

we adopted a conservative end-of-life dpa limit of 150 dpa for the ferritic steel HT-9. Hence,
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for 30 full power years (FPY) of operation, the peak dpa rate in the HT-9 chamber wall

should not exceed 5 dpa/FPY.

Several calculations have been performed to determine the blanket thickness required

for adequate chamber wall protection. This scoping analysis implied that the PERIT tube

zone (blanket) should be 1.2 m thick. In the reference LIBRA-SP chamber design, the inner

chamber wall radius is 5.2 m. The front surface of the PERIT units is at a radius of 4 m

and is exposed to a neutron wall loading of 7.4 MW/m2.

The peak dpa rate in the PERIT units is 94.2 dpa/FPY implying a lifetime of 1.6 FPY.

A gradual reduction in the damage rate and consequently the replacement frequency for the

PERIT tubes is obtained as one moves toward the back of the blanket. The peak helium

production rate is 436 He appm/FPY. The peak dpa rate in the chamber wall is 4.2 dpa/FPY

implying an end-of-life damage of 126 dpa. The chamber will last for the whole reactor

life. The peak helium production rate is only 0.9 He appm/FPY. Since spherical geometry

has been used in the calculations, the damage rates given above represent the worst case

conditions at the midplane of the cylindrical chamber. The radial variation of damage rate

in HT-9 at the reactor midplane is shown in Fig. 5.14.

The local TBR is 1.48 and the local blanket and reflector nuclear energy multiplication

Mn, defined as the ratio of nuclear heating to the energy of incident neutrons and gamma

photons, is 1.292. To take into account the surface energy deposited by x-rays and ion debris

and the energy lost in target endoergic reactions, an overall energy multiplication factor (Mo)

is defined as the ratio of total power deposited to the DT fusion power. For the target design

used here, Mo is related to Mn via

Mo = 0.9928 [0.6541 Mn + 0.3459] .

The overall energy multiplication for the reference LIBRA-SP design is 1.182 implying a total

power of 2702 MW deposited in the chamber with 785 MW deposited at the front surface

of the PERIT tubes and 1917 MW deposited volumetrically in the blanket and shield by

neutrons and gamma photons.
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Table 5.2. Chamber Neutronics Parameters

Inner radius of blanket 4 m

Chamber wall radius 5.2 m
Neutron wall loading 7.4 MW/m2

Local TBR 1.48
Nuclear energy multiplication, Mn 1.292

Overall energy multiplication, Mo 1.182

Peak dpa rate in PERIT tubes 94.2 dpa/FPY
Lifetime of front PERIT tubes 1.6 FPY

Peak helium production rate in PERIT tubes 436 He appm/FPY
Peak power density in PERIT tubes 18.3 W/cm3

Peak dpa rate in chamber wall 4.2 dpa/FPY
Peak end-of-life damage in chamber wall 126 dpa

Peak helium production rate in chamber wall 0.9 He appm/FPY
Peak power density in chamber wall 0.52 W/cm3

The spatial variation of nuclear heating has been calculated for use in the thermal

hydraulics analysis. The results at the midplane are given in Fig. 5.15. The power density

peaks at 18.3 W/cm3 in the front PERIT tubes and drops to 2.4 W/cm3 in the back tubes.

The peak power density in the chamber wall is 0.52 W/cm3. This large drop is due to the

large neutronic and gamma attenuation in the enriched Li17Pb83 used in the PERIT tube

region. Table 5.2 gives a summary of the LIBRA-SP chamber neutronics parameters.

5.5. Thermal Hydraulic Analysis

5.5.1. Introduction

The thermal hydraulics performance of the PERIT tubes and the rest of the

blanket/shield zone is discussed in the next section.

5.5.2. Geometry

The PERIT units in the LIBRA-SP blanket have the configuration of a barrel shape

surrounding the target at the center of the reactor chamber. The general shape of the reactor

chamber is a mushroom-like configuration, the stem being the cooling units, and the head
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is the roof (Fig. 5.1). The cooling units consist of two groups. The first one is at the front

(PERIT units) and the second are solid curved circular tubes in the back. Both are made of

vertically curved ferritic stainless steel, low activation HT-9 tubing. A detailed description

of these two groups follows:

• First group: The front group consists of one row of solid perforated metallic tubing.

The perforated walls of this system of tubing allow the internal coolant/breeder fluid

to jet through the perforated walls and form flat thin vertical sheets of liquid metal as

previously described in Section 5.2. Also, it wets the outer surface of the tube. The

lead-lithium sheet jet and the wetted wall is designed to protect the metallic material

from x-rays, charged particles and target/reaction debris.

• Second group: The secondary tubes consist of 8 concentric rows of solid HT-9 tubing.

The first group after the PERITs is staggered to close the gap between the PERIT

tubes. The rest are positioned in the back behind the feed and return manifold

(Fig. 5.2). It is expected that the lead-lithium vapor will recondense on all of the

tube surfaces. The general parameters for the PERIT unit geometry are as follows:

The front (PERIT) group

Number of rows 1

Number of tubes/row 175

Diameter of each tube (cm) 7.0

Diameter of the first row (cm) 800.0

The second group

Number of rows 8

Number of tubes/row 175/first - 120/rest

Total number of tubes 1015

Diameter of each tube (cm) 8.0/first - 15/rest
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5.5.3. Thermal Hydraulics Calculations

In Section 5.4 the neutronics analysis is given, which utilizes a one-dimensional model

to calculate the distribution of the volumetric nuclear heating in the blanket and PERIT unit.

Also, in Section 1, results of a one-dimensional hydrodynamics calculation are given which

determines the cavity performance and accounts for the effects of vaporization/condensation

processes on the surface heat flux. The steady state nuclear heating distribution at the

midplane is shown in Fig. 5.15. For thermal hydraulics calculations consider the following

thermal load assumptions of the first surface (FS) of the LIBRA-SP reactor:

• The first surface is the first two rows of the coolant tubes (the first 20 cm of the

blanket).

• According to the spatial distribution of the neutron heating, nearly 37% of the total

neutron heating is generated in the first 20 cm of the blanket.

• All X-ray and debris power is consumed in evaporating PbLi (6.62 kg per shot).

• All PbLi vapor eventually will recondense on the first surface only and cools down to

620◦C.

Table 5.3 presents the results, using these assumptions.

Figure 5.16 shows the temperature variation and variation of coolant speed in the

first row of PERIT units. Figure 5.17 shows the maximum temperature in the HT-9 of the

first row of PERIT units. The maximum surface temperature of the HT-9 is chosen not

to exceed 625◦C to avoid the rapid decline in the HT-9 mechanical properties. Figure 5.18

shows a graph of the heat transfer coefficient used for liquid metal (PbLi) at a temperature

of 400◦C and tube diameter of 7.0 cm. Figures 5.19, 5.20 and 5.21 show the material data

base used for liquid metal (PbLi) here and in Section 5.2. Figure 5.22 shows a graph of the

material data base used for structural material (HT-9).
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Table 5.3. Thermal Hydraulics Parameters

Number of the coolant tubes in the FS 350
Total surface area (m2) 1910.6

Weight of evaporated PbLi/shot (kg) 6.62
Thickness of PbLi recondensed per second (mm) 1.35

Heat flux due to recondensation at FS (W/cm3) 107
Maximum value of volumetric heating at FS (W/cm3) 38.6

Average nuclear volumetric heating in front tube (W/cm3) 35.03

Temperature rise in the coolant tube wall
(HT-9 wall thickness = 3 mm) due to:

1. Surface heat flux only (condensation) (◦C) 117.5
2. Volumetric heating only (◦C) 7.5

Total temperature rise in the FS coolant tube wall (◦C) 125
Maximum FS coolant velocity (at inlet) (m/s) 4.0

Minimum FS coolant velocity (at exit) (m/s) 2.9
Inlet FS coolant bulk temperature (◦C) 370

Exit FS coolant bulk temperature (◦C) 430 (32.32 × 104 kg/s)
Average coolant bulk temperature of outside coolant (◦C) 650 (12.26 × 104 kg/s)

Exit blanket coolant bulk temperature (◦C) (V = 17.4 cm/s) 600 (5.23 × 104 kg/s)
Total mass flow rate (kg/s) 49.78 × 104

HX inlet coolant bulk temperature (◦C) 502
Pumping power (inside cavity) (MW) 47.61
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6. Beam Ports and Diode Damage Assessment
6.1. Diode Enclosure Environment

The diodes’ atmosphere must be physically separated from that of the reactor

chamber, since they require a much higher vacuum to operate properly. The pressure in

the chamber just prior to a shot is 0.2 torr at 300 K or 0.52 torr at the maximum LiPb

temperature of 773 K. However, the pressure in the diodes’ enclosure must not exceed

10−4 torr, more than three orders of magnitude lower. The beam port aperture for the

self-pinched propagation must be ∼ 2 cm in diameter. Such a large hole connecting the huge

volume of the reactor chamber to the very small volume of the diodes makes it impossible

to maintain a pressure of 10−4 torr by using steady state differential pumping. It has always

been assumed that some sort of shutter system will be used to isolate the diodes from the

reaction chamber. Several schemes have been envisioned, such as counter rotating double

discs as well as single discs. In these schemes, holes in the rotating discs overlap with the

beam aperture in the chamber at the moment the beam is fired, thus ingesting the chamber

atmosphere only when the aperture is open. There are some steady state leaks taking place

through the clearances around the discs, but they are small and can be pumped out by the

vacuum system in each of the diode enclosures.

6.1.1. Double Rotating Discs

In this scheme, two discs with holes at the same radius are mounted on concentric

uniaxial shafts and rotate at different speeds either in the same direction or in opposing

directions. The slow disc rotates at the rep-rate of the reactor, while the fast disc rotates

at a much higher rotational speed. The holes in the two discs overlap at many points

depending on the rotation of the high speed disc and one of these points overlaps with the

beam aperture. Thus the beam aperture is open onto the chamber only for the duration it

takes for the high speed disc to sweep across it. All the other times when the high speed disc

overlaps with the beam aperture, it is obscured by the slow disc. Although this scheme is

very effective for limiting the time the diode enclosure is in communication with the chamber,
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it is complicated and would be prone to failure in the severe environment of a fusion reactor.

Further, we have found that a single disc rotating at a slow rate can perform the function

of isolating the two environments and be much more reliable.

6.1.2. Single Rotating Discs

The scheme adopted for LIBRA-SP has a single rotating disc with a radius of 25 cm

and a 2 cm diameter hole located at a radius of 20 cm. The disc rotates at a frequency

equal to the rep-rate of the reactor and the time the beam aperture is open is determined

by rotation frequency and the radius at which the hole is located from the shaft. Using the

disc parameters and a rep-rate of 3.9 Hz, the time it takes for the hole in the disc to sweep

across the beam aperture is 8.2 ms and the beam aperture is fully open at 4.1 ms.

The beam, after passing through the beam aperture, travels down a tube 150 cm long,

which puts it beyond the limit of the blanket composed of PERIT tubes, and then travels

through open space to the target at the reactor center. This tube plays a major role in the

dynamics of the chamber gas. Its conductance limits the access of gas from the chamber

thus minimizing the total amount ingested during the time the beam port is open.

6.1.3. Modeling the Problem

Figure 6.1 is a schematic of the system, showing the diode enclosure connected to the

beam tube through the beam aperture. The rotating disk is shown with the hole 180◦ from

the beam aperture. It is entirely enclosed in the space between the diode and the beam tube

which is sealed to the diode enclosure. This means that gases which fill the disc enclosure

can only come through the beam tube.

Figure 6.2 is a plot of the overlapped aperture area and the cumulative area time

product as a function of time. This cumulative area-time product curve will be used in

computing the effective conductance of the beam aperture. The conductance of the system

is the sum of the inverse of each individual conductance if they are located in series. This will

be done for the first 4.1 ms of the beam aperture opening when the pressure in the reaction

chamber is low, and for the second 4.1 ms, after the pulse, when the chamber pressure is high.
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Figure 6.1. Schematic of diode/chamber interface.

The total throughput is the sum of the gas leakage over the 8.2 ms. This throughput raises

the pressure in the diode enclosure and must be evacuated back to 10−4 torr in ∼ 250 ms

before the next pulse arrives.

6.1.4. System Conductances

The conductance of a cylindrical tube in the viscous flow regime is expressed as [1]:

C =
r4(p)

1.91ηL
�/s

where r is the tube radius in cm, p is the average pressure in torr, η is the gas viscosity in

poises (g/cm·s) and L is the tube length in cm.

The pressure in the reaction chamber prior to the pulse is 0.52 torr (consistent with

an atom density of 7 × 1015/cm3 at T = 770 K), the pressure in the diode enclosure is

10−4 torr, which gives the average pressure p of 0.26 torr. Viscosity of He gas at 770 K is

3.94 × 10−4 poise and is independent of pressure, and the tube length L is 150 cm. The

beam tube conductance is:

Cbt =
(1)4(0.26)

(1.91)(3.9 × 10−4)(150)
= 2.3 �/s .
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The beam aperture changes with time as the hole in the disc overlaps with it. To calculate

an equivalent constant aperture we make use of the area-time product curve in Fig. 6.2. At

4.1 ms the cumulative area-time product is 5.5 cm2ms which is an equivalent area of 1.34 cm2

or an aperture radius of 0.65 cm. The conductance of an aperture in the viscous flow regime

is [1]:

C =
1.142 × 10−2r2

η(1 − p1/p0)
�/s

where p0 is the source pressure and p1 the sink pressure in torr. The conductance of the

aperture is then:

Ca =
1.142 × 10−2(0.65)2

3.9 × 10−4(1 − 10−4/0.52)
= 12.25 �/s .

The conductance of the system consisting of the tube and aperture, which are in series

is:

1

Cs

=
1

Cbt

+
1

Ca

and

Cs =
CbtCa

Cbt + Ca

=
(2.3)(12.25)

2.3 + 12.25
= 1.94 �/s .

The same procedure is followed for determining the conductances after the pulse, the

remaining 4.1 ms when the pressure and temperature in the chamber rise, and the He gas

viscosity also rises as a result of the higher temperature.

The target yield is 589 MJ, of which 34%, or 200 MJ, is in x-ray and ion debris, which

when deposited in the gas raises the pressure in the chamber to 260 torr. Although this

pressure does not last the full 4.1 ms, we will use it to make the calculation conservative.

Under these conditions the equivalent conductance of the system is 6.93 �/s.

6.1.5. Required Pumping Speed

Using the conductances determined above we can now calculate the throughput which

is ingested into the diode enclosure during the 8.2 ms. In the first 4.1 ms, the throughput is:

(1.94 �/s)(0.52 torr) = 1.0 torr �/s

6-5



and the total quantity is

1.0 torr �

s

(
4.1

1000

)
s = 4.1 × 10−3 torr � .

In the second 4.1 ms the throughput is:

(6.93 �/s)(260 torr) = 1802 torr �/s

and the total quantity is 7.39 torr �. It is estimated that the volume of the diode enclosure is

1.7×105 cm3 or 170 liters. The pressure rise in the diode enclosure is 7.39 torr �
170 �

or 4.3×10−2 torr.

The vacuum pump capacity must reduce the pressure from 4.3 × 10−2 torr to

1×10−4 torr in <256 ms. The capacity will be based on 230 ms. The equation for determining

pumping speed is:

S =
V

t
ln p1/p2

where S is pump speed in �/s, V the enclosure volume in liters, t is time in seconds, p1 is

initial pressure and p2 is final pressure. The pump speed is:

S =
170

0.23
ln

4.3 × 10−2

1 × 10−4
= 4482 �/s .

Each diode will need a pump of such capacity close coupled to it, to maximize the

conductance in the coupling joint. Pumps of such capacity are readily available, utilizing

turbomolecular units backed up by roots blowers. Table 6.1 gives the parameters of the

diode evacuation system.

6.2. Neutronics Analysis

Radiation damage to the sensitive components of the diodes is affected by the

detailed geometrical configuration and neutron streaming through the ports. A multi-

dimensional neutronics calculation is required to properly model the complicated geometrical

configuration. However, at this time, the detailed reference diode design is not well defined.

A schematic of a preliminary diode design is shown in Fig. 6.3. Hence, preliminary one-

dimensional neutronics calculations have been performed to estimate the expected damage

levels in the diode components.
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Table 6.1. Diode Vacuum System Parameters

Initial He atom density in chamber (#/cm3) 7 × 1015

Initial chamber pressure in chamber (torr) 0.52

Pressure in chamber after a pulse (torr) 260

Volume of reaction chamber (m3) 2325

Pressure required in diode enclosure (torr) 10−4

Volume of diode enclosure (m3) 0.17

Diode beam aperture diameter (cm) 2.0

Diameter of beam tube (cm) 2.0

Length of beam tube (cm) 150

Rotating disc diameter (m) 0.5

Hole in the disc is at a radius of (m) 0.2

Rep-rate of reactor (Hz) 3.9

Rep-rate of disc (Hz) 3.9

Pressure rise in diode enclosure (torr) 4.3 × 10−2

Pump capacity for each diode (�/s) 4500

Several conservative assumptions are made to give an upper bound conservative

estimate. The calculations have been performed in spherical geometry representative of

the blanket and reflector dimensions at the reactor midplane. Because of the cylindrical

configuration of the chamber, more shielding will be provided for the diodes which are

placed at angles above and below the reactor midplane. In addition, the model used in

the one-dimensional calculation assumes that the diode is located right at the back of the

reflector at a distance of 5.7 m from the target. The radiation damage will be lower if the

diodes are located farther from the target. The results presented here are normalized to the

DT fusion power of 2285 MW.
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The diode components most sensitive to radiation damage are the diode casing and

the magnets. The diode casing is assumed to be made of the ferritic steel alloy HT-9. In

this study, we adopted a conservative end-of-life dpa limit of 150 dpa for HT-9. In the

normal magnet, we are concerned with both electrical and mechanical degradation of the

ceramic insulation and the electrical resistivity of the copper conductor, resulting primarily

from neutron-induced transmutations. An additional irradiation problem is radiolytic

decomposition of the water coolant, leading to corrosion and erosion product formation.

Among the most important mechanisms mentioned above, only one was found during

the MARS [2] study as lifetime limiting for the normal magnet, namely the neutron-induced

swelling in the ceramic insulator. Among the common ceramic insulators that are used in the

normal magnets, spinel (MgO·Al2O3) is of particular interest in the high-neutron-irradiation

environment because of the superior absence of swelling in this insulator. Assuming that a 3

vol.% neutron induced swelling in polycrystalline spinel can be accommodated in the normal

magnet structure without causing stress problems, the neutron-fluence limit for the use of

solid-polycrystalline spinel is 4 × 1022 n/cm2 (E > 0.1 MeV) in the temperature range 100

to 300◦C.

The peak dpa and helium production rates in the HT-9 diode casing located behind

the chamber at a distance of 5.7 m from the target are 0.06 dpa/FPY and 0.0006 He

appm/FPY, respectively. The end-of-life dpa in the diode casing is, therefore, only 1.8 dpa for

30 FPY. This is a factor of 83 lower than the design limit. This implies no diode replacement

is needed based on damage to the casing. However, this represents a lower bound estimate

for casing damage since no contribution from streaming neutrons is included. Although

the casing is entirely behind the chamber and no part of it will be exposed to the direct

source neutrons from the target, neutrons streaming into the diode through the port will

interact with the magnets and other diode components resulting in a backscattered secondary

neutron component that enhances damage in the casing. A very conservative estimate for

casing damage can be obtained by performing the calculation without any material between

the target and the diode casing at 5.7 m radius. This results in a dpa rate of 30 dpa/FPY
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implying 5 FPY diode casing lifetime. Again this is a very conservative damage estimate

since the diode casing is completely out of the direct line-of-sight of source neutrons and

the actual dpa rate in the casing should only be slightly larger than the 0.06 dpa/FPY with

the full shield in place and it is expected that damage to the diode casing will not limit the

diode lifetime. This needs to be confirmed by detailed multi-dimensional calculations.

It is clear from Fig. 6.3 that some magnets will be in the direct line-of-sight of source

neutrons. For this reason, two calculations were performed to determine the fast neutron

fluence per FPY at the magnet in both cases with and without the blanket and reflector

placed between the target and the magnet. In these calculations, the conservative assumption

that the magnet is located at 5.7 m from the target was also made. The fast neutron fluence

per FPY at the magnet behind the chamber is 1.67× 1020 n/cm2 and the end-of-life fluence

will be 5 × 1021 n/cm2 after 30 FPY. This is a factor of 8 lower than the design limit for

the spinel insulator. On the other hand, the fast neutron fluence per FPY at the magnet in

the direct line-of-sight of source neutrons is 6.4 × 1021 n/cm2 implying a 6.25 FPY lifetime.

Again, this is a very conservative estimate particularly for magnets located away from the

direct line-of-sight of source neutrons which are expected to last for the whole reactor lifetime.

However, several replacements might be needed for magnets located along the direct line-

of-sight of source neutrons. These results need to be confirmed by performing a detailed

multi-dimensional neutronics calculation once the reference diode design gets well defined.
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