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ICRP International Commission on Radiological Protection
D Indirect Drive (target)

IDLD Indirect Drive, Laser Driven (targets)

IDLH Immediately Dangerous to Life or Health

IDPR IFE Experimental Power Reactor

IEEE Institute of Electrical and Electronic Engineers
IEPR IFE Experimental Power Reactor

IFE Inertial Fusion Energy

IFERDS Inertial Fusion Energy Reactor Design Study
ILSE Induction Linac System Experiment

IS Inherent Safety

] Induced Spatial Incoherence

ISR lon Storage Ring

ISS Isotope Separation System

m Impurity Treatment

ITER International Thermonuclear Experimental Reactor
IVVS In-Vessel Vehicle System

JAERI Japan Atomic Energy Research Institute

JET Joint European Torus

KfK Kernforschungszentrum Karlsruhe

LA Large Aperture

LAM Large Aperture Module

LANL Los Alamos National Laboratory

LBL Lawrence Berkeley Laboratory

LD Laser Driver or Driven

LIA Linear Induction Accelerator

LIACEP Linear Induction Accelerator Cost Evaluation Program
LIBRA Light lon Beam Fusion Reactor Conceputal Design Study
LINAC LINear ACcelerator

LLE Laboratory for Laser Energetics

LLNL Lawrence Livermore National Laboratory

LLW Low Level Radioactive Waste

LMF Laboratory Microfusion Facility

LOCA Loss of Coolant Accident

LOE Level Of Effort

LOFA Loss of Flow Accident

LRO Local Raman Oscillator

LSA . Level of Safety Assurance

LTA Long Term Activation

LTE Local Thermodylnamic Equilibrium

Lv Low Voltage

M Blanket or Nuclear Power Multiplication

MARS Mirror Advanced Reactor Study

MB Muttiple Beam

MBL Muitiple Beam Linac

MCF Magnetic Confinement Fusion

MD Molecular Dynamics

MDA McDonnell Douglas Aerospace

MDESC McDonnell Douglas Electronic Systems Company
MDMSC McDonnell Douglas Missile Systems Company
MFE Magnetic Fusioin Energy

MHD Magneto-Hydrornanmic
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MINIMARS Mini-Mirror Advanced Reactor Study

MOPA Master Oscillator Power Amplifier

MPC, Maximum Premissible Concentration in Air

MSM Master-Slave Manipulator

MTA Maintainability Task Analysis

MTBF Mean Time Between Failure

MTTR Mean Time To Repair

MUF Mass Utilization Factor

MV Medium Voltage

NASA National Aerospace and Space Administration

NECDB Nuclear Energy Cost Data Base

NET Next European Torus

NIOSH National Institute for Occupational Safety and Health

NLO Non Linear Optical

NMFECC National Magnetic Fusion Energy Computer Center

NPB Neutral Particle Beam

NPBIE Neutral Particle Beam Integrated Experiment

NPR New Production Reactor

NPRD Non-electricai Parts Reliability Data

NRC Nuclear Regulatory Commission

NRF Neutron Reflection Factor

NRL Naval Research Laboratory

OEL Optimized Excimer Laser

OFE Office of Fusion Energy

ORNL Oak Ridge National Laboratory

PC Pulse Compression

PF Pulse Forming

PFL Pulse Forming Line

PFN Pulse Forming Network

PHA Preliminary Hazards Analysis

PKA Primary Knock-on Atom

PPPL Princeton Plasma Physics Laboratory

PRA Preliminary Risk Analysis

PRF Pulse Repetition Frequency

PSA Pressure Swing Adsorption

PWR Pressurized Water Reactor

PVA PolyVinyl Acetate

R&D Research and Development

RA Resonance Absorption

RA Resonant Absorption

RAC Raman Accumulator Cell

RADS . Recirculating Air Detritiation System

RAM Reliability, Availability, Maintainability

RCRA Resource, Conservation, and Recovery Act

RCS Replacement Collision Sequences

RECON A UCLA Heat and Mass Transter Computer Model

RF Radio Frequency

RHR Reactor Heat Removal

RMCS Remote Manipulator and Control System

RMS Remote Monitoring System

RMSD Remote Manipulator Systems Division (SPAR)

RPE Reactor Plant Equipment

RPM Revolutions Per Minute

RR Repetition Rate

RT Rayleigh-Taylor (instability)

RT Room Temperature
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ABBREVIATIONS AND ACRONYMS (CONT.)

SB Single Beam

SBFEL Space-Based Free Eleciron Laser

SBL Single Beam Linac

SBS Stimulated brillouin Scattering

SCR Silicon Controlled Rectifier

SDi Strategic Defense Intitative

SDIO Strategic Defense Intitative Organization
SENRI A Japanese Fusion Reactor Design Study
SEP Socie'te' Europeenne de Propulsion

SIRIUS A Symmetric Direct Drive Laser Fusion Reactor Study (Univ of Wisc)
SLAC Stanford Linear Accelerator

SNL Sandia National Laboratories

SOLASE Experimental Inertial Reactor Study (at Univ of Wisc)
SOwW Statement Of Work

SP Single Pulse

SPAR Spar Aerospace, Lid

SPTF Single Pulse Test Facility

SRRS Stimulated Rotational Raman Scattering

SRS Stimulated Raman Scattering

SSC Superconducting Super-Collider

SSTI Single-Sided Target Irradiation

STEM Storage Tubular Extendible Member

STP Standard Temperature and Pressure

TARM Telescoping Articulating Remote Maniupulator
TBCCWS Turbine Building Closed Cocling Water System
TBR Tritium Breeding Ratio

TCPSA Thermally Coupled Pressure Swing Adsorption
TCPSA Thermaily Coupled Pressure Swing Adsroption
TDRF Threshold Dose Release Fractions

TEXTOR Tritium Experiment for Technology Oriented Research
TFTR Tokamak Fusion Test Reactor

TPD Two Plasmon Decay

TPR Tritium Preduction Rate

TRIUMF Tri-University Meson Facility

TRM Total Remote Maintenance

TSA Thermal Swing Adsorption

TSDS Tritium Storage and Delivery System

TSTA Tritium System Test Assembly

TVD Total Variation Diminishing

TWA Time Weighted Averages

™1 Target Debris-Wall Interaction

™G - . Target Working Group

UCLA University of California at Los Angeles

UHS Ultimate Heat Sink

us United States

uv Ultraviolet

VLS Vapor-Liquid-Solid

VPCE Vapour Phase Catalytic Exchange

VS Ventilation System

WD Water Distillation

WD Water Detritation System

WJSA W.J. Schafer Associates

XDL Times Diffraction Limit

z8 Zoomed Spot
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CHAPTER 3
OBJECTIVES, REQUIREMENTS, AND ASSUMPTIONS

3.1 Intreduction

The primary objective of the Prometheus study is to develop two conceptual designs of
a commercial fusion electrical power plant based on inertial confinement, one with KrF
Laser Driver (Prometheus-L) and the other with Heavy lon Beam Driver
(Prometheus-H). In addition, the study emphasized the following goals.

+ State-of-the-art advancement of inertial Fusion Energy (IFE) power plant design

» Assessment of inertial power production including technical feasibility,
economics, safety, and environmental aspects

+ Identification and characterization of key technical issues including R&D
requirements to resolve each issue

+ Comparison of the two IFE reactor design concepts

» Development of information necessary to compare the IFE designs to other
concepts based on Magnetic Fusion Energy (MFE).

In order to meet the above objectives and goals, it was necessary to develop a set of
requirements and guidelines based on (1) recommendations by an Oversight
Committee’ commissioned by DOE, and (2) study management effort. The Oversight
Committee, chaired by Ronald Davidson (PPPL), had two working groups, one chaired
by Robert Krakowski (LANL) responsible for guidelines as to the study approach and
content, and the other chaired by Roger Bangerter (LBL/LLNL) responsible for
developing unclassified guidelines? for the target information. These guidelines were
developed for the Prometheus team and a parallel study team led by W. J. Schafer
Associates. The study management refined and augmented the Oversight Committee
guidelines based on the project specific needs.

This chapter discusses the important requirements and guidelines adopted in the
course of the study. The current data base for IFE is not sufficient to fully develop a
complete conceptual reactor design and accurately predict its performance; therefore,
assumptions were made where knowledge gaps exist. These assumptions were
carefully made after consultation with experts and are summarized in this chapter.

3.2 General Guidelines

* The IFE reactor plant is to serve as a commercial central station electric power
plant. The only product is electricity.

» The reactor is operated on the deuterium-tritium fuel cycle and must satisfy
tritium self-sufficiency conditions assuming a mature fusion power economy.

McDonnell Douglas Aerospace
Use or disclosure of data
subject 1o tlitle page restriction 3- 1



INERTIAL FUSION ENERGY MDC 92E0008, Vou. Il
ReEACTOR DESIGN STUDIES MARCH 1992

» The design is for tenth-of-a-kind commercial power plant. Thus, the machine
performance will be highly predictable and it will have resulted from an extensive
R&D program and utility operating experience from earlier plants. This also
implies that the development costs have been amortized over prior plants.

» The net electric power output of the plant is 1000 MW. The power level of the
plant affects the economics and is important to the utility’s ability to finance. The
smaller size (e.g., 500 MWe and below) is easier to finance, construct, and
incorporate into existing grids but the cost of electricity will be higher. The
economy of scale is important for both magnetic and inertial fusion reactors,
albeit for different reasons. For example, tokamaks have a minimum size
dictated by plasma burn and ignition considerations. In IFE reactors, a larger
size is typically more economical because drivers represent a significant fraction
of the Cost of Electricity (COE) and the strong dependence of gain on driver
energy. The study adopted 1000 MW net electric power as a nominal size for
comparison purposes with previous and ongoing MFE and IFE reactor design
studies.3-9 Assessments of the advantages of the larger and smaller sizes will
be made.

« The design will have a single generating unit at the site. The target factory will
be included in the power plant description.

» The data base used in the design will need to be extrapolated in riiany areas of
physics, technology, and economics. For the purpose of this extrapolation, the
plant is assumed to start operation in the year 2040-2050 time frame; thus, the
data base should be that available in the period 2030-2040. It is difficult to
extrapolate to such a distant future and such extrapolations will necessarily
involve judgment that varies among experts. The designers are asked to: (a)
strive for a balance between credibility and attractiveness; (b) be consistent with
assumptions made for MFE where similar conditions prevail (for example, the
development of a particular structural material such as SiC has to assume the
same probability of success in MFE and IFE subsystems experiencing the same
environment. In contrast, if different conditions can lead to different probabilities
of success for MFE and IFE, such conditions will have to be delineated); and (c)
assumptions on extrapolation and probable outcome of R&D should be clearly
documented. The study should identify the key feasibility issues and assess, for
each major reactor system, the development program that is needed to advance
the physics and technology from its present status to the status that is required
for the performance of that system as specified in the design. This assessment
should attempt to quantify the magnitude of the extrapolations involved relative
to prior advances. An evaluation of the role of the IFE Defense Program and the
ongoing MFE Program in resolving these issues is needed.
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» The plant lifetime is 40 years for engineering design and 30 years for economic
analysis.

» The construction time is assumed to be six years.

+ The power plant availability is very difficult to predict because of the lack of a
data base for both IFE and MFE designs. At present, the logical approach is to
define “goal” availability consistent with current experience from other types of
existing power plants and to make an effort to quantify the requirements on
component lifetimes and maintenance as well as the R&D to achieve such a
goal. The following goals are suggested. Assume an overall plant availability
goal of 75% as a “base case.” This is consistent with availability factors attained
on the average in the nuclear industry. A commonly used goal for PWR designs
is 80%. Current practice in many power plants calls for an annual shutdown for
about 30 days to perform maintenance and inspection. This 30-day period can
be used for scheduled maintenance simultaneously on both the reactor and
balance of plant. Furthermore, present data indicate that 20 days downtime per
year is caused by failures in balance of plant. Given a 75% overall plant
availability implies a total downtime of 91 days per year. The 91 days can be
allocated as 30 days for annual scheduled maintenance on both the reactor and
balance of plant, 20 days for unscheduled maintenance on balance of plant, and
41 days for unscheduled maintenance on the reactor.

The following is a summary of recommendations on “base case” availability.

Downtime Allocations for an Overall Plant Availability Goal of 75%
Reactor Balance of Plant
Scheduled Unscheduled Scheduled Unscheduled
30 41 30 20

- Differences in the achievable availability between Laser- and Heavy lon-Driven
reactors are expected. Also, one would anticipate differences between IFE and
MFE reactors. These differences will be identified and their impact on the
achievable availability and/or the required R&D program will be quantified. This
impact will be assessed at least comparatively relative to the “base case.”

* The study will perform and document tradeoff studies for key design choices, for
example, direct versus indirect drive targets. The study will also analyze and
document the impact of key design assumptions and extrapolations in physics,
technology, and economics; for example, target gain and target cost.
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. Studies to evaluate the sensitivity of power plant figures of merit (e.g. COE,
safety features, attractiveness, cost of R&D) to variations in key design
assumptions are encouraged.

. The limitations on the resources for the study dictate a focused approach that will
emphasize key IFE reactor components such as target, driver, cavity, and fuel
cycle. The effort on the balance-of-plant and other areas that are similar in many
respects to MFE should be limited. The study will also devote some special effort
to those technical areas that affect the comparative evaluations where previous
effort was limited; for example, fuel cycle modeling analysis, evacuation of the
reactor chamber, tritium and debris recovery, material recycling, and final optics
design.

. Generating data sufficient to compare IFE designs with different drivers and to
compare IFE to MFE is an important part of the study. Designers of each
subsystem must provide the information specified in the Evaluation
Methodology.

3.3 Target and Driver Guidelines

The requirements and the design of all systems, except perhaps the BOP, are strongly
influenced by target physics and design. Most target designs and performance data
are classified. The charter to do classified target physics and design resides at

Los Alamos National Laboratory (LANL), Lawrence Livermore National Laboratory
(LLNL), Sandia National Laboratories (SNL), and KMS Fusion. This study is to
accomplish its objectives based on unclassified information. The Target Working
Group? (TWG) has provided the study team with unclassified information and
requirements on capsule designs, target gain, and driver performance and coupling to
the target. The target designs encompass both direct and indirect drive targets for a
range of physics assumptions from conservative to optimistic, consistent with
extrapolations to the 2030-2040 time frame.

3.3.1 Target Factory - Targets are currently hand-crafted for a few shots per day.
For econornical power production, the cost of targets must drop many orders of
magnitude and the production rate must be increased to about 105-106 targets per
day. Therefore, mass production techniques must be introduced. These
extrapolations in cost and production rates are sufficiently large that, despite some
excellent previous studies, large uncertainties remain. It is important to reduce the
uncertainties since target production costs appear to contribute significantly to total
COE. Therefore, the studies must continue to address this issue, with prototype
development of actual target fabrication facilities.
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The most recent and complete DOE-supported study of target costs was performed for
the Heavy-lon Fusion Systems Assessment.6.9 Since the completion of this study,
there has been somie evolution in target design and substantial progress in hand-
crafted target fabrication techniques. Furthermore, some of the newer target
fabrication techniques appear suitable for mass production; therefore, continuing
studies are needed. The studies must include conceptual techniques for fabricating
the targets and must be performed by a group that includes individuals with industrial
experience and demonstrated expertise in the mass production of small, high
precision components. These individuals must be familiar with advanced
manufacturing R&D. Also, target inventory and shelf life and tritium inventory,
handling, and control must be addressed. Target factory development needs must be
detailed. '

The target factory must be on site and financially possible. The maximum allowable
cost per target for an IFE plant to be economically competitive can be derived from
simple arguments. The presently projected COE from an IFE plant may exceed that
from conventional and nuclear power plants because of the presence of large
expensive reactor components such as the driver. Therefore, the cost of the targets
should be no more than about 10% of the busbar COE for an IFE plant. At present, a
reasonable goal for the busbar COE is 5¢/kWh. For a power plant with a net electric
power output of 1000 MW, the cost of energy per day is $1.2 million. With the 10%
assumption, the maximum allowable cost for the targets is $0.12 million per day. For a
pulse repetition rate of about 6 per second, the number of targets required is about
0.52 million targets per day; therefore, the total cost per target should not exceed about
23 cents per target. This is the suggested maximum cost per target including
materials, fabrication, and delivery.

3.3.2 Direct-Drive KrF Laser Target and Driver - Direct-drive KrF target
designs are relatively mature as they have undergone a number of iterations with
respect to issues associated with hydrodynamic stability, effect of long-wavelength
drive nonuniformities, and laser energy coupling. However, these direct-drive (DD)
targets have not been tested at anything resembling IFE reactor-level laser energies.
Current DD target experiments are being conducted at laser energies three orders of
magnitude below the ~4 MJ Prometheus-L design. The gain curves for directly driven
laser targets are given by the TWG in Figures 3.3-1 and 3.3-2. The direct-drive target
described in this report is similar to the target used in determining the gain curves.

The gain curves for the direct-drive target were based on an unclassified code
(University of Rochester). The curves in Figure 3.3-1 assume that the laser focal spiot
radius is constant in time and equal to the target radius. Also assumed is a spatial
intensity profile described by sin2x/x2. Because detailed target designs are not
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Figure 3.3-1. Gain as a Function of Energy for Directly-Driven Laser Targets?
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available to this study, we have assumed the well-known hydrodynamic scaling laws
to obtain the focal spot radius, (i.e., assume the radius scales as E_ /3 (where E| is
laser energy)). Using a radius of 2.8 mm at 4 MJ has allowed us to compute the
coefficient of the gain curves. Similarly, we assumed the peak power scales as E| %3,
We then used a peak power of 500 TW at 4 MJ to get the value for gain curve
coefficient. The curves in Figure 3.3-2 assume that the focal spot radius is "zoomed"
so that it remains equal to the critical surface throughout the implosion. Detailed
guidelines are provided below for the cases in Figure 3.3-1; i.e., for a laser focal spot
radius that is constant in time. In Figures 3.3-1 and 3.3-2 the gain curves are shown as
a band to represent the current "level of risk" understanding associated with
hydrodynamic stability issues. The upper curve represents the optimistic case while
the lower curve represents the conservative case. For the purpose of this study, the
base line gain should be taken to be the arithmetic mean of the optimistic and
conservative curves.

lllumination uniformity requirements were provided by the TWG for the designs
represented in Figure 3.3-1. The requirements are summarized as follows:

(a) A minimum of 60 beams is required and the initial focal spot radius should
equal the radius of the capsule.

(b) Power balance must be better than about 5% rms for 1% rms illumination
uniformity.

(c) Random beam mispointing must be less than 0.1 of the capsule radius to
obtain better than about 1.2% rms illumination uniformity.

(d) Capsule mispositioning with respect to the center of the chamber must be less
than 0.1 of the capsule radius in order to maintain the nonuniformity below
1% rms.

(e) The required level of individual beam uniformity is difficult to specify accurately
at present. Some form of beam smoothing technique is required (asymptotic
level of illumination nonuniformity will have to be less than about 1% rms), and
smoothing (or averaging) times will have to be as short as possible (less than
about 10-20 picoseconds).

Details of the illumination uniformity requirements are provided below.

McDonnell DOUGIES Aerospace
Use or disclosure of data
subject to tile page restricion 3-7



INERTIAL FUSION ENERGY MDC 92E(G008, Vou. Il
ReAcTOR DESIGN STUDIES MARCH 1992

liumination Uniformity Requirements for Direct-Drive KIF - The near-field laser beam

irradiation pattern on the capsule can be represented as the product of two factors:

(1) a single-beam factor that depends on the focusing geometry, the f-number of the
lens, the capsule conditions, and the individual beam profiles; and (2) an interbeam
interaction factor that is determined by the number, orientation, synchronization,
polarization, and bandwidth of the individual beams about the capsule and the energy
or power imbalance between the beams. (The balance-of-time, integrated, individual
beam energies do not preclude the occurrences of instantaneous differences in
intensity between beams at different times in the pulse.)

Number of Beams and Focal Spot Radius - Figure 3.3-3 illustrates the predicted rms

irradiation nonuniformity on the capsule for 24-, 32-, 60-, and 96-beam irradiation
configurations. The individual beam radial-beam profiles in all cases are assumed to
be sin2x/x2 characteristic of the intensity envelope produced by distributed phase
plates. This intensity distribution function is, however, characteristic of far field
diffraction from a rectangular aperture and is inconsistent with the near-field laser
illumination scenario. All of the beam configurations provide adequate uniformity at a
focal ratio (beam radius at the 5% intensity point divided by the capsule radius) of ~1
(tangential focus). However, as the capsule implodes, this ratio increases due to the
inward motion of the critical surface. By the time the laser pulse has finally turned off,

Start of puise End of pulse

< Profile ~ sin?x/x2

T s Energy imbalance = 0%  _
8 ’ Mispointing = 0%

€
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2 10 -
c 24
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S oS5 2 _
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° 96
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Figure 3.3-3. lIrradiation Non uniformity (c rms) as a Function of Focus Ratio
for 24-, 32-, 60-, and 96-Beam Geometries, assuming a
Smooth sin?x/x2 Radial Beam Profiles.1
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the focal ratio typically doubles. From Figure 3.3-3, clearly a minimum of 32 beams is
required to obtain a high level of uniformity over the duration of the laser pulse.
However, when issues associated with other contributions to illumination
nonuniformity are included, it is found that a 32-beam system requires much more
control over power balance and beam mispointing than a system with more beams.
Therefore, in terms of stating a requirement on the number of beams and their focal
spot radii, a minimum of 60 beams is required and the initial focal spot radius should
equal the radius of the capsule. As to the beam placement, assuming that the

60 beams are symmetrically disposed about the capsule is a good first approximation.

Power Balance and Beam Alignment - The effects of beam (power) imbalance and
beam alignment on capsule performance result in temporally varying illumination
nonuniformities with spectral magnitudes that vary with time. Analysis has shown that
these illumination nonuniformities produce mainly low-order modes (I < 6). Two-
dimensional simulations of designs representing the upper gain curve have shown
that the | < 6 modes must have amplitudes less that 1-2% (rms). Using this
requirement, an estimate of the power imbalance and beam alignment (mispointing)
can be obtained. Figure 3.3-4 shows that a 60-beam system requires power balance

Start of pulse End oi pulse
_ 2.0 \ # \—I
; ll \ 32 beams 5%
E ‘ B
S 1511 Power
= ‘ Imbalance
[ =4 | e
3
c |
] | |
Z 10 5%
S |
£ \
£ \ 60 beams
E o5 -
= \ - 0%
- \ -
E \ -
° 0.0 r—— ! |
05 10 15 2.0 25
TC2520 Beam Radius/Target Radius

Figure 3.3-4. Irradiation Non uniformity (c rms) as a Function of Focus Ratio for 32 and
60 Beams, assuming a 5% Power Imbalance and Smooth sin2x/x2 Radial
Beam Profiles. The dashed line is the reference o rms for 5% rms
power imbalance for the 60-beam system.?
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which must be better than ~5 rms for 1% rms illumination nonuniformity for 1 <1< 6.
The amount of beam mispointing that can be tolerated is shown in Figure 3.3-5. The
rms nonuniformity is plotted as a function of the maximum beam mispointing,
measured in terms of the target radius. The mispointing is chosen to be random in
maghnitude (up to the maximum indicated) and random in direction; the error bar
indicates the spread in values that is obtained for different sets of pointing errors at a
given maximum. For a 60-beam system, a random mispointing of 0.1 of the capsule
radius will result in ~1.2% rms illumination nonuniformity. The calculations in

Figure 3.3-5 assume perfect power balance. The combined results of power
imbalance and beam mispointing add in quadrature.

2.5 T 1 T I T

Profile ~ sin2x/x2
2.0 — Energy imbalance = 0%
Tangential focus

1.0 60 beams

0.5

oems |rradiation Nonuniformity (%)

0.0 1 1 s | L
000 002 004 006 008 010 0.12

Random Beam Mispointing
(maximum fraction of target radius)

TC2521

Figure 3.3-5. Effect of Beam Pointing Error on Irradiation Non uniformity for 32- and
60-Beam System. A smooth sin2x/x2 radial beam profile is assumed.!

Capsule Positioning - Uniformity calculations indicate that the capsule mispositioning
with respect to the center of the chamber must be less than 0.1 of the capsule radius in
order to maintain the nonuniformity below 1% rms. These calculations did not take
into account the time dependent effects on the capsule drive of the energy that misses
the capsule due to its miscentering. This would depend on the particular capsule
design and the pulse shape under consideration.
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Individual Beam Uniformity - The required level of individual beam uniformity is still an

area of active research. It is difficult to give a precise answer as to the uniformity
requirements because capsule performance is affected by both the magnitude of the
nonuniformity as well as the modal content of the resulting beam overiap pattern.
Some form of beam smoothing technique will be required, and smoothing (or
averaging) times will have to be as short as possible (tens of picoseconds). Therefore,
since this study is limited to a KrF laser system, some form of induced spatial
incoherence (ISI) beam smoothing may have to be employed. As an estimate of the
level of illumination uniformity required, initial calculations indicate that the asymptotic
level of illumination nonunitormity will have to be <1% rms and that the averaging
times must be less than 10-20 ps.

3.3.3 Indirect-Drive KrF Laser Target and Driver - Target gain, using
indirectly driven capsules for inertial fusion energy production, will be a function of a
large number of variables, including laser geometry, focusability, pointing accuracy,
wavelength, and possibly beam smoothness and bandwidth, as well as target
performance determined by such effects as hydrodynamic instabilities and plasma
physics effects in hohlraums. Most of these effects are coupled and a system
optimization must be carried out to determine the best set of operating conditions.
Since most of the target physics is classified, many of the choices that go into any
particular set of gain curves must remain classified. Figure 3.3-6 shows two gain
curves that we believe span the range of target gains likely to be achievable using
standard capsule and hohlraum designs. The lower curve is based on detailed target
design studies carried out for the Department of Energy Defense Programs LMF
(Laboratory Microfusion Facility). This gain curve is consistent with an extrapolation to
the megajoule scale of all current data. This curve represents the present best
estimate of the gain that would be achieved in a first-of-a-kind experimental high gain
facility. The higher gain of the upper curve results from an increased coupling
efficiency that we believe can be achieved after optimization of both the laser-plasma
interaction effects and the target geometry. Advanced target designs could have gains
of about a factor of two higher than the upper curve. These designs have increased
physics uncertainties and have been less thoroughly analyzed than our baseline
designs; however, for these studies the enhanced performance curve should be used
as the base case. The LMF baseline curve is the conservative case. The enhanced
performance curve should be multiplied by 2 to give the more optimistic case called for
in the Guidelines; however, the optimistic case should not be used for laser energies
less than 2.5 MJ. Figure 3.3-7 shows the peak power requirements for the two gain
curves in Figure 3.3-6. The power curve for enhanced hohiraum performance may be
used for the optimistic case. About 70% of the total energy is delivered during the
peak power part of the pulse. The rest is delivered in a precursor pulse that is

4-5 times the duration of the peak power pulse.
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Figure 3.3-7. Power as a Function of Laser Energy for Indirectly-Driven Targets?
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In order for the laser energy to be efficiently utilized, it is necessary that the laser beam
be capable of achieving a spot size that is nearly diffraction limited. It is also important
that the pointing errors be limited to a few microradians. A convenient way of stating
these requirements is to specify a focal spot within which the laser energy can be
delivered. Both gain curves in Figure 3.3-6 assume that all of the useful energy of
each beam can be delivered into a 1.5-mm diameter spot. This spot size includes both
the size of the focal spot and any pointing errors. All energy outside this spot will not
be useful in driving an implosion. However, this divergent energy could adversely
affect an implosion if it exceeds even 0.1% of the total energy. Plasma closure
phenomena can significantly affect the time-dependent delivery of laser energy to the
secondary targets within the hohlraum. In addition, both curves assume a laser
geometry similar to that being planned for the Nova Upgrade. The Nova Upgrade
laser plan calls for 288 independently pointed beams. The beams are distributed in
three or four rings of beams on each side of the target at angies between
approximately 30 and 60 degrees from the target axis. The large number of beams
allows great flexibility for achieving irradiation uniformity at the capsule while
complicating the beams' alignment problems. It also relaxes the instantaneous power
and energy balance requirements and allows an rms variation of 10% or more. It may
ultimately be possible to reduce the number of beams to a total ranging between 20
and 50. With a smaller number of beams, the power balance must be better than
about 5% and the gain may be lower. For these studies we recommend a minimum of
50 beams.

3.3.4 Indirect-Drive Heavy lon Beam Target and Driver

Target Performance - Figure 3.3-8 gives target gain as a function of driver energy, ion
range, and focal spot size for targets driven by two diametrically opposed beams or
beam clusters. The peak power requirements for these targets are given in

Figure 3.3-9.

The curves in Figures 3.3-8 and 3.3-9 should be considered the "base case."
Concepts exist that should give gains about a factor of two higher. Thus the gain can
be multiplied by a factor of two (only for cases with driver energies above the ~200 MJ
"knee" in the base case curves) to give a more speculative case. The power curves
remain unchanged for this case. For a lower limit, the gain should be multiplied by 0.7;
the power curves again remain unchanged.

lon range as a function of ion mass and kinetic energy is given in Figure 3.3-10.
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Figure 3.3-8. Target Gain for Indirect-Drive Heavy ions as a Function of
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Figure 3.3-9. Peak Power Requirements for Indirect-Drive Heavy ions as a
Function of Driver Energy, lon Range, and Focal Spot Size for
Targets Driven by Two Diametrically Opposed Beams?
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Figure 3.3-10. lon Range as a Function of lon Mass and Kinetic Energy?!

Pulse-Shape Precision. Power Balance, and Beam Alignment - As noted in the

previous section, there is considerable flexibility in pulse shape; however, once a
pulse shape is chosen, the power at any time during the pulse must be within 3% of its
nominal value. This requirement must be met for both beam clusters.

The center of each beam or beam cluster must be aligned within 10% of the focal spot
radius. If beam clusters are used and if the beam errors are statistically independent,
each beam can clearly have looser tolerances than the tolerance on the entire cluster.

Misalignment and imperfections in the beams and lenses may lead to some fuzziness
in the beam radius. If the conditions on power balance and centroid alignment are
satisfied, the effect of beam fuzziness can be estimated by using only that fraction of
the beam energy that falls in the focal spot radius when :sing Figures 3.3-8 and 3.3-9.
Thus, within limits, there is a trade-off between target gain and beam alignment and
radius.

3.4 Reactor Systems

The two drivers to be considered are the KrF excimer laser and the Heavy lon (H!)
beam. A design will be developed for each driver. Most of the key requirements on
the driver were specified earlier in discussing the requirements on target design
information.

The study should evaluate the technical issues and perform trade-off studies to select
among the options and design variables and to determine the performance for each
driver design. Key considerations include physics and engineering feasibility, cost,
efficiency, reliability, lifetime, safety, and environmental impact. Some of the selection
decisions that have to be made for the designs include: (1) direct versus indirect drive,
(2) pulse shape and number of beams for the KrF laser, (3) double- or single-sided Hl
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illumination, and (4) configuration and radiation protection schemes for the driver
systems (e.g., optics for laser).

In addition to the target and driver system discussed earlier, other reactor systems
included are the reactor chamber evacuation system, first wall and its protection
system, blanket, radiation shield, tritium system, and primary heat transport system.
The evacuation system provides for vacuum pumping of the reactor chamber between
pulses down to the pressure required for efficient transmittal of the driver beams to the
target. The function of the wall protection system is to absorb the x-rays, charged
particles, and target debris generated from the fusion reactions, target disintegration,
and interactions with the background gases in the reactor chamber. Depending on the
specific design, the amount of nuclear heating generated by neutrons and gamma
rays in the wall protection system can be a significant fraction of the energy of the
fusion neutrons. The function of the blanket is to breed tritium at the rate required by
tritium self-sufficiency condition and to convert the kinetic energy of neutrons and
associated gamma rays into sensible heat. The function of the tritium system is to
process tritium from the wall protection system, blanket, reactor chamber exhaust and
from other reactor components and to supply tritium to the target factory and to a
storage system. The function of the primary heat transport system is to transport the
recoverable heat from the blanket, wall protection, driver system, and from other
reactor components to the secondary energy conversion system.

These reactor systems have important technical feasibility issues and they greatly
influence the potential attractiveness of fusion reactors. The study should develop
viable engineering solutions that enhance the potential attractiveness of IFE reactor
power plant designs with respect to cost of energy, safety, and environmental impact.
Selection of the design for various components and the overall reactor configuration
should emphasize simplicity, reliability, and maintainability. Tradeoff studies and the
rationale for selection of materials and engineering design features should be
documented. Key technical issues and the R&D programs required to resolve these
issues must be identified.

These reactor systems in the IFE reactors will have similarities to, as well as
differences from, corresponding systems in MFE reactor designs. Applicable
experience and data base from MFE designs and R&D programs should be fully
utilized. Extrapolations required for materials and technology R&D to meet the
feasibility and attractiveness goals should be consistent with those assumed for MFE.

3.5 Economic Guidelines

Many of the previous requirements and criteria have profound effects on the
economics of the power plant. These would include such items as the net power
output, the tenth-of-a-kind assumption, and technology assumptions. The Oversight
Committee also recommended some specific economic groundrules in concert with
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the NECDB methodology10 and the latest ARIES costing methodology.11:12,13 The
economic requirements and guidelines shown in Table 3.5-1 have been worked out
with the Economics Working Group, headed by Robert Krakowski of LANL and Ron

Miller for ARIES.

Table 3.5-1

Piant Operating Lifetime, yrs
Plant Construction Lead Time, yrs

Prometheus Economic Guidelines

30
6

Contingency Factor, Project and Process
Spare Parts Multiplier

See below, may add risk factor ‘
1.0 (no spares)

Constant Year Dollars 1991
Nominal Year Dollars 1997
Inflation Rate .05
Escalation Rate .05

Average JTax-Adjusted
Effective Cost of Money, Nominal Dollars .1135 .0957
Effective Cost of Money, Constant Dollars .0605 .0435
Fixed Charge Rate, Nominal Dollars .1638
Fixed Charge Rate, Constant Dollars .0966
Indirect Cost Factors LSA 1 2 3 4
91 Constr Serv & Equipment {(x TDC) 113 120 128 .151
92 Home Office Engr & Services (x TDC) 0562 .052 .052 .052
93 Field Office Engr & Services  (x TDC) .062 060 .064 .087
94 Owners Cost (x TDC+91+92+93) 150 .150 .150 .150
95 Process Contingency {x TDC+91+92+93+94) .000 .000 .000 .000
96 Project Contingency (x TDC+91+92+93+94) 1465 173 .184 195

Constant $ Nominal $

97 1DC Factor .1652 3178
98 EDC Factor -0 .2436

Operations and Maintenance Cost [$91]
LSA Factor, L*

Decommissioning Allowance, mill/kWeh
Deuterium Fuel Cost, mill/kWeh
Learning Curve

Quantity Assumption

her F rs Infiuencing the Economi
Plant Availability/Capacity

Cost Adjustment Factor up to 1991%$

78.9x(L*) (PE/1200)0-5

0.7[1); 0.85[2); 0.952[3]; 1.0[4]

0-1 (LSA-dependent)

-0.05

85-90% on fusion systems,
75-100% on non-fusion systems

10th of kind commercial plant +
Prototype and Demo if applicable

Value derived from design approach

Will use typical MCF values (.75) as a starting value
Use Gross National Product

Impilicit Price Level Deflators [1982 Basis)

References for 3

1. R. C. Davidson, et. al, "Inertial Confinement Fusion Reactor Studies
Recommended Guidelines," September 1990.

McDonnell Douglas Aerospace

Use or disclosure of data
s “ject 1o title page restriction

3-17



INERTIAL FUSION ENERGY MDC 92E0008, Vo.. Nl
ReacToR DESIGN STUDIES MARCH 1992

2. R. Bangerter, "Revised Target Information for ICF Reactor Studies,” memo from
R. Bangerter, February 1991.

3. W.J. Hogan, G. L. Kulcinski, Eusion Technology 8, 17 (1985).
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Driven Fusion Reactor Study,” UWFDM-450, University of Wisconsin Fusion
Technology Institute (1981); see also KfK-3202, Kernforschungszentrum Karlsruhe
(1981) and "HIBALL II: An Improved Heavy lon Beam Driven Fusion Reactor
Study,” UWFDM-625, University of Wisconsin Fusion Technology Institute (1984);
see also KfK-3480, Kernforschungszentrum Karlsruhe (1984) and FPA-84-4,
Fusion Power Associates (1984).

5. The HYLIFE study is a good example. J. A. Blink, W. J. Hogan, J. Hovingh,
W. R. Meier, and J. H. Pitts, Lawrence Livermore National Laboratory Report
UCRL-53559, (1985).

6. The Heavy-lon Fusion Systems Assessment (HIFSA) is a good example. Fusion
Technology, 13, No. 2 (1988).

7. F. Najmabadi, "The ARIES-I Tokamak Reactor,” 9th Topical Meeting on
Technology of Fusion Energy, Oakbrook, Hliinois, 7-11 October 1990)

8. R.O.Bangerter, J.W.-K. Mark, and G. Magelssen, "Simple Target Models for lon
Beam Fusion Systems Studies,” LLNL Report UCID-20578 (1985).
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10. "Nuclear Energy Cost Data Base: A Reference Data Base for Nuclear and
Coal-Fired Powerplant Power Generation Cost Analysis,” US Department .of
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CHAPTER 4
RATIONALE FOR DESIGN OPTION SELECTION

This chapter will document the rationale for the selection of the main design options for
the two IFE reactor design studies. As stated in the study objectives, the study team
was empowerer. 10 seek innovative approaches that would offer increased safety,
performance, and economic attractiveness. Many of these factors were quantified and
trade studies were employ2d to make fact-based decisions. Other decisions were
predicated upon the more qualitative factors that were stressed as important to the
success of fusion as a future energy source.

Another factor that determined why certain key design options were selected depends
upon the technology basis assumed. Naturally, state-of-the-art hardware, software,
materials, and designs would be employed for systems to be built in the near time
frame, but ‘hese design studies assumed not today's technology, not tomorrow's
technology, but technology some 20 years or more in the future. The project was
trying to be visionzry as to the future of the applicable technologies. To assure the
credibility of the technology extrapolation, results of promising, evolving technologies
were founded upon today's experimental evidence, computer modeling, and expert
opinion.

The results of the trade studies indicated a specific choice that was easy to select.
Other times, the results were not so clear. This is especially true given the clarity of the
looking glass into the future. When a choice v. 1s particularly difficult, the team opted to
chrose the more innovative option. Not only was this the charter to follow, but this
choice would afford the opportunity for the techrical community to examine this option
in more detail and consider the merits of future development and examination.

4.1 Selection of Reactor System Technology Options

An inertial fusion power plant involves several major systems including reactor plant,
driver, target plant, and balance of plant. The rationale for choosing design options for
these major systems involved complicatec trade-offs between many issues including
economics, safety, engineering feasibility, technical risk, etc. In many instances,
design choices were made without considering the impact on the overall system
performance. However it was useful (and sometimes essential) to consider an overall
figure of merit when selecting design options. The Inertial Confinement systems
performance and COst MOdel (ICCOMO) was updated to assist the design process in
such instances. This code has evolved over many years. The models were originally
developed as part of the STARFIRE reactor Jesign study! and were adapted to IFE as
part of the HIFSA project.2 The code contains parametric scaling and cost models for
all major power plant subsystems and design options and, as such, it evolved along
with the design. It includes KrF laser and heavy ion LINAC drivers, reactor cavity
systems, main heat transport systems, target energetics, target manufacturing plant,
fuel stream and waste processing, and all balance-of-plant systems.
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A key aspect of the systems modeling involves the assessment of projected
performance and cost of subsystems that, in many cases, employ technologies at
vastly different stages of development. In developing the code, the cost projections
were normalized to an equivalent state of engineering maturity across subsystems.
This was difficult where comparable hardware does not exist today. Costs were
normalized to assumptions made for recent MFE reactor and technology studies34 to
provide a common basis for comparison. Elsewhere, costs were based on the best
judgment of experts. All cost models were normalized to first production unit costs and
updated to conform with the economic guidelines discussed in Section 3. A detailed

description of the final cost models is presented in Appendix C.

The study guidelines recommended that costs be developed for a tenth-of-a-kind
power plant. However, technology development will not be dictated by projected
tenth-of-a-kind costs but rather by those for the first production unit. The trade studies
presented in this section thus include no learning curve adjustments. They consider
only first production unit costs. Most results are therefore presented in the form of
relative comparisons in order to avoid confusion in relating them to the tenth-of-a-kind
costs discussed elsewhere in this report.

4.1.1 Laser System Option Selection - The Prometheus-L design point is an
outgrowth of a number of different trade studies. These studies are summarized in
Table 4.1.1-1. Many design options were evaluated within individual subsystems;

Table 4.1.1-1. Summary of Design Options Considered for KrF Laser System
Parameter Baseline Value Options/Range Considered
Target: -
Type Direct Drive Indirect Drive
Gain Curves’ Constant Spot Optimistic, Conservative
Gain Curves Constant Spot Zoomed Spot
Number Beams’ 60 30-90
lllumination Tangential Focus Nested Focus
Incident Energy (MJ)’ 4 2-8

"Reactor Cavity:

Pulse Compression
Amplifier Energy (kJ)'
Ampilifier Run Time (ns)
Optical Fluence (J/cmz)'

Stimulated Brillouin Cell
5.6
250
10

Wall Protection Wetted Wall (Lead) Dry Wall with Fill Gas
Breeder LixO FLiBe; LiPb Eutectic
Thermal Cycle (He Coolant) Advanced Rankine Direct Brayton
| Coolanl Pressure (MPa) 1.5 1-5
Driver System:
Laser Amplifier Electric Discharge w/Raman Accumulator Large Area E-Beam Pumped

Angular Multiplex, Hybrid
3-10
200-500
3-10

Final Mirror:
Type

Protection

Grazing Incidence Metal on Ceramic
Structure

Distance; Residual Gas; Deflection
Magnets

Grazing Incidence Metal on Metallic
Structure
Shutters; Cover Gas; Gas Prism

" The results of this trade study are presented in Section 6.2
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however, some selections could not be quantified within a subsystem. The systems
code was used to resolve these choices. The discussion presented in this section
concerns itself only with the rationale for choosing between technology options, e.g.,
indirect versus direct drive targets, single versus multiple beam LINAC, etc. The trade
studies directed toward selection of an operating range in parameter space for the
baseline technology options are discussed in Section 6.2 as noted in the table.

Gain curves for the present study were provided by a DOE-appointed Target Working
Group (TWG). The TWG endeavored to level the technical optimism between the
various laser illumination concepts (direct drive constant spot - CS, direct drive
zoomed spot - ZS, and indirect drive - ID) and the indirect drive heavy-ion targets. For
the laser driver, they provided their results in the form of upper and lower bounds on
the expected gain as a function of incident driver energy for each option. The TWG
recommended an arithmetic mean of the upper bound (optimistic) and lower bound
(conservative) as a baseline gain curve for system studies. Figure 4.1.1-1 compares
the reference gain curves for direct and indirect drive targets using a KrF laser-driver.
These gain curves formed the basis for target design options. The position of the
ignition cliff ~2 MJ determines the minimum driver size, and the slope of the curves
determines the attractiveness of going to higher driver energy to improve nG.

Driver performance characteristics are also an important factor in the trade studies.
The Prometheus-L driver design is based on the use of non-linear optics (NLO) to
improve beam quality and system reliability. Detailed analyses and rationale
supporting the design are presented in Section 4.2. A brief overview of the design is
presented here to illustrate how it is represented in the systems code.
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Figure 4.1.1-1. Comparison of Baseline and Optimistic Gain Curves for Direct and
Indirect Drive Targets. Direct Drive Curves Assume Constant Focal Spot
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The general driver architecture for one of the 60 beamlines is illustrated schematically
in Figure 4.1.1-2. It consists of crossed Raman accumulators optically pumped by
sixteen 5.9 kJ discharge lasers arrayed four to a side. A Stokes seed is generated for
the Raman extraction by splitting off ~1% of the energy from each discharge laser and
passing it through a spatially filtered Raman oscillator. The beams are then combined
to form a spatially smooth seed that is spectrally and temporally matched to the pumps
for maximum extraction efficiency. In addition, the crossed beam geometry serves to
smooth out intensity fluctuations across the Raman output aperture. The low quality
beams from the discharge lasers are thereby combined to form 60 high brightness
beams with very uniform spatial intensity. This permits the downstream optics to
operate at higher optical fluence levels (~10 J/cm?2) because local intensity peaking
effects are minimal. Simulation studies of such cells by TRW indicate that mors: than
90% of the discharge laser energy can be Raman converted to the output Stokes
beam as discussed in Section 4.2.

Beamsplitter

Excimer Discharge
Laser Amplifier
Raman Pump
Beam
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Raman Oscillator
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N
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To Target
Figure 4.1.1-2. Laser System Architecture for Prometheus-L Driver Design

The output from each Raman accumulator then passes through a precisely timed,
electro-optical "chirper” which frequency shitts the first ~10 ns of the beam. The beam
continues on into a Stimulated Brillouin Scattering (SBS) cell of length ct/2. The
frequency shift of the "chirped” leading edge is designed to match the SBS shift in the
SFg gain medium that fills the SBS cell. This enables the leading edge to extract
energy from the remainder of the beam as it reflects off the end mirrors and travels
back through the optically-pumped medium producing a short duration, high intensity
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main pulse appropriate for target implosion. Although the quantum efficiency of this
SBS extraction is very high (>99%), the energy tends to be concentrated in a sub-
nanosecond pulse at the front of the chirped portion unless care is taken to ramp the
amount of power that is chirped. This reduces the efficiency of the SBS extraction to
~65%, as discussed in Section 4.2. However, the unconverted energy is not lost, it still
resides in the trailing portion of the pulse.

An optical delay line is provided to interchange the leading edge of the puise with a
portion of the trailing edge. This allows the undepleted SBS pump beam energy to be
used as the target prepulse. This is accomplished using a large-aperture Pockels cell
to vary the polarization of the leading and trailing portions of the pulse. A dielectric
polarizer thus reflects the high intensity leading edge into the delay line but passes the
undepleted pulse so that it now becomes a prepulse. The length of the delay line,
ct/2, is chosen to match the prepulse duration requirements, © = 80 ns. The portion of
the undepleted pump extending beyond the 80 ns delay is lost, but this contains <
10% of the total energy. An efficiency of 90% is achieved for the combined SBS/delay
line system. It should be noted that the resulting prepulse may have the wrong shape
for preparing a proper target atmosphere for the main pulse. Additional pulse shaping
may be required. One possible approach utilizes three, large aperture fast Pockels
cells in an electro-optical switchyard as indicated in Figure 4.1.1-2. This possibility is
discussed further in Section 4.2. Such Pockels cells require significant engineering
advances over currently available technology due to the short (~10 ns) repetitive
switching times.

The systems code represents the Prometheus-L driver in terms of simple scaling
relations for component efficiencies and costs. These relationships are summarized in
Table 4.1.1-2, and they lead to a projected overall efficiency of ~6.5% for the laser
driver system. To help offset this low efficiency, the excimer discharge laser gas waste
heat is recovered and used for feedwater heating. This leads to an effective efficiency
of ~8.5% for the laser system.

A significant number of high-quality, large size optics are required for the
Prometheus-L system. These optics require good surface figure control, low
absorption, anti-reflective and high-reflectivity dielectric coatings at ~250 nm. The
optics are sized based on the relations indicated in Table 4.1.1-2. Costs for these
components are determined using the algorithms summarized in Table 4.1.1-3. These
costs are based on estimates which LLNL developed for the LMF facility.5

Table 4.1.1-4 summarizes the size and quantity of high power optical components for
the 4 MJ Prometheus-L design point to illustrate typical optics requirements for the
NLO laser architecture. Optics larger than 1 m linear dimension are segmented to
reduce their cost. This should have little effect on performance because a minimum
coherent aperture of ~0.5 m is maintained.
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Table 4.1.1-2. Laser System Scaling Summary

Pulsed Power

Scaled based on

item Effcy/Pwr Rgmt Sizing Relationship | Cost Relationship (MS$)
Front End Systems Not specifically
MO and Encoders accounted for 2.0
Discharge Front End 0.2 Np_ Ep /G
Discharge Pre-Amps 0.02 Cp.
[ Discharge Lasers 95% I=2m
Cavities 15% w, h based on 3 Jiem? 0.02 Np_ (Epy 7 4)0-75
E-Beams 0.02 Np, (Epy_/4)0-75
Guide Magnets 3 per group, Ng; groups 0.209 Np
"Raman Accumulator 96% I=5m
Cells 90% w, h Based on 5 GW/cm 0.01 Ng_
Stokes Front End limit on (intensity x length) 0.1 Ng_
Stimulated Brillouin 96% = o2
Cells 90% 10 Jicm?2 0.03 Ng,_
Chirper System 0.01 Ng_
Downstream Optics 95% 10 J/cme
Pulsed Power System 64.3% 2 m Ceramic PF Lines

Optics Components

Discharge Pre-Amps utilization factor 0.02 Cp
Gas Flow System 15 MW One loop with

Discharge Gas Flow Scaled based on intermediate heat 5.31 Ng_ (Pg/ 18 Ng )°75

Discharge Pre-Amps rep rate, clearing exchanger for each 0.02 Cp

Gas Purification stack of 4 cavities beamline 15.0
Alignmt/Control System 2.84 + 0.194 Ny,
Diagnostic System 8.52 (Np, / 960)°-75
Pockels Cell Control 4 per beamline 0.02 Ng_ 4
Power Conditioning 0.084 Pp exp(-0.0005 Pp)
Driver Building Annulus around reactor $88 / m3

See Tables 4.1.1-3& 4

Discharge intrinsic efficiency of 15% and gas pumping effectiveness of 95% are assumed.
. Input and output window transmission efficiency of 98% is assumed.
Product of: 94% high voltage, 92% energy storage, 90% pulse forming and T/ (T + 0.64 Tjjge).

Table 4.1.1-3. Optics Cost Basis for Prometheus-L Trade Studies
Blank Cost | Finishing Cost Coating Cost Thickness
Component Type ($/cmd) ($/cm?) ($/cm?) (cm)

Flat Mirror 1 0.13 0.50 0.60 d/16
Spherical Mirror 2 0.13 0.50 0.60 d/16
Window 3 0.60 1.00 0.04 d/16
Lens 4 0.60 1.00 0.04 d/8
Beam Splitter 5 0.60 1.00 0.62 d/8
Thick Window 6 0.60 1.00 0.04 d/10
Thick Lens 7 0.60 1.00 0.04 d/10
Grazing Incidence Mirror 8 540 0.25 0 10, 20% dense
Low Quality Mirror 9 0.13 0.25 0.30 d/16

Blank Size: w=W,+4 h=h,+4

Finishing/Coating Area: A=w xh d=(w2+h2)12

Mount/Stand Cost: 30% of Blank Cost

McDonnell Douglas Aerospace
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Table 4.1.1-4. Prometheus-L Design Point Optical Component and Cost Summary

Component Quantity | Type | Size (w x h, cm) | Cost (M$)
Discharge Amplifier Windows 920x 2 3 44 x 44 16.07
Discharge Output Turning Mirrors 960 2 90 x 90 18.54
Raman Accumulator Stokes Mirrors 60 2 18 x 18 0.04
Raman Accumulator Input Windows | 36x 60 3 45 x 45 18.92
Pump Beam Secondary Mirrors 40 x 60 9 90 x 49 14.06
Raman Output Windows 4x 60 6 90 x 90 19.18
Stimulated Brillouin Polarizer Plates 8 x 60 3 41 x 45 3.79
Brillouin 1/4 Wave Plates 4 x 60 3 45 x 45 2.10
Brillouin Chirmper Crystals 4x 60 3 45 x 45 3.00
Brillouin Cell Mirrors 4 x 60 1 45 x 45 0.96
Delay Line Pockels Cells 4x 60 3 90 x 90 12.82
Delay Line Polarizer Plates 2x8x60 3 41 x 45 7.57
Delay Line 1/4 Wave Plates 2x4x60 3 45 x 45 4.21
Delay Line Turning Mirrors 4x60 1 90 x 90 4.64
Relay Turning Mirrors 2x60 1 97 x 69 0.93
Vacuum Interface Windows 60 3 97 x 69 2.52
Turning/Pinhole Focusing Mirrors 60 1 97 x 69 0.93
Pinhole Collimating Mirrors 60 2 97 x 69 0.93
Target Focusing Mirrors 60 2 97 x 69 0.93
Grazing Incidence Mirrors 60 8 395 x 69 3.60

Baseline Direct Drive Versus Indirect Drive - The resulting comparison between direct
and indirect drive targets for the baseline gain curves is illustrated in Figure 4.1.1-3.
This figure highlights the strong preference for direct drive predicted by the baseline
gain curves supplied by the TWG. The minimum cost of electricity is ~10% higher for
indirect drive and the requisite driver energy increases from 4 to 6 MJ. The driver is
thus more complex (2160 discharge lasers as compared to 960 for the direct drive
case) and costly (~$250M). This is a direct result of the nG penalty for the baseline
indirect-drive gain curve. For the projected Prometheus-L driver efficiency of 6.5%, the
4 MJ direct drive system has an nG of 8.2 compared to only 7.0 for the 6 MJ indirect
drive case. lllumination symmetry requirements complicate the reactor cavity design
for direct drive; however, the analyses discussed in the remainder of this section led to
the conclusion that for 60 beams, the cost implications of direct drive illumination are
not significant. This was further reinforced by TWG guidance that indirect drive
illumination, while not symmetric, would also require roughly 60 beams arrayed on two
60° half-angle cones. Direct drive targets were thus selected for the Prometheus-L
system design.

Qptimistic Direct Drive Versus Indirect Drive - Figure 4.1.1-4 shows how the direct to

indirect drive comparison changes for the optimistic gain curves indicated in
Figure 4.1.1-1. As expected, the direct drive advantage is significantly reduced for
this case, but it is still favored over indirect drive. The driver costs are virtually

McDonnell Douglas Aerospace
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identical, but the higher direct-drive gain at [ow energies leads to a cost advantage for
this system. In fact, the minimum indirect drive system cost occurs at 4 MJ even though
gain increases significantly beyond that energy. This highlights an important point
relative to target design, namely that higher gain is not always beneficial once
sufficient nG has been achieved. The benefit of increasing drive energy depends on
the tradeoff between gain curve slope and incremental driver cost. Figure 4.1.1-1
shows that the projected Prometheus-L incremental cost of ~$100/Joule does not favor
higher driver energies even if gain scaling is comparable to optimistic expectations.

Constant Spot Versus Zoomed Spot - The final laser design option trade study

involves incorporating the capability to zoom the beam focal spot to follow the
implosion of the critical energy absorption surface at the target. This leads to higher
gain, as indicated in Figure 4.1.1-1, because less energy is wasted in heating the
atmosphere around the target, however it complicates the driver design. In order to
assess the attractiveness of this possibility, a trade study was conducted with the most
optimistic assumption being no added driver cost for zooming. The result of this study
is shown in Figure 4.1.1-5. It shows that a zoomed focal spot potentially leads to ~3%
lower COE. For the Prometheus NLO laser architecture, the only viable way to zoom
the focus involves modifying the rf-driven frequency chirpers for the SBS cells to
enable them to introduce a time-varying wavefront curvature. This requires an annular
rf field variation around the chirper that significantly complicates its design. The
benefit of focal spot zooming was not sufficient to warrant this added complexity. It

1.2 v - - T — 1200
— ¢ —CSCOE
- -4 = ZS COE
—®— CS Capital a >
1.1 — @ == ZS Capital / i 1000
/ -

/’
*
ol
\0
3
\
\
\
0‘*\.)
\
\
\

Relative Cost of Electricity
/
/
@~
|
\
|
Ql-w«
\
\
\
@ -
\& \
W
&
Driver Capital Cost M$

4
©

©

)

<o
LY

4 5 6 7 8 9
Energy to Target (MJ)
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should be noted, however, that the NLO laser architecture provides sufficient beam
quality to allow nesting trapezoidally apodized beam focal spots on the target as
opposed to the baseline tangential focus option. This possibility, which is discussed in
more detail in Section 4.6, may provide the benefit of focal spot zooming without the
complications of adding time-varying wavefront curvature.

4.1.2 Heavy lon System Design Option Selection - The Prometheus-H
design point is also based on a number of different trade studies. These studies are
summarized in Table 4.1.2-1.

Table 4.1.2-1. Summary of Design Options Considered for Heavy lon System
“Parameter Baseline Value Options/Range Considered
Target:
Type Indirect Drive [No Direct Drive Data]
lon Range (g/cm?) 0.045 (4 GeV Lead) 0.025-0.2
Spot Size, Radius (mm)’ 3 2-5
lllumination Two Sided One Sided
Incident Energy (MJ)" 7 4-9
Transport Efficiency (%) 90 70-100

Reactor Cavity:

Wetted Wall (Lead)

Same as Laser System

Driver System:
LINAC Type

LINAC Sgaling'
lon Type

lon Energy (GeV)"
Focusing Quads
Cavity Transport

Single Beam with Storage Rings
a=02; K=-0.15
+2 Lead
4

Superconducting
Self-formed Channel

Multiple Beam
a=(0.2-05); K=(-0.2-0.0)
+1to +3 Lead
4-8
Normal
Ballistic; Pre-formed Channel

* The results of this trade study are presented in Section 6.2

The heavy-ion driver has more scaling flexibility because it produces the requisite total
energy by combining several ion beamlets at a discrete kinetic energy. The choice of
ion charge state and kinetic energy lead to significant differences both in the
accelerator configuration and in the target performance that must both be considered
in determining the optimum design point. These issues are discussed in

Section 6.2.2 along with the results of sensitivity studies which were run to document
the leverage of key design parameters indicated in the table on the overall system
performance. The discussion presented here focuses on the rationale for choosing a
single beam LINAC with intermediate storage rings versus a multiple beam LINAC.
The rationale for selecting a self-formed channel for cavity transport and the resulting
target focal spot size and channel energy transport efficiency is presented in

Section 4.3. Finally, the rationale leading to the choice of a wali protection scheme
identical to that for the laser system is presented in Section 4.4, and a discussion of
target issues for the heavy ion system is presented in Section 4.6.

Multiple Beam Versus Single Beam - One of the main induction LINAC design

challenges involves the space charge limit on transportable current in a periodic
focusing lattice. This limit requires multiple transport channels (typically >10 beamlets)

McDonnell Douglas Aerospace
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for heavy ion fusion drivers. Past studies2 have envisioned a multiple beamiet
transport lattice consisting of a closely packed quadrupole bundle surrounded by
massive induction cores for inertiai fusion drivers. The Prometheus-H design
considers an alternative approach consisting of a single beam transport lattice
coupled with intermediate storage rings to accumulate the required number of
beamlets. The approaches are illustrated schematically in Figure 4.1.2-1. This figure
highlights the key potential advantages of the single beam system, namely that the
accelerator hardware that surrounds the beam(s) (i.e., induction cores, insulator rings,
structure and the focusing magnets themselves) are smaller, less complex, and
consequently less costly for the single beam system. This simplification, however, is
accomplished at the expense of system efficiency which is lower for the single beam
approach. The induction cores must be cycled many times (once for each beamilet) to
produce each main pulse as compared to one cycle for each main pulse in the
multiple beam case. The systems code was used to quantify this tradeoff.

MULTIPLE-BEAM LINAC SINGLE-BEAM LINAC WITH
STORAGE RING

(Repetitively Pulsed at 12x
Rep Rate)

ERERERENERER)

-----------------------------------------------------------------

PLAN VIEW
O Reactor
- Building
Muitiple or Single-Beam Storage 80m
Linac Ring
2 km 40m

Figure 4.1.2-1. Comparison of Muitiple and Single Beam LINAC Configuration
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The systems code modeling is based on the general relations summarized in

Table 4.1.2-2. The LINAC is sized assuming a maximum accelerating gradient of

1 MV/m. Focusing magnet quantities are determined using continuous limit focal
lattice scaling laws developed by Maschke®. These scaling relations are summarized
in Section 6.2. Injector costs (ion source plus acceleration up to 3 MV) are assumed to
be $10M per injector for a single beam system. Multiple beam systems are assumed
to require four such injectors. Insulator and accelerator structure costs are calculated
based on the final column voltage, Vg, and inner core radius, Rg;, from estimates LBL
developed for a 0.83 m radius multiple-beam LINAC.

Table 4.1.2-2. Heavy-lon System Scaling Summary
item Effcy/Pwr Rqmt | Qty/Sizing Relationship | Cost Relationship (K$)
Injector 3 MeV 1SB; 4 MB 10,000 per injector

Linear Accelerator
Insulator
Structure
Induction Core

Focusing Magnets

Veore (WM3) NEmiet

Length based on 1 MV/m
Radius scaled with Rg;

from 0.83 m reference
Scaled with G, T, AB, Rg;
Based on lattice scaling

10 Vg (R; / 0.83)
8.76 Vg (Rg;/ 0.83)
32 Vgore: $5/kg

Cryogenic System 1000 Weo1g Weoig = Ny (3 Wimag) 4 Weod
Vacuum System Scaled with length 5.08 Lace
Storage Rings 1 per beamlet”
Magnets Based on lattice/bending (55 + 10 Ny + 5Ly Ny fic
Cryogenic System 1000 W14 Wead = Ny (8 Wimag) 4 Weon
Vacuum System Scaled with length 5.08 Lgg
Final Transport Main beamlets + prepulse”
Buncher 2 MB LINACs Based on bunching rqmts Same as main LINAC
Drift Section 2 sides, 180 m long
Magnets Based on lattice scaling (55+10 Ny +5L\p) N fic
Cryogenic System 1000 Wc°|d WCold = NM (3 W/mag) 4 wCOld
Vacuum System Scaled with length 5.08 Let
Pulsed Power 60% Core loss + Beam energy 10/kd"
Instrument & Control 0.05 Crq
Auxiliary Systems 0.02 Crq,
Beamline Tunnel Wrun=5.0Rg, $120 / ft2
PFN Building 0.5 Wy, $50 / ft2

* Each main pulse beamlet has its own storage ring, prepulse beamlets are grouped in two rings
“* Main pulse beamlets are bundled into one buncher, two prepulse beams in the other

*** Product of 70.6% for high voltage and energy storage and 85% for pulse shaping

**** Pulsed power costs are increased by a factor of 10 for the single beam system

Induction cores are sized based on Rg; and the product of acceleration gradient, G,
and puise length, 1, at each point along the LINAC. The core radius is chosen so that it
clears the outer radius of the quadrupole bundle as depicted in Figure 4.1.2-1. Core
losses in J/m3 are determined using the loss curve shown in Figure 4.1.2-2. The figure
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Figure 4.1.2-2. Assumed Metglas Loss Scaling with Pulse Length for LINAC System
Studies
depicts the measured losses for a flux swing AB = 2.5 T and a winding thickness
t= 1.2 mills. These are scaled to the lower curve using the relation

1.8 2
CorelLosses = Core Losseso( A8 ) (—t—J
AB, t,

for the flux swing of 1.5 T and winding thickness of 1 mill assumed here. For the singie
beam system, core losses are multiplied by the number of beamiets, Ngmet. to account
for recycling. Core costs are estimated using $5 per kilogram of Metglas. An 80%
packing fraction is assumed in calculating the core volume. Pulsed power
requirements are determined based on the sum of the core losses and the energy
gained by the beam. Costs for pulsed power are estimated at $10 per joule for the
multiple beam system and $100 per joule for the single beam case. These costs are
based on information provided by LBL for the multiple beam system? and LLNL for the
rapidly cycled (10's of kHz) single beam system. The factor of 10 increase
recommended for the single beam case is based on recent LLNL work on recirculating
LINAC systems.8

Magnet costs are based on data for similar quadrupoles for the Superconducting
Super-Collider. This indicates that each cryostat will cost $55,000 with an additional
$10,000 for each quadrupole winding plus $5000 per meter of length. These costs are
adjusted using an 85% learning curve factor, f ¢, to determine the magnet costs for the
"first production” driver considered here. Cryogenic system costs are based on the
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Use or disclosure of data
subject to title page restriction 4-13



INERTIAL FUSION ENERGY MDC 92E0008, Vou. Il
REACTOR DESIGN STUDIES MARCH 1992

total number of magnets per section, including quadrupoles and dipoles, Ny, with a
heat leak of 3 watts per magnet. A cost of $4000 per cold watt, Wcog, is assumed with
a power consumption of 1 kW per cold watt. Vacuum system costs are estimated at
$5100 per meter of length for each section and tunnel costs at $120 per square foot.
The tunnel width is taken to be five times the maximum core outer radius Rg,. Finally,
I&C and auxiliary systems are assumed to be 5% and 2% respectively of the total cost.

The resulting comparison between projected system performance for the multiple and
single beam LINAC drivers is illustrated in Figure 4.1.2-3. This comparison uses
lattice scaling suggested by Ed Lee?: since it was thought to be most favorable for
multiple beam systems. The final single beam design uses an alternative latlice
scaling discussed in Section 6.2 and therefore has lower capital cost than those
presented here. Nevertheless, this figure still highlights the significant advantage
projected for the single-beam approach in spite of its lower efficiency (15% as
compared to 37%). Driver capital costs for the single beam system are roughly half
those for the multiple beam system and this leads to a 12% reduction in COE. The
single beam system was therefore selected for the baseline driver in the
Prometheus-H design study.

1.300 Y l v T r ] v 7 v ' v i 1500
1 ~—— ¢— MB COE
\\ — o — SBCOE 0/

21.200 o e— MB Capital Cost // 1300
2 \ |= ® == SB Capital Cost ° @
g \ v ‘ =
m ° ___._-—-. -
% 4.100 N < ) 8
5 \;\&::»4—1—————-'/“ N g
A :
© 1.000 oLt wo &
® < (&]
o L Ze. - .,
% ./ ""‘-v‘_“" g
é’ . - = = _6 E

0.900 e = 700

—-‘ .‘—
—- )
[ ] -—‘—?”
0.800 — ' ' ' ' T 500
2 3 4 5 6 7 8 9 10

Energy to Target (MJ)

Figure 4.1.2-3. Comparison of Projected COE and Driver Capital Cost for Muitiple and
Single Beam LINACs. Systems are all 4 GeV, +2 Lead with 3mm Radius Focal Spot.
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It shouid be noted, however, that the multiple-beam system remains a viable driver
option. Its COE is comparable to that for the KrF laser system, and the alternative
transport lattice scaling discussed in Section 6.2 leads to significantly lower MB capital
costs than those presented here. In addition, it avoids technical issues associated with
beam stability and particle loss in the storage rings. These are critical R&D concerns
for the single beam approach and they are highlighted in Section 5.

iit spite of these concerns the Prometheus-H design point represents a tantalizing
development goal. The single beam configuration dramatically lowers the driver cost
and technology development challenge while still providing sufficient nG for an
attractive overall system. Furthermore, the 4 GeV ion energy is more attractive to
targe: designers due to its reduced range. Significant issues need to be resolved
concerning the storage rings but the starting point is much more appealing than any
previously envisioned for induction LINAC drivers.
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4.2 KrF Laser Driver Options

As described in Section 2.4, the KrF laser was selected as one of the maost promising
inertial fusion energy (IFE) laser drivers for three principal reasons:

(1) The KrF laser operates at a favorable ultraviolet (UV) wavelength (Akrr =
248 nm) for inverse Bremsstrahlung coupling to the DT target.

(2) The KrF laser is relatively efficient (£ = 0.12) for generating UV pulses.

(3) KrF laser amplifiers can be scaled to produce significant UV pulses.
(Experimental prototypes have produced as much as 20 kJ.)

There are also some significant drawbacks to the KrF lasers that have been
constructed to date. These include:

(1) The KrF laser is a non-storage active medium which, when pumped
electrically, means that the duration of the laser pulse is approximately equal to
the length of the electrical excitation pulse.

(2) The presently developed type of electrical pulsed power for the KrF is electron-
beam excitation which has an optimum pumping pulse duration >600 ns.

(3) E-beam excited excimer lasers have not been demonstrated as being
sufficiently reliable to reach the ICF reactor goal of ~109 firings between
amplifier failures.

Similar comments may be made about the ArF excimer laser (A = 193 nm) with the
additional comments that ArF may be slightly more efficient than KrF owing to a lack of
dimer or KraoF absorption losses in ArF lasers; but the shorter wavelength coupled with
less experimental data on ArF performance in large amplifiers would require
additional research to be performed on ArF excimer lasers before recommendations
could be made to replace KrF. These two excimer laser media are sufficiently similar
that systems originally optimized for KrF may be adapted to use ArF as an alternative
gain medium, assuming, of course, that the optical systems were modified to deal with
the shorter wavelength (as well as the concomitant hazards of mirror damage, linear
absorption, multi-photon absorption, color-center formation, etc.).

Itis a given! for laser-driven implosion of IFE targets that the laser driver must have a
pulse duration, 1,,,.e ~ 6 NS, an output energy, Epu‘se 4 to 6 MJ, at a wavelength, Ajaser
~ 250 nm, in order to achieve the target irradiation conditions appropriate for efficient
impicsion of the DT fuel. As is evident from the preceding discussion, the present
largest KrF laser prototypes produce pulses of excessive? pulse length (~100x) and
inadequate3.4.5 energy (~10%) for a 25-beam (200 kJ/beam) ICF laser driver.6.7.8
Thus, a future KrF laser driver®.10 suitable for IFE reactor operation will need to
produce efficient shorter UV laser pulses at higher energies.
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Another problem common to all large aperture, high energy lasers is the large
aperture optics problem. Optical elements (particularly UV optical elements) become
very expensive for elements larger than ~50 cm. On the basis of the volumetric cost of
the optics alone, scaled optics of aperture, d, have costs proportional to d3. Typically,
the manufacture of larger optics exhibit a lower yield than smaller optics so that, in fact,
the costs for large optics scale, with exponents ranging from 3.5 to 7 depending upon
yield, grinding and polishing hazards, coating problems, etc. If a large optic of
aperture D is synthesized by n2 subapertures of diameter d (where n = D/d), then the
costs of the synthesized optic would be proportional to D2. Since UV optical damage
thresholds tend to limit the maximum laser fluence, ®|aser, tolerable to values ~5 J/cm2,
in order to generate laser pulses of 5 MJ, effective apertures having collective areas of
~106 cm?2 for the laser will be required. The costs associated with procuring this large
optical surface area can be minimized if the required apertures (and corresponding
optical component areas) are synthesized from smaller, cost and performance-
optimized optical elements.

After reviewing the KrF laser amplifier literature2-10 and performing our own
optimization analyses, we have found that potentially more reliable and efficient
excimer laser amplifiers having apertures of ~30x30 cm may be feasible9,10.
Accordingly, the fundament of our IFE design for the KrF laser driver is that the most
efficient, reliable, cost-effective excimer laser amplifier produces a laser beam of
reduced energy (Ejaser ~ 4 kJ) using an electric discharge excimer laser (EDEL)
excitation scheme9,10 which, even with an optimized electrical excitation pulse shape,
has a duration too long (EDEL ~ 250 ns) to be useful as a laser driver in IFE target
implosions. As a consequence, in order to exploit the high efficiency and cost
effectiveness of optimized EDEL amplifiers,9,10 it was necessary to develop: (1) a
laser beam combination system to synthesize higher energy laser beams than can be
achieved efficiently in a single laser amplifier, and (2) a pulse compression system to
shorten the optimum EDEL pulse to the required duration.

There are two general types of optical beam combinations and pulse compressions
which have been studiea0-13 during the past decade: linear (use of linear optics,
such as lenses and mirrors, to effect parallel beam combination; use of a mirror-based
geometry referred to as "angular multiplexing” for temporal pulse compression) and
non-linear (Raman beam combination, non-linear optical pulse compression) laser
beam configurations.

Linear laser beam manipulation techniques?’.8.9 utilize, by definition, linear optical
elements (such as lenses, mirrors, beam-splitters, etc.) to accomplish the objectives of
beam combination and pulse compression using long pulse excimer laser light as
input. Although typically large numbers of optics and generous amounts of real estate
are required, this approach may have advantages since it is fundamentally simple and
the spectral bandwidths of potentially wide-bandwidth excimer laser beams are
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generally unaffected by linear beam manipulation processes. A major disadvantage
of linear beam manipulation techniques is that their optical complexities are
approximately proportional to the number of beams to be accumulated or the pulse
compression factor.

Non-linear laser beam manipulation!0-18 employs advances in innovative non-linear
optical (NLO) processes to accomplish the objectives of beam combination and pulse
compression using stimulated quantum mechanics techniques. These NLO processes
promise to achieve not only the general objectives of laser beam combination and
pulse compression with much simpler optical configurations, but also to smooth
excimer laser spatial intensity distributions and improve the accumulated laser beam
quality. Given the significant advances demonstrated in the laboratory during the last
decade, all of these advantages may be achieved while reducing both cost and risk.
Lastly, NLO processes are able to accommodate significant changes in the number of
laser beams to be accumulated, or in the pulse compression factor, without substantial
changes in configuration or design. Both linear and NLO laser beam manipulation
techniques will be described in additional detail in the discussions below.

4.2.1 Linear Optical Manipulation Techniques - In order to allow the KrF laser
amplifiers to meet the fundamental fusion target irradiation requirements, two major
goals must be achieved: (1) beam combination, and (2) pulse compression. Beam
combination is necessary in order to permit the addition of a large number of optimized
laser beams to achieve the required laser energy per beam line. This permits the
optimization of the output energies of individual excimer laser modules (discussed
below in Section 4.2.2) while meeting the requirements for achieving a specific laser
energy delivered per individual laser beamline. Thus, for example, if the Prometheus
design would require a 6 MJ laser driver delivering the 6 MJ of energy in 60 beam
lines, each laser beam line requires laser pulses of approximately 81 kJ each. If,
however, the optimization of the excimer laser amplifiers produces a design which is
capable of producing only SkJ/amplifier, then it will be necessary to combine at least
20 such excimer laser beams in order to reach the required energy level of 81 kJ for
each beamline.

In an analogous manner, pulse compression can be achieved using linear optics by
synthesizing a long pulse of duration, Nt, from a series of N shorter pulses, each of
duration 7, and propagating at unique angles, 6k, to the system axis.2-8. In this
connection, linear puise compression techniques (i. e., angular multiplexing) are
increasingly difficult to utilize as N increases. Thus, since the optimum pumping pulse
duration of the EDEL9.10 is approximately half that of the EBEL,2 the angular
multiplexing system for the EDEL would have less than half the number of beam lines
as the corresponding system for the EBEL. Each of these linear beam combination
techniques is briefly described below.
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Use of linear optical elements, including lenses, mirrors, beamsplitters, optical delay
lines, and adaptive optics, permit the spatial and temporal manipulation of high power
laser beams. By linear optical elements, it is understood that these optical elements
function substantially in the same manner for laser beams of low intensity as well as
laser beams at high intensity.

4.2.1.1 Linear Beam mbination - Linear beam combination is a process
which involves directing the output beams of individual laser amplifiers using
appropriate mirrors and beamsplitters to accomplish the following objectives:

(1) Accumulate the requisite energy in a series of nxn parallel-propagating beams
which, when summed, form an array whose beam diameter is sufficiently large
to avoid optical damage to the mirrors and windows in the optical train.

(2) Be timed such that the net path delays among all of the beamlets are
significantly less than 1 ns. (This techique may involve phase-matching the
individual beamiines using linear adaptive optics techniques.)

(3) Be directed within an alignment angle of the order of the diffraction-limited
divergence of the array elements themselves.

The advantage of this type of linear beam combination is that it does not adversely
affect the spectral bandwidth of the excimer laser light. The major disadvantage is that
the optical system suitable for combining the laser beams tends to be relatively large
and unwieldy; difficulties also arise with regard to beam fill factors and near field
(Fresnel) diffraction effects from the "egg-crate" multiple mirror mounts unless image
relaying is employed.

4.2.1.2 Angular Muitiplexing - Linear pulse compression has some of the same
characteristics as linear beam accumulation, except that each beamline is injected
through the laser amplifiers at a different angle of incidence. This leads to a
significantly more complicated optical design, as discussed below.

Previous IFE KrF driver designs3-8 have featured an optical technique known as
angular muftiplexing to accomplish the important task of reducing the optimum pulse
length for excimer laser amplifiers, Texcimer ~ 250 ns, by approximately a factor of 45 to
meet the target illumination requirement of tpyise ~ 6 ns. Although this technique is
attractive for relatively small compression ratios (<20), complexities arise when
compression ratios of >40 are needed. As discussed in Section 6.5.1.2, optimized
electric discharge excimer laser (EDEL) amplifiers®.10 produce pulse durations of
~250 ns, whereas optimized e-beam excited excimer laser (EBEL) amplifiers?2
generate pulses of ~600 ns. in the latter case, angular multiplexing would need to
generate a pulse compression ratio of ~100 in order to meet the requisite compressed
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pulse duration. A schematic of the angular multliplexing pulse compression concept is
shown in Figure 4.2.1-1,

Preamplifier/Beaam Encoder
// Target Chamber
fd
Excimer Laser i‘.’ L 3
Oscillator "
cimer Intermediate
Amplifier Stage
L
Beam Delay Mirrors Excimer Output Boaaig‘;?der
Amplifier Stage
PUISG #1 v wm o ac e ae pmmd oo am e an o an e
Pulse #2 I “-1
Pulse #3

Figure 4.2.1-1 Angular Multiplexing is Accomplished by Synthesizing a Long Laser
Pulse from a Series of Suitably Delayed Shorter Laser Pulses Each Propagating
at a Specific Angle With Respect to the Optical Axis of the System

Figure 4.2.1-1 illustrates the angular multiplexing concept when a pulse compression
of three is desired. As previously discussed, the number of angular-encoded sub-
beams required in an angular multiplexer is equal to the pulse compression ratio.
Thus, when a pulse compression factor of 100 is required, 100 separate, angular-
encoded beam lines (each propagating at a unique angle relative to the system axis)
are needed for the angular multiplexing system. Even with careful design, angular
multiplexing for large compression factors may result in an unwieldy optical
configuration; for small interbeam angles, cross-talk problems between adjacent
channels can occur; and unextracted excimer laser volumes can result since beam
vignetting occurs. This design does, however, permit broad-bandwidth excimer laser
pulses to be compressed while retaining the large bandwidths, a property useful for
minimizing adjacent beam interference effects on the target and reducing stimulated
scattering processes in plasma atmospheres ablated from targets.

4.2.2 Non-Linear Optical Beam Manipulation Processes - Both of our
Prometheus studies and numerous publications10-17 have shown that two different
types of non-linear optical (NLO) systems can be used to accomplish the tasks of
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beam combination and pulse compression with both relatively high efficiency (>50%)
and flexiblity. Whereas for the linear beam manipulation techniques, there is a
proportional penalty for the degree to which (i. e., n beams) beam accumulation is
necessary or the fractional puise compression ratio (i. e., 1/n), for the NLO approaches,
it is generally an easier task to accommodate increases (or decreases) in the number
of beams to be accumulated or pulse-compressed. Thus if n beams are to be
accumulated, the linear optical approach requires n parallel optical systems; whereas
the NLO accumulator simply combines n excimer pump beams into a single output
beam. Similarly, if the desired pulse compression ratio is n, then the angular
multiplexing pulse compressor requires n separate beam lines, each at a separate
angle, whereas the NLO compressor performs the pulse compression in a single
beam line folded back upon itself.

Each of these systems is briefly described below.

4.2.21 NLO Laser Beam Combination - This section will summarize the

Prometheus architecture of the non-linear optical beam combination system based on
forward rotational Raman scattering.10"5 As previously discussed, beam combination
gives the laser designer the important option to optimize the performance of the
excimer laser amplifiers independently of the overall IFE reactor system requirements
to deliver a specific amount of laser energy in each beamline to the target. Thus, were
it not for the concept of coherent beam combination, it would be necessary to deliver
some 81 kJ in each beamline to the target. For coherent beam combination, this might
mean, for example, that the 81 kJ of energy would have to be delivered from a single
excimer laser amplifier; a feat which has not yet been demonstrated.5.8 Moreover, the
single point failure of any one of these 60 large excimer laser amplifiers would cause
the misfiring of the fusion target on that (and presumably successive) shots, thereby
forcing the shutdown of the IFE reactor.

During the study, the design architecture for the Raman accumulator system has
evolved from earlier considerations of extremely large e-beam pumped excimer lasers
(producing 50 to 100 kJ each) to the present conservative (~4 kJ) pump excimer laser
amplifier—forward rotational Raman accumulator system. These Raman accumulators
work well with either the 600 ns pulse durations of the EBELSs or the ~ 250 ns pumping
pulse durations of the EDELs. The fundamental purpose of the forward rotational
Raman accumulator is coherent beam combination in which a number (e. g., 4x4 = 16)
of excimer laser beams of modest energy (~6 kJ) and aperture (~30 cm) are combined
into a high energy beam (~81 kJ) and relatively large aperture (~120 cm). In order to
achieve a high quantum efficiency, &, it is convenient to select specific rotational
Raman transitions in hydrogen (or deuterium). The Raman convertor quantum
efficiency, £, is defined by the expression:

hv -AE
é,;: laser rot

v
laser (4.2.2-1)
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where h is Planck's constant, v jaser is the frequency of the excimer laser, and AEot is
the energy of the rotational Raman phonon. In order to achieve the highest Raman
gain, the polarization state of both the excimer pump beam and the Stokes seed beam
must be circular and of opposite helicities. As an example, for two such rotational
transitions in room temperature hydrogen, values of AE ~ 587 cm™! (for S[1]-S[3]) and
354 cm™! (for S[0}-S[2]) have been measured. The relationship of the Stokes seed
wavelength, As, to the laser wavelength, Maser, is given by the simple expression:

A
A's = laser
§ (4.2.2-2)

where & is defined in Eq. 4.2.2-1. Since for Mjaser ~ 248 nm there is only a very slight
wavelength difference between Ajaser and As, it is difficult to separate the pump and
Stokes seed beams spectrally. However, by injecting the Stokes seed beam at an
angle 0 to the excimer pump beam(s), it is possible to inject the Stokes seed beam
efficiently into the Raman accumulator cell. Moreover, intensity averaging occurs
under these circumstances, which can lead to an improvement10.14,15 in Stokes beam
quality compared to that of the excimer laser pump. An example of how this beam
combination task might be accomplished is shown in Figure 4.2.2-1.

i (Y : Pump Beam Coupling
Mirror

Stokes Seed Coupling
Mirror

Beamsplitter

SR Reflective Walls

Excimer Discharge

Excimer Discharge A
Laser Amplifier

Laser Amplifier

Recollimator

Excimer Driver
l ym Beam Amplifier

Recollimator Raman Accumulator

Figure 4.2.2-1 The Forward Rotational Raman Accumulator Permits 16 Separate KrF
Laser Beamlets to be Combined in a Singie Coherent Beam
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The crossed Raman (or CRAM) configuration illustrated schematically in Figure 4.2.2-1
provides an example of a Raman seed beam derived from the original excimer pump,
thereby guaranteeing that the highest Raman gain will be achieved. To achieve high
gain with the bandwidth of the excimer pump greater than the Raman linewidth, this
configuration requires that the optical path length of the seed generator be matched to
the main excimer pump path length.14 In this case, the optical gain, GR, of the Raman
amplifier is given by the expression:

GR = exp [9 R(P.e) I|aserLinteraction] (4.2.2-3)

where gr(p,0) is the rotational Raman gain coefficient (dependent upon the gas
density, p, and the angle between the pump and Stokes beams, 8). An important
parameter in stimulated Raman scattering is the bandwidth, Avg, of the Raman
transition. An expression'® for the Raman bandwidth, Avg, is:
2
K le B KS|
Av_ =—

R P (4.2.2-4)
where K, and K, are two constants which depend upon the Raman medium, p is the
medium density in amagat, K is the pump wave vector, and Kj is the Stokes wave
vector. In turn, the rotational Raman gain coefficient, gg, is dependent!%.15 upon
Raman bandwidth, Avg, the gas density, p, and the angle, 6, according to the
expression:

+ K2p

2
o = 2 A AN do
R h VTt Av, (8,p) dQ

(4.2.2-5)

where A is the Stokes wavelength, AN is the density of scatterers, hvp is the quantum
pump energy, Av(0,p) is the Raman linewidth, and do/dQ is the differential cross-
section for rotational Raman scattering. A plot of the dependence of gg on p and 6 is
illustrated in Figure 4.2.2-2 for Ajaser ~ 248 nm, 6 = 0°, 5°, and 10°.

As indicated in Figure 4.2.2-2, for 8 ~10°, a significant reduction in gr(6) is observed
for densities of H, < 1.5 amagat. As a consequence, we have considered using
angles smaller than 6 = 10° (i. e., 6 = 5°) if gas pressures above 1 atm are to be
avoided. High H, pressures lead to the requirement for thick Raman cell windows and
produce higher relative optical gains for competing vibrational Raman transitions (for
p > 2 amagat).

As an illustration of the effect the Raman gain coefficient has on the predicted
conversion efficiency of the accumulator, plots of the conversion efficiency vs. Raman
cell length for the S(1) rotational hydrogen Raman with Ajaser = 248 nm, E, ;o = 4 kJ,
Dpeam = 30 cm, tpyise = 600 ns, p ranging from 1.0 to 2.0 amagat, and 6 ranging from
5to 10° are illustrated in Figure 4.2.2-3.
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$(1) Rotational Raman Gain Coefficient as Functions of Angle and Density
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Figure 4.2.2-2 S(1) Rotational Raman Gain Coeftficient as a Function of p for
Different Values of CRAM Angle, 6

S(1) Rotational Raman Conversion Efficiency vs. CRAM Angle, H Density, and Cell Length
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Figure 4.2.2-3. Accumulator Conversion Efficiencies as a Function of Cell Length
with AE = 4 kJ, Damp = 30 cm, tpuise = 600 NS, and Aj;gar = 248 NM
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As indicated, for 8 = 10° and p = 1 amagat, 90% conversion is not achieved for

L < 1000 cm, whereas for 6 = 5° and p = 2 amagat, 90% is achieved at L = 530 cm.
The axial (6 = 0) small signal Raman gain given by Eq. 4.2.2-5 ranges from 10 nepers
for L = 500 cm (acceptable) to 20 nepers for L = 1000 cm (marginal). It would be
preferable if high conversion efficiencies (§g > 90%) can be achieved for interaction
lengths, L < 6 m. In the present case, the fluence on the cejl windows is only

4.4 J/cm2. Higher fluences (either smaller beam diameters or higher energies) would
permit efficient beam conversion in shorter distances. If higher energies can be
achieved in the electric discharge excimer lasers (i. e., AE = 4.8 kJ), then efficient
conversion in the Raman accumulator cells can be achieved in a shorter distance.
These results are shown in Figure 4.2.2-4.

S(1) Rot. Raman Conversion Efficiency vs. CRAM Angle, H Density, and Cell Length
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Figure 4.2.2-4 The Accumulator Conversion Efficiency Depend on the Raman Cell
Length with AE = 4.8 kJ, Dapp = 30 cm, tpuise = 600 ns, and Ajager = 248 NM

In this case, with a modest increase to a flux loading of 5.3 J/icm?2, a reduction in
Raman cell length could be achieved. This increase in fluence could be achieved
either by increasing the excimer output energy, AE, from 4 to 4.8 kJ, or by decreasing
the amplifier aperture slightly, from 30 cm to 27.5 cm. As indicated, for 6 = 10° and
p = 1 amagat, 90% conversion is attained only for L = 860 cm, whereas for 6 = 5° and
p = 2 amagat, 90% is achieved at L = 440 cm. The axial Raman gain (6 = 0) in this
case for L = 500 would be approximately 12 nepers. These considerations apply
primarily to Raman conversion of a single e-beam excimer laser (EBEL) amplifier,
since EBEL laser amplifier pulse lengths are relatively long (~600ns). For electric-
discharge excimer laser (EDEL) amplifiers, a <horter (~250 ns) pulse duration appears
to be more optimum. These shorter duration, proportionally higher output power
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pulses produce higher Raman gains. Shown in Figure 4.2.2-5 are Raman
accumulator cell (RAC) conversion efficiency curves for 4x4x6 kJ EDEL pump
amplifiers (~81 kJ) delivered to the RAC in a pulse duration of 250 ns. This represents
the Prometheus-L laser driver design point.
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Figure 4.2.2-5. With an Input of 81 kJ In a 250 ns Pulse for A = 248 nm in Deuterium
at Sensitivities of 0.7, 1.1, and 1.4 amagat with the CRAM Angle = 10°, the
Conversion Efficiency Depends Upon the RAC Length.

It is important not to exceed Raman conversion efficiencies greater than ~90% since
the danger arises that some conversion to higher order Stokes lines could occur.
Under controlled conditions (i.e., deliberately injecting a second Stokes seed), this
could permit an increase in the effective bandwidth of the RAC laser beam since it
would contain two discrete wavelengths (corresponding to the first and second Stokes
order in D2). The separation of wavelengths would depend upon whether the Raman
lines selected were rotational or vibrational. If, for example, the S(2)-S(0) rotational
transition in hydrogen were optimized (AE ~ 354 cm-1), then the wavelengths of the
first and second Stokes would be 250.2 and 252.4 nm (separated by 2.2 nm),
assuming that the 248 nm KrF laser were used as a pump. [f the S(3)-S(1) rotational
transition in hydrogen were optimized (AE ~ 587 cm-1), then the first and second
Stokes would lie at 251.6 and 255.2 nm (separated by 3.6 nm). These Raman lines
would represent 0.87 and 1.45% bandwidths, respectively.
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In addition to the simulations of RAC performance for KrF laser pumps, a number of
Raman conversion calculations were carried out assuming that ArF (A = 193 nm) were
the pump wavelength. It should be noted that, if further excimer laser research
revealed that ArF were a superior excimer gain medium to KrF but that problems
associated with two-photon absorption and/or color center formation in transmissive
optics made operation at A, = 193 nm unattractive, using the Q(1) vibrational
transition in H, (corresponding to a phonon energy of 4155.2 cm1) or the Q(2)
vibrational transition in D, (for an energy shift of 2987.2 cm-!) would permit the Stokes
output wavelength from the accumulators to be either Agyokes = 210 nm (for Hy,) or
Astokes = 205 nm (for D,); these longer wavelengths may prove to be an acceptable
compromise between 248 and 193 nm.

4.2.2.2 Backward Raman Pulse Compression - As discussed above, as a

consequence of the complexity of angular multiplexing as applied to the present
problem, other pulse compression techniques were examined. Two different methods
which use non-linear optical techniques were considered:

(1) Backward stimulated Raman scattering (SRS) pulse compression.11.12
(2) Backward stimulated Brillouin scattering (SBS) pulse compression.10,15,17

These non-linear pulse compressors both utilize stimulated scattering processes
which are capable of using the long pulse excimer laser pump beams for efficient
conversion to higher radiance Stokes beams with differing wavelengths, directionality,
phase aberrations, and temporal durations. Because these non-linear optical
techniques are enormously flexible, such a dual-architecture system permits a wide
variety of pulse shapes, wavelengths, etc., to be achieved without requiring any
significant changes in the overall system configurations.

A schematic of a backward Raman pulse compressor!1.12 js illustrated in
Figure 4.2.2-6.

Upper Excimer Pump Beam Array
Raman Gas Input Stokes
RAMAN ACCUMULATOR/COMPRESSOR
Z Pump Beam Mirrors
i

f L

Lower Excimer Pump Beam Array L P
Output Backward Stokes (Pulse Duration = 1) =C1

Figure 4.2.2-6 The Backward Raman Pulse Compressor Overlaps the Long Excimer
Laser Puise with a Shorter, Backward-Propagating Stokes Seed to
Achieve Pulse Compression.
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As indicated in Figure 4.2.2-6, a Raman cell having a length, Lg = C1,5,,/2, has a
Stokes seed of wavelength, Ag (defined in Eq. 4.2.2-2). Although such a device can
accomplish both the functions of beam accumulation and pulse compression,
experiments and analyses have shown that backward Raman pulse compression
typically can achieve efficient operation only for pulse compression factors of 5 or
less.11.12 Thus, in order to achieve an overall pulse compression of 100, it would be
necessary to have three successive backward Raman pulse compressors. Hitherto,
this has been an unattractive solution because of the reduced overall conversion
efficiency.

4.2.2.3 SBS Pulse Compression - A third pulse compression technique utilizing
stimulated Brillouin scattering (SBS) has been considered for performing the function

of laser pulse compression. The SBS process!0.16.17 exhibits optical gain in a
functional form similar to that given for SRS Eq. 4.2.2-3 as shown in Eq. 4.2.2-6:

Gsps(p; Av, t) = exp @sbs[P AV ] Liaser (AV, t) Leell) (4.2.2-6)

where the SBS gain coefficient, gggg(p, Avpump) is primarily a function of the gas
density and the bandwidth of the pump laser, Av pump . The physics of SBS differs from
that of SRS in that the scattering of incident excnmer laser photons from sound waves
in the SBS medium occurs, as compared with the scattering of light from molecular
energy states, as the basis of the SRS process. The difference in frequency between
the excimer laser, v|;¢¢,, @and the Stokes seed, vggg, is simply the Doppler shift, Avp,
suffered by the pump photons when scattered from the moving density waves in the
Brillouin gain medium. Thus, Avp = 2v|¢.,v/C Where v is the sound speed in the SBS
medium and c is the speed of light. As a result, the quantum efficiency for the SBS
process defined in Eq. 4.2.2-6 can be very high, £ ~ 100%.

The Brillouin gain coefficient, gg, is defined by the relation:16
A

9b=
ncvspl's (4.2.2-7)

where kg is the wave vector of the Stokes beam, vy, is the electrostrictive coefficient (of
the SFg SBS gain medium), n is the refractive index, ¢ is the speed of light, v is the
speed of sound in the gas, p is the density, and I'g is the spontaneous Brillouin
linewidth.

Building upon the work of Mak,? et al. in the Soviet Union, we have analyzed the
case in which the leading edge of the long, 600 ns excimer laser pulse is electronically
chirped in frequency by an amount equal to the SBS seed frequency, Avggg, and then
ramped in modulation depth to encourage the generation of pulses >1 ns duration.

We then have a very flexible method of generating a variety of output compressed
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pulse shapes in a singie non-unear, self-seeding, pulse compressor. A schematic of
the SBS pulse compression concept is shown in Figuie 4.2.2-7.

It is assumed that the SBS pulse compressor has, as an input beam, a long pulse
(Tpu,se ~ 600 ns) output beam from a Raman accumulator. This long pulse beam is
shown as the first waveform in Figure 4.2.2-7. The first step in the SBS pulse
compression process17 is to “chirp” the first few nanoseconds of the leading edge of
the long, T55er ~ 500 ns laser pulse originating in the Raman accumulators (described
above). In Step I, this long laser pulse with the "chirped leading edge" is then directed
into a g~s-filled SBS cell of approximate length L = ct,4,,/2 equipped with a 100%
reflecting mirror at the far end of the cell. The purpose of this mirror is to reflect the
short duration, "chirped” SBS "seed" beam back down the cell where the high,
stimulated Brillouin gain can effect an efficient conversion of long pulse energy into a
short pulse Stokes beam. Thus, upon reaching the 100% mirror and being
retroreflected, the chirped leading edge of the excimer pulse serves as the SBS
Stokes "seed" beam to extract the majority of the power in the original long pulse
excimer beam in 3 time, 7,5, << Tj55¢,- Since the characteristics of this “chirped” SBS
seed are electronically determined, this method permits a wide variety of pulses to be
generated. An operational diagram of how such pulse compressors could be
configured is shown in Figure 4.2.2-8.

Puise Direction
STEP | [ > E/O Chirper

Long Excimer Laser Pulse at ¢ ;= 250 ns

SBS Pulse
STEP I [ Compression Cell

i1
et

Long Excimer Laser Pulse with Chirped Leading Edge
100% Reflecting Mirror

STEP 1l Qutput Compressed Pulse

|
< Reflectad Pulse

Direction

Figure 4.2.2-7 The Three Steps Associated with Pulse
Compression in the SBS Pulse Compressor.

McDonnell Douglas Aerospace
Use or disclosure of data

subject 1o titie page restricton 4-29



INERTIAL FUSION ENERGY MDC 92E0008, VOL. Il
ReacTtor DESIGN STUDIES MARCH 1992

STEP | Excimer Pulse Reaches
Stokes Mirror

g

1/4 A Plate Stokes Mirror

P-Polarized Long Excimer
Pump

SBS Cell

STEP Il Short Stokes Pulse
Directed to Target

Circularty-Polarized
Short Stokes Pulse

Brewster-Angle
Polarizer
(transmits P, reflects S)

Figure 4.2.2-8 Use of SBS Pulse Comprs..sor Cell Coupled With Polarized Input and
Output Laser Beams Facilitates Integration into Reactor

As indicated in Figure 4.2.2-8, the use of linearly-polarized light, together with a large
aperture, dielectric-polarizer, and a quarter-wave plate, permits the long pulse input
and short pulse output beams to be readily separated with high efficiency. It is not
convenient to separate the compressed pulse from the input long pulse spectrally
because the SBS frequency shift is nearly negligible in comparison with the laser
frequency. Similarly, it is generally not convenient to have a significant angle, 6,
between the temporally long incident pump pulse and the short Stokes compressed
pulse because poor spatial overlap would then occur with a concomitant reduction in
conversion efficiency. A schematic of the placement of the SBS pulse compressor
relative to the Raman accumulators is illustrated in the diagram shown in

Figure 4.2.2-9.

One of the useful properties of these non-linear devices (i. e., the Raman accumulators
and the SBS pulse compressors) is that essentially none of the excimer laser light is
lost in the devices. Any laser light that is not converted can be collected and put to
additonal uses, recirculated, etc. In this case (shown in Figure 4.2.2-9), any long pulse
excimer laser power not converted in the Raman accumulator cells would be available
for generating complex pulse shapes for target illumination.
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Figure 4.2.2-9 The SBS Pulse Compressor is Readily Integrated into the Reactor
Driver System Following the Raman Accumulators

In order to explore the capabilities of the SBS pulse compressor for delivering a
variety of output Stokes pulse shapes to meet target compression requirements, a
series of calculations were carried out using a series of different temporal "chirped"
SBS seed pulse shapes. Examples of the input Stokes pulse shapes used in these
simulations are shown in Figure 4.2.2-10.

In Figure 4.2.2-10, the ratios indicated are the final powers in the SBS Stokes Seeds
to the initial powers. Thus, a ratio of 104:1 indicates that the power of the Stokes seed
increases by a factor of 10,000 during the course of the nominal 10 ns Stokes seed
pulse duration. The variation of spontaneous SBS linewidth with SF; density is
important to calculate.

Using experimental data'® substituted into Eq. 4.2.2-7, the spontaneous SBS
linewidth, I'g, is calculated as a function of the SFg density with the results plotted in
Figure 4.2.2-11.

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 4-31



INERTIAL FUSION ENERGY MDC 92E0008, VOL. I

REACTOR DESIGN STUDIES MARCH 1992
3
;_ od. ~8—— 1e4:1 Ramp
- ———e—— 1e3:1 Ramp
2 ~——8——  100:1 Ramp
o e 30:1 Ramp
<;> ~~~~~ ¢ 10:1 Ramp
n‘;_ 14 i 3:1 Ramp
£ 1:1
(5]
o
(o}

Time, ns

Figure 4.2.2-10 By Selecting Various Temporal Ramp Pulse Shapes for "Chirped"”
SBS Stokes Seeds a Variety of Compressed Pulse Shapes Can Be Generated
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Figure 4.2.2-11 The Dependence of Spontaneous SBS Linewidth with SFg Density
Defines Limitations on the Compressed Pulse Bandwidth
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Our design point is taken near p = 1 amagat for SFg in order to trade off sufficient
Brillouin gain together with adequate bandwidth (assuming an excimer/Raman pump
beam bandwidth of approximately 10 GHz). From Eq. 4.2.2-7, it is evident that higher
densities of SFg lead to increased SBS gain but over a narrower bandwidth.

Simulations of the SBS pulse compression process were carried out using the
assumptions summarized in Table 4.2.2-1:

Table 4.2.2-1
Parameters Appropriate for SBS Pulse Compressor Calculations

Pulse Duration of Long Excimer Laser Pulse: T)aser =250 ns
Energy in Long Raman Accumulator Pulse: E=120kJ
Type of SBS Gain Medium: SFg

Pressure of SBS Gain Medium: 2 amagat
Bandwidth of Excimer Laser Pulse: 5 GHz

SBS Stokes Seed Frequency Shift: 98 GHz
Quantum Efficiency: 99.9%

Length of SBS Cell = ctj55¢/2 38m

Pulse Length of Compressed Pulse: see below
Conversion Efficiency: see below

The effective pulse lengths and conversion efficiencies of the simulated output pulses
from the SBS cell depended upon the shape of the Stokes seed used. Results of
these calculations illustrating examples of the different output pulse shapes generated
by the example SBS pulse compressor cell are shown in Figure 4.2.2-12.

The efficiencies of the pulse compressors as functions of ramp ratios are illustrated in
Figure 4.2.2-13 for 1 amagat SFg and 1 meter aperture SBS cells.

Additional increases in conversion efficiency can be achieved by optimization of gas
density, cell aperture, and SBS medium used. Since the calculated SBS pulse
compression efficiencies depend upon the shape of the output Stokes pulse, it is
necessary to specify the temporal shape of the output Stokes pulse in order to define a
specific SBS conversion efficiency. Examples of ouptut Stokes pulse shapes are
triangular, rectangular, etc. Use of a "picket fence" series of short output pulses
synthesizing the main compression pulse can permit a significant increase in the SBS
conversion efficiency up to the limit of the quantum efficiency of >99%. Without a more
precise definition of the required pulse shape, the design point selection must remain
imprecisely defined.

McDonnell Douglas Aerospace
Use or disclosure of data
subject to tile page restriction 4-33



INERTIAL FUSION ENERGY

REACTOR DESIGN STUDIES

MDC 92E0008, VoL. li

MARCH 1992
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Figure 4.2.2-12 A Variety of Output SBS Puilse Shapes in SF, as Functions of SBS Stokes
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4.2.2.4 mmary of Laser Beam Conditionin rategies - The approach for
designing the KrF laser driver for a circa 2030 inertial fusion energy (IFE) power plant
was to optimize the performance, efficiency, reliability, safety, and cost effectiveness of
the excimer laser amplifiers independently of the DT target pellet irradiation
requirements. Since optimized excimer lasers (OELs) are likely to produce ultraviolet
laser pulses that are too low in energy (E ~ 3-5 kJ) to meet the IFE pellet requirement
of Epuise ~ 5 MJ, and with pulses that are much too long (Ajgger ~ 250 ns) for estimated
ideal target compression scenarios using 6 ns pulses, a fundamental aspect of our
design strategy is to design coherent laser beam accumulators to collect a sufficient
number (~2000) of OEL beams in order to achieve the requisite 5 MJ energy level
while using integated pulse compressors to generate the needed 6 ns pulse durations.
Although there are conventional techniques for incoherent beam combination and
angular multiplexing for pulse compression, two non-linear optical techniques for
achieving coherent beam combination and pulse compression were selected because
of their inherent simplicity, flexibility, and outstanding performance capability.

The non-linear optical architectures selected for achieving coherent beam
combination and pulse compression are the forward rotational stimulated Raman
scattering in hydrogen (for beam combination)10.15 and the backward-seeded
stimulated Brillouin scattering” in SF4 (for pulse compression). Computer
simulations were used to estimate the performance of each of these systems. The
forward Raman conversion should have an efficiency of 90% and the SBS pulse
compression from 70% to 95%, depending upon whether the main laser pulse format
is a single 6 ns pulse or a 6 ns pulse synthesized from a series of "picket fence"
composed of shorter pulses. Longer, fiat-topped monolithic SBS Stokes output pulses
are achieved in this design at the expense of conversion efficiency. Higher order
Stokes conversion in the Raman accumulators is controlled by limiting both the H,
path length in the cells and minimizing the angle, 8, between the pump and Stokes
beams to control ASE seeding higher order Stokes beams.

By selecting both H, and SFg pressures near 1 atmosphere, no dangers associated
with high pressure optical cells occur. The electric discharge excimer lasers are
operated at relatively low voltages producing minimal x-ray hazards. The Raman
accumulators are pumped with atmospheric pressure electric discharge excimer
lasers producing only a few kilojoules each and the failure modes of the electric
discharge excimer lasers are non-catastrophic. This architecture also permits further
development of potentially efficient ArF (A 5o = 193 nm) excimer laser amplifier
modules. Use of vibrational H, or D, transitions in the Raman accumulators could be
used to shift the wavelength out to A = 210 nm. This laser driver architecture
emphasizes safety, reliabilty, and efficient operation in wavelengths that couple well
with the targets.
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4.3 Rationale for Heavy lon Driver Options

The configuration of the Prometheus-H Heavy lon Driver was significantly influenced
by the projected cost of electricity of the plant. Two key design choices for the
simplification of the driver were the substitution of a single beam LINAC plus storage
rings for the multiple beam LINAC and the channel transport of the entire beam
through a single small aperture in the first wall/blanket rather than through many large
apertures.

4.3.1 Single Beam LINAC Plus Storage Rings Vs. Multiple Beam LINAC -
The total energy requirements for the target are such that many beamlets must be
accelerated and combined. The major cost drivers in the accelerator are the
quadrupole focusing magnets that contain the beamlets, the induction cores that
maintain the acceleration gradient for the duration of the pulse, and the pulsed power
systems that provide the total energy gain for all of the beamlets.

in the case of a multiple beam LINAC, there are N beamlets per reactor shot to be
accelerated in parallel. The cross-sectional area is proportional to N, as in
Figure 4.3.1-1.

72222,
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X

Figure 4.3.1-1 Multiple Beam LINAC Cross-Section
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In the multiple beam LINAC, there are N magnets per unit length in order to confine
each beamlet. The induction core that surrounds the magnets has a thickness, t, to
provide the required volt-seconds (voltage/meter x pulse length = AB x area/meter = 1),
so the volume of the core is 2 N2 t, The total energy supplied by the pulsed power
is the beam energy plus the losses in the cores (which are proportional to the core
volume) times a factor to account for the efficiency of the pulsed power. Since beam
energy is fixed by the target requirement, the variables are the core losses and the
pulsed power efficiency.

In the case of a single beam LINAC, the same N beamlets per reactor shot can be
accelerated serially. The cross-section for this configuration appears in Figure 4.3.1-2.

Ratio of Magnets
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Figure 4.3.1-2 Single Beam LINAC Cross-Section

There is only one magnet per unit length, a factor of N improvement. Although the
core has the same thickness, t, to provide the same number of volt-seconds, the inner
radius and the core volume are reduced a factor of N1/2. Although the core volume is
reduced, the core is fired N times rather than once, leading to a net increase in the
core losses per reactor shot. Total beam power is the same; therefore, there is no
intrinsic reason why the efficiency of the pulsed power should change. However, the
cost per joule of the pulsed power will go up due to the high repetition rate capability.

Based on the cost model, this single beam LINAC is the more cost-effective system.
The technology of the single beam LINAC is more developed. The complication is that
there is a time delay of the order of milliseconds between the first and last of the
serially-generated beamiets. A number, N, of separate storage rings must be used to
function as delay lines for the beamlets so they may arrive at the target simultaneously.
The technical feasibility of storing high current ion beams for millisecond time scales
must be demonstrated, since there is a possibility of instabilities. This is identified as a
Critical Issue for the Heavy lon Driver. Given that storage is feasible, the cost irnpact of
the rings is relatively minor. Since there are no acceleration modules in the storage
rings, the only cost driver is the superconducting magnets, which now include dipole
bending magnets as well as quadrupole focusing magnets. Thus, the total number of
magnets in all of the storage rings is roughly equal to the number in the final 10% of
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the multiple beam LINAC. Even with the storage rings added to the LINAC, the much
lower cost associated with the single beam system yields a more attractive driver for
the 1000-MWe power reactor.

4.3.2 Pinched Channel Transport Vs. Ballistic Focusing - The indirect drive
target is illuminated from two sides with proper access for the beams through the
shielding, blanket, and first wall elements. Following the target implosion, neutrons
and gas flow out of the access ports, back toward the final focus magnetic optics and
the rest of the linear accelerator with concomitant damage and contamination of those
elements.

The superconducting final focus magnets are susceptible to damage from the neutrons
with little room for shielding. More robust, iron-dominated, room temperature
quadrupoles are available; however, they are large, inefficient, and expensive. At

2 MW electrical per normal conducting quadrupole lens (the value used for
HIBALL-11) the reactor power balance is skewed since this is roughly the time-
averaged kinetic power per beamlet in Prometheus-H.

The gas load is also a problem since, within the reactor chamber, the partial pressure
of the noncondensibles (primarily hydrogen) is about 100 mtorr just before a shot, and
it peaks at hundreds of torr soon after. This gas leaves the chamber primarily through
pumps but also through the target chamber apertures, where it heads back toward the
accelerator. The accelerator must be kept in the 10-7 to 10-10 torr regime for beam
propagation. There is strong motivation to keep the number and size of apertures
small. There are two scenarios possible in the relatively low energy (E < 10 GeV) and
high charge (Q > 1) regime.

The first case, ballistic focusing, is illustrated in Figure 4.3.2-1. Each of N beamlets
can come through a 20 to 40 cm diameter hole in the reactor wall, individually
focussed on the target by its final focus magnets. The beams propagate approximately
5 m through whatever gas is within the target chamber, which includes both burn
products and additives. The beamlet must be at least partially neutralized to overcome
space charge repulsion, and although there is presumably plenty of plasma within the
beam duct to provide electrons, this plasma will also collisionally strip the beam ions to
higher charge states. The beam is entirely within the target chamber before the first
ion strikes the target. The precursor beamlets (containing one-fourth to one-third of the
beam power) continue to strike the target for 30 to 40 ns before the rest of the beamilets
arrive, generating x-rays that photo-ionize the beam, further increasing the beam
charge state and interfering with the space-charge neutralization process that permits
focusing to small spot sizes. After ignition, the neutrons and gas head back up the
ducts to the magnets and the rest of the accelerator.

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 4-40



INERTIAL FusiON ENERGY MDC 92E0008, VoOL. Il
ReAcTOR DESIGN STUDIES MARCH 1992

Target Chamber Shielding

v

Vs

Large Aperture
Penetrations 4

Ballistic-Focused
Heavy-lon Beams

To Focusing Magnets Target
Figure 4.3.2-1 Ballistic Focusing of HlI beams

The second case, pinched channel transport, is illustrated in Figure 4.3.2-2. The
beamlets again focus down from 20 to 40-cm diameters, but are now directed to a
common spot outside the blanket rather than the target pellet. The region they
traverse has a controlled amount of gas or plasma, permitting fine tuning to control the
degree of neutralization and collisional stripping. The beam ions converge on a thin
layer of gas at the outside of the blanket, completely stripping (Q > 50+ within a few
millimeters) and increasing the beam electrical current by a very large factor. The
envelope begins to collapse under the influence of the pinch current, overcoming the
tendency of the outer beamlets to separate. The coalesced beam propagates to the
target through a 2-cm diameter hole in the blanket. Because the ions are already
completely stripped, the x-rays caused by the precursor have no effect. After ignition,
the small flow of backstreaming gas through the 2-cm aperture is blocked by the same
gas layer that stripped the beam ions. There is room to add additional shielding for the
magnets to protect them from neutrons that pass through the ducts in the main
shielding.
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Figure 4.3.2-2. Pinched Channel Transport in Target Chamber

Both methods rely on the detailed response of the plasma and are, therefore,
speculative. Neither has been demonstrated with anything approaching a relevant
heavy ion beam. Some computer simulations have indicated the beam pinch will not
form, but contrary results are obtained when different input conditions are assumed.
Although the pinched channel transport is probably riskier, the engineering
advantages it affords make it worthwhile to carry along as a baseline until a relevant
experiment can be performed.

References for 4.3

1. B. Badger, et al., “HIBALL 1l - An Improved Conceptual Heavy lon Bearn Driven
Fusion Reactor Study,” UWFDM-450/KfK 3840 , Fusion Engineering Program,
University of Wisconsin (July 1985).

McDonnell Douglas Aerospace

Use or disclosure of data
subject to title page restriction 4'42



INERTIAL FUSION ENERGY MDC 92E0008, VoL. Il
REACTOR DESIGN STUDIES MARCH 1992

4.4 Cavity Design Options

The cavity environment is very severe for an IFE reactor. Not only is the time-averaged
neutron fluence similar to that of an MFE reactor, the puised nature of IFE adds blast
effects, instantaneous high heat loads, and high levels of X ray and gamma radiation.
A large number of IFE cavity design studies have been performed during the past ten
years. The selection of a cavity concept for Prometheus was preceded by a thorough
review of existing designs. The trade studies for the wall protection and the blanket
are described in the following sections.

4.4.1 Wall Protection Concept - The protection of the wall is one the most critical
engineering challenges in the reactor plant. The adverse environment is very harsh
because of the pulsed nature of the inertial fusion reaction. A majority of the energy
release occurs almost instantaneously in the form of prompt X rays, neutrons, and
photons. The debris ions provide the remainder of the energy deposition a short time
iater. After the initial energy release, the cavity chamber is "relatively quiescent" which
allows the environment and chamber wall/structure to equilibrate, thermally and
mechanically. This process

is repeated many times a second and hundreds of millions of times per year which
imposes a daunting fatigue challenge to design and manufacture a reliable and long-
livia first wall system.

4.4.1.1 Wall Proteciion Design Options — The major cavity options and
variants considered in the study are noted in Table 4.4.1-1. The major classes of

protection include gas, thin liquid films, thick liquid jets, and solid granules. In
addition, a number of more “exotic” ideas have also been proposed, including a frost
first wall (for the LMF), a pool-type reactor (Pulse*Star!1), and magnetic protection.

Table 4.4.1-1. Main Wall Protection Desigh Options Considered

1. Granular Solid Protection
Centrifugally Rotated (CASCADE)
CGiravity-Driven

2. Thick Liquid Jet
Gravity-Driven (HYLIFE 1)2
Mugnetically-Guided (SENRI)3
Advanced Flow Types (HYLIFE-1)4.5

3. Liquid Film
HIBALL/INPORT,® LIBRA7.8
Porous Composite Wall

4. Gas or Magnetic Protection
SOLASE®
SIRIUS10
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Granular Solid Protection — An example of a granular solid protection scheme is the
one proposed for the CASCADE? concept. It consists of a three-layered flowing

blanket of pyrolytic carbon, BeO, and solid breeder ceramic (such as LiAlO2) granules.
Here, the flowing granuies provide both protection and blanket functions. The reactor
rotates about its horizontal axis and the moving granule blanket is held against the
reactor wall by centrifugal force. The granules are fed by gravity and the rate of flow is
controlled by the rotation speed. This concept has attractive safety, efficiency, and
low-activation features. Issues are linked to the discontinuity of the heating rate at the
BeO/solid breeder interface and to possible aggregation of the granules.

Liquid Protection — Liquid protection schemes use liquid metals or Flibe in the form of
either a liquid metal spray, a thick liquid metal wall, or a hybrid concept using a porous
solid wall with liquid metal film. Advantages of a spray include the potential uniformity
of protection afforded by the mist and the shorter renewal time, while a key issue
relates to the stability of the spray formation.

A thick liquid wall was investigated in the HYLIFE-I 2 design study. The concept
consists of a liquid lithium waterfall surrounding the micro-explosion area. The lithium
fall protects the first wall from the photon and ion fluxes and attenuates the neutron flux
so that wall damage is considerably reduced. In this case, the flowing liquid metal
provides functions of protection but also of tritium breeding and energy removal. This
concept offers advantages in tritium breeding and energy multiplication. However,
because of the time necessary to replenish the waterfall, it is mostly suitable for low
repetition rate systems. Issues include the effect of the impact on the first wall of liquid
lithium slugs propelied by the pressure of lithium vapor created during the micro-
explosion. A pc-sible way to alleviate this problem is to use an array of individual jets
whict. could reduce this lithium gas pressure driving force. HYLIFE-II 45 continued the
concept of a thick liquid jet, but replaced Li with Flibe as the protectant.

An interusting variation for this concept is the use of a magnetic field to guide and
stabilize the liquid lithium flow and control flow velocity, as in the SENRI design.3 The
benefit of flow control must be evaluated against the added design complexity
resulting from the introduction of magnetic fields.

Another variation of the liquid protection concept is the hybrid (solid/liquid) design,
where the falling liquid metal is enclosed in porous solids to prevent disassembly of
the liquid following each micro-explosion. For example, in the INPORT modules used
in the LIBRA7.8 and HIBALL® design studies, the LiPb columns are made to flow inside
porous SiC sleeves. A source of uncertainty is the design and lifetime of these
sleeves.

Gas Protection — Gas protection schemes, such as the one used for the SOLASE
design,® involve filling the reactor cavity with a buffer gas to attenuate the charged
particles and soft x-rays before they reach the first wall. Neon is an attractive buffer
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gas because of its relatively high stopping power for ions and x-rays and its inertness.
Issues include energy re-radiation from the gas to the first wall and its time scale and
the effect of impurities and gas breakdown on target performance. The blanket heat
removal and tritium breeding function are then carried out separately from the wall
protection function. For example, in SOLASE!, a flow of Li2O solid breeder particles
behind the first wall is used for these functions.

4.4.1.2 Evaluation Criteria - The choice of a cavity wall protection design concept
reflects concern over a large number of competing factors. The protection scheme
chosen for Prometheus uses a thin liquid Pb film supplied through a porous structure
of SiC composite material. The more important concerns which were considered in
choosing a thin film protection scheme include:

(1) Configurational Compatibility (Beam Line Accommodation) — Granular and
thick film schemes appear nearly impossible to engineer when there are a
large number of beam lines. Thick falling films must be guided around all
penetrations, without sacrificing protection at any point. We assume that any
spot which is not fully covered is likely to be destroyed, such that the protection
scheme should be reliable and “passively stable”. The beam lines themselves
should be protected beyond the first wall, as a significant amount of energy
may be deposited there as well. The porous structure could easily be
extended into the beam lines.

(2) Engineering Simplicity — One of the unattractive features of a thick falling film is
the coupling of functions, including wall protection, breeding, energy
conversion, and shielding. While removing components may appear to
simplify the design, there are serious disadvantages. The design window is
reduced whenever multiple constraints are imposed on a single system. Much
of the existing blanket technology from MFE can be applied if a separate
blanket is used.

In addition, the technical feasibility of flowing large quantities of liquid at high
velocity over large path lengths (and in some cases complex flow schemes) is
guestionable, especially considering the requirements for beam propagation.
There are geometric advantages of a thin film fed from behind the first wall.
The flow rate of the film can be very small in comparison.

(3) Safety and Environmental Attractiveness (Minimum Liquid Inventory) —
Contamination of the protective film will be very difficult if the inventory is large
and, consequently, the required purity level is low. In addition, the reduction in
inventory and thickness allows us to choose from a larger number of liquids for
the protective medium.
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(4) Cavity Clearing — Compared with thick liquid jets, thin films should have better
repetition rates. The amount of liquid which can be ejected is limited, and the
presence of the porous backing should help contain the film.

(5) Lifetime — The choice of SiC for the structural material has good radiation
resistance and safety and environmental advantages. The protective film
material can be selected based in part on minimizing radioactivity. In addition,
the relatively thick independent first wall system coolant protects the blanket,
thus increasing the blanket lifetime.

(6) Versatility — This configuration should be applicable for both HI and laser, for
both direct- and indirect-drive schemes.

Gas-protected “dry-wall” concepts, such as SOLASE and SIRIUS, have many
desirable features as well, offering good accommodation of beam penetrations,
flexibility, and probably the best cavity clearing capability. However, these designs
suffer from several problems of their own. Problems arise from the high required gas
pressure, including laser-induced gas breakdown and target penetration. Other
problems include long energy re-radiation time of the gas and damping of the
mechanical impulse from the blast. From past studies, the cavity diameter is likely to
be much larger than liquid-protected designs, implying several times as much material
and consequently higher cost.

4.4.1.3 Wall Protection Design Choices — The protection scheme chosen for

Prometheus uses a thin liquid Pb film supplied through a porous structure of SiC
composite material. The SiC structure must be flexible enough to withstand cyclic
loading from the blast, but strong enough to support itseif and the internal pressure of
the film. A supply region behind the porous structure serves to slowly feed the liquid
and to remove the heat from the first wall (40% of the total fusion power). Blast energy
is removed from the cavity initially by evaporation. During the recondensation phase
of each pulse, heat is conducted through the relatively thin film and into the first wall
coolant.

The film material is Pb, which offers many advantages:

(1) Appropriate Temperature Ranges — Pb has excellent saturation temperatures
in the pressure: range of interest (1 mtorr ~ 100 torr). It is high enough for good
conduction heat transfer from the film surface to the coolant, but not too high for
limits on material properties and compatibility. It is also high enough to provide
a high coolant temperature, resulting in good thermal conversion efficiency.

(2) High Thermal Conductivity

(3) Good Neutron Multiplier - Pb is an adequate neutron multiplier which allows
elimination of Be in blanket.
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(4) Safety Advantages - Since the film contains no Li, the chemical reaction
hazard and mobility of Li and LiPb is not a problem.

(5) Chemical Compatibility with SiC

(6) Good Fit with Pb in Hohiraum Targets - Since Pb has been selected as the
main high-Z component in the indirect-drive hohiraum targets, impurity control
in the liquid is easier.

The main disadvantages of Pb are its weight, low tritium solubility leading to higher
permeation, radioactivity (which can be reduced with impurity control), health hazard
of Pb vapor, and lower energy multiplication as compared with a Be multiplier.

Having rejected Li and LiPb protectants for safety reasons, Flibe (LioBeF4) was
considered as an alternative. Flibe has been extensively studied in the HYLIFE-II5
reactor studies. While it offers some potential advantages, several concerns led us to
select Pb. These areas of concern for Flibe include:

» Poor thermal conductivity (0.8 vs. 34 W/m-K for Pb)

+ Dissociation

« Coolant chemistry

» Short-term activation of fluorine

« Chemical reactivity of fluorine

» Mobility of Be and F in vapor form (transport into vacuum system)

The overall configuration of Prometheus is a low aspect ratio cylinder with
hemispherical end caps. This configuration was selected for several reasons:

(1) Maintenance of a cylinder is easier than a sphere. Maintenance paths are all
straight vertical. The configuration allows independent removal of first wall
panels and blanket modules.

(2) A cylinder provides better control of film flow. Problems protecting the upper
hemisphere can be reduced with higher aspect ratio, in which the distance
from the blast to the upper end cap can be maximized.

(3) A cylindrical configuration is more consistent with conventional plant layouts.

The main disadvantage of this concept is nonuniform power distribution and higher
peak loads. The higher peak-to-average loading leads to larger size and higher cost
for a given total reactor power. To minimize these disadvantages, the aspect ratio is
kept relatively low—of the order of 1-2; however, this also limits the advantage of
upper end cap protection.

Another main feature of the Prometheus design is the separate blanket region. This
blanket is protected from the blast and is designed to optimize breeding, energy
conversion, reliability, and maintainability. A more detailed explanation of the blanket
is found in the following section.
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The concept described above can be applied to both laser and heavy ion reactor
designs. This feature is important in reducing the R&D required for cavity
development.

4.4.2 Blanket Concept — The design of the Prometheus blanket was strongly
influenced by the desire to maximize safety and reliability. Safety considerations led
to the choice of a helium coolant, low-activation solid breeder, and SiC for the
structure and neutron reflector. Higher reliability is sought by a combination of vertical
maintenance with easily-detachabie blanket modules, low coolant pressure with
double containment, and relatively conventional configuration adapted from magnetic
fusion reactors.

The overall configuration consists of several rings, each containing a number of
modules. The modules are configured into the rings outside of the reactor. If any
module requires replacement, the entire ring can be removed easily, and then repairs
are made to individual modules externally. The module is composed of layers of
coolant and breeder. The pressurized He coolant is contained in U-bend woven SiC
tube shells. The Li2O breeder is placed in packed-bed form between the tube shells
and is purged by He flowing along the axis of the module.

The LioO breeder has many attractive features, including low activation, good
temperature window, low tritium inventory, and good existing data base. Of the
candidate solid breeder materials, it has the best TBR and, in conjunction with the first
wall Pb coolant, provides the potential for adequate tritium breeding without the need
for Be as a multiplier.

He coolant also has many advantages. It is chemically inert and can operate at high
temperature. This allows high thermal cycle efficiency, but also eliminates the need for
a thermal resistance region between the breeder and coolant (all solid breeder
materials must operate at high temperature to release their tritium).

In previous blanket design studies, the disadvantages of using He at high pressure
have been assessed. These include high pressure stresses, possibly leading to
failures, and the fear of leakage problems. In order to reduce these concerns, we took
advantage of the unique possibility for low-pressure operation in our design. Inertial
fusion inherently produces less neutron power than magnetic fusion. In the
Prometheus design, the thick first wall system substantially moderates the neutrons
and further reduces the neutron power to the blanket. Only 60% of the thermal power
is in the blanket system. Because of the low power density in the Prometheus blanket,
the coolant pressure was reduced from the more traditional 5 MPa to only 1.5 MPa.
The pressure is so low that the breeder module walls and purge system were
designed to withsiand coolant tube rupture, resulting in a much higher reliabiiity than
higher-pressure designs.
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The major penalty paid for this pressure reduction is higher pumping power, resulting
in lower thermal cycle efficiency. In this design, the tradeoff was judged favorably for
the low pressure design.

Finally, the Pb FW coolant is the sole multiplier. Eliminating Be from the blanket
makes the blanket design simpler and also avoids the well-known problems of
resource limitations and high cost. Overall, the Prometheus blanket is a very simple
and conventional blanket design, yet offers excellent safety, environmental, reliability,
and lifetime characteristics.
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4.5 Selection Criteria for SiC/SiC Composites

4.5.1 Introduction — An important feature of fusion reactions is that the resuiting
radioactive products are short-lived. However, the interaction of neutrons with
structural materials in fusion power systems can lead to long-lived radioactive decay
chains. Proper selection of structural materials can lead to significant reductions in the
level and duration of environmentally hazardous radioactive products. Several
neutronic and conceptual fusion-reactor studies have concluded that the post-
shutdown radioactive inventories of FW/B structures made of pure SiC are
dramatically lower than any metallic alloy considered for fusion so far.1-4 The same
assessments have shown conclusively that decay heat generated in the reactor, in
case of a loss of coolant accident, can be safely and passively removed without the
danger of radioactivity release to the environment. It is also realized that long-term
radioactive inventories will be mainly controlled by the level of impurities in the
structure. Therefore, processing technologies which offer the potential for significant
reductions in the level of impurities should be attractive for the development of SiC
structures.

Another important feature of SiC structural materials is their high temperature
capabilities. Operational temperatures approaching 1000°C are potentially attainable,
which can lead to improved thermal cycle efficiency. For these important reasons, the
development of SiC structural components is perceived to be of paramount
significance to the successful commercialization of fusion energy. This section
analyzes and reviews the body of knowledge which is relevant to the application of
SiC as a structural material in the inertial confinement reactor concept Prometheus.
The relevari features and data base or SiC/SiC composites are presented. On the
basis of the available data base and reasonable extrapolations, selection criteria are
developed.

4.5.2 Processing of SiC/SiC FRC's - Several methods have been deveioped for
production of SiC fibers for use as reinforcements in high-temperature composites.
Continuous yarns of 500 fibers are now in commercial production by Nippon Carbon
Company? under the trade name Nicalon. The process starts by dechlorinating
dichlorodimethyisilane with molten metallic sodium to produce the solid polymer.
Further processing steps are polymerization, and densification of amorphous Si and C
at high temperatures (1200°C-1500°C). The final microstructure is crystalline B-SiC of
density in the range 3.16 g/cm3, and of crystallite size of 20-50 um. The final product is
continuous muitifilament tows comprised of 500 filaments.

SiC monofilaments can also be prepared by the chemical vapor deposition (CVD)
process, as described in References 2 and 3. SiC is deposited from vapor mixtures of
alkyl silanes and Hz onto a substrate formed by a resistance-heated W wire or C
filament. The substrate has a diameter of 10-25 um and forms the fiber core. The final
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filament is commonly 100-150 um in diameter. Although deposition at high
temperatures (above 1300°C) is fast, the resulting structure is coarse crystalline and is
weaker than the amorphous structure obtained at lower temperatures. If any free
silicon appears in the microstructure, further weakening will resuit.

Whiskers of SiC can be prepared either from rice hulls# or by a vapor-liquid-solid
(VLS) process.® Rice hull whiskers contain around 10% SiO2 and between 0%-10%
SizgN4. Around 10% of SiC is in the B crystalline phase, and the remainder is
composed of a-SiC particulates. Whiskers produced from rice hulls are short, with
lengths around 50 pm. Longer and smoother whiskers are prepared at Los Alamos®
by the VLS process. Such whiskers possess superb mechanical properties, with an
average strength of 8.4 GPa and an average elastic modulus of 580 GPa.

Multifilament fibers can be assembled into two- and three-dimensional structures by
interlacing, intertwining, or interlooping. Combining the high strength of fibers with
proper matrix-fiber interface frictional properties, fiber architectures will expand the
design options for tough and reliable fusion structural materials. Fiber architectures
can be classified into four categories: discrete, continuous, two-dimensional, and fully
integrated (three-dimensional). Selection of one of these architectures for F/B or . .gh
heat flux applications will depend on a number of factors. These are: (1) the capability
for in-plane multi-axial reinforcements, (2) through-thickness reinforcements, (3) the
capability for final shape manufacturing, and (4) leak-tightness of the final components
during high-temperature operation. Selection of a particular form of architecture for
fusion may be premature at present, because matrix processing techniques are still
evolving. While 3-D architectures provide an orthotropically tougher composite, the
CVI technology employed at present is limited to low fiber volume fractions, and the
procedure is quite lengthy. On the other hand, 2-D laminates can be produced at
much greater speeds and can achieve higher fiber volume fractions. The final
component mechanical properties will be anisotropic. This feature will certainly lead
to reduced capabilities of components to carry shear loads. In summary, processing
technologies for the manufacture of SiC/SiC FRM's are available at present. However,
further development is needed for production of components on a commercial scale.

4.5.3 Data Base - SiC is known to have high intrinsic strength and stiffness

(E = 450 GPa at RT), high-temperature stability (decomposition temperature

= 2830°C), and excellent oxidation resistance. lIts relatively high conductivity

(k =0.25 W cm-1 °C-1 at 200°C) and low coefficient of thermal expansion

(o = 3.8x10°6 °C-1 at 200°C) results in favorable thermal shock resistance when
compared to other ceramic materials. The thermal conductivity of CVD SiC,

k(W cm-1°C-1), and the specific heat, Cp (J Kg-1 °C-1), are given by empirical
equations of the form:
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4 ,
Property = Z M.T
i=1
where T is temperature in °C. Values of the polynomial fit coefficients are shown in
Table 4.5.3-1. Graphical representation of these properties as functions of
temperature is shown in Figure 4.5.3-1.

Table 4.5.3-1. Coefficients of Polynomial Fits to Selected Properties of SiC

4 .
Property = MT
M

Thermal Fracture Young's Swelling
Property | Conductivity | Specific Heat Stress, of Modulus VIV
Coefficient] wm-1 k-1 J Kg" K-1 MPa GPa <1000°C >1000°C

Mg 62.84 435.53 -993.9 605.632 1.43 -71.19
M1 -0.04 3.08 7.42 -1.407 0.0059 0.15
M2 6.25x10-6 | -0.0047 -0.013 0.003 -1.56x10"9{ 1.09x10"4
M3 0 3.31x10°6 | 9.54x10°6 | —2.087x10-6 | 8.58x10"9 | 2.56x10-8
M4 0 -8.41x10°10 | —2.42x10-9 0 0 0
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Figure 4.5.3-1. Dependence of the Specific Heat and
Thermal Conductivity of SiC on Temperature
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Assessment of the data base and development of a proper fusion-specific SiC
composite is an iterative process. or this reason, we discuss here the available
mechanical and radiation effects data base so that ways for further improvements can
be found.

4.5.3.1 Mechanical Properties — The tensile strength of Nicalon fibers iz
statistical because of the existence of defects (e.g. voids and cracks) during the
manufacturing process. It is also strongly influenced by heat treatment, test
atmosphere, and test temperature. Commercial Nicalon fibers in various atmospheres
show degradation in strength at or above 1000°C.6 Strength deterioration is attributed
to: (1) chemical reaction between SiO2 and free C, leading to surface damage;

(2) crystallization of the amorphous structure; and (3) oxidation in gaseous
atmospheres. The tensile strength of CVD-prepared SiC fibers on C cores is retained
only up to 800°C. The 100 h rupture strength of CVD fibers was shown to degrade
greatly above 1100°C.7 While the average tensile strength of unirradiated
monofilaments is 2.8 GPa at temperatures below 900°C, preform wires have an
average flexural strength of only 1.3 GPa. The uniform elongation at fracture is
1.5-2.0%.

For CVD fibers, it was observed that fiber creep is anelastic (i.e. recoverable) and is a
result of grain boundary sliding,8 controlled mainly by a small amount of free silicon in
the grain boundary. Fiber creep activation energy of 480 kJ mole-1 was concluded to
be similar to sintered SiC material, and the resulting creep rate is about an order of
magnitude greater than the Nicalon fibers.8 The lower creep resistance of the more
commercial Nicalon fibers was attributed to the lower grain boundary (GB) viscosity of
free Si, which results from the polymerization process. Diffusional creep by GB sliding
has an activation energy estimated at 611 kJ mole-! and a pre-exponential of
3.1x10-7 m2 g-1.[Ret.9]

These observations indicate that high-temperature creep properties of the composite
may be life-limiting in fusion. In particular, the crack bridging mechanism, which is the
main feature for enhancement of the composite's toughness, will have to be critically
examined since the bridging fibers may creep at a faster rate than the matrix itself.

The high-temperature deformation characteristics of hot-pressed SiC have been
experimentally investigated and may be taken as indicative of the matrix in a
composite.8:9 The activation energies for power law as well as lattice diffusion creep
were found to be about 912 ks mole-1.[Ret.8] Transition from power law creep at high
stresses to diffusional creep at low stresses was also observed.10 However, the
diffusional matrix creep rates were found to be very small. A power law index of 5 was
found to be similar to that of pure Si. The mechanical properties of unirradiated
reaction sintered SiC (i.e., Young's modulus, E (GPa), and bend strength, of (MPa)) as
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functions of temperature, T (°C), are also given by polynomial fits, with coefficients
defined in Table 4.5.3-1. Graphical representation is shown in Figure 4.5.3-2.

Fracture Stress and Young's Modulus
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Figure 4.5.3-2. Temperature Dependence of the Fracture
Stress and Young's Modulus of SiC

The critical stress intensity factor of the SiC matrix is expected to be low, as compared
to metallic alloys. However, the bridging of cracks with the strong fibers will possibly
allow for higher values of an apparent K|c, especially when one is concerned about
catastrophic through cracks. Room temperature values of Kic for an unbridged hot
pressed SiC range from 2.6 to 5.7 MN.M-3/2 and is independent of temperature up to

1000°C. Sintered SiC shows temperature-independent K¢ of about 3 MN.M-3/2 up to
1500°C.

An allowable design stress for SiC FRC's will depend on a wide range of
manufacturing and operational factors. For example, recent fracture test results at PNL
at 800°C on S!C FRM's from several vendors showed them to have strengths in the
range 300-600 MPa in the unirradiated condition. Neutron irradiation at the same
temperature, and up to approximately 10 dpa, showed that the fracture strength
declined by about a factor of 2-2.5.11 It is possible then, with modest technology
extrapolation, that low pressure FW/B components would be designed to operate
reliably in a fusion environment.
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4.5.3.2 Coolant Compatibility — SiC has excellent resistance to oxidation up to
1000°C, because of the formation of a protective stable SiO layer. Rapid oxidation
may occur, however, depending on the physical state of the oxide layer between
100°C and 1300°C. The porous oxide layer offers no resistance to the diffusion of
oxygen to react with the SiC forming volatile Si and C oxides. The stability of the SiO2
layer is dependent on the Oz partial pressure, being unstable at pressures lower than
10-10 to 10-8 atmospheres.12 In a primary helium loop, the partial pressure of Oz is
expected to exceed these values. However, the reaction of the interfacial layer
between the fibers and the matrix with oxygen will ultimately determine the upper
usable temperature of the composite, as far as compatibility is concerned. At present,
this layer is either C, BC4, or BN. While carbon oxidation will severely limit the upper
temperature, the production of He and H from nuclear reactions in B compounds is
expected to degrade the strength of SiC FRC's. An important factor which needs yet to
be studied is the possible reduction of the passive SiO2 layer by tritium or hydrogen.

Compatibility studies of SiC in molten Li indicated that intergranular penetration
degrades its fracture strength.13 Reaction with the glassy phase at the GB is thought
to be the cause of this rapid penetration. In a molten lithium environment, the uniform
corrosion rate was reported to be extensive.13 However, the reported data was
obtained at Oz activities thought to be much higher than anticipated in a typical Li loop
of a fusion reactor.11

4.5.3.3 Radiation Effects — The strong directional bonding and the mass
difference between Si and C atoms render the crystalline form of [;-S.C exceptional
radiation resistance characteristics. Recent Molecular Dynamics (MD) studies?4 show
that Replacement Collision Sequences (RCS's) are improbable, and that the
displacement of C atoms is much easier than Si. MD computer simulations'4 show
that while the average threshold displacement energy (Eg) is 15 eV for C, it is about
90 eV for Si. This result would directly lead to the conclusion that the stoichiometry of
the displacement cascade will differ substantially from that of the matrix. It is also
observed that energetic Si PKA's displace multiple C atoms which end up on <111>
planes. Thus, C-rich interstitial dislocation loops will tend to form on <111> planes.
Experimental observations at temperatures below 1000°C tend to corroborate this
conclusion.’S> Vacancies and He atoms exhibit considerable mobility above 1000°C.
These fundamental considerations may explain some of the observed features of SiC
dimensional changes as a function of temperature and fluence.15-18

The ease by which C atoms can be displaced, as compared to Si, would indicate that
C-rich interstitial loops may tend to be prevalent as a result of irradiation. Energetic Si
atoms traveling the <111> gap induce simultaneous displacements of multiple C
atoms on {111} planes. PricelS observed Frank-type loops on {111} planes which
may be C-rich. Below 1000°C, point defects tend to form loops on {111} planes and
swelling is therefore expected to saturate. For example, Harrison and Correli19
observed large loops (10-200 nm) in RB-SiC after neutron irradiation to a fluence of
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1.8x1023 cm—2, At temperatures above 1000°C, cavities form and swelling does not
saturate. The presence of helium results in further increases in the swelling rate by the
known gas-driven swelling mechanism, as observed in the swelling of nuclear fuels.
Swelling data with helium generation are scarce and need future considerations.
Swelling of B-SiC in the temperature range 625-1500°C and at a neutron fluence

(E > 0.18 MeV) of 1.2x1022 [Ref.15] js represented by two separate polynomials, with
two different sets of coefficients below and above 1000°C, respectively. The
coefficients and the general swelling behavior as a function of temperature is shown in

Figure 4.5.3-3. Additional helium will drive swelling to higher values, particularly at
temperatures above 1200°C.20
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Figure 4.5.3-3. Volumetric Swelling of SiC as a Function of Temperature at a
Neutron Fluence of 1.2x1022 n cm-2 (E>0.18 MeV)

A significant irradiation damage problem which resuits in the deterioration of the
mechanical properties of SiC is the crystalline-to-amorphous phase transition
phenomenon. For example, the strength of Nicalon fibers is degraded by irradiation-
induced re-crystallization. Crystallites growing out of the fibe!s into the matrix form
nucleation sites for cracks leading to delamination of the interfac2. The limitect
accumulated evidence from radiation effects data indicate that the upper temperature
limit for use of SiC in structural design is in the range of 900-1000°C.

4.5.4 Design With SiC/SiC Composites — Design rules for SiC/SiC composites
in the high-temperature and radiation environment of fusion reactors are obviously not
established, mainly because the test data base is not complete. This data base for
mechanical properties must also be made on full-size components. It is interesting to
note that the fracture behavior of the composite is totally different from monolithic
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behavior, and exhibits considerable apparent ductility, as shown in Figure 4.5.4-1.
However, this increased toughness is caused by the dissipation of the elastic energy
in slow micro-cracking processes. Failure stresses will have to be determined for
particular applications (e.g. load bearing but not leak-tight components, leak-tight
components, compon:nts which resist thermal stresses, etc.). A promising failure
approach would be to use an interactive theory, such as the Tsa-Wu criterion. In such
an approach, the failure stress tensor is measured. This would give failure stress

Composite Failure

4907 Le— monoLITHIC
— 1| sic
& 300
S |
)
&0 2001 UNIDIRECTIONAL
o i COMPOSITE
»
100
o L ) 1 LB ] 1
6o 05 10 15 20 25 30

STRAIN (%)

Figure 4.5.4-1. Stress-Strain Behavior of Monolithic and Unidirectional
Composite SIC at Room Temperature

components in tension, compression, and shear, for both in-plane and out-of-plane
components. Structural analysis would be fairly complete and would result in the
definition of safety factors in each direction. This approach would take into account the
probabilistic variability of properties, as determined by experimental measurements.
There will be no need to use Weibull statistical analysis because safety factors and the
experimental failure tensor would guarantee safe operation, as desired, from a
particular component.

4.5.5 Selection Rationale — SiC/SiC FRC's are excellent, low-activation, safe
structural materials for the high-temperature and radiation environment in comrzercial
fusion reactors. Their superior mechanical and physical properties would allow for
operational temperatures approaching 900-1000°C, thus achieving high thermal
cycle efficiencies. The strong covalent bond between Si and C results in promising
resistance to the damaging effects of neutron irradiation. Increased toughness
because of the reinforcement with strong fibers will make deterministic design
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approaches possible. However, considerable research and development will be
needed before the material will be able to meet its promise.
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4.6 Target Selection

Given that laser and heavy ions can be built to deliver MJ of pulses onto small foci, a
key element in an inertial fusion energy (IFE) reactor is the design of the DT target.
The IFE driver designs are dictated, in large pan, by the target configuration as well as
the requirements set forth by the target designers for achieving a uniform DT target
implosion. Depending upon the stringency of DT target irradiation requirements in
terms of uniformity of illumination (in the case of the laser driver) or in the beam
diameters on target (in the case of the heavy ion driver), the requirements placed on
the drivers may be sufficiently demanding that the resulting driver costs would be
unaffordable. Thus it is of vital importance that the target irradiation requirements for
both Prometheus-L and Prometheus-H be well understood. The following section
describes the types of DT targets and target irradiation requirements currently being
considered for both laser-driven and heavy ion-driven IFE reactors.

4.6.1 Laser Driver Target - The Target Working Group (TWG) has provided the
study team with prescriptions for target illumination for both direct and indirect laser-
driven targets.! At the present time, owing to the higher target gain, we selected the
direct-drive IFE laser target was selected as the baseline. Therefore efforts were
concentrated on the direct-drive laser target illumination problem. A schematic of this
target is shown in Figure 4.6.1-1.

The direct-drive laser target consists of a polystyrene shell surrounding a layer of DT

ice and a central region of DT vapor. As an example, for a driver energy of 1.6 MJ, the
radius of such a target would be 0.2 cm.

CH Sh\

DT Gas or Vacuum

Solid DT Layer

Figure 4.6.1-1 Schematic of Laser Direct-Drive IFE Target Structure.
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In addition to the direct drive targets, the team also examined the indirect-drive laser
IFE targets. It was assumed the fuel containing pellet or capsule of indirect-drive laser
targets would be similar to the DD design. No further information on the geometry of
laser indirect drive targets was supplied. As most of the information on these targets is
classified, it is difficult to fill in the details needed to arrive at developing credible
indirect-drive target illumination schemes. In considering the laser IFE indirect-drive
(ID) target further, it was necessary to make a number of assumptions regarding ID
laser targets based on the scant details available in the open literature. Additional
details regarding these laser ID IFE target considerations can be found in Section 6.5.

A laser driver energy of 4 MJ was selected for reasons outlined in Sections 4.2

and 6.2. Mass scaling data was used to estimate that a target similar to that illustrated
in Figure 4.6.1-1 scaled to a driver energy of 4 MJ would contain ~6.5 mg of DT and
16.5 mg of CH. This was used as the base target for the Prometheus-L design study.
The possibility of adding thin layers of various materials to the basic DD target
structure to act as permeation barriers, shine shields, etc., was also considered.
However, with the possible exception of target alignment requirements, such additions
were found to be unnecessary for the point design chosen. Therefore, the basic
design shown in Figure 4.6.1-1 was used without modification.

Following the completion of the Prometheus-L laser driver design, a number of
questions have emerged regarding the direct-drive target illumination requirements
set forth by the TWG. Thus, when the requirements set forth by the TWG for direct-
drive target illumination are compared with some of the known considerations
applying to the laser beam illumination physics and the physics of light/plasma
interaction, some serious questions arise regarding sorne of the TWG direct-drive
target illumination requirements.2 Facts and known requirements associated with the
TWG guidelines, the laser driver, and target coupling physics are briefly summarized
below.

4.6.1.1 Optimized Target Interactions - By considering the impacts of the TWG
direct-drive target illumination requirements with the newly defined capabilities of the

Prometheus-L laser driver and the known physics requirements of laser light/plasma
interactions, it should be possible to optimize the laser/target coupling interaction
significantly. This laser/target interaction optimization may result in a significant
reduction in the laser energy required to reach a given DT target gain. The TWG has
already specified that implementation of a "zoom" optical system which follows the
imploding surface of critical density could guarantee an increase in target coupling
efficiency of a factor of at least two.

Each of these three areas of discussion is briefly described below:
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4.6.1.2 TWG's Direct-Drive Target lllumination Requirements - The TWG

direct-drive target irradiation scenario includes the following elements:

(1) There will be at least 60 laser beams incident on the target.

(2) The target will be illuminated uniformly such that the intensity variation
anywhere on the spherical surface will not vary more than £1%.

(3) Mjager ~ 250 nm, increasing the importance of Bremsstrahlung absorption

over resonant absorption.

(4) The pulse duration of the main pulse will be approximately 6 ns with an
approximately 60 ns lower intensity precursor "foot"; all beams must produce
similar pulse shapes such that the uniformity requirement (2) is met.

(5) The laser beam size on the target will be equal to the target diameter.

(6) The spherical direct drive DT target will be approximately 0.6 cm in diameter.

(7) During the course of the laser pulse, the critical surface of the target will shrink
to a diameter ~0.3 cm.

(8) The spatial intensity distribution of each laser beam incident on the target
shall approximate | (8) ~ (sin 6/6)2.

The penalty associated with failing to meet target illumination requirements is poor or
no target yield.

4.6.1.3 Laser Driver Requirements/Characteristics - In addition to the
preceding eight requirements set forth by the TWG, there are a number of
requirements and/or characteristics of the laser driver and its associated optics which
need to be taken into consideration.

(1) Excimer laser amplifiers produce optical beams having square cross-sections.

(2) Square laser beams map efficiently onto spherical surfaces only if the
dimensions of the squares are significantly smaller than the sphere radius.

(3) The degree of trapezoidal apodization and the requirements for an efficient
laser amplifier fill factor can be traded off to yield an optimum value.

(4) Optical elements cost least when sized according to an optimum aperture;
optical vendors can be geared up to produce square (or rectangular) optics.

(5) Large aperture optics can be synthesized from an array of square (or
rectangular) subelements using optimized aperture sizes.

(6) Trapezoidal (or pyramidal) laser beam apodization can reduce angular

pointing requirements for the array mirrors.
(7) For a final focusing mirror focal length, f,, of 40 m and an effective aperture,

Dp,, of 1 m, the f/number of the focusing optics is relatively large (~40).
(8) Automatic "zooming" of the optical system on the collapsing surface of critical
density occurs when the foci of each of the 60 mirrors are located at the center
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of the target. (This arrangement is impractical in the present case? since it
would require a prohibitive number of beamlines.)

(9) For constant beam quality and laser wavelength, the far field focal spot size
depends only on the f/number of the final focusing mirror; in the present case,
the focal diameter for each laser beam is estimated to lie between 10 and
15 microns (assuming an /40 system and A = 248 nm).

(10) Research has been performed on high power optical techniques for
generating negative non-linear refractive indices, thereby making possible (in
principle) automatic "zooming" optical systems for high power lasers.

(11) The surface of the 0.6 cm diameter target sphere lies in the near field of each
of the 60 laser beams, thereby permitting beams of predetermined shape and
apodization to be placed on the target's critical surface (typically, laser beams
do not follow spatial intensity profiles ~ (sin 6/6)2 [this is a far-field diffraction
intensity profile]).

(12) Although a variety of laser beam cross-sectional shapes and apodizations are
possible, square beams with trapezoidal apodizations appear to be an
optimum choice for efficiently placing a homogeneous intensity distribution on
the spherical target surface.

(13) Even with careful computer control of the laser amplifier power conditioning, it
will take strenuous efforts to achieve the +1% target illumination homogeneity
requirements set forth by the TWG.

The penalties for not heeding the physics of laser drivers are low efficiency, high driver
cost, impaired performance, and difficult alignment problems.

4.6.1.4 Laser/Plasma Interaction Physics Requirements - The following
observations regarding laser/plasma interactions can be made:

(1) The primary mechanism for coupling UV laser light into an imploding plasma
having densities at or greater than the critical density is inverse
Bremsstrahlung.

(2) Resonance absorption can also play a role, especially for large angles of
incidence. In the case of linearly polarized laser light, resonance absorption
is concentrated in two lobes aligned along the polarization vector.3

(3) Laser light interacts weakly with plasma below the critical density with the
primarily effects being SBS, SRS, and refraction of the incident laser light.

(4) Laser light cannot propagate through plasmas having densities greater than
critical density.

(5) Planar target interaction experiments have shown that the inverse
Bremsstrahlung absorption depends upon the fifth power3 of the cosine of the
angle of incidence, q (where the angle of incidence is the angle between the
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Poynting vector and the normal to the critical surface) for linear plasma density
profiles and on the (cos 6)3 for exponential plasma density profiles.

(6) Rayleigh-Taylor (RT) instabilities are driven primarily by laser beam intensity
inhomogeneities occurring at the beginning of an implosion.

(7) Higher-order RT instabilities are more serious than low-order instabilities.

(8) Laser intensities above 1015 W/cm? tend to produce undesirable nonlinear
optical effects in the plasma atmosphere (including stimulated Raman
scattering, stimulated Brillouin scattering, harmonic generation at w®/?, etc.).

(9) Resonance absorption (RA) depends upon the polarization vectors of each of
the laser beams, which means that RA can spoil the homogeneity of target
illumination even if the intensity is homogeneous. The TWG did not address
the poiarization issue.

The penalties associated with ignoring these plasma physics issues are inefficient
light/plasma coupling, low target yield, and impaired system performance.

4.6.1.5 |_IFE Implicati f ictin i - The

implications of this brief review of characteristics and requirements for the TWG direct-
drive target prescription, the current laser driver design, and the physics of
laser/plasma interactions are that significant improvements in IFE performance may be
attained if careful tradeoffs are made to find optimum solutions which simultaneously
satisfy all the requirements. This, then, is the purpose in examining these issues at
this time so that unnecessary or inappropriate requirements which may actually impair
IFE performance can be identified and, if possible, altered to permit a more optimum
design to be generated.

4.6.1.6 Possible Conflicts Among the TWG Requirements: IB vs. RA - The
two principal laser/plasma absorption ~.iechanisms are inverse Bremsstrahlung (IB)

and resonant absorption (RA). The TWG requirements that the direct-drive target be
homogeneously (£1%) illuminated with ~60 randomly polarized laser beams equal to
the diameter of the target may produce significant laser beam/plasma coupling
inefficiencies and absorption non-uniformity. The most efficient excimer laser beam
cross-section is rectangular, a shape which couples inefficiently onto a sphere unless
the laser spot size is significantly smaller than the radius of the sphere. Furthermore,
for full sphere illumination, most of the laser beam power will be incident on the critical
surface of the target at incidence angles, 6, greater than 45° (when inverse
Bremsstrahlung absorption3 is proportional to [cos 9015) and additional laser/plasma

coupling inhomogeneities due to resonant absorption may result. These problems are
explored in detail below.
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4.6.1.7 Calculation of Laser/Plasma Tangential Coupling Efficiencies for

IB and RA - in general, calculations of laser/plasma coupling efficiency are extremely
involved even when performed using magneto-hydrodynamics computer codes (i.e.,
LASNEX) on large machines. However, some simple considerations which can be
performed on microcomputers are in order here. The first case considered is that of
the specified target illumination scenario in which the incident laser beams are of
dimensions equal to the diameter of the DT target. This scenario corresponds to the
target illumination guideline furnished by the TWG. Both IB and RA calculations will be
made. Resonant absorption (RA) depends approximately on (cos 60)2, whereas for
inverse Bremsstrahlung the absorption is proportional to (cos 60)5 for linear plasma
density gradients and proportional to (cos 6)3 for exponential density gradients. The
RA absorption also depends upon the polarization state of the absorbed laser light,
and, in general, the RA absorption is a complex, two-lobed spatial function. Each of
these two major light/plasma absorption mechanisms will be discussed below.

First, a specification is required for the laser pulse temporal format delivered in

60 beams to the direct-drive target in order to generate the target implosion scanario.
An approximate sketch of each of the 60 laser beam pulses as specified by the TWG is
shown below in Figure 4.6.1-2.

As indicated in Figure 4.6.1-2, the prepulse "ramp" precedes the main laser pulse in
order to ablate a dilute plasma from the direct-drive DT target and form a critically-
dense surface in preparation for arrival of the main pulse(s). At the end of the prepulse
"ramp,” ihe target is nominally still 0.6 cm in diameter, although the extent of the dilute
plasma atmosphere ablated from the target is contained within a sphere of radius, R,,

given by the expression:
Ra = Ro + Vplasma Tramp (4.6.1-1)

where Ro ~ 0.3 cm is the initial radius of the DT target, and where

Vplasma ~ ~ 4x107 cm/sec according to measurements made by Auerbach?, et al. For
Tramp ~ 60 ns, R, ~ 2.7 cm. The primary linear effect of this spherical atmosphere of
dilute plasma would be to refract the incident laser light slightly in such a manner that
the converging beam would focus more quickly, but at a point well beyond the target.
The tangential target illumination geometry which occurs at the beginning of the main
laser pulse is shown in Figure 4.6.1-3.

It is presumed that the dilute plasma atmosphere surrounding the target only produces
a slight focusing of the incident rays. As discussed below, however, the nonlinear
effects (stimulated Brillouin scattering, stimulated Raman scattering) can produce a
significant number of hot electrons which can lead to target preheat.
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Inverse Bremsstrahlung Absorption - It is apparent from Figure 4.6.1-3 that most of the

incident laser power will be incident on the target critical surface at angles greater than
45°. Numerous well-characterized, laser-induced plasma experiments have been
conducted on planar targets for which the angle of incidence, 6,, was well known. An
expression3 for the fractional absorption, f;,, as a function of 6, due to inverse
Bremsstrahlung for a plasma is:

16v 5
o = (5) AR c0s8, (4.6.1-2)
where the ratio v/ is evaluated at the critical density. Since the focal ratio of the laser
driver is ~{/40 to first order, the incident laser beams can be regarded as plane waves.
Simple laser/plasma absorption calculations have been carried out using Eq. 4.6.1-2
for A = 248 nm, assuming a "top-hat" beam intensity profile apodization and that the
fin(85 = 0) ~ 1 on the surface of critical density. The results are shown below in

Figure 4.6.1-4 for a time immediately prior to the target implosion.

Although these calculations were carried out using a larger laser amplifier fill factor
than the (sin )2/62 apodization assumed by the TWG, efficient extraction from excimer
laser amplifiers (and the Raman accumulators) would involve the use of high efficiency
apodizations and not be limited by far field diffracticn profiles such as (sin x)3/x2.

Using the top-hat apodization and assuming that the laser beam spot sizes are equal
to 0.6 cm, then the laser energy is absorbed by the target as a function of the target
diameter and angle of incidence. This relationship is shown in Figure 4.6.1-5.

Angular Dependence of Inverse
Bremsstrahlung Target Absorption
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Figure 4.6.1-4. The Laser/Piasma Inverse Bremsstrahlung Absorption
Fraction Depends on the Incident Angle, eo
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Inverse Bremsstrahlung Absorption as a
Function of Angle of Incidence (in Zones)
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Figure 4.6.1-5. The Inverse Bremsstrahlung Energy Absorbed by Direct-Drive Targets
Depend on the incident Angle and Target Diameter (6 mm diameter spot size, 100 kJ
beam, 6 ns pulse duration, top-hat apodization)

The initial amounts of absorbed laser energy are small in Figure 4.6.1-5 since the
areac. of the annular apertures are reduced for small values of 8,. The geometry used
for conducting these calculations is shown below in Figure 4.6.1-6.

Varying Incident Angles

for Laser Beam Zones
2 /\
a 0

Direct Drive DT Target

Incident Laser Beam
Divided into Zones

Figure 4.6.1-6 The Incident Laser Beam Can Be Decomposed Into
Annular Zones to Calculate Absorption Efficiencies
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The variation of the absorbed laser energy/beam for inverse Bremsstrahlung as a
function of target diameter was calculated assuming that the diamieter of the critical
surface remains constant during the entire high power pulse duration (which was
assumed to be a temporal top hat distribution as well) and ine results are shown below
in Figure 4.6.1-7.

Target Absorbed Energy by Inverse
Bremsstrahlung (6 mm beam, 100 kJ)
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1 2 3 4 5 6 7
Target Diameter, mm

Absorbed Laser Energy, kJ

Figure 4.6.1-7 The Absorbed Laser Energy/Beam Depends on the Direct Drive
Target Diameter for Inverse Bremsstrahlung (assuming 100 kJ/Beam
and 6 mm diameter laser spot sizes) for Static Target Diameters

As indicated, when the critical density target diameter decreases to a value of

Ry ~ 3 mm, the laser power couples only approximately 7% into the target. Although
it was assumed that the radius of the target remained constant during the laser pulse
in calculating the results for Figure 4.6.1-7, it is straightforward to estimate the energy
absorbed by. the target as it implodes. Thus if the rate of target implosion, dRy/dt, is
constant (here dR/dt ~ 2.5x107 cm/sec) during the main portion of the laser pulse,
then the total energy absorbed by the target is calculated from the expression:

N
1
Eior= 7 2 s (R
k=0 (4.6.1-3)

where N is the number of iterations taken between Ry = 3 mm and Ry, = 1.5 mm.
Taking the further approximation that the laser power is constant during the implosion
of the target, then the energy absorbed by the target is caiculated from Eq. 4.6.1-3 to
be 15.2 kd/beam line, or approximately 15% of the available iaser energy. Much of the
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laser light simply misses the critical surface of the target under these circumstances.
This geometry is illustrated below in Figure 4.6.1-8.

""""" Expanding Plasma Generated

................... by Precursor Ramp

..... Nea'srazm--....................

Refracted
Laser Light
Missing Target

......... AmOsphere...................

.................................

...........

Figure 4.6.1-8. The Direct Drive Target Diameter Implodes to Half the Laser Beam
Diameter by the End of the Main Laser Pulse

Resonance Absorption Calculations - The energy absorbed by resonant-driven fields
in the plasma is described by the expression:3

V(<E, E
E --J’—i—#?—)-r2 dr sin6 dé do
8n (4.6.1-4)
where E, is the radial electric field of the laser beam. Near the critical density, the
expression for E, is given by:

1

abs |

. 4 2(1
E, = L(!’f;—) ai‘ - O‘f) P: (cos 6) cos ¢ exp(i3) 2(—13
(iex?r?) 2myog (4.6.1-5)

where a, is given by the expression:
o = Jck(:;n
(4.6.1-6)
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(where R, is the radius of the plasma critical density) and where ®2(1)) is the
absorption function for the Ith mode. Trie fraction absorption of the Ith mode, fra, is
given by:
@%(1)

f.. = L 1-02

RA  2r t (4.6.1-7)
so that the total power absorbed from the laser beam as a consequence of resonance
absorption is given by:

P
=) L g? [1- o2
PRA_Zc or @ WV (4.6.1-8)

where Pjis the laser power in the Ith mode.

The net result of performing the integral in Eq. 4.6.1-4 is to show that resonance
absorption generally depends upon (cos 90)2. Perhaps a more serious result of these
analyses3 is that the spatial absorption distribution function is not uniform over the
target sphere. The calculated RA distribution for a vertically polarized laser beam is
shown in Figure 4.6.1-9.

incident Laser
Polarization Vector

Relative Resonant

2% Absorption Contours

Peak Resonant
Absorption Lobes

Direct-Drive
DT Target

Figure 4.6.1-9. The Caiculated Spatial Dependence of the Laser
Powei’ Absorbed by Resonance Absorption is Not Homogeneous

As shown, resonance absorption is predicted to produce two symmetrical "hot spots” of
absorption at mid-latitudes on the sphere when illuminated with linearly polarized
light. This may constitute an absorption uniformity problem because this process
occurs even when the sphere is uniformly illuminated. However, by using A = 248 nm
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laser radiation, the effects of resonance absorption are not expected to be reduced
relative to inverse Bremsstrahlung.

Simple laser/plasma absorption calculations have been carried out using Eq. 4.6.1-7
and Eq. 4.6.1-8 for A = 248 nm, assuming a "top-hat" beam intensity profile apodization
and assuming that f,,(6, = 0) ~ 1 (and f,, = § [cos 08]2) on the surface of critical density.
The results are shown below in Figure 4.6.1-10 for the case prior to the implosion.

Laser/Plasma Absorption as a Function
of incident Angle (Resonant Absorption)

1 .Ot-\gd'\
i
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Fraction Absorbed
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[
L
0.0 rrrtrrrrfrr e

0 10 20 30 40 50 60 70 80 90
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Figure 4.6.1-10. The Fraction of Laser Power Absorbed Via Laser/Plasma
Resonance Absorption Is a Function of the Incident Angle, 69

As before, although these calculations were carried out using a "top-hat" intensity
profile (i.e., a larger laser amplifier fill factor than the (sin x)2/x2 apodization assumed
by the TWG), efficient extraction from excimer laser amplifiers (and the Raman
accumulators) would involve the use of such high efficiency apodizations. Using the
top-hat apodization and assuming that the laser beam spot sizes are equal to 0.6 cm,
then the laser energy absorbed by the target as a function of target diameter and angle
of incidence is shown in Figure 4.6.1-11.

As calculated above for the inverse Bremsstrahlung case, the initial amounts of
absorbed laser energy are small in Figure 4.6.1-11 since the areas of the annular
apertures are reduced for small values of 8, in accordance with the calcuiation

procedure illustrated in Figure 4.6.1-6.
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Laser Energy Absorbed by Direct-Drive DT Target as Function
of Incident Angle Resonant Absorption Contribution
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Figure 4.6.1-11. The Resonance Absorbed Energy for Direct-Drive Targets Is a
Function of Both Incident Angle and Target Diameter (6 mm diameter Spot Size,
100 kJ Beam, 6 ns Pulse Duration, Top-Hat Apodization)

Following in a manner similar to that for the |B case above, the variation of the
absorbed laser energy/beam for inverse Bremsstrahlung as a function of target
diameter was calculated assuming that the critical surface remains constant at a
constant diameter during the delivery of the high power laser pulse (which was
assumed to be a temporal top hat distribution as well) and the results are shown in
Figure 4.6.1-12.

As indicated in Figure 4.6.1-12, when the critical density target diameter is reduced to
Ry ~ 3 mm (with the laser beam diameter equal to 6 mm), the laser power couples only
approximately 11% into the target. The target radius was held constant during the
arrival of the laser pulse in calculating the results for Figure 4.6.1-7. lItis
straightforward to estimate the energy absorbed by the target as it implodes using

Eq. 4.6.1-1 above; it is calculated that 27.7 kJ/beam would be absorbed by the target
(assuming resonant absorption accounted for 100% of the laser/plasma target
interaction) or approximately 28%, based on the approximations that fga(6, =0) = 1,
and fra(8,) = E(cos 8,)2.

In actual fact, resonance absorption is not the primarily laser/plasma absorption
mechanism and, consequently, the fraction of laser light, g5, absorbed by the
resonance absorption mechanism must be added to the fraction of laser light
absorbed by inverse Bremsstrahlung, &g, to produce a total absorption, &, given by

&0t = 58 * SRa (4.6.1-9)
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Absorbed Energy/Beam vs. Target Diameter

Resonant Absorption Contribution
(6 mm Laser Beam Diameter)
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Figure 4.6.1-12. Estimated Absorbed Laser Energy/Beam vs. Direct Drive Target
Diameter for Resonance Absorption (100 kJ/Beam, 6 mm Diameter Laser Beam)
Assuming Constant Target Diameter

n_of the Target Absorption Results of IB and RA - As indicated above,
simple incident angle-dependent calculations regarding resonant absorption have
produced the results that only approximately 28% of incident laser light would be
absorbed by a 6-mm diameter sphere that uniformly implodes to a diameter of 3 mm
during the laser pulse. The previous result calculated for inverse Bremsstrahlung
under the same circumstances produced a value of §ig ~ 15%. If it is assumed that IB
accounts for approximately two-thirds of the target absorption and RA the remaining
one third, then the overall absorption efficiency of a tangentially-illuminated 6 mm DT
direct-drive target would be approximately 20%. Thus, for a laser energy of 5 MJ
delivered to the target, these rough estimates suggest that only 1 MJ would be coupled
into the target!

4.6.1.8 lculation of Laser/Plasma_ Nested Trapezoidal Beam Coupling
Efficiency - In a similar manner, the coupling efficiency for a laser beam with a

trapezoidal apodization focused down to an intermediate spot size, 3,5, given
approximately by the expression:

4n
0= —
Rr N (4.6.1-10)
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where, as before, Ry is the radius of the direct-drive DT target and N is the number of
laser beams (N ~ 60). In the case in which Ry ~ 0.6 cm, then §,,,, = 0.137 cm and
Omax ~ 26.2°.

A schematic of meshing trapezoidal intensity distributions is illustrated in
Figure 4.6.1-13.

L —

Figure 4.6.1-13. Meshing Trapezoidal Intensity Distributions Permits
Smooth Near-Field Illumination of Direct Drive Targets

By varying the fill factor of these trapezoidal beams, the relative interbeam alignment
accuracy of the optical system can be traded off against laser amplifier efficiency (i.e.,
steep trapezoidal shoulders [large w/r ratios] mean high amplifier efficiency).

Figure 4.6.1-13 illustrates a case of a high w/r ratio. An example of nested trapezoidal
beams with a low w/r ratio is shown below in Figure 4.6.1-14. Since these beams are
in the near field (with a Fresnel number > 100), relatively detailed apodization profiles
are possible, although the impact of the apodization on the amplifier apodization must
be calculated.

~<-

Figure 4.6.1-14. Meshing Trapezoidal Intensity Distributions with Low w/r
Ratios Relaxes Near-Field Laser Beam Alignment Tolerances

In practice, it may be important to include the capabilities of on-board computer control
systems to permit interferometric alignment accuracy of the final focusing mirrors onto
a surrogate target to be attained. Precise erection of a surrogate target at the center of
the target chamber would be a key feature of permitting laser beams to be aligned to
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submicroradian accuracy. Such precise angular alignment must be carried out for
both q and f corresponding to the two beveled directions of the trapezoidal
apodization. An isometric view of the trapezoidal apodization is shown below in
Figure 4.6.1-15.

Trapezoidal Apodization

Figure 4.6.1-15. An lIsometric View of Trapezoidal Beam lliustrates the Interlocking
of Multiple Near-Field Laser Beams Aligned on Direct Drive Fusion Targets

The use of nested trapezoidal beams can be applied to direct-drive targets illuminated
with a variety of beam architectures. Considered briefly here are beam configurations
starting with cubic symmetry (for which N = 6) and going out as far as N = 240. The
nested trapezoidal parameters for these cases are summarized in Table 4.6.1-1.

) Table 4.6.1-1
Parameters for Direct-Drive Nested Trapezoidal Beam Arrangements
No. No. of Beams Spot Size on Target (mm) Coupling Efficiency (%)
1 6 4.34 47.4
2 12 3.07 69.2
3 20 2.38 80.4
4 28 2.01 85.6
5 32 1.88 87.3
6 60 1.37 93.1
7 80 1.19 94.8
8 120 0.97 96.5
9 240 0.69 98.2
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The laser/target coupling efficiencies tabulated in Table 4.6.1-1 were calculated using
Eq. 4.6.1-2 above with the incident laser beam decomposed into annular zones as
shown in Figure 4.6.1-6 above, assuming that the diameter of the critical surface was
remaining constant.

The near field focusing geometry of the trapezoidal nesting of laser bearas is
illustrated for a single incident laser beam in Figure 4.6.1-16.

DT Sphere of Radius R Focusing Laser Beam

Laser Intensity = {(r)

Laser Spot Diameter on
Target = dt

a= DA

Beam Focus Entrance Aperture

3= dva 1o Target Chamber
of Diameter d

Figure 4.6.1-16. Near-Field Focusing Geometry for Trapezoidal Nesting

Since the DD target is located in the near field, the positional accuracy, d = Ax, of each
beam incident on the target sphere is related to the required DD target illumination
uniformity, ¥, and the trapezoidal spacing parameter, r, via the simple relation:

d=Ax= ¥r (4.6.1-11)

Thus, if the TWG requirement for the required DD illumination uniformity (¥) is equal to
0.01, then Ax =r/100. The angular pointing requirement, A6, of the GIMM would
therefore be given by the expression:

A8 = d/(R1) =¥ r/R1 (4.6.1-12)

where K1 is the distance from the GIMM to the target. The values for the summit width
of the trapezoid, w (see Figure 4.6.1-13 and 4.6.1-14 for a definition of w), are
calculated as a function of the number of laser beam lines, N, and the results
presented above in Table 4.6.1-1. For a fixed target diameter (d = 0.6 cm), there are
other limitations on r since, in addition to optical alignment accuracy, A6, r affects the
laser beam fill factor, &ff. An expression for &ff is given by:
Egr = w2

w2 + 2r(w +71) (4.6.1-13)
where w and r are defined previously. In order for laser amplifier power extraction to
be efficient and to minimize optical damage, it is important that &ff ~ 1, which would
force r = 0. This would be undesirable for the requirement noted above for the
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alignment accuracy, A8. As shown below in Figure 4.6.1-17, a ray from an alignment
laser would be deflected in angle, Aa = 2d/R, assuming that a shine shield is available
on the DD target to assist in target alignment.

Alignment Laser Ray._____ Normal to Correct Target Location
Displacment Error

Angular of pD Target=d

Deflection

Normal to Actual Target Location

Direct-Drive (DD)
Target Sphere
of Radius R

Angular Deflection of
Alignment Ray = 2d/R

Figure 4.6.1-17 DD Target Misalighment Geometry for Alignment Laser Reflecting Off
of Shine Shield: Angular Deflection = Aa.

The dependence of the laser beam fill factor, &ff, on r is illustrated in Figure 4.6.1-18 for
the cases of N = 60, 80, and 120 beams.

If values of the Prometheus-L laser beam fill factors, £ff > 0.8, are desired, then for
60 beams, w = 0.137 cm, r = 0.017 cm, and the alignment accuracy, A8, equals
¥r/R1 ~ 9x108 radians or ~0.1 pnR. The corresponding sensing angle, Aa, from the
DD target shine shield is ~2r/R ~ 100 pR. Although these are challenging

requirements for the Prometheus-L laser/target beam alignment system, the resulting
cost reductions possible may be worth the additional technical investment.

The laserAtarget coupling efficiency, &, is plotted as a function of the number of laser
beams in Figure 4.6.1-19. To be conservative, these calculations included only the
fig = £(cos 6,)° inverse Bremsstrahlung contributions and did not include any
resonant absorption components.
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Figure 4.6.1-18 Laser Beam Fill Factors as a Function of Trapezoidal Ramp Lengths, r.

Laser/Target Coupling Efficiency for DD
Targets with Nested Trapezoidal Beams

(6 mm Target, /40 Focusing Optics)
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Figure 4.6.1-19. The Laser/Target Coupling Efficiency, £T, Depends on the Number

of Laser Beams llluminating the Direct Drive Target (Constant 6 mm DD DT Target
Diameter and 1B Interaction)
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As shown for large numbers of laser beams, the laser/plasma coupling efficiency
exceeds 90% for a static target. When these calculations are repeated for N = 60 for
critical surfaces ranging from 6 mm to 3 mm diameters while keeping the beam
diameter at the target constant (~1.37 mm), the coupling efficiency, &, drops from 93%
to 75%, as illustrated in Figure 4.6.1-20.

Absorbed Energy/Beam vs. Target Diameter
Nested Trapezoidal Beams/6 mm Target
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Figure 4.6.1-20. The Laser/Target Coupling Efficiency, {1, Depends

on the Critical Surface Target Diameter (60 Beams, /40 Optics,
1.37 mm Spot Size, Trapezoidal Beam Nesting)

When the variation of laser target coupling efficiency with imploding target diameter is
calculated, the integrated energy absorbed by the imploding target was caiculated to
be 86.2% of the incident laser energy for the 60 beam case, 6 mm DT target, /40
optics, and trapezoidal beam nesting. This is to be compared with the 20% integrated
coupling efficiency calculated for the tangential target illumination case above.

4.6.1.9 Summary of Laser/Target Interaction Physics - During the course of
designing the IFE KrF laser driver, some questions have arisen with regard to the final

focusing requirements in order to achieve efficient target coupling. The TWG guideline
has adopted a conservative approach by illuminating the target with at least 60 beams
having diameters at the target approximately equal to the diameter of the target.
Elementary calculations of the laser/plasma coupling assuming that the primary
coupling process is inverse Bremsstrahlung suggest that this conservaiive approach
may result in less than 15% of the laser beam energy actually being coupled into the
target (with an estimated additional 5% absorption coming from resonant absorption
for a total of 20%). Similar IB calculations carried out for trapezoidal beam nesting to
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minimize the angle of incidence with the critical surface while maintaining illumination
homogeneity suggest that approximately 85% of the laser beam energy can be
coupled into the target. These calculations also suggest that the importance of
"zooming" the laser beams to follow the imploding critical surface is not as important
for trapezoidal beam nesting as for tangential target illumination. Thus, there is
evidence that we should be able to take advantage of the "zoomed optics" benefit in
calculating the amount of laser energy necessary to drive a given target. A potential
key problem with the trapezoidal beam nesting is intensity inhomogeneities arising
from beam overlapping on the imploding target. This is illustrated in Figure 4.6.1-21.

gincident Laser Beams

Critical Surface @ t=0 Beam

Spot Size = § Focus

Critical Surface @ t = T4

Critical Surface @ t = 1,

ritical Surface @ t =15

Beam Foci

Direct Drive DT Target

Adjacent Beam Overlap

Figure 4.6.1-21. The Imploding Direct Drive Target Critical Surfaces Requires
Zooming of the Near-Field Laser Beams to Maintain Homogeneous lllumination

Since this overlapping would occur late in the target implosion, it is thought likely that
no Rayleigh-Taylor instabilities would be driven by this overlap.

Lastly, these considerations raise a concern that even if we were to achieve the
remarkable level of illumination homogeneity (+1%) defined in the TWG Guidelines,
the two-lobe absorption distribution of resonant absorption (Figure 4.6.1-9) may make
this stringent illuminatiornn homogeneity specification meaningless.
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4.6.2 Heavy lon Driver Targets - In direct analogy with the two types of laser-
driven (LD) IFE targets, there are two general types of Heavy lon Driver (HID) targets:
(1) direct drive targets, and (2) indirect drive targets.

Although these HID targets bear some general similarities with their laser-driven target
counterparts, there are some significant structural differences in the HI targets as well
as major differences in the energy coupling mechanisms to the targets. For example,
the HI driver delivers a 6 ns pulse containing approximately 6 MJ of energy in the form
of non-relativistic, high-Z ions having an energy per ion of approximately 4 GeV. This
6 MJ of energy is assumed to be stopped in a relatively thin layer of converter
material. The LD, on the other hand, delivers a 6 ns laser pulse containing
approximately 4 MJ of energy in the form of ultraviolet photons having wavelengths of
approximately 250 nm.

4.6.2.1 Heavy lon Direct Drive Target Description - At first glance, the design
of the Heavy lon Driver (HID) direct-drive target is similar to the LD direct-drive target

illustrated in Figure 4.6.1-1. A diagram of the HID direct-drive target is presented
below in Figure 4.6.2-1.

Plastic (CH)
Converter Material
for Rigidity

\
{

X Q

Figure 4.6.2-1 The Direct Drive HID Target Has Spherical Symmetry and Requires
Uniform Power Loading of its Converter Sheli

Cryogenic DT Fuel

As indicated, the HID direct-drive target is a spherical, multi-shelled structure
containing successive layers of converter material, structural CH (as needed for robust
target construction), and cryogenic DT located at the center of the target. An
alternative design is shown in Figure 4.6.2-2.
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Lithium Lead Pusher: 370 microns Thick

\ T .-.-_.-.-:.:.:.,::-.":::
DT Fuel Layer: 150 marons Thick @ .

Figure 4.6.2-2. Alternative Direct Drive HID Target with Pb
Tamper and Li-Pb Pusher (HIBALL-I)

Heavy lon Driver (HID) direct-drive targets yield fusion energy based upon the
following scenario. At atime t = 0, the spherical HID direct-drive target is enveloped by
approximately 100 HID beams symmetrically focused on the converter shell of the HID
direct-drive target and synchronized to achieve the required degree of power loading
uniformity. These focused HID beams consist of non-relativistic ions having individual
energies of approximately 4 GeV. Implosion of the HID direct-drive target is
accomplished by the generation of a homogeneous, spherical implosion wave
capable of isentropically and uniformly compressing the DT fuei to a level of
approximately 20 times liquid density. The direct-drive HID target uniformity of power
loading requirements are similar to those of the LD direct-drive target: Power loading
from the direct drive HID beamsS must be £1% uniform in order to permit isentropic
compression without Rayleigh-Taylor instabilities. This high uniformity of power
loading requirement represents the single most serious HID direct-drive target
engineering problem since it involves the simultaneous achievement of equal beam
currents together with synchronization of the beams arriving in 4n sterradians.
Compared with the indirect drive HID targets described below, the 1% direct drive HID
target irradiation requirements are extremely difficult to achieve, thereby making this
target design unattractive for HID. Furthermore, having ~100 beam penetrations of the
target chamber for the ~100 HID beamlines would cause serious radiation problems
for the focusing quadrupole magnets and the downstream components.
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4.6.2.2 Heavy lon Driver Indirect Drive Targets - Although the HID indirect-

drive targets are geometrically similar to their LD counterparts (i.e., energy deposition
is achieved with two-sided geometries with the HID energy beirg converted into x-rays
within a radiation hohlraum enclosure), there are, in fact, some substantial differences
between the LD and HID indirect drive targets.

The design of the HID indirect-diive target is fundamentally different than the LD
indirect-drive target aesign described in Section 4.6.1. According to the HiD/target
interaction data'! supplied by the Target Working Group (TWG), the gain of the indirect
HID target is more well known and defined than the direct-drive HID target. As a
consequence of these data provided by the TWG, the indirect-drive HID target was
selected for the baseline. As a further specification of the HID indirect-drive target,
two-sided illumination was selected for the Prometheus-H HID baseline design.

Compared with the corresponding LD indirect-drive target, there are substantial
differerices between the LD and HID iridirect-drive targets. Depending upon the
plasma atmcsphere generated in the LD indirect-drive target, significant numbers of
hot elecirnns can be produced by the laser/plasma interaction; whereas in the case of
the HID indirect-drive targets, relatively few hot electrons are produced in the
interactions between the decelerating heavy ions and the converter plugs placed at
each 2nd of the HID hohlraum. In addition, for the laser-driven hohlraum, the duration
of the high intensity portion of the laser pulse is limited by closure of the entrances to
the capsule, whereas no comparable effect occurs for the HID hohlraum. This may
permit HID indirect-drive targets to outperform LD indirect-drive targets at the same
driver energy ievels.6.7

Selection of parameters for the ID heavy ion target was complicated by the fact that
most of the details of such targets are classifiea. It was known that the targets consist
of a fuei capsule surrounded by a radiation case with a high-Z material. The TWG
directed the fuel capsule parameters. No details were supplied for ine radiation case .

According to TWG guidelines, “. . .single-sided illumination is still suificiently
specuiative that the contractors should continue to carry a two-sided option, . . .".8
Based upon this TWG recommendation and information in the open literature®.10, it
was decided to assume two-sided illumination for the Prometheus-H baseline target
design.

No guidance was provided or how the DT capsule was to be suspended in the
Hohlraum radiation case. A scheme was developed to support the DT fuel capsule
with sufficient structural rigidity to tolerate accelerations of 100 g's. Dimensions of the
case were chosen for ease of fabrication and ability to withstand the necessary levels
of acceleration. The supplied heavy ion ID gain curves indicated energy converter
region diameters depending on the ion range and driver energy chosen. The
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converter region was determined for the driver design point chosen, allowing some
beam misalignment with the target.
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4.7 Design Rationale for the GIMM

The last and closest optical component in the laser system before the laser light enters
the reactor cavity will be subjected to intense transient thermal loading, as well as
charged particle and neutron irradiation. For these reasons, it is has been shown in
previous laser fusion studies that the engineering design of a long life and reliable last
mirror is a major challenge. In this section, the rationale behind the materials selection
and design philosophy will be outlined.

Materials Selection - The optical properties of the mirrors surface have been
decoupled from the mechanical properties of the supporting structure. In this regard,
a great degree of flexibility has been achieved in the design. The surface of the GIMM
was chosen to be metallic, because dielectric materials show great sensitivity to the
effects of ionizing radiation. The absorption coefficient of MgF2, and the optical
transmission of ZnS degrade by an order of magnitude, after a fluence limit of 1016
n/cm2 accumulates. Even if most of the color centers are annealed out periodically,
remaining residual defects would lead to very short lifetime.

The leading high reflectivity candidate metals are aluminum, magnesium, silver, gold,
and copper. To select between these metals, the following criteria was considered:

(1) High reflectivity in the wavelength of interest (i.e. 250-500 nm).
(2) Effects of radiation on absorptivity.

(3) Surface temperature rise during the laser puise.

(4) Thermal fatigue resistance.

(5) Radiation effects on surface deformation.

Although silver has excellent reflectivity, neutron-induced micro-craters are expected
to distort the mirror's surface. Near-surface collision cascades in silver will be very
dense, because of the high electronic stopping power of silver. On the other hand,
copper was excluded on the basis of its high neutron-induced swelling, particularly
when it is pure. the higher fatigue strength of aluminum results in a smaller mirror size,
when it is compared to magnesium. In addition, the neutron-induced swelling rate of
commercial grade aluminum is lower than that of magnesium. For the above reasons,
aluminum has been chosen as the material for the surface of the mirror.

The structural support of the mirror is composed of two parts: a low swelling composite
SiC high-rigidity component, and a concrete shell for control of thermal deformations.
The SiC structure is designed to have small helium cooling channels, running along
the length of the mirror. Two other layers are attached immediately underneath. Each
one nf these two layers is stiffened by I-beams. The SiC composite construction is
cho en for the following reasons:
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(1) Very low neutron-induced deformations by thermal and irradiation creep
mechanisms in the temperature range of 500-700 K.

(2) For porosity of approximately 10-15%, no neutron swelling is to be expected,
thus mechanical deformations of the mirror's surface are minimized.

(3) SiC is a low activation material. The choice of SiC will allow passive safety,
and shallow land burial of the mirror at the end of life.

In addition to the SiC structure, a concrete shell is designed to provide complete
restraint to out-of-plane deformations. This is achieved by sliding bolting mechanisms
for the attachment of the bottom of the SiC structure to the concrete shell.

Since the coefficient of thermal expansion of aluminum is higher than that of SiC, a
shear graphitic layer is deposited first on the surface of the SiC composite, and the
aluminum is added on top of the graphitic shear layer. With this arrangement, in-plane
mismatch thermal expansions of the aluminum can be isolated from the SiC composite
structure.

More details and design specifics on the GIMM can be found in Section 6.5.1.8,
Summary of Laser Driver Subsystems, Grazing Incidence Metal Mirror.
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CHAPTER 5
KEY TECHNICAL ISSUES AND R&D REQUIREMENTS

This chapter presents the key technical issues and R&D requirements found during the
conduct of the two IFE reactor design studies. The presentation of these issues and
requirements will hopefully benefit the technical community and the decision makers
to help them better formulate the program and technical plans toward the goal of
commercial fusion energy.

5.1 Introduction

Purpose - Although significant progress has been made in inertial fusion energy
research during the past decades, the field is still in its early stage of research and
development and the present data base is severely limited. Therefore, many
uncertainties exist in the actual performance and operation of present fusion reactor
conceptual designs. The expected consequences of these uncertainties vary in
magnitude: on one extreme, the uncertainties are so large that the feasibility of the
reactor design is at stake, and, on the other extreme, the uncertainties may simply
require moderate redesign, reduced performance, or increased cost.

This chapter contains a comprehensive list of key physics and engineering issues for
the IFE conceptual reactor designs developed in this study. The chapter also includes
an attempt to determine the additional research and development (R&D) needed to
develop critical systems and reduce development risks for each of the two reactor
design concepts.

The list of key technical issues, shown in Section 5.2, explicitly defines the
uncertainties associated with the physics and engineering operation of IFE reactors
and addresses the potential consequences resulting from each issue. It is believed
that this list will be useful to engineering and physics researchers, reactor designers,
experimentalists, and program planners in identifying the areas of greatest concern
and their impact on the development and potential attractiveness of inertial fusion
reactors.

The key issues identified in this work are large in number and they cover specific
technical issues ranging in complexity and importance. Each of these issues impacts
aspects of feasibility, safety, and/or economic potential of fusion reactors. Resolving
these issues requires new knowledge through experiments, models, and theory. The
issues identified here represent great details that are necessary to accurately
prescribe the R&D necessary to resolve the issues. However, such details have made
the list relatively long with each issue having a focus on a narrow technical area.
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To provide a brief summary of the most important issues, a smaller number of issues,
called critical issues, were identified in Section 5.3. A critical issue is broader in scope
than a key issue; each critical issue may encompass several key issues.

In general, the issues identified here are for the two reactor design concepts
developed in the Prometheus? study. However, many of the issues tend to be generic
to IFE and are fairly independent of the specific selections made here. To maximize
the usefulness of the list of issues, the degree of dependence of the issue on design
specificity is explicitly identified. Many technical issues for IFE correspond to similar
technical issues in MFE. The degree of similarity is also indicated to facilitate
identifying areas of R&D that are of common interest to MFE and IFE.

There is an intentional bias towards testing issues—those likely to require testing
(experiments) before a commercial reactor could confidently be built. However, it is
not limited to testing alone, the entries in the list are described as “Issues/Technical
Areas” to allow broader categories. The issues serve to identify the R&D needs which
are listed later in the Section 5.5. Also, the quantification of the test requirements
depends heavily on the issues.

The precise definition of an issue is difficult. One reason for this is the interrelated
nature of the technical disciplines and the phenomena involved. For example, in the
solid breeder blanket, thermal stresses may be a primary cause of structural failures.
The thermal stresses are a function of temperature distributions, which depend on the
allowable operating temperature window, which in turn is highly dependent on tritium
transport and inventory, which in turn is a strong function of radiation effects on the
solid breeding material. Structural failures are also affected by material property
changes due to irradiation.

It is arbitrary to some extent how to break out pieces of the overall behavior of a reactor
component and call them separate issues. Consider, for example, the blanket as a
reactor component. The only real issue for the blanket is the demonstration of
adequately meeting its functional requirements of tritium breeding and energy
conversion at economical and safe conditions. To help alleviate this problem and still
retain technical specificity in the issues, an attempt is made to illuminate the logical
pathway to the ultimate consequences or failure modes. For the blanket, these relate
to the basic functions of structural integrity, tritium breeding, heat transport, materials
compatibility, etc.
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Organization - The key issue list is arranged according to the major reactor
components shown in the Table 5.1-1. A concise table (several pages) of the key
issues appears in Section 5.2, together with table entries for potential impact, design
specificity, level of concern, relevant operating environment conditions, and degree of
relevance to MFE. Section 5.3 focuses on the critical issues. In Section 5.4, each
issue identified in Section 5.2 is explained in detail, giving the rationale behind the
table entries. For some of the issues, more detailed analysis of the issue is given. The
numbering of the issues write-ups in Section 5.4 exactly corresponds to the numbering
of the table in Section 5.2. The R&D requirements to resolve these issues are
addressed in Section 5.5.

Table 5.1-1 Organization of Components and Technical Areas for which
Technical Issues are Ildentified

A. Target
B. Driver

- Laser

- Heavy lon
Vacuum System and Evacuation
Tritium Processing System
Cavity Design

- Wall Protection

- Blanket

- Shield
Materials
Heat Transport and Secondary Energy Conversion
Maintenance and Configuration
Balance of Plant
Safety and Environment
Subsystem Interactions

moo

RXeETIOM

Entries and Abbreviations - The entries for Table 5.2-1 and the rest of this chapter
are explained below. The “Reactor Concept” entry simply indicates whether the issue
is relevant to the Laser-Driven or the Heavy lon-Driven reactor design, or both. The
“Potential Impact” entry for each issue helps to determine the level of concern, or
importance, of the issue. Seven possible impact categories have been defined in the
FINESSEZ study and are used here as defined in Table 5.1-2. The abbreviations
used in Table 5.2-1 for "Potential Impact" are also defined in this table. These are
divided into two classes of issues: feasibility issues and attractiveness issues. In
general, a feasibility issue is more serious because it could rule out a component
concept on scientific grounds without considering the cost, complexity, or safety
implications relative to alternate energy sources. The most serious issues are those
which can close the device operating window, or design window, thereby eliminating
the design. The attractiveness issues may still be very serious, rendering a reactor
design impractical on the basis of economics or safety.
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Table 5.1-2 Definition of Potential impact Abbreviations

Feasibility Issues:

Attractiveness Issues:

DW May Close the Design Window
US May Resultin Unacceptable Safety Risk
UL May Resultin Unacceptable Reliability, Availability, or Lifetime

RP Reduced System Performance

RL Reduced Component Lifetime

IC Increased System Cost

RS Less Desirable Safety or Environmental Implications

The Design Specificity entry indicates if the issue is generic to all the plant systems,
components, or materials specific to an individual item. To reduce the table size,
abbreviations are used to denote the specificity of components, specific design
concepts, etc. These abbreviations are given in Table 5.1-3. Any feasibility issue that
is generic to a class of component designs is considered to possess a critical level of
concern. Cther issues are regarded as high, medium or low levels of concern

depending on a qualitative judgment on their overall severity.

Table 5.1-3 Definition of Design Speciticity Abbreviations

Use or disclosure of data
subject to title page restriction

Abbreviation

B Blanket

CBOP Conventional Balance of Plant
DHI Driver-Heavy lon

DL Driver-Laser

FwW First Wall

S Shield

T Tritium System

TF Target Factory

\Y Vacuum System

WP Wall Protection

Qther Abbreviations

CSs Ceramic Structure
DS Draw Salt

LB Liquid Breeder
LM Liquid Metal

LS Laser System

SB Solid Breeder
SiC Silicon Carbide
TC Ternary Ceramic
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The relevant environmental conditions in Table 5.2-1 indicate those particular
parameters of the operating environment for the component that influence the issue
severity. Those environmental conditions are particularly useful in defining the R & D
required to resolve the issues and in identifying major facilities needs. Operating
environment parameters such as temperature, stress, and surface heat flux are
abbreviated as noted in Table 5.1-4. The influence of neutrons in the operating
environment on a particular issue is important to clarify because of the large effect on
the type of facilities required for the R&D. The effect of neutrons on the particular issue
is indicated by three categories: bulk heating, material damage, and specific
reactions. These are abbreviated in the Issue Tables as H, D, and R, respectively, with
the abbreviations also given in Table 5.1-4.

Table 5.1-4 Key to Operating Environments

Neutron Effects

H Bulk Heating

D Materials Damage (Displacements, helium production, etc.)

R Specific Reactions (Tritium breeding, helium production, hydrogen production,
activation, sputtering, radiolytic decomposition, etc.)

General

F Fluence ™ Target debris-Wall interactions

o Flux G Geometry

S Spectrum Q Power Density

T Temperature t Time

G Stress State o} Surface Heat Flux

c Chemical Environment P Pressure

| Impurities Py Tritium Pressure

H Tritium v Velocity

A Dimensions (Area) N Cyclic Operation

B Magnetic Field Strength s Surface Condition

b Transient Magnetic Fieid Y Gamma Radiation

L Laser HI Heavy lon

TG Tritium Generation 1B Beam Current

D Debris P Pulse Shape

OF Optical Energy Fluence El lon Energy

pg Background Gas Density E Beam Energy

n _ Neutron Environment \ Vacuum Environment

References for 5.1
1. Prometheus Study, This Report.

2. M. A Abdou, et. al., FINESSE: A Study of the Issues, Experiments and Facilities
for Fusion Nuclear Technology Research and Development, Interim Report,
Volume 11, UCLA-EGG-84-30, p. 821, October 1984.
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5.2 Identification of Key Issues

This section contains the IFE Key Issues Summary, Table 5.2-1. For each issue, this
table indentifies the applicable reactor concept, potential impact as to feasibility or
attractiveness, specificity to the system design, level of concern, assessment of the
neutron and general environment, and relevance to MFE. Each issue is discussed in
detail in section 5.4.

Table 5.2-1 IFE Key Issues Summary

Issue/Technical

Area

Reactor
Concept

Potential
impact

Design
Specificity

Level of
Concern

Operatin

Environment

Neutron

General

Relevance
to MFE

A)
Aai

A.a.2

A.a3

Ab
A.b.1

B.a.1

B.a.2

B.a.3

Target

Target physics
Direct Drive
Target Coupling

Indirect Drive
Target Coupling

Survivability of
Targets in
Chamber
Environment

Beanmv/Target
interaction
Demonstration
of Injection and
Tracking of
Targets
Coupled with
Beam Steering

Fabrication
Manufactur-
ability of High
Quality, Low
Cost DD and ID
Targets’

Driver
Laser

D/T Target
Hlumination

Large Laser
Bandwidth

Final Optics
Pointing
System

WHI

L/HI

L/HI

WHI

DW,UL,
RP

DW, RP,
IC, RS

Dw, RP

UL

UL, RP,
IC, RS

Dw, UL,
RP,IC

RP,IC

Dw, UL,
RP,IC

Generic

Generic

Generic

Generic

Generic

DL

DL

DL, S

Critical

Critical

High

Critical

High

High

High

High

H DR

A, TWI, P

H, TWI N

None

None

Low

Low

Medium

None

None

None
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(Continued)

Issue/Technical

Reactor

Area

Concept

Potential
Impact

Design
Specificity

Level of
Concern

Operatin

Environment

Neutron

General

Relevance
to MFE

B.a.4

B.b.2

B.b.3

B.b.4

B.b.5

CA1

c.2

C.3

Grazing
Incidence Mirror
Damage

SBS Pulse
Compressor

Heavy lon
Timing of Heavy
lon Beam

Channel
Formation

Channel
Transport

Stripping of HI
Beam

Alignment of
Indirect HI
Target

Vacuum System
and Evacuation

Vacuum Seal
Compound
Survival in
Nuclear
Environment

Cryogenic
Pump -
Hydrogen
Capacity

Chemical
Stability of the
Reactor
Exhaust

L

Hi

H

Hi

Hi

LHI

/HI

L/HI

DW, UL,
RP, IC

ICc

RP,IC

RP, IC,
RS, RL

RP, IC

RP, IC

DL, S,V

Mirror

DL

DHI

DHI

DHI

DHI

DHI

Generic

Generic

Generic

High

High

High

High

High

High

High

Low

High

Medium

H,D,R

L, F, TwWI,
Qaq,y

Iz

IZYv IZV IZTV IZT

None

None

Low

Low

Low

Low

Low

High

High

None
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(Continued)

Issue/Technical
Area

Reactor
Concept

Potential
Impact

Design
Specificitv

Level of | Operatin

Environment

Concern | Neutron

General

Relevance
to MFE

D. Tritium
Processing
System

D.1 Tritium

Inventory Mean

Residence;

Time of Tritium

in the

Subsystems;

Trtium Losses

from the

Subsystems

D.2  Tritium Permea-

tion from the

First Wall

Coolant - Liquid

Pb

E. Cavity
E.a  Wall Protection
E.a.1 Cavity Vapor
Hydrodynamics
E.a.2 Cavity Structure
Mechanics
Response to
Blast
E.a.3 Vapor
Condensation
Rate
E.a.4 Radiation Heat
Transport in
Partially-icnized
Gas

Film Flow
Control:
Injection,
Uniform
Thickness and
Drainage

E.a.5

E.a.6 Film Flow
Stability and
Response to
Impulsive
Loading

UHI

LHI

LHI

L/HI

UHI

UHI

L/HI

HI

RS

DW, UL

UL, RP,

DW, RP,

RP, RL

DW

DW

BT, TF

Generic

All

WP

Generic

Generic
Thin Film

Thin Film

Medium

Critical

High

Critical

High

Critical

High

A G v

High

None

Low

None

Low

Low

Low
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Table 5.2-1 IFE Key Issues Summary (Continued) .
Issue/Technical Reactor | Potential | Design | Level of | Operating Environment | Relevance
Area Concept | Impact [Specificity | Concern| Neutron General to MFE
E.a.7 Pb/Sic Wet- LHI RP, RL, | Specific | Medium Cls Low
ability Cc
E.a.8 Pb Compatibility | L/HI RP, RL, | Specific | Medium T.C,v Medium
with Steel RS
E.b Blanket
E.b.1 Tritium Self- HI DW Generic | Critical H,D,R |F,6,ST,C, | High
Sufficiency I,TGAG,
Q,t,Pt,Ny
E.b.2 Tritium L/HI DW, US, [SB Critical R,H F.¢S, T,C, | High
inventory, C 1LA,G,Q
Recovery, and
Containment
E.b.3 Breeder/Struc- | L/HI RL,RP | SiC, SB | High H R F,T.C,LLAt, | High
ture Mechanical N,c,P
Interactions
E.b.4 Off-normal and | L/HI IC,RS SiC High H T,5,G,Q,t, |High
Accident Pt,V,P.N,
Conditions TG
E.b.5 Structural HI RS,UL |SiC High H,D,R |FT,0,C,I |Medium
Response and AG,QtN,
Failure Modes P
E.b.6 Corrosionand | L/HI Dw SB High H,R F,T,C, It | High
Mass Transfer Pt, N
E.b.7 Tritium L/HI US, UL. | Generic | High R,D F,N, T, Py, | High
Permeation |
E.b.8 Fabrication L/HI IC, UL SB, SiC | High AG Medium
E.b.9 Heat Genera- L/HI RP, RS | Generic | High R,H ¢,8,G,Q,t, | High
tion and Power Y
Production
E.c Shield
E.c.1 Effective of Bulk
Shield
E.c.1.1 Biological L/HI RS, UL | Generic | High R,D ¢,F.S,G |High
Dose during
Operation and
Maintenance
E.c.1.2 Radiation UHI RS, US | Generic | High R,D o,F,S,G |High
Streaming
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(Continued)

Issue/Technical

Area

Reactor
Concept

Potential
Impact

Design
Specificity

Level of
Concern

Operating Environment

Neutron

General

Relevance
to MFE

E.c.1.3 Analytical

E.c.2

E.c.3

E.c.4

E.c.5

F.a

F.b

H.1

H.2

Techniques
and Data Base

Shield
Compatibility
with Cavity and
Vacuum
Boundary,
inclucing
Assembly/
Disassembly

Activation of
Reactor
Building
Components
Outside the
Cavity

Shielding of
Final Mirrors

Shielding of
Quadrupole
Magnets

Materials
Viability of SiC
Structure

Thermo-
Mechanical and
Materials

Heat Transport
and Secondary
Energy
Conversion

Maintenance
and
Configuration

Computer
Reliability

Total Remote
Maintenance

LHI

L/HI

L/HI

Hi

UHI

UHI

LHI

RS, UL

RS, UL

RS, UL

UL, RP,
RL,IC

UL, RP,
RL, IC

RP.RL,U
L

DW, RP

Generic

Generic

Generic

Mirror

Magnets

FW, B

oL

High

High

Low

High

High

High

High

No Key Issue Identified

UL

DW, UL

Generic

Generic

Low

Low

RD

R D

RD

D,RH

D,RH

D,R

D,RH

¢,S,G F

¢0,F.S G

¢, FS G

0,F. S G

¢I F' S'G

vwT,0

YT, o

F.S.T,C.H,

High

High

High

None

Medium

High

Low

High

High

Use or disclosure of data
subject to title page restriction

McDonnell Douglas Aerospace

5.2-5




INERTIAL FUSION ENERGY
ReacTOR DESIGN STUDIES

MDC 92E0008, VouL. lI
MARCH 1992

Table 5.2-1 IFE Key Issues Summary (Continued)
Issue/Technical Reactor | Potential | Design | Level of | Operating Environment | Relevance
Area Concept | Impact |Specificity | Concern ] Neutron General to MFE
H.3 Material Joining | L/HI DW,IC Generic | High F,S,T,C,H, | High
B
H.4 Lead Flushing | L/HI ic Generic | Medium F,T,H Low
H.5 Seal life L/HI DW,IC Generic | High F,S,T,C,H, | High
B
H.6 Embrittlement L/HI W, IC Generic | Medium T High
Temperature
I Balance of Plant No Key Issue ldentified
J. Safety and
Environment
J.1  Overall plant L/Hi IC,RS T Medium H Medium
tritium inventory
J.2  Permeation of L/HI RP T Medium H Medium
Tritium
J.3  Normal WHI C T Medium H Medium
Operation
Tritium Release
J.4  Neutronic Cross | L/HI usS Generic | High R F.9,5,Q,y | High
Sections/Data
Library for
Activation
Analysis
J.5 Removing /HI Us, IC, FW Medium | R F.¢,5,Q,y | Medium
Decay Heat from RS
Lead Coolant
Under Accident
Conditions
J.6  Hydrogen Burn | L/HI RP,IC TF Medium H, Pt None
Due to Rupture
of Diffusion
Vessel
J.7  Detection of L/HI us,IC Fw High F,$,S,T,Q, | High
Local Dry Spots o
Prior to Failure
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IFE Key Issues Summary (Continued)

Issue/Technical

Area

Reactor
Concept

Potential
Impact

Design
Specificity

Level of
Concern

Operating Environment

Neutron

General

Relevance
to MFE

J.8

J.9

J.10

K.2

K.3

Detailed
Accident
Analysis

Removal of
Contaminants
from the Liquid
Lead

Impact of Large
Quantities of
Lead on Waste
Disposal

Subsystem
Interactions
Laser System/
Cavity Interface
and Final Mirror
Protection

SiC/Metal
Piping
Transition
Interface

Heavy-lon
SystervCavity
Interface and
Beam Propaga-
tion, Focusing
and Optics

L/HI

UHI

/HI

L/HI

Hi

IC, RS

RP, RS

IC, RS

uL

DW

All

WP

wpP

DL

CS/
CBOP

DH, WP

High

Medium

Low

Critical

Critical

High

All

F,OF S,C,
T,n,y:v,sl
q

C|TIHIAIPI
Q,lv

pg.Q.IB,G.
N,T.E.Elp

Medium

None

None

Low

High

Low
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5.3 Prometheus Reactor Design Study Critical Issues

This section presents the critical issues identified for the laser and heavy ion driver,
reactor cavity and balance-of-plant systems considered for the Prometheus |FE power
plant design study. Each critical issue is broad in scope and covers several of the
most important key issues for a number of components and technical disciplines. The
final list of critical issues is presented in Table 5.3-1. References are collected at the
end of each issue discussion

Table 5.3-1. List of Critical Issues ldentified by the Prometheus Design Study

Demonstration of Moderate Gain at Low Driver Energy
Feasibility of Direct Drive Targets

Feasibility of Indirect Drive Targets for Heavy lons
Feasibility of Indirect Drive Targets for Lasers

Cost Reduction Strategies for Heavy lon Drivers
Demonstration of Higher Overall Laser Driver Efficiency
Tritium Self Sufficiency in IFE Reactors

Cavity Clearing at IFE Pulse Repetition Rates

© ® N OO s DN

Performance, Reliability, and Lifetime of Final Laser Optics
. Viability of Liquid Metal Film for First Wall Protection
Fabricability, Reliability and Lifetime of SiC Composite Structures

- ok A
N =+ O

. Validation of Radiation Shielding Requirements, Design Tools, and Nuclear Data

-t
@

Reliability and Lifetime of Laser and Heavy lon Drivers

b
-

Demonstration of Large-Scale Non-Linear Optical Laser Driver Architecture

-
(&)}

Demonstration of Cost Effective KrF Ampilifiers

—h
b

Demonstration of Low Cost, High Volume Target Production Techniques

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 5 3-1




INERTIAL FusioN ENERGY MDC 92E0008, Vou. Il
REACTOR DESIGN STUDIES MARCH 1992

5.3.1 Critical Issue No. 1: Demonstration of Moderate Gain at Low
Driver Energy - The U.S. National Energy Strategy? envisions three major facilities
for IFE/ICF applications development: a Laboratory Microfusion Facility (LMF) for high
gain target performance characterization and advanced military applications
development; an Engineering Test Facility (ETF) to provide high pulse rate capability
supporting fusion energy technology development and testing; and a Demonstration
Power Plant (DPP) to validate long term economic, reliability, availability and
maintainability issues for IFE. The total development cost associated with this plan will
be formidable because each facility will likely cost more than $1B. It therefore is
worthwhile to consider development paths that might enable a single facility to
address both LMF and ETF research and development needs. Hogan discusses the
prospects for such a facility in a recent paper2. Target experiments could be carried
out in a separate, single-shot cavity. Engineering development would be conducted in
another cavity with the target design and driver pulse rate selected to produce
relatively low yield and fusion power. This approach would dramatically lower the cost
of IFE development potentially leading to a more near-term DPP.

Reactor design studies have typically focused on high-gain, multi-megajoule incident
energy target concepts that are appropriate for economic power production. However,
engineering development, is usually cost limited. It therefore is worthwhile to consider
if target designs that provide moderate gain (20-50) at low drive energy (1-2 MJ) are
justified. Such targets would lower the facility cost associated with IFE engineering
testing and fusion power demonstration. Target design studies for the Nova Upgrade
have identified conditions under which the ignition "cliff" is shifted to much lower drive
energy with the penalty of lower gain. This is illustrated in Figure 5.3.1-1 which
compares the projected gain for two different sets of implosion velocities and
associated hohlraum temperatures to that projected for the LMF conditions. (The
shaded region at the low energy end of the curves represents the uncertainty in the
location of the ignition "cliff" due to uncertainty in the capsule surface finish.)

As indicated, the alternative target designs coupled with a driver comparable to the
Nova upgrade (1-2 MJ) would be above the ignition cliff and repeatably produce the
output distribution (neutron/debris/x-ray split) and energy spectra of higher gain
targets. Reactor component development testing could thereby be conducted at low
drive energy with a cavity radius scaled appropriately to duplicate the relevant reactor
parameters. In principle, this should provide the capability to achieve most of the ETF
goals at relatively low power levels with full thermonuclear effects in a moderate cost
facility.

McDonnell Douglas Aerospace
Use or disclosure of data
subject 1o title page restriction 5 3"2
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Figure 5.3.1-1. Gain Curve Scaling With Hohlraum Temperature Relative to Gain for
the LMF Conditions. Nova Upgrade Will Characterize the 1-2 MJ Region of
Gain Space and Reveal How Well the Location and Height of the
Ignition Cliff Can Be Controlled. (Figure Courtesy LLNL).

Issue Resolution Strategy - To help identify the region of gain space that is attractive
for reducing IFE development costs, the Prometheus driver, reactor and balance-of-
plant design/cost scaling relations were used to project curves of target gain versus
driver energy for a fixed capital cost facility. A 100 MWe demonstration power plant
was chosen for illustration purposes. The costs are for a first-of-a-kind plant and
include only direct construction costs. A summary of the cost elements included in the
study and their scaling with yield (Y in MJ), pulse repetition rate (RR in pps), thermal
power (Py, in MW), recirculating and gross powers (P, and Pg in MWe) and driver
energy (Eq4 in MJ) is presented in Table 5.3.1-1.

The resulting driver cost variation with output energy is shown in Figure 5.3.1-2 over
the energy range of interest. This figure shows that projected laser costs are typically
less than those for a multiple-beam LINAC but more than those for the 2 GeV single-
beam system. The multiple-beam LINAC efficiency, however, is much higher than that
for the other two driver options which offsets its higher cost.

McDonnell Douglas Aerospace
Use or disclosure of data
subject to title page restriction 5 3-3
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Table 5.3.1-1.

Summary of Demonstration Power Plant Direct Cost Scaling

Used in Required Gain Curve Study

Cost Element

Cost Scaling Relationship (M$)

KrF Laser Driver (NLO)
Single-Beam LINAC (4 GeV)

Multiple-Beam LINAC (4
GeV)
Single-Beam LINAC (2 GeV)

Multiple-Beam LINAC (2
GeV)
Land and Structures

Reactor Plant
Turbine Plant
Electric Plant
Miscellaneous Plant
Target Factory

113 + 163 Eg
288+ 76Eq
292+ 117E4

218+ 35Eg
244 + 116 Eg

60 + 150(Py/500)0-3
50 + 480(Py,/3000)°-5 + 320(Y/500)05
13 + 176(Py/1000)0-8 + 20(Py,/2860) + 59((Pyp-Pq)/1860)°
71.5 + 67(Pg/1000)
57(Pp/1000)0-3
50 + 100(RR/5.6)07

Driver Capital Cost (M$)

25
Energy to Target (MJ)

2

Figure 5.3.1-2. Projected Cost Scaling for Small-Size KrF Laser and

Use or disclosure of data
subject to title page restriction
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Efficiency plays a key role in minimizing the reactor and balance of plant costs for
small plants where the net power is comparable to that required by the driver. This is
because the recirculating power is equal to Py, / (M ngG) where M is the blanket
energy multiplication (1.1-1.4). If the recirculating power exceeds the gross power
(MthPih), no net power is generated. Conversely, if MMgG exceeds 1/nn by more than
a factor of two, the reactor and blance-of-plant costs are determined primarily by the
net power requirement. As a result, in a cost-limited scenario, the gain (hence yield
and associated plant cost) required to produce net power scales directly with driver
efficiency. Figure 5.3.1-3 shows the projected efficiencies for the drivers considered in
this study. The 10% Prometheus-L system efficiency may ultimately be increased to
15%, but both values are well below the 30% efficiency possible with a MB LINAC.
This makes the MB LINAC an attractive option in spite of its higher capital cost.

It also is worthwhile to note that as driver energy increases, eventually there is no gain
which will support both the recirculating and net output power requirements in a fixed-
cost facility. The driver portion of the cost becomes too large. The required gain
curves thus asymptote to infinity at some driver energy which is a function of the
specified capital cost.

50

2
i
g , .
i . _’e____é--—-——éu-__é__._é_._ézsev
10Fb---- BT A A — e = A - — - A KIF
[ Z : : : . . Laser
o L 1 L 1 j 1 1 e 1 i 2 1 1 4 ‘l] 1 1 1 i L 1 i Li 1 LI 1 i 1 1 e lil 1 1 1
0 0.5 1 15 2 2.5 3 3.5 4

Energy to Target (MJ)

Figure 5.3.1-3. Projected Efficiency Scaling For Small-Sized KrF Laser
And Heavy-lon LINAC Drivers

McDonnell Douglas Aerospace
Use or disclosure of data
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These simple power balance and cost relations were used to define curves of required
gain versus driver output energy for different fixed direct capital costs. Figure 5.3.1-4
shows the result for a 100 MWe power plant based on the Prometheus-L driver design
at 10 and 15% efficiency. It should be noted that the target design windows for cost-
limited development are the important consideration here not the projected capital
costs. Absolute costs may change, but the parametric scaling should result in similar
design windows. To assess whether the design windows are feasible, Figure 5.3.1-4
compares the gain requirement curves to possible optimistic and pessimistic physics
limitations on target gain for indirect-drive targets suggested by Hogan3.

The figure shows that target gains of 30-50 at a drive energy of 1-2 MJ provide a
possible DPP design window for either 10 or 15% laser efficiency. Improved efficiency
enlarges the design window (or conversely reduces the cost). But the gain required
for a 10% efficient laser is less than conservative limits on possible target gain, with
only $300M in additional funding beyond that needed to provide any design window.
Therefore, there is significant motivation to develop target designs appropriate for this
region of gain space. This is reinforced by the fact that such designs could likely be
validated on Nova Upgrade.

120
[ e Optimistic
' ' ) g Limit
[ : : $1.28;10% ' L '
100F------ S A e W T e ottt
I ' ) : h-;*"‘ﬁ ' ' Congervative
80 ' ] D e e e e a e e [ o
i s j j © &7 $128;15% | Lima
L) R / ......
g w L] o ..i::. .l - 1] < ’l ----------- P
- IR
-
$1.58; 15%
4ol o A 7 TN A A B IR
o . P [P SN U A N S S S DS P S U G T G Y W Y
0 0.5 1 1.5 2 2.5 3 3.5

Energy to Target (MJ)

Figure 5.3.1-4. Projected 100 MWe Demonstration Power Plant Gain Space Windows
for the Prometheus-L Driver Configuration. Values Indicated Only
Include Direct Costs.

The simple power balance and cost relations were also used to evaluate the gain
space appropriate for heavy-ion drivers. Figure 5.3.1-5 shows these results for a

McDonnell Douglas Aerospace
Use or disclosure of data
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comparable 100 MWe power plant with a single-beam (SB) LINAC driver based on the
Prometheus-H design configuration. To assess the feasibility of such designs,

Figure 5.3.1-5 again includes possible optimistic and conservative limits on gain
suggested by Hogan3. This figure shows that SB power plants only require gains of
20-30 at a drive energy of 1-2 MJ due to the higher driver efficiency. This is greater
than the conservative limit on gain scaling would suggest, but it is well below the
optimistic gain scaling limit. A driver with 2.5 MJ output is required to surpass possible
conservative limits on gain.

It is also worthwhile to note that the 2 GeV option may provide an extremely attractive
development path. As indicated in Figure 5.3.1-2, this driver costs ~60% of the 4 GeV
system because it is half as long. At driver energies above 3 MJ, the number of beams
becomes excessively large (greater than 40) for a 2 GeV system. However, if viable
target designs are possible in the 1-2 MJ energy range, this option provides a very
low-cost driver (<$300M) with a number of beams comparable to that proposed for the
Prometheus-H piwer plant. Further characterization of heavy-ion target designs in this

region of gain space thus is clearly justified.
120

r T Limit

100

60 |

Required Target Gain

ny

20 |

0 0.5 1 1. 2 25 3 3.5

Energy to Target (MJ)

Figure 5.3.1-5. Projected 100 MWe Demonstration Power Plant Gain Space Windows
tor the Single Beam Prometheus-H Driver Configuration. Values Indicated
Only Include Direct Costs.

Figure 5.3.1-6 shows these same gaih space design windows for a 100 MWe power
plant with a multiple-beam (MB) LINAC driver. This option eliminates the core
recycling and storage rings required for the single beam design, which leads to

McDonnell Douglas Aerospace
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efficiencies between 20 and 40% as indicated in Figure 5.3.1-3. This makes the MB
LINAC an attractive option for a DPP in spite of its higher capital cost, as indicated in
Figure 5.3.1-2, since recirculating power is significantly lower. This is highlighted in
Figure 5.3.1-6, which shows that the required gain curves for an MB LINAC are
actually lower than those for the SB LINAC once funding is large enough to get over
the hump of its higher capital cost. Gains of 10-20 at driver energies between 1 and 2
MJ are all that is required to build a small DPP using an MB LINAC driver.

The figure also shows that the 2 GeV design may once again offer an attractive
development pathway. The cost advantage of a 2 GeV system is reduced for the MBL
driver, as indicated in Figure 5.3.1-2, but its efficiency is comparable to that at 4 GeV.
Furthermore, target performance will likely be improved at this energy because of the
shorter ion range. A 2 GeV MB LINAC may therefore prove to be the best option for a
heavy ion DPP. The SBL capital cost is significantly lower, but this is offset by reduced
BOP costs for the higher MB efficiency for a small DPP where there is little excess nG.
120

100 |
ol

so:

Required Target Gain

a0 |

.............

. $158,4GeV

. $1.58; 2 GeV

A i

0 05 1 15 2 25 3 35
Energy to Target (MJ)

Figure 5.3.1-6. Projected 100 MWe Demonstration Power Plant Gain Space Windows
for a Muitiple Beam LINAC Driver. Values Indicated Only Include Direct Costs.

It, therefore, is critical that the Nova upgrade or a similar plant be implemented in a
timely manner. Target experiments could then be conducted to characterize the
location of the ignition cliff and the height of the gain curves for advanced target
designs. This will establish a database for designing the ETF/LMF facility. An early
~2000 demonstration of low drive energy (1-2 MJ) target designs with repeatable
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gains comparable to those projected by this study would also provide strong
justificatio., for a lower-cost IFE development pathway utilizing such moderate-gain
targets. This could provide the impetus to accelerate the engineering development
and commercialization of IFE technology.

References for 5.3.1

1. National Energy Strategy, First Edition 1991/1992, U.S. Department of Energy,
Washington, DC, February 1991.

2. W.J. Hogan, "Small Inertial Fusion Energy (IFE) Demonstration Reactors," to be
published, Proceedings 14th IEEE/NPSS Symposium on Fusion Engineering,
San Diego, CA, October 1991.

3. W. J. Hogan, private communication, 1992.
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5.3.2 Critical Issue No. 2: Feasibility of Direct Drive Targets

Description of Problem - There are strong incentives to consider direct-drive (DD) laser
targets because of higher gains. However, the feasibility and performance
characteristics of DD targets are presently uncertain. These discussions are likely also
applicable to heavy ion, direct drive targets, but the database is non-existent. The
fundamental laser driver architecture of the Prometheus IFE Reactor Design is strongly
influenced by the direct-drive (DD) target illumination requirements given by the Target
Working Group (TWG). Unfortunately, the specified TWG requirements may contain
some serious inconsistencies with published plasma physics reguirements for efficient
laser/.arget coupling. The laser driver spatial intensity profile in the target plane
provided by the TWG is not consistent with the Fresnel number of the beam at the
location of the target. In addition, there are concerns that the long, 80 ns precursor
pulse may produce significant deleterious effects, such as generation of non-linear
scattering processes which may lead to target preheat, thereby preventing an efficient
DT implosion from occurring. Designs for DD targets appear to have been anchored
on experiments conducted on miniature DD targets illuminated with only a few kJ of
laser energy. Large reactor sized, multi-MJ DD targets apparently require entirely
different illumination scenarios. For reactor operation, the DD targets must also be
accurately injected into the target chamber with a tracking/alignment system capable
of meeting the illumination uniformity requirements set forth below.

Beview of Target lllumination Requirements Supplied by TWG - The TWG has
provided the project with laser direct drive target illumination requirements which
include the following elements:

(1) = 60 beam illumination with = 1% illumination homogeneity of a 6-mm diameter
target

(2) 80 ns precursor pulse containing 30% of energy, followed by 6-ns main pulse
(long prepulse generates underdense plasma atmosphere 3.2-cm deep prior
to arrival of main pulse, thereby risking generations of SBS, SRS, hot
electrons, and resonant absorption mechanisms)

(3) UV wavelength (<300 nm) with approximately 5 MJ of energy

(4) Tangential illumination (beam diameter at target = target diameter); no
mention of focal zoom; beams are circular in cross-section, (very wasteful of
laser light, excimer laser beams are square, may encourage resonant
absorption in underdense plasmas)

(5) The spatial intensity distribution of the incident laser beams in the target plane
is described by larget(x) = (sin2 x) /x2 (inappropriate apodization for
homogeneous illumination and efficient excimer laser extraction)
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There were no TWG specified requirements on beam polarization, bandwidth, or beam
quality, all of which are important parameters in laser/target interactions. During the 6-
ns main pulse duration, the direct drive (DD) target implodes from an initial 6 mm
diameter down to 3 mm, which corresponds to an implosion speed of 2.5x107 cm/sec.
Approximately 30% of the DT fuel is fused during the resulting implosion.

Physics of Target Implosion - Using the TWG criteria, the DD target is assumed to be a
6-mm CH spherical shell containing a layer of frozen DT. The initial laser photons

incident on the CH shell blow off an underdense plasma from the CH shell to permit
the main pulse to interact primarily with the plasma atmosphere. The intention is to
drive a symmetrical implosion of the D/T fuel to at least 20 times liquid density. A
diagram of a single beam (one of many) tangentially illuminating a spherical direct-
drive target at the start of the laser pulse is shown below in Figure 5.3.2-1.

Dilute Plasma Ablated by
Precursor Ramp

Outer Annular
Target Areas
mareranng ----------
Incidengs =™ 11T ITN
incident Converging /' © © _ _ 00 N ... ... Direct-QriveDT . _ . .
LaserBeam /. . . . . .. .. \N. . ... T arge}of Distmeter . . . .

............................. To Laser
............................ Beam Focus

Figure 5.3.2-1. Diagram of Tangential Direct-Drive Target lllumination
Geometry at Start of Main Pulse

A precursor pulse this long produces an underdense atmosphere 3.2 cm deep by the
arrival of the main pulse, thereby providing a long gain length for non-linear processes
which can cause target pre-heat. During the resulting implosion occurring at a speed
of approximately 2.5x107 cm/sec., the target compresses to ~50% of its original
diameter. Unless the laser beam focal spot sizes are also reduced by 50%, a
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significant amount of laser light would consequently miss the target. A diagram
illustrating this problem is shown in Figure 5.3.2-2.

LTSS Expanding Plasma Generated
N by Precursor Ramp

:in.d;“.nt:c.on.ve.rg.'n.g ............ %‘ht
. . LmerBearn ..............................

................................... ing, . .. To Laser
................................ itical - - - - Beam Focus

.............

Figure 5.3.2-2. Diagram of Tangential Laser lllumination
Geometry at end of 6 ns Laser Puise

Recapitulation of Published Plasma Physics Target Coupling Requirements -
Uniformity of target illumination for multiple beam geometries is essential for
preventing the growth of Rayleigh-Taylor instabilities. However, it is also important
that the angle of incidence, 6, between the incoming laser beams and the target be
minimized in order to absorb the incident beam efficiently into the critically-dense
plasma atmosphere blown off from the target. According to Kruer,! the fractional
absorption, fa, for a linear plasma density profile is given by the expression:

t,=1-exp —8 5%

32v L J
15¢

(5.3.2-1)
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which, as indicated, depends upon cos® 6. Here, vej is the plasma collision frequency
evaluated at the critical density, ngrit. In addition, since an obliquely incident optical
wave reflects from the plasma at a lower density than the critical density, less
collisional plasma is traversed by these waves, further decreasing the coupling
fraction. Calculations were carried out using this absorption function using the
geometry shown below in Figure 5.3.2-3.

Varying incident Angles
for Laser Beam Zones

Direct Drive DT Target

Incident Laser Beam
Divided Into Zones

Figure 5.3.2-3. Geometry for Computing Angular-Dependent
Light/Plasma Coupling Efficiencies

Using this geometry and Eq. 5.3.2-1, the target coupling efficiency was calculated
assuming that f4 = 1 for 6 = 0 with a top hat apodization; the results are plotted below

in Figure 5.3.2-4.

For a linear density profile averaged over the implosion time, these simulations
estimate that only 15% of the laser light incident on the target will be absorbed. Since
the actual beam shapes from the excimer lasers are square, a further reduction in
target absorption efficiency of n/4 occurs. For an exponential electron density profile in

the plasma (n¢ = ncrit exp(-z/L), the fractional absorption, fa, is given by the expression:

8v L
fy=1-exp —8 0538

3c (5.3.2-2)
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Figure 5.3.2-4. Fraction of Incident Laser Light Absorbed For
Linear Plasma Density Profile

which, as indicated, depends upon cos3 8. Calculations were also carried out using
this absorption function with a top hat apodization. In this case, 28% of the energy
incident on the target would be absorbed.

Resonance Absorption Calculations - The energy absorbed by resonantly driven fields
in the plasma is described by the expression:2

V(<E E>) o, .
E = _[ (—=——) r* dr sin 6 ¢ d¢ 5323)

where E; is @he radial electric field of the laser beam. Near the critical density, the
expression for E; is given by:

L (c+1) T »’(1)
E =—; a[(1-a£2) P, (cos 8) cos ¢ exp(i3) >
(iek“r?) 2myo

(5.3.2-4)

where q, is given by the expression:
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°‘£=J£k(£R 1)
¢ (5.3.2-5)

(where R is the radius of the plasma critical density) and where ®2(t;) is the
absorption function for the th mode. The fraction absorption of the ith mode, fra, is
given by:

f d)z(’cL) 1
RA= 2n "% (5.3.2-6)

so that the total power absorbed from the laser beam as a consequence of resonance
absorption is given by:

P
P =Z‘—£(D2(t)./1-a2
RA en 't t (5.3.2-7)

where P, is the laser power in the th mode. The net result of performing the integral in
Eq. 5.3.2-3 is to show that resonance absorption generally depends upon (cos 6o);2
the implication is that tangential target illumination proposed by the TWG would favor
resonant absorption over inverse Bremsstrahlung for large angles of incidence.
Perhaps a more serious result of these analyses? is that the spatial absorption
distribution function is not uniform over the target sphere. The calculated RA
distribution for a vertically polarized laser beam is shown in Figure 5.3.2-5.

As shown, resonance absorption is predicted to produce two symmetrical "hot spots" of
absorption at mid-latitudes on the sphere when illuminated with linearly polarized
light. This may constitute an absorption uniformity problem because this process
occurs even when the sphere is uniformly illuminated. However, by using A = 248 nm
laser radiation, the effects of resonance absorption are not expected to be reduced
relative to inverse Bremsstrahlung.

DD Target Injection, Tracking, and Alignment Problems - The 6-mm DD target is

assumed to be injected into the target chamber with speeds of the order of 200 m/sec.
Owing to the vagaries of mechanical and/or electromagnetic injection methods,
tracking of the target and alignment of the 60 beamlines to the anticipated location of
the target is mandatory. If tangential illumination is used, beams need to be aligned
with an accuracy of +500 i (corresponding to an angle Aa = 25 prad as seen by the
GIMM) relative to the target. If pyramidal apodization is used, much more accurate
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Figure 5.3.2-5. Resonant Abscrption Contours on Spherical DD Target

target alignment is required (estimated to be +5 p [corresponding to an angle

Aa = 0.25 prad as seen by the GIMM]). In order to achieve the requisite alignment
accuracy in this case, a reflective "shine shield" on the direct drive target is strongly
recommended. Although DD target injection, tracking, and alignment present
technological challenges, it is believed that these problems can be solved using
careful engineering, paraliel dedicated computer processing, and advance metrology
techniques. '

Summary - Present specifications for the DD target illumination requirements such as
those provided by the TWG, are based upon work performed at only a few kJ of laser
energy. Elementary plasma physics and optics calculations suggest that the current
TWG DD target illumination specifications are seriously flawed. It is essential that DD
target results obtained at hundreds of kilojoules to megajoules be carried out as soon
as possible to permit realistic DD target driver requirements to be generated. Such
experiments could be performed using the Nova Upgrade laser proposed to be built at
the Lawrence Livermore National Laboratory.3:4 Using advances in laser technology
together with SDIO tracking technology, we anticipate that high gain DD targets could
be developed which require only a few MJ of laser energy to achieve optimum
performance. These large reductions in the requirements for laser energy can lead to
significant reductions in COE as well as an increase in reliability. More importantly,
the development steps will have facilities of much smaller size and moderate costs.
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5.3.3 Critical Issue No. 3: Feasibility of Indirect Drive Targets for Heavy
lons

Description of Problem - The feasibility of the indirect drive (ID) targets for the heavy
(Hl) ion driver is, in part, linked to: (1) the properties of the method used to transport
and focus the HI beam to the target, (2) the accuracy and reproducibility of the
repetitive HI target launch system which injects the ID targets to the center of the target
chamber, and (3) the ability of the high-Z hohlraum cavity to efficiently convert and
smooth the radiation incident on the DT capsule. This study is involved with finding
innovative solutions only to the first and second tasks.

There are several methods of transport of the heavy ion beams across the cavity and
focusing onto one or more locations on the target, either direct drive or indirect drive.
Sections 4.3.2 and 6.5.2.6 discuss these options in some detail. Two methods are
worthy of note, ballistic transport and channel transport. A concurrent IFE Reactor
Design Study'! was accomplished by a team lead by W.J. Schafer Associates. This
team selected the ballistic approach while the MDA-led tema chose the channel
transport. In the interest of brevity, the discussion of this issue will be limited to the
channel transport option although may aspects of the issue are common and generic.

In the approach being investigated for the Prometheus-H IFE Reactor Design, a
number of HI beams is focused onto a stripping foil or cell placed in front of a pre-
ionized channel. The HI beam(s) are then completely stripped, yielding mega-ampere
currents which overcome space charge repulsion to self-focus the beam(s), thereby
trapping the ions in a small diameter (a few mm) channel whose direction is accurately
determined by the pre-ionizing beam. This self-focused, small diameter beam is
subsequently directed to the convertor regions of the moving hohlraum target capsule.
The target has been injected to arrive at the center of the reactor target chamber
synchronously with the arrival of the HI beam(s).

Two types of indirect drive, heavy ion fusion targets were considered:

(1) Single energy convertor 1D hohiraum targets designed for single-sided target
irradiation (SSTI), and

(2) Dual energy convertor ID hohlraum targets designed for dual-sided irradiation
(DSTI).
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The feasibility of efficiently imploding both of these ID targets depends upon the
solution of a series of technical problems, including:

(1) Providing return paths for the 13.3 x108 A current for the SSTI beam and for
6.7 x10€ A for each beam for the DSTI case.

(2) Successful injection and self-pinching of the HI beams passing through the
stripping foil(s) into a self-focused, small diameter beam directed at the SSTI or
DSTI ID target.

(3) Accurate pointing of the pre-ionized channel(s) at the energy convertor(s) of
the ID target.

(4) Precision launching of the HI ID targets to arrive repeatedly at the center of the
target chamber and synchronized with the arrival of heavy ion beams.

Review of Target Irradiation Requiremen lied by TWG - The Target Working
Group (TWG) supplied the team with several unclassified documents2.3 which were
used to design a suitable HI driver design. The following general HI driver
requirements were determined from the TWG recommendations:

(1) Tightly focused HI beams containing approximately 5 MJ of energy are to be
delivered in a main beam pulse duration of 6 ns,

(2) The incident HI beam diameters need to be <6 mm at the 1/e2 points,

(3) The HI beams must intercept the convertor regions with an accuracy of

+0.5 mm.
Physics of Single-Sided HI ID Target Irradigtion - Key to both the HI ID target

irradiation of both single-sided and double-sided targets for the Prometheus IFE
reactor is the collapse of all the separate HI beams into a single, pre-ionized channel
of small dimensions. In the Prometheus IFE reactor design concept, this feat is
accomplished by focusing the separate, bunched beams with large quadrupole
magnets down to a common focus coinciding with a thin stripping foil. A schematic of
this configuration is shown below in Figure 5.3.3-1. Background gas is present to
permit autoneutralization of the focusing beams. Immediately prior to the arrival of the
bunched beams, a non-bunched, precursor Hl beam is precisely directed through the
foil to the predicted location of the HI target. The target moves approximately 10 um
while the beams cross the cavity. Care must be taken to avoid damaging the HI ID
target with the non-bunched beam. A dilute gas (Pb vapor) at a pressure of ~100
millitorr is present in the target chamber. The non-bunched precursor Hl beam forms
an ionized channel in the dilute lead vapor from the foil to the Hl target.
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Figure 5.3.3-1. Schematic of Prometheus Approach for Heavy lon
Single Sided ID Target Irradiation

Following the arrival of the bunched HI beams, each +2 ion is stripped to an ~ +80
charge state, thereby increasing the current to a level of approximately 6 MA. This
beam current is more than an order of magnitude larger than is necessary to self-pinch
the combined beams, thereby leading to a trapped, self-focused HI beam precisely
directed to the energy convertor of the single-sided HI target. The diameter, 6, of the
self-pinched beam oscillates transverse to the beam direction with an amplitude
determined by the original beam emittance and a period of approximately 20 cm.

Physics of Double-Sided HI ID Target Irradiation - The technical problems associated
with double-sided HI ID target irradiation are similar to those described above for the

single-sided HI ID target case. An additional constraint is that the two HI pulses must
not only arrive near simultaneously at each of the target energy convertors, but they
must also be accurately aligned spatially. A schiematic of the double-sided HI ID target
irradiation geometry is shown below in Figure 5.3.3-2.
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Figure 5.3.3-2. Schematic of Double-Sided Heavy lon ID Target Irradiation Geometry

As noted above, key to the Prometheus H! ID double-sided target irradiation concept is
the collapse of the two sets of separate Hl beams into each of the two pre-ionized
channels of <6 mm diameter. In this case, the non-bunched precursor Hl beams
create the ionized channels in the low pressure (100 millitorr or less) lead vapor prior
to the arrival of the HI ID target.

In a manner similar to that described above for single-sided irradiation, following the
arrival of the N/2 bunched HI beams, each +2 ion is stripped to a ~ +80 charge state,
thereby increasing the current to a level of approximately 6 MA. This is sufficient to
self-pinch the combined beams, thereby leading to a pair of colliding, self-focused HI
beams precisely directed to the energy convertor of the double-sided HI target.
Previous work performed with heavy-ion beams has shown that high degrees of
precision can be achieved with regard to both timing of pulse arrival as well as
intercepting a small aperture, providing the divergence associated with non-
compensated space charge have been overcome.
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1D HI Target Transport Problems - The problems asociated with transport of the indirect

drive heavy ion beam target relates to two general categories:

(1) Protection of the cryogenic target from thermal radiation, primarily emanating
from the cooling interior of the reactor chamber

(2) Accurate delivery of the indirect drive, heavy ion beam target to a location
where the beams can successfully illuminate the target.

Indirect drive targets by their very nature are relatively fragile and difficult to accelerate
rapidly. In general, accelerations greater than 100 m/sec? are to be avoided. Target
velocities should be in the range of 200 m/s to minimize the transit time across to the
center of the chamber. Since the cryogenic DT capsule is relatively well protected
from the thermal radiation present in the target chamber, the HI ID target is predicted to
be less prone to heating. Because of the 100 mtorr residual lead vapor pressure, the
effect of viscous drag and turbulence on the motion of the target in the chamber must
be determined.

As mentioned earlier, the target injector and the beams must work in conjunction with
each other to provide the required illumination on every target. To date, the
experimental targets have been stationary and the beams and/or target adjusted to
achieve the desired illumination requirements. In demonstration power or commercial
reactors, this degree of accuracy must be achieved every time, several times a second.
This can be accomplished either with a highly precise target injector and the target can
be tracked and the beams adjusted to the known or predicted location of the target.

The factors which effect the final position of the target include the velocity vector at
release and the environment during the transit to the final position. The magnitude of
the vector, if measurable, is not a serious problem as the timing of the beams can be
adjusted to compensate. Alignment of the injector can easily be corrected. The
alignment of the single-sided injector would be easiest because it would enter from the
opposite side of the chamber and would be aligned coaxial with the beam. The
alignment of the injector with dual-sided illumination is more difficult because coaxial
injection is not permitted due to the on-axis precursor beams. The Prometheus
recommendation was to locate the injector off axis by 10° to clear the beamline conz.
This severely complicates the alignment because the lateral component of target
motion relative to the nominal beam axis. Timing of the beam becomes more critical
and/or beam adjustments are required.

One of the more serious difficulties is ensuring that during the release of the target
from the injector no lateral forces are induced which would influence the target velocity
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vector. The precision of the injector can be analytically modeled and then tested
experimentally to verify the required precision. The environmental influences within
the chamber are more difficult, especially predicting how the environment will behave
a few tenths of a second after the prior fusion reaction. Modeling and experimental
evidence wiil be required to develop the necessary database.

Upon leaving the injector, the velocity and position of targets must be determined. The
targets could be tracked (with difficulty) through the shield, blanket, and into the actual
cavity. Depending upon tt 2 known characteristics and behavior of the cavity
environment, the required degree of tracking is determined - the better the
environmerni is known, the less tracking is required and vice versa. Sensors can be
protected to some degree, but high levels of radiation hardening will be required
inside the shield area.

Sumimary - In the Prometheus IFE reactor concept, the feasibi.ity of indirect drive
heavy ion targets is largzly based upon the successtul and efficient collapsing of a
large number of low ionization state particles into one or two single, highly ionized,
self-pinched ion beams that are accu:rately guided to the energy convertor(s) of a
heavy ion ii. irect drive hohlraum. Since the TWG specifications for Hi ID targets were
vague, the Prometheus iFE reactor concept has necessarily incorporated a great deal
of flexibility in the final focus ard ransport portions of the heavy ion driver design.

It is important to demonstrate the validity of the Prometheus heavy ion final focus and
self-pinched propagation physics experimentally. Since these experiments must be
perforried at (il scale, it will be necessary to construct a substantial heavy ion driver
machine in order to demonstrate the concept. It is strongly recommend that this be
accomplished within the next decade.

References for 5.3.3
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5.3.4 Critical Issue No. 4: Feasibility of Indirect Drive Targets for Lasers

Description of Problem - As in the case of the indirect drive heavy ion fusion target, the
indirect drive (ID) laser fusion target being considered by the Prometheus IFE Reactor
Design is a symmetric, two-sided hohlraum design. The feasibility of efficiently
imploding this ID laser target has difficulties arising from three major sources:

(1) Plasma closure of the two entrance apertures to the hohlraum,

(2) Accurate target tracking and pointing of the multiple laser beams to coincide
with the two entrance apertures of the moving ID target, and

(3) Accurate and reproducible indirect drive target propagation from the peliet
injector to the center of the target chamber.

Significant misalignment of the laser beams could damage the radiation casing of the
target capsule and cause a target misfire.

Review of Target Irradiation Requirements Supplied by TWG  As in the case of the
heavy ion indirect drive targets, the Target Working Group (TWG) has supplied the

team with unclassified documents. In the original inertial confinement fusion driver
guideline document? supplied us, all references to indirect drive laser targets had
been removed. A second document,2 obtained much later, has some information
concerning indirect drive laser targets. After careful examining of the information in
these documents'.2 from the TWG, the following laser driver requirements were
surmised:

(1) Using the Nova Upgrade laser plan of 288 independently pointed beams
arranged in three or four rings of beams on each side of the target with the
beams distributed in angles ranging from 30° to 60° from the target axis, the
indirect laser target illumination requirement is achieved. It should be possible
to reduce the total number of beams to approximately 50. This would require
an energy balance between beams of 5%. (Achieving a 5% balance of power
among the laser beams is significantly easier than the 1% illumination
uniformity required for direct drive laser targets)

(2) Nearly diffraction-limited laser beams are required with essentially all of the
~2.5 MJ in each of the two beams being contained inside a 1.5-mm diameter
spot. Pulse durations range from around 8 ns at a 5 MJ energy level to 10 ns at
10 MJ. of 6 ns. (This is readily achieved since the focal spot size from a 1-m
aperture mirror located 20 meters from the target chamber can achieve a
15-um spot size.)
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(3) A laser wavelength is needed for which efficient inverse Bremsstrahlung can
be achieved [UV Wavelength (<300 nm)].

(4) A precursor laser pulse containing 30% of the energy and having a duration of
40 to 50 ns is required.

In general, these requirements are easier to meet than those specified for the laser
direct-drive target. There are, however, some additional problems associated with 1D
laser targets which may seriously affect performance.

- As noted, indirect drive laser targets are
relatively fragile and difficult to accelerate rapidly. In general, accelerations greater
than 100 m/sec? are to be avoided. Since the cryogenic DT capsule is relatively well
protected from the thermal radiation present in the target chamber, the laser ID target
can survive for longer periods in the target chamber (i.e., the propagation speed of the
laser ID target need not be as great as that required for the laser direct drive target
owing to this protective feature). See Section 5.3.3 for a list discussion of similar
problems.

Summary - The feasibility of indirect drive laser targets is largely based on overcoming
a number of potential technical problems: (1) directing 50 nearly diffraction limited
laser beams accurately to the entrance apertures of the target and (2) reliably
transporting the indirect drive target to the center of the target chamber with great
precision. A great deal of flexibility in the final laser beam focus and transport portions
of the laser architecture was incorporated to accommodate the range of specified
requirements. As in the case of the direct drive target, technical development of high
speed tracking and laser pointing systems are required in order to assure that all laser
beams would be properly positioned on the entrance apertures of the ID target.

References 5.3.4
1. "Inertial Confinement Fusion Reactor Design Studies; Recommended
Guidelines," Ronald C. Davidson, et al., prepared for the Department of Energy

Office of Fusion Energy, September 1990.

2. "Revised Target Information for ICF Reactor Studies," Received from Roger
Bangerter, Lawrence Berkeley Laboratory, Bldg. 47, room 112, 28 February 1991.
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5.3.5 Critical Issue No. 5: Cost Reduction Strategies for the Heavy lon
Driver

Description of Problem - The attraction of the Heavy lon (HI) approach to IFE has
always been related to the fundamental technical feasibility of building a system with

the required properties to drive a pellet to ignition. The basic accelerator technology is
well developed, the beam physics is tractable, and existing accelerator systems have
exhibited 25-year lifetimes with 95% availabilities. A system to provide the required
average power could have been built ten years ago. The problem is cost. A 10-GeV
linear accelerator built with today's technology would cost billions of dollars.

There are two key issues associated with HI driver cost reduction:

(1) Space charge limited transport of a bunched beam, and
(2) High current storage rings for heavy ion beams.

Space Charge-Limited Transport of a Bunched Beam - Experiments and computer
simulations have shown that transporting beams for several kilometers at their space

charge limit should be possible, with little emittance growth. However, this HI beam
transport has only been demonstrated with low energy, low power, unbunched beams.

If the HI beams have to be transported at currents lower than the space charge limit,
then the accelerator will have to have a longer pulse (in the case of an induction
LINAC) or more quadrupole transport channels within the same accelerator, thereby
increasing the cost of the accelerator.

High Current Storage Rings for Heavy lon Beams - One of the characteristic properties

of linear accelerators is their ability to run at rather high average powers and relatively
high repetition rates. Since the clearing time in the IFE reactor chamber precludes
very high repetition rates for the DT pellet ignition, the LINAC is forced to operate at
uneconomically slow repetition rates. This problem can be eliminated if the beams for
the LINAC can be stored for a short period of time. By operating the induction LINAC
in the burst mode, the induction cores are used over and over, and of course, each
core is therefore smaller in diameter.

The issue here is one of demonstrating that a Hl beam of the required intensity can
be stored in a storage ring for the requisite time, typically on the order of 1 to

2 milliseconds. The issues are similar to those associated with bunched beam
transport, but have the additional complications associated with closed orbit
synchrotrons, such as betatron and synchrotron resonances, etc., which can give rise
to emittance growth or beam loss. Furthermore, beam induced vacuum instability is
another problem which must be overcome. All of these issues can only be resolved
with an experimental storage ring with parameters reasonably close to what is
required.
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5.3.6 Critical Issue No. 6: Demonstration of High Overall Laser Driver
Efficiency

Description of Problem - The excimer laser driver system has a number of components
which can individually be optimized to yield high efficiencies. The achievement of
high efficiency is viewed as a crucial requirement for the laser driver. In addition to the
achievement of high efficiency is the corresponding goal of highly reliable
components. The laser driver consists of the following four major elements:

1) Excimer laser amplifiers

2) Raman accumulators

3) SBS pulse compressors

4) Computer controlled and self-aligning optical train which directs the laser
beams through the various optical components and down into the target
chamber.

(
(
(
(

The latter three elements require some additional development and testing before they
can be judged adequate to be incorporated into a mature laser driver design. The
major problem to be addressed here is the first element, the excimer laser amplifiers.

The fundament of an efficient, reliable laser driver is the successful design,
construction, and testing of excimer laser amplifier modules.

During the past five years, relatively little work has been carried out in the USA with
regard to improving the efficiency and the reliability of moderate sized excimer laser
amplifiers. Some analytical studies! have been carried out on both electron-beam
excited excimer lasers (EBEELSs) and electron-beam sustained electric discharge
lasers (EBSEDLs) which offered (on paper) gross wall plug efficiencies as high as
17%. These efficiencies, however, are more likely to be reduced significantly if
incorporated into a large laser system architecture. The main concern is that no
experimental work in excimer amplifier development is either currently in progress ofr
planned by the Department of Energy (DOE).

Work in the Soviet Union with sliding discharge cathodes in CO2 discharge lasers has
produced some promising results which may offer alternatives to the EBSEDLs. The
electric discharge lasers offer an inherently higher efficiency than the EBEELs since
excitation of the excimer species occurs along the neutral channel, thereby avoiding
the excitation of a large number of higher-lying states (which may contribute relatively
little to the overall amplifier extraction efficiency). Moreover, by avoiding transmitting
large beam currents through foils, hibachis, etc., the overall pumping efficiency may be
significantly higher.
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Required Future Work on Excimer Laser Amplifier Modules - There are several

problems with the electric discharge excimer lasers which require further experimental
work. These include:

(1) Characterization of the optimum pulse duration and gas mixture to achieve
efficient operation with a matched, efficient, pulsed power system.

(2) Sensing and prevention of the formation of arcs in the discharges.

(3) Extension of the operating lifetimes of the amplifiers to reach levels of 109 to
1010 amplifier firings between failures.

(4) Control of color center formation and chemical attack of amplifier windows
during the 109 to 1010 shot operational periods.

If these problems were analyzed theoretically and solutions found experimentally
during a series of technological development programs granted by DOE to industry,
the workhorse of the Prometheus excimer laser driver could be developed to the point
that it could be incorporated into a credible IFE reactor system by the year 2030.

Summary - The major obstacle to the development of a reliable, highly efficient
excimer laser driver for IFE reactors is the lack of work previously performed or
currently planned on moderate-sized (2-4 kJ output) excimer laser amplifier modules.
It is strongly recommended that DOE support an aggressive excimer laser amplifier
program with the goal of producing a 2 to 4 kJ amplifier with a wall plug efficiency of
12% and a mean time between failures of between 109 and 1010 shots.

Amplifier modules this size can fail in operation without producing a deleterious effect
on the overall operation of the IFE reactor. Additional work would be needed on the
Raman accumulators, SBS pulse compressors, and beam conditioning systems as
well in order to achieve the objective of an efficient, reliable, operational IFE laser
driver by the year 2030.

Reference for 5.3.6
1. "New Techniques for KrF Laser Fusion Systems," Interim Report for Los Alamos

National Laboratory, pp. 2-70 through 2-72, Los Alamos, New Mexico, written by
Spectra Technology, Inc., Seattle, Washington.
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5.3.7 Critical Issue No. 7: Tritium Self-Sufficiency in IFE Reactors

Introduction - Fuel self-sufficiency is a critical requirement for a renewable energy
source. The first generation of fusion power reactors will operate on the DT cycle.
Since tritium is not available in nature, tritium must be bred internally in fusion reactors
using neutrons generated in the DT reactions. Therefore, careful analysis of the fuel
cycle is necessary to evaluate the conditions that must be met in a fusion reactor
design. These conditions must then be used as absolute criteria in selection among
design concepts and in defining the range of acceptable performance parameters.
Self-sufficiency requirements must be included in a prudent plan for fusion research
and development.

Several characteristics of tritium and fusion reactors that make fuel cycle analysis
complex are (1) tritium is a gas in the natural state, (2) tritium undergoes radioactive
decay with a relatively short, 12-yr half life, (3) tritium must be fed nearly continuously
into the reaction chamber, (4) the fractional burnup, i.e. the fraction of the tritum atoms
fed into the reaction region that undergo fusion reaction before they are removed out
of the reaction region, is relatively low, (5) removal and processing of the fuel exhaust
from the reaction region involve many physical, chemical and thermal processes and,
generally, require a significant amount of time, (6) tritium bred in the blanket
surrounding the reaction region must be extracted and processed through several
processes that take time and, (7) the amount of tritium that can be produced in the
bianket per fusion reaction is sensitive to the choices of panticular technologies of key
reactor components (e.g. neutral beams vs. rf in MFE or laser vs. heavy ion beams in
IFE) and to many of the specific design features and performance parameters for a
given technology (e.g. penetrations associated with direct or indirect KrF laser driver).

In previous work,! fuel cycle analysis was performed and fuel self-sufficiency
conditions were derived for magnetic fusion reactors. There are substantial
differences in the fuel cycle and in the reactor characteristics, and hence in fuel self-
sufficiency conditions and requirements between MFE and IFE reactors. The
purposes of this work are (1) to develop a mathematical model for the fuel cycle in IFE
reactors, and (2) to derive fuel self-sufficiency conditions and requirements. Future
work should compare the requirements and potential for attaining self-sufficiency in
future IFE and MFE reactors.

Self-sufficiency Condition - The tritium breeding ratio (TBR), A is defined! as:
N
N (5.3.7-1)

A=
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where N is the rate of tritium production in the system (primarily, the blanket) and N
is the rate of burning tritium in the fusion reaction chamber (i.e., the fuel target in IFE or
the plasma in MFE). Defining two specific breeding ratios, the required TBR, A, and
the achievable TBR, Aa; the condition to attain tritium self-sufficiency in fusion reactors
can then be written as:

Aaz> Ar (5.3.7-2)

Since fusion is in a relatively early stage of R & D, accurate and clear definition of A,
and A must be general enough to account for uncertainties in reactor system
description and in predicting its performance.

The required TBR (Ay) in a self-sustained fusion power economy must exceed unity by
a margin, G, necessary to (a) compensate for losses and radioactive decay of tritium
during the period between production and use, (b) supply a holdup inventory in
various reactor components, and (c) provide inventory for startup of other fusion
reactors.

The required Ay, as shown later, is a function of many reactor parameters as well as
the doubling time, t4, and the radioactive decay constant for tritium. Examples of these
parameters are the fractional tritium burnup in the target, and the mean residence time
and tritium inventory in various reactor components such as the target factory, bianket,
and tritium processing systems. Many of these parameters vary from one design to
another; and, for a given design, the prediction of some of these parameters is subject
to uncertainties. We write:

Ar= 1 +Go + AG (537-3)

where Gy is the breeding margin for a reference conceptual design based on a given
estimate of its performance parameters, and where Ag is the uncertainty in estimating
the required breeding ratio (1 + Go).

The achievable TBR, Ag, is also a function of the reactor design with particularly strong
dependence on the first wall/blanket design concept. At present, accurate prediction
of Ag suffers from two types of uncertainties:

(1) Uncertainties in system definition: Fusion reactor design concepts are
evolving. The choices for many of the design features, materials, and
technology options have not been made. The achievable TBR is strongly
dependent on many of these choices.
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(2) Inaccuracies in prediction: For a well-specified reactor system, the prediction
of the achievable breeding ratio is subject to uncertainties. These are due to
approximations or errors in the various elements of the calculations, e.g., in
basic nuclear data, data representation, calculational methods, and geometric
representation. We write the achievable TBR, A,, as:

Aa = Ac = Aa (537'4)

where A = TBR calculated for a specified blanket in a specified reactor system

Aa = uncertainty in calculating the achievable TBR

2 2
by= V Ag + Ap (5.3.7-5)

As = uncertainty associated with system definition; i.e., the changes in A¢ due
to probable changes in the system definition

>
o
1

= uncertainty in predicting the breeding ratio (A¢) for the specified system
due to nuclear data uncertainties, numerical approximations, geometrical
modeling, etc.

In comparing the potential to achieve tritium self-sufficiency among various reactor
concepts or among various blanket options for a given reactor design, it is useful to
define a "figure of merit." One such figure of merit is

€E=Aa-Ac= (Ac - Aa) - (1 + Go + AG) (537-6)

Required TBR - The analytic model developed in Reference 1 was modified to
describe the various elements of the tritium cycle in an IFE reactor. The model is
shown schematically in Figure 5.3.7-1. A set of differential equations was written down
to relate the tritium inventories in the various components of Figure 5.3.7-1 to their
operating parameters. The equations were solved analytically to derive explicit
expressions for the functional dependence of the tritium inventories. An exact
expression for the required TBR as a function of the doubling time and the tritium cycle
operating parameters was derived. A computer program was written, using these
equations, to calculate the dependence of the required TBR on the key physics and
technology parameters of an IFE reactor. Table 5.3.7-1 denotes the abbreviations
used in Figure 5.3.7-1.
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Figure 5.3.7-1. Schematic Model of the Fuel Cycle for IFE Reactor
Operated on the DT Cycle
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Table 5.3.7-1 Abbreviations Used in Figure 5.3.7-1

A = TBF
N = tritium burn rate in the target
I = tritium inventory in compartment i
Ti = mean residence time of tritium in compartment i
€ = nonradioactive loss fraction of tritium in compartment i
A = tritium decay constant
B = tritium fractional burnup in the target
fi = tritium fractional leakage to compartment i
Iy = constant flow rate of tritium recovered from waste, steam, and air processing units
l4
A, = =(1-f)
1
l4
B = 7,k

A set of reference parameters was selected to represent the present best estimate.
This reference parameter set is shown in Table 5.3.7-2. The calculated value of the
required TBR with this reference parameter set is 1.05. A sensitivity study was then
performed to determine the sensitivity of A, to variations in various parameters. It was

found that the required TBR is most sensitive to:

B tritium fractional burnup in the target

T4o the tritium mean residence time in the target factory
tr  the number of days of tritium reserve on site

tg the doubling time

Figure 5.3.7-2 shows the variation of the required TBR with these most important
parameters. It can be seen from this figure that the required TBR can increase to
~1.25. Figure 5.3.7-3 shows the variation of A, with simultaneous change in the values
of B and T1p. The required TBR increases dramatically, e.g. to ~1.5 if B drops to 5%
and T1g becomes 20 days. Such high TBR can not be achieved in a fusion reactor.
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Table 5.3.7-2.

Reference Parameter Set for Tritium Self-Sufficiency Calculation

Tritium consumption (burn in plasma), N (kg/day)
Doubling time, tg(yr)

Tritium fractional burnup in plasma, B(%)

Time reserved for independent tritium supply, tr(day)

Non radioactive losses (chemical tie-up in radioactive waste, etc.) in

Breeder processing, €2(%)

Blanket coolant processing, €3(%)

Fuel clean up and isotope separation units, e4(%)
Reactor chamber and exhaust processing, £6(%)
Driver region processing, £7(%)

Wwall protection processing, £8(%)

Target fabrication processing, £10(%)

Tritium mean residence time in

Blanket, T1(day)

Breeder processing, To(day)

Blanket coolant processing, T3(day)

Fuel cleanup and isotope separation units, T4(day)
Reaction chamber and exhaust processing, Tg(day)
Driver region processing, T7(day)

Wall protection coolant processing, Tg(day)

Target fabrication and target storage, Tqg(day)

Tritium fractional leakage from

Breeder to blanket coolant processing, fc(%)
Plasma to limiter processing, fL (%)
Plasma to wall protection processing, fF(%)

Constant tritium flow returned from the waste, steam

and air processing, 19(g/day)

0.001
0.01
0.01

0.01

The achievable TBR is generally in the range of 1.1 to 1.3 with about 20% uncertainty
due to system definition and prediction capability. Two important conclusions arise

from this analysi

S

(1) R&D effort for IFE must aim at achieving certain range of parameters that have
direct impact on tritium self-sufficiency. For example, the R & D goals should
be to achieve B > 20% and T1g < 10 days.

(2) Tritium self-sufficiency is a critical issue in IFE, as it is in MFE. Demonstration
of tritium self-sufficiency must be a goal for early integrated test facilities.
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Figure 5.3.7-3. Variation of Required TBR as a Function of T1o (Residence Time in
Target Factory) for Various Values of the Tritium Fractional Burnup (B).

References for 5.3.7

1. M. A. Abdou, et al, "Deuterium-Tritium Fuel Self-Sufficiency in Fusion Reactors,"
Fusion Technology, vol. 9, pages 250-284 (March, 1986).
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5.3.8 Critical Issue No. 8: Cavity Clearing at IFE Pulse Repetition Rates

Description of the Problem - Following each pellet explosion, the cavity fills with target
debris and material evaporated or otherwise ejected from the cavity surfaces. This

material must be removed from the cavity before the next target is injected. In the
Prometheus designs, the cavity is cleared by recondensing the condensabie gases
onto the surface of the first wall, and by pumping non-condensable gases out through
large ducts.

Operation of a power reactor requires continuous operation at several (i.e., ~5-10)
puises per second. For a fixed reactor thermal power, lower repetition rates require
higher yields, which in turn produce unacceptably high driver energy requirements
and excessive loads on the surrounding components. In order to ensure that a
feasible design window exists, the cavity pressure must be reduced to the level
required for target and driver energy propagation.

Evacuation requirements are based on propagation limits for both targets and driver
energy. Base pressure requirements are important for two reasons: (1) the time to
evacuate the chamber depends on the pressure, and (2) the level of protection to the
first wall (and final c ~.'_s) afforded by the cavity background gas depends strongly on
the pressure. If a sufficiently high background pressure could be allowed, the
survivability of the solid surfaces might be substantially enhanced.

Analysis - Driver propagation requirements depend on the type of driver. For the
Prometheus-L design, the Pb pressure limit for laser propagation was estimated as ~1
mtorr@0°C. Above this value, gas breakdown is expected to occur, in which case the
laser beams would be degraded. Target gain would start to decline.

Due to the innovative, heavy-ion channel transport mechanism used in Prometheus-H,
a much higher base pressure is considered acceptable. In this case, the 100 mtorr
limit is determined also by target transport. Target propagation limits depend on the
target design. Indirect drive targets are generally more robust than direct drive, and
can propagate at higher base pressure with less degradation. In order to resolve this
aspect of the issue, accurate estimates of maximum ullowable base pressure need to
be determined for each target and driver design to be pursued.

Under idealized conditions, achievable cavity clearing times can be estimated by
analyzing mass and energy transport within the cavity. Figure 5.3.8-1 shows the
results of such a calculation. Cavity vapor temperature and pressure histories are
plotted for a Pb wetted-wall cavity design. In this case, approximately 3 kg of Pb are
evaporated by direct energy deposition from the x-rays which reach the first wall. The
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initial average cavity vapor pressure and temperature are estimated as 49 kPa and 3
eV, respectively. A much larger amount of Pb is subsequently evaporated due to rapid
radiation cooling of the cavity vapor. Before the recondensation phase begins, about
80 kg of Pb (10 um) is evaporated.
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Figure 5.3.8-1. Cavity Vapor Pressure and Temperature Histories Following the Blast.

Based on this analysis, the cavity pressure drops below 1 mtorr before the next shot.
However, the actual physics of energy and mass transport and vapor recondensation
is very complex under the eatreme conditions following a target explosion. The cavity
gas is partially ionized, and subject to highly time-dependent processes such as
hydrodynamic shock waves. Non-ideal effects such as liquid droplet formation and
effects of penetrations provide additional uncertainties.

While many ‘uncertainties exist, there are also varicus design solutions which can be
adopted to improve the cavity clearing rate. For example, condensing surfaces (or
cold jets) could be added. Some design proposals use large slugs of cold liquid to
evacuate the chamber. More research is needed to better understand clearing

requirements, the recondensation process, and to develop design solutions to this
critical issue.
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5.3.9 Critical Issue No. 9: Performance, Reliability, and Lifetime of Final
Laser Optics

Description - In this study, successful conceptual mirror designs were introduced.
These designs involved both the dielectric turning and focussing mirror and the final
optical component, the Grazing Incidence Metal Mirror (GIMM). Analysis of the
proposed design indicated that, with proper selection of materials and mechanical
configuration, the GIMM lifetime can be very long—on the order of the plant lifetime.
Clever shielding designs and materials selection for the dielectric elements can
likewise lead to great improvements in the overall laser reactor concept. In all
previous studies of laser fusion so far, it has always been concluded that the final
mirror will have to be at distances in excess of 30-40 m away from the cavity center
and that the lifetime and reliability will be small. Preliminary analyses of the
Prometheus design approach indicated the mirror could be a life-of-plant component
and yet be located 20 meters from the cavity center. An in-depth study of the
performance, reliability, and lifetime of the final optical components is necessary.
Advances in this area will, undoubtedly, lead to significant improvements of the entire
concept and will likely benefit other technological areas which rely on the reliable
performance of large laser mirror systems.

Analysis -

Turning Mirror - As far as the turning mirror is concerned, two categories of research
will be pursued:

(1) Shielding design of a neutron dump, and pinhole for minimization of the
damage caused by ionizing radiation (i.e. neutronic and photonic).

(2) Materials selection and data base analysis for the optimum choice of dielectrics
with the minimum amount of damage. In this area, rate theory would be used
to compute the accumulation rates of color centers and their impact on the
optical properties of the dielectric. To our knowledge, this approach has not
been attempted so far. A model with these capabilities can actually lead to the
development of annealing strategies for the elimination or reduction of the
effects of radiation on the optical properties of the dielectric materials.

Grazing Incidence Metal Mirror - The design of a reliable, long-life GIMM is critical to
the success of the laser fusion concept. A detailed thermo-mechanical design
involves the following features:

(1) De-coupling between the optical and structural functions of the miiror. A high
strength aluminum alloy is deposited on top of a composite SiC stiffened
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support structure. A very thin graphitic shear layer would be desirable, such
that the larger thermal expansion of the aluminum surface does not lead to
buckling patterns on the mirror's surface which would degrade the opticai
quality of the laser beam.

A low activation, zero swelling composite structural support of the aluminum
surface. Thermal deformations of the surface are corrected for by uniform end
moments . These correcting moments can be induced by clamping the
structural support to a rigid concrete shell, which would also give only one two
degrees of freedom for thermal expansion. Design of mechanical
sliding/boltiny systems must be demonstrated in order that the deflections
caused by th: small temperature gradient across the mirror's surface can be
completely eliminated.

Detailed structural analysis of the aluminum optical layer, the supporting
composite structure, and the graphitic shear layer.

Determination and analysis of the possible modes of damage to the mirror.
This would involve fatigue and creep damage assessments. It is to be borne in
mind that fatigue analysis of the composite structural substrate does not follow
the established rules for metal systems. On the other hand, fatigue of the
surface aluminum layer (a few mm thick) can aiso be minimized, or perhaps
eliminated, if more effort is directed toward stress redistribution in between the
optical aluminum layer and the structural substrate.

Investigation of the possibility of piezoelectric, or other error detection and
correction mechanisms, for final mechanical control of the optical quality of the
mirror's surface.
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5.3.10 Critical Issue No. 10: Viability of Liquid Metal Film for First Wall
Protection

Description of the Problem - In the Prometheus designs, a thin liquid metal film wets
the first wall in order to prevent the solid structures from rapidly degrading due to the
extremely high instantaneous heat and particle loads. To prevent liquid from entering
the cavity, the thickness of the film is maintained as small as possible. For this scheme
to be successful, all structures exposed to the blast must be covered. Analysis of dry
spots suggests that operation for periods of time greater than 10-15 minutes will cause
irreparable damage to the first wall.

While a great deal of research has been carried out on film flows, the materials,
configuration, and environmental conditions for inertial fusion are unique, and little
effort has been expended in the IFE community to determine how films will behave
under these conditions in a real engineering system. The major uncertainties include:

+ Film feeding and thickness control

« Blast effects

« Flow around geometric perturbations (such as beam penetrations)
» Protection of inverted surfaces

The film thickness must be relatively uniform in Prometheus because the surface
power conducts through the film. The local film thicknass determines the local surface
temperature, which strongly influences the condensation rate. Even for very thin films,
the flow becomes turbulent and instabilities are likely to develop. Therefore, better
understanding of the nature of instabilities and possible remedies are critical. Good
wetting between the solid surface and liquid film is very important.

Explosive effects resulting from the blast may lead to further problems. Several effects
are present:

(1) A large impulse is imparted to the film following rapid evaporation at the
surface ,

(2) Additional shock waves strike ttie wall as the cavity vapor responds to the blast.
These shocks cause motion of the solid structures which could eject liquid into
the chamber

(3) Rapid “isochoric” bulk heating of the liquid creates high pressures, which can
cause fragmentation of the liquid film.

The problem of wall protection with films is particularly difficult near inverted surfaces
(such as the upper k2misphere or tops of beamlines) or at penetrations and
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nonuniformities in the cavity interior. Dripping is likely to occur from inverted surfaces,
so that the concept of slow porous fiow may need to be supplemented with alternate
methods, such as inertial jets or magnetic guiding.

Figures 5.3.10-1 and 5.3.10-2 show the jet velocity required, and the film thickness
and minimum flow rate required for film attachment on the upper hemisphere. The
velocity and thickness can be high, leading to large flow rates. The option of using
MHD guiding has been shown to be capable of resolviing this problem, but adds
design complexity to the device.
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Figure 5.3.10-1. Minimum Velocity Required for Film Attachment
on the Upper Hemisphere
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Figure 5.3.10-2. Turbulen{ Film Thickness and Minimum Flow Rate
Required for Film Attachment on the Upper Hemisphere
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5.3.11 Critical Issue No. 11: Fabricability, Reliability, and Lifetime of
SiC Composite Structures

Description of the Problem - The viability of using SiC structures in the first wall and
blanket is a key consideration of the laser and heavy ion designs. If these concepts
are to be believable, efforts should be made to assess the factors involved in
determination of acceptable lifetimes, and to determine the appropriate manufacturing
methods and their economics. Anticipated lifetimes for FW/B components are not well
known. Limited resources allocated to this area precluded a realistic assessment of
the anticipated lifetimes. Without this knowledge, system reliability, maintenance and
economics would be seriously challenged. In order to perform this task, several
investigations need be considered. It is too simplistic, and perhaps misleading, to use
the accumulated fluence, or displacements per atom, to make projections of lifetimes.
The determination of such lifetimes would need knowledge of the various effects of
radiation. The most prominent of those are neutron induced swelling, embrittlement,
fiber shrinkage, and/or detachment from the matrix, creep crack propagation at high
temperatures, and crack bridging mechanisms during irradiation.

On the other hand, the technology to process and manufacture SiC composites is at its
infancy. An evaluation of manufacturing methods, potential, and costs is needed.
Manufacturing methods are classified into fiber production techniques and matrix
processing technologies. A variety of possibilities exist, with potential consequences
on both economics and design.

Analysis

(1) Radiation Effects on the properties of SiC Composites: The relevant effect of
irradiation to be investigated are: displacement damage production in various
neutron spectra; swelling rate dependence on temperature, fluence and
porosity; irradiation induced creep; irradiation embrittlement by
amorphization; high temperature crack nucleation and propagation under
static and dynamic conditions.

(2) Lifetime assessment of the FW: A realistic determination of FW lifetime would
require analysis of a number of material and structural properties of the first
wall. The data base accumulated under item (1) above would have to
phenomenalogically modeled in the form of appropriate design equations.
These equations will include crack growth under cyclic loading at high
temperature, radiation creep rate, thermal creep rate, and swelling rate. These
mechanical property equations will then be used in a structural analysis code
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for determination of stress and strain fields under time-dependent loading
conditions. The lifetime of the FW/B structure will be dictated by:

(a) fatigue crack growth.

(b) maximum allowable inelastic deformations.

(c) maximum stress/strain criteria under the complex multiaxial loading
situation in the structure.

(3) Manufacturing and reliability: Existing manufacturing techniques involve CVD,
CVI, and HIP technologies for the matrix. A wide range of fibers and
architecture are also possible. The structural performance, lifetime and
reliability are all dependent on the manufacturing method of the composite. In
addition, cost is an important factor, which will be also determined by the
manufacturing technique.
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5.3.12 Critical Issue No. 12: Validation of Radiation Shielding
Requirements, Design Tools, and Nuclear Data

Description of the Problem - Radiation shielding must protect both personnel and
sensitive reactor components. Components with the most stringent protection
requirements include the final optics in a laser-driven fusion reactor. Other
components with important radiation protection requirements include magnets in the
heavy ion driver, instrumentation and control. Two important requirements must be
imposed on the radiation shield in order to enhance attractive environmental and
safety features of IFE reactors. First, the bulk shield (immediately surrounding the
blanket) must be designed so that the long-term activation in reactor components
outside the cavity and inside the reactor building is minimum. Such components
include the heat transport system, heat exchanger and/or steam generators, and a
variety of auxiliary system and constitute a large material inventory that would
tremendously increase the waste disposal problem if allowed to be highly radioactive.
Second, the IFE shield should be designed to permit some personnel access to the
reactor building outside the bulk shield within days after shutdown. Although full
remote maintenance should be planned for, having personnel access capability after
shutdown is deemed necessary in a number of foreseen cases and unforeseen
events.

These critical requirements on the shield combined with the fact that the shield is one
of the largest (in volume and weight) and more expensive components in an IFE
reactor necessitate careful shield design. Sophisticated capabilities for predicting the
radiation field and associated radiation response in materials are required. Although
advanced capabilities exist, uncertainties in accuracy remain due to modeling
complexities, nuclear data uncertainties, limitations of calculational methods in void
regions and deep radiation penetration problems, and time dependent behavior of
materials and components. For example, it is likely that components will deform
during operation, which may head to unpredictable streaming paths. Improvements in
methods, data and experimental verification of prediction capabilities are needed.

Establishing accurate radiation protection requirements is necessary, particularly for
components whose shielding is either physically difficult (e.g. final optics in laser
driver) or results in substantial economic penalty. Thus, quantitative and reliable
knowledge of the effect of radiation on materials and components is required.
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5.3.13 Critical Issue No. 13: Reliability and Lifetime of Laser and Heavy
lon Drivers '

Description of Problem - The reliabilities and lifetimes of excimer laser and heavy ion
beam driver systems profoundly affect the operating characteristics of an inertial fusion
energy (IFE) reactor. Although both the excimer laser and the heavy ion beam drivers
are powered with somewhat similar pulsed power systems, the critical issues
associated with these two drivers are sufficiently distinct that they shou- 1 be
considered separately. There are presently no known technical problems which could
keep either of these driver types from performing reliably as IFE drivers.

Reliability and Lifetimes of Excimer Laser Drivers - Two general types of excimer laser
amplifiers have been considered for IFE:

(1) Direct electron-beam pumping through a foil, and
(2) Electric-discharge pumping.

The first category can be constructed in larger sizes (and hence output energies) than
the latter. Theoretical simulations suggest that the electric-discharge laser may be
more reliable than the e-beam pumped laser. There are, in addition, a number of
similarities which these two types of excimer lasers share. First of all, a key parameter
for each of the lasers is the small signal optical gain, Go given by the expression:

Go = exp(oNL) (5.3.13-1)

where ¢ is the stimulated emission cross-section for the excimer laser transition, N is
the inversion density of the excimer laser amplifier, and L is the length of the active
excimer gain medium. Typically, Go must be less than some fixed number (such as
20-30) in order to avoid unwanted parasitic oscillations in the amplifier volume. A
somewhat higher limit is set by the superfluorescent limit which defines a relationship
between the amplifier solid angle, Qa, and the small signal gain, Go. A simplified
expression? for the superfluorescent limit on amplifier gain is given by the inequality:

InG
4—2—2 0

3 a
V(G- 1) (5.3.13-2)

where the amplifier solid angle is given approximately by da2/L2 for a rectangular
amplifier (where dj is the amplifier aperture). Since ¢ is nominally a fixed parameter,
in order to keep G, below the parasitic limit, L and/or N must be adjusted. The
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difficulty here is that the excimer inversion density, N, is related to the inversion
energy, Es, in the medium given by the expression:

Es = NhVLda2 (5313‘3)

where, as before, dj is the amplifier aperture, h is Planck's constant, and v is the laser
frequency. An important parameter for laser amplifiers is the inversion energy per unit
volume, pg = Eg/V = Nhv. In optimizing amplifiers, frequently pg is maximized in order
to obtain the highest output energy/cm3 form the excimer ampiifier gain volume. A
typical limit for pg is 20 J/liter, or more typically 10 J/liter.1 Thus, in order to keep Go
below either the parasitic limit or the superfluorescent limit, it is easiest to adjust L, the
gain length. In carrying out these optimizations at constant ¢ and N, the results tend to
reduce the size of the excimer laser amplifier to dimensions of the order of

50x50x200 cm with a volume of approximately 500 liters. Amplifiers this size tend to
produce less than 5 kJ of output energy, an amount of energy which is only 0.1% of the
total driver energy of 5 MJ; this is an important factor in performing the overall driver
failure mode analyses. Designers of e-beam pumped lasers, however, have produced
designs for much larger amplifiers, theoretically producing output energies of
hundreds of kilojoules.

Each of these two types of excimer lasers is briefly described below:

E-Beam Pumped Excimer Lasers - Direct electron-beam pumping permits large

volumetric excitation of the excimer gain media (typically a mixture of noble gasses
plus a halogen). All of the pumping energy delivered to the gas is delivered by the e-
beam. This excitation scheme has been attractive for the construction of large excimer
lasers since it is readily scalable to large apertures (~100 cm), energies, and volumes
(thousands of liters).

The e-beam is generated under hard vacuum conditions (10-7 torr or better), whereas
the excimer gain medium is approximately 1 amagat (or 760 torr). A thin foil is used to
separate the high vacuum e-beam from the corrosive halogen atmosphere inside the
laser amplifier. Since the excitation area is given by the product daL, a relatively large
foil area in a typical e-beam pumped excimer laser amplifier (such as the LAM2 with a
~100x200 = 2x104 cm? area) is exposed to the vacuum interface. In order for the thin
(several micron) foil mechanically to support the force exerted by 760 torr, a
mechanical bridge-type structure (often referred 1o as a Hibachi) which may block a
portion of the incident e-beam is installed to stiffen the foil structure. In operation, the
high power e-beam is accelerated through potentials in excess of 106 V, and upon
traversing the foil, some fraction (30-50%) of the electron beam energy is lost. The
action of this large amount of energy is deposited into the small volumes of the foil and
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Hibachi, thereby greatly stressing these elements, particularly the foil in cases in which
the beam current density is not uniform. The problem increases significantly in
repetitive operation since it necessitates water-cooled Hibachis. The repetitive
operation of an e-beam pumped excimer laser has hitherto been unreliable because
of periodic foil ruptures. In order to overcome this problem, e-beam pumped excimer
laser have received a considerable amount of technological development.

Even with the greater energy capabilities of EBELSs, a substantial number, n, of EBELs
is required to generate the ~5 MJ of energy required for the Prometheus laser driver.
(The required laser energy on target is 4 MJ but, owing to optical inefficiencies
associated with beam combination, propagation, and pulse compression, the output
energy from the EBELs needs to be at least 25% greater than the desired net energy.)
Assuming that each of the n optimized e-beam pumped excimer amplifiers produces
an output energy = 5 MJ/n (which is presumably more than 1% of the total driver output
energy), the mean number of amplifier firings between failures must be at least n x 108
if the IFE reactor operation is not to be interrupted between maintenance periods.

Electric-Discharge Excimer Lasers - Much less experimental work has been carried
out on electric discharge excimer lasers. In this case, excitation of the excimer gain

medium occurs on the neutral channel with relatively low-lying species being
produced. This can enhance the efficiency of the amplifier. Unlike the e-team
pumped excimer laser, the full pumping power does not flow through a foil/Hibachi
structure, and predictions are that this design would be more reliable following an
intensive development effort.

Owing to the nature of the electric discharge, the available pulse duration is shorter
than that for the e-beam (200 ns compared with ~ 500 ns). Electric discharge lasers
for which d3 > 30 cm appear to have serious discharge stability and efficiency
problems. As a consequence, using the scaling relations outlines above, the electric
discharge lasers tend to optimize at energies of a few kilojoules. For energies this
small, the overall reliability of the IFE reactor would not be impaired if several electric
discharge ampilifiers failed. Assuming such amplifiers could readily be replaced by
robotics, the impact of discharge amplifier failure on reactor operation is regarded as
minimal. As a consequence, if failed electric discharge excimer lasers can be
replaced more rapidly than they fail, then the mean time between failure
characteristics the IFE reactor will be independent of the excimer amplifiers.

Reliability and Lifetimes of Heavy lon Drivers - The fundament of an efficient, reliable
Prometheus heavy ion driver is the successful design, construction, and testing of a full

scale accelerator suitable for operation in a burst mode (~50 kHz) to fill storage rings
with 18 beamlets at a rate of ~3.5 pulses/sec. Accelerators can be made to be very
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reliable if great care is taken with regard to the control of the magnets, particularly in
the (recommended) case of superconducting dipoles, quadrupoles, and triplets. A
large amount of data is available on the failure modes of linear accelerators (LINACs),
and there are no serious technical problems which would render this design
unreliable. The key element for long, reliable operation of the LINAC is a very fast,
highly automated control system which can sense beam mispointing before
superconducting magnets are either heated sufficiently to make them go "normal” or
damaged by the beam. Under competent computer control, the heavy ion driver would
only require attention during regular IFE reactor maintenance intervals (possibly every
two years). A key element in this HI driver reliability assessment is the development of
an adequate computer control system employing the iatest developments in artificial
intelligence, parallel processing, and expen systems (see Section 6.5.3.3).

Accurate simulations of the dynamics of the LINAC, the filling of the storage rings, the
bunching, the rapid expansion to the triplet focusing magnets, the focusing down into
the pre-formed channels, the complete stripping of the heavy ions, and the dynamics
of self-focused heavy ion beams propagating down the channels to the target are too
difficult to attempt presently, and the results, even if favorable, would require
experimental verification to be trusted. Thus, the major emphasis on demonstrating
the feasibility of heavy ion drivers should be experimental.

It is essential that a carefully planned heavy ion driver developmental program be
designed to test each of the key elements of the proposed Prometheus-H IFE heavy
ion driver in order to create a design data base sufficient to permit suitable
modifications allowing the driver to reach its full reliability potential. In particular,
experimental results on beamlet accumulation (without emittance growth) for ms time
scales in storage rings, self-focused beam stabilities, locking the focused beams into a
pre-formed channel, etc., are crucial for developing this promising driver concept.

References for 5.3.13

1. G. J. Linford, E. R. Peressin, W. R. Sooy, and M. L. Spaeth, "Very Long Lasers,"
Applied Optics 13, pp 379--390, (1974).

2. L. A. Rososha, et al., "Aurora Multi-kJ KrF Laser System Prototype for ICF," Fusion
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5.3.14 Critical Issue No. 14: Demonstration of Large-Scale Non-Linear
Optical Laser Driver Architecture

Description of Problem - The fundament of the Non-Linear Optical Subsystems
proposed for the Prometheus-L driver is based upon the very strong experimental and
theoretical bases of non-linear optics. Since both proposed subsystems are simply
large optical cells filled with Hz and SFg respectively, there are very few components
present which can fail. The primary question is how well the system will function
properly on the first pulse. If the electro-optical subsystems can be tailored to achieve
first time operation, the overall architecture should prove to be as reliable as other
state-of-the art, high speed, high voltage electronics. A balance must be struck
between the extremely high gains (and concomitant high conversion efficiencies) of
which these systems are capable. Thus, the reliabilities and lifetimes of the two types
of non-linear optical subsystems proposed for the Prometheus-L IFE reactor design
hinge primarily on the support optical equipment that is associated with the non-linear
optical (NLO) devices. The two NLO devices are:

(1) The Raman accumulators
(2) The SBS pulse compressors

Numerous key non-linear optical (NLO) subscale experiments and analyses have
been performed in the last twenty years which demonstrate the capabilities of these
two types of NLO devices. In order to properly implement them, however, each needs
to be supplied a Stokes seed beam, and therein lies most of the questions regarding
the success of the architecture reliabilities and lifetimes.

Generation of Stokes Seeds for Raman Accumulators - To achieve highest efficiency

while averaging excimer laser intensities across the accumulator aperture, the
proposed Prometheus Raman accumulator system uses crossed stimulated rotational
Raman scattering. This architecture sets limits on the bandwidth, Avjasers of the
excimer pumps, on the crossed Raman angle, 6, and on the dimensions of the gain
length (to avoid generating higher order Stokes beams). The physics is relatively well
understood. A detailed design could be made now using present understanding.
Tests at full scale could be made if approximately 30 two-kilojoules KrF excimer laser
amplifiers were available as pump sources.

The required Stokes seeds can be derived from taking a smal! portion of the available
excimer pump light, injecting the pump light into a Raman oscillator filled with the
same gas used in the Raman amplifier. This process generates an automatic
frequency shift, Avg, equal to the required Raman skift. Injectin; this Stokes seed
beam into the Raman amiplifier at an angle 6 to the pump beams permits a high auality
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(in the case of the Prometheus-L design, 80 kJ) output beam to be generated following
path matching of the seeds to the original pump beams.

If stimulated rotational Raman scattering proved to be too difficult to control under the
required test conditions (higher orrier Stokes, etc.), stimulated vibrational Raman
scattering could suffice, at a slight reduction in overall operating efficiency. The
Raman accumulators should be able to achieve high degrees of reliability.

Generation of Stokes Seeds for SBS Puise Compressors - The Stokes seeds for the

SBS pulse compressors are generated electronically by “chirping" (acoustical-
frequency shifting) the leading edges of the 80 kJ output beams from the Raman
accumulators. Some technological development needs to take place to permit full
aperture "chirpers" to be instalied, but subscale tests with smali crystals have
produced promising results. Work at the Lawrence Livermore National Laboratory has
already produced Pockels cells having conducting electrodes with apertures of
approximately 30 cm. Experimental verifications need to be made of theoretical
predictions of compressed pulse shapes and conversion efficiencies given the specific
requirements on pulse shape established by the Target Working Group.

In the same vein, fast, large aperture (~100 cm) Pockels cells to be used for pulse-
shaping the depleted pump beams from the SBS pulse compressors for synthesizing
the required precursor pulses need to be demonstrated.

Although the development of large aperture Pockels cells may prove difficult, there do
not appear to be any serious technological problems associated with synthesizing
large aperture electro-optical (E/O) switches from smaller components. This synthesis
may have significant advantages, for example, in the suppression of transverse SBS
losses in the Pockels cells.

The SBS pulse compressors and attendant E/O switchyards currently represent the
highest risk elements in the Prometheus-L driver design. Failure of any of the Pockels
cells or "chirper" modulators would mean the loss of an entire 80 kJ beamline, with
consequent failure of direct drive targets. In some cases, continued operation with
indirect drive targets could be considered even if one of the 80 kJ beamlines went
down.
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5.3.15 Critical Issue No. 15: Demonstration of Cost Effective KrF
Amplifiers

Description of Problem - One of the key elements associated with developing a cost
effective KrF laser driver for the Prometheus reactor design study is the design of the
output KrF laser amplifier module. These KrF ampiifier modules represent the
fundamental building-blocks of the KrF driver, generate the output energy pulses for
the KrF laser driver, and the nature of their design represents a major fundament of the
laser driver reliability. These KrF amplifiers need not only meet requirements of output
energy, pulse duration, beam quality, beam diameter, wavelength, bandwidth, etc., but
also stringent requirements on reliability, consistency of operation, etc. In order to
prevent catastrophic failure of the IFE reactor, the Prometheus has designed a laser
driver which can permit the occasional failure of a KrF amplifier without requiring the
concomitant shutdown of the reactor. As this freedom from KrF amplifier failure is
predicated upon the choice of IFE reactor operation with direct drive targets, a limit is
placed upon the laser energy delivered by each KrF amplifier such that the 1% direct
drive target illumination uniformity requirement is met. Given 60 beams arranged
symmetrically around the spherical direct drive target, together with a nominal laser
driver energy of 5 MJ, the loss of 5 kJ (or approximately 6%) from each of the 60
beams from time to time should still permit target illumination uniformity to be
maintained, at least for tangential target illumination schemes. KrF amplifier output
energies of 5 kJ represent a significant derating of current designs and successful
development of reliable amplifier prototypes should be achievable during the next
decade if sufficient funding is made available.

Previous Department of Energy (DOE) and Department of Defense (DoD) excimer
laser research and development programs have identified two general excimer laser
amplifier design configurations:

(1) Direct electron beam excitation of relatively large (V > 1000 liters) excimer
laser amplifier volumes, and

(2) Electric discharge excimer laser amplifiers with the excitation of the KrF
excimer achieved along the neutral channel for geometries involving moderate
(V < 200 liters) volumes.

The first excimer laser amplifier design configuration, electron beam excited excimer
lasers (EBEL), has received extensive development from both the DOE and the DoD
with KrF amplifier modules as large as 2000 liters being constructed. The second
configuration, electric discharge excimer lasers (EDEL), has been much less
thoroughly investigated; some preliminary theoretical work was funded by DOE!
several years ago, but little experimental verification of the predicted high EDEL
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efficiency was made. Each of these two KrF amplifier design configurations has its
supponters and detractors. The EBEL has received priority development over the
EDEL because the EBEL scales to larger volumes (and hence larger output energies)
much more readily than does the EDEL. For single-shot DOE applications and for
some DoD applications, this scalability advantage of the EBEL has been important.
For an IFZ reactor application in which reliability for c. 102 over long periods of time at
repetition rates of 3-10 Hz is crucial, the potentially higher reliability of the EDEL
makes this configuration of greater interest than formerly.

During the course of the reactor design study (including reviews with Government
scientists), the question has been raised whether or not KrF amplifiers can be
designed to fulfill all the technical requirements (summarized below), while still
achieving a cost effective level of performance to permit the overall cost of electricity
(COE) for the IFE reactor to be competitive. Our design should significantly reduce the
risk of developing a cost-effective KrF final ampilifier design for three reasons:

(1) The amplifier output energy has been reduced from the 250 kJ level suggested
for EBELs down to levels of the order of 5 kJ,

(2) Since the dimensions of the laser amplifier are of the order of 30x30x200 cm,
parasitic oscillations and superfluorescent losses are more easily controlled,

(3) Optics costs and risks are significantly reduces as the effective aperture of the
amplifier is reduced to 30 cm.

The new non-linear optical beam combination design approach which has made it
technically feasible to relax the energy, volume, and aperture requirements for the KrF
laser amplifiers is the implementation of forward stimulated rotational Raman
scattering amplifiers for beam combination, larger aperture synthesis, and improved
beam quality. Nonetheless, there remain a series of developmental problems
associated with both types of ampilifiers.

In evaluating the relative risks associated with the two excimer laser designs, the
requirement performance parameters of each is summarized below in Table 5.3.15-1
and Table 5.3.15-2.

Note that the large volume EBEL amplifier module must have a saturating laser pulse
passing through the active volume in order to prevent serious superfluorescence and
parasitic oscillation losses associated with the high (3.8 neper) small signal gain of

the amplifier.
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Table 5.3.15-1 Design Requirements for EBEL

| Reguirement Descrigtion Design Value

Output Energy 240 kJ
Amplifier Aperture 3x3m
Pulse Duration 500 ns
Amplifier Volume 54 m3

Amplifier Gain Length 6m
Amplifier Gain Coefficient .023/cm
Energy Storage Density 7 Jlliter
Energy Extraction Efficiency 0.7

Final Anode Voltage 3.3 MV
Overall Efficiency 10%
Bandwidth 1% or 1013 Hz
Laser Wavelength 248 nm
Active Medium KrF

Total Gas Pressure 760 torr

Pulse Compressor Angular Multiplexing
Laser Beam Quality 1.4 XDL

Peak to Peak Laser Beam Homogeneity 20%

Number of Shots Between Failures 1010
Repetition Rate 5Hz

Table 5.3.15-2 Design Requirements for EDEL

Reguiremem Description Design Vall=u‘_e=
Output Energy 4 kJ
Amplifier Aperture 30x30 m
Pulse Duration 200 ns
Amplifier Volume 0.18 m3
Amplifier Gain Length 2m
Amplifier Gain Coefficient 0.05/cm
Energy Storage Density 22 Jlliter
Energy Extraction Efficiency 0.7
Final Anode Voltage 50 MV
Overall Efficiency 12%
Bandwidth 1010Hz
Laser Wavelength 248 nm
Active Medium KrF
Total Gas Pressure 760 torr
Pulse Compressor Chirped SBS
Laser Beam Quality 1.1 XDL
Peak to Peak Laser Beam Homogeneity 5%
Number of Shots Between Failures 10°
Repetition Rate 5 Hz

Comparison between Table 5.3.15-1 and Table 5.3.15-2 will indicate that the
requirements for the EBEL are generally much more difficult to attain than those listed
for the EDEL, with regard to the required optics, the pulsed power, and the
performance of the amplifiers themselves. The key developmental problems
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associated with each of these two types of excimer laser amplifiers are summarized
below in Tables 5.3.15-3 and 5.3.15-4.

Table 5.3.15-3 EBEL Developmental Problems

# Description of Problem Area Possible Solution

1 Foil Rupture Homogenize E-Beam Current Density
2 Parasitic Oscillations Lower Amplifier Reflectivities

3 Amplified Superfiuorescence Reduce Ampiifier Solid Angle

4 High Cost of Large Windows Segmented Optics

5 Radiation Damage from E-Beams Lower Anode Voitage

6 Reduced Beam Quality Phase Conjugation

7 Optics Damage Reduce Radiation Fluence

8 Catastrophic Failure Mode Redesign Foil Support Structure

These EBEL developmental problems are relatively well ur22rstood in view of the
extensive theoretical and experimental studies of these ampilifiers carried out by both
the DOE and the DoD. For successful implementation into an IFE reactor, the most
important development for the EBEL is the need for a dramatic increase in the mean
number of amplifier firings between failures. As summarized below in Table 5.3.15-4,
there are also significant problems associated with the EDEL approach, but since the
amount of research and development for these amplifiers is relatively small, larger
uncertainties in this excimer laser design exist:

Table 5.3.15-4 EDEL Developmental Problems

Description of Problem Area Possible Solution

#

1 Stabilization of Discharge Discharge Uniformity; Control F2 Burn
2 Uniformity of Discharge Excitation Elimination of Cathode Fall Region

3 Reduced Excimer Beam Quality Beam Combination in Raman Cell

4 Achieve 102 Shot Lifetime Engineer Pulsed Power/Electrodes
5 Optics Damage Reduce Radiation Fluence

6 Verify Excitation Efficiency Conduct Full Scale Experiments

Compared with the EBEL, the developmental problems for the EDEL appear tc be
more tractable although relatively little work to date has been completed for these
devices.

Summary - Considerable developmental work has been carried out during the last
decade on EBEL amplifiers. Although much progress has been made in achieving the
ambitious design goals for EBEL amplifiers, these devices are currently not believed to
be capable of meeting a 109 shots-between-failure requirement. Moreover, the
primary advantage of the EBEL design over the EDEL is the ability of the e-beam
excitation to scale to larger amplifier volumes. This is not desirable for a reactor
design since it causes the excimer laser amplifier to become the cause of a single
point failure.
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It must be emphasized that significant KrF amplifier development work must be carried
out in the next decade if the demanding requirements for the KrF driver amplifiers are
to be met. Thus, the essence of this Critical Issue is that substantial development effort
will be required in order to provide the KrF amplifiers which will be the workhorses of
the future IFE reactor. Details will be defined in the associated Research and
Development section.

References for 5.3.15
1. Mark Kuschner, et al., "New Techniques for KrF Laser Fusion Systems," Interim

Report for Los Alamos National Laboratory, Spectra Technologies, Inc., Seattle,
WA (1986).
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5.3.16 Critical Issue No. 16: Demonstration of Low Cost, High Volume
Target Production Techniques

Description - Target producticn for IFE reactors will require technologies which are
presently either nonexistent or insufficiently developed for such an application. ltis,
therefore, very difficult to accurately estimate the production costs of such targets.
These difficulties are further aggravated by the potential need for sabots to deliver the
targets to the reaction chamber and, in the case of indirect drive, for an outer case
which must meet stringent engineering requirements. Target cost is clearly a critical
issue in light of the fact that IFE reactors will consume huge numbers of targets (on the
order of 108 per year), and will be uneconomical and, therefore, impractical if these
targets are too expensive.
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5.4 Key Issues Description

This section provides more detail on the key issues previously identified in Section
5.2, Table 5.2-1. The same designation noted in Table 5.2-1 will be used in this
section. Each issue will be described in depth, followed with more detail regarding
each of the table entries. The same abbreviations and notations explained in
Section 5.1 and used in Table 5.2-1 are used in this section. Some of the issues
have substantiating analyses.

Issue A. Target

A.a Target Physics

|

Issue A.a.1 Direct Drive Target Coupling

Description - Absorption of diiver radiation by direct drive laser targets is a complex
process involving inverse bremsstrahlung, resonance absorption and various light
scattering instabilities such as stimulated Brillouin scattering (SBS), stmulated Raman
scattering (SRS), laser light filamentation and two plasmon decay (TPD). These
processes occur both at the critical surface and in the volume space about the target.
All of these processes can play a potentially critical role in affecting the uniformity of
direct drive illumination and target coupling efficiency.

It is now believed that illumination nonuniformities in IFE reactors must be kept below
1% to avoid the excitation of hydrodynamic instabilities. This is a difficult technical
requirement in view of the fact that on the order of half a million targets per day must all
be accurately illuminated by approximately 60 laser beams. These iargets will not be
mounted on stalks and accurately positioned before each shot as has been done in
previous laser fusion experiments. Rather, they will be injected into the reaction
chamber with the aid of pneumatic, electromagnetic, centrifugal, or other accelerating
devices. Inaccuracies will inevitably occur in this complex process in the form of slight
variations in-injection velocity, beam pointing errors, etc. It is necessary to consider all
these factors in judging the technical feasibility of a reactor design.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW, UL, RP) The design window may be closed if a beam
arrangement cannot meet illumination symmetry requirements under realistic
conditions. Unavoidable beam pointing and target injection errors may result in
unacceptable reliability even if a beam arrangement would work under ideal
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conditions. Failure to meet symmetry requirements would reduce system performance
by forcing the reactor to operate on a less favorable gain curve.

Design Specificity - (Generic)

Overall Level of Concern - (Critical) Unpredicted target coupling deficiencies are not
expected to lead to a gradual drop off in target gain. Instead, because of the physics of
implosion, hot spot generation and propagating burn presently envisioned for all
reactor types, failure would be sudden and catastrophic.

Qperating Environment - (H, L, TWI, G, N) Tritium inventory will be affected by the
efficiency of target burn. Laser type and wavelength will influence coupling efficiency
more than choice of heavy ion driver design parameters. Poor target coupling can
lead to incomplete vaporization and the generation of solid target debris. Beam
geometry will affect coupling efficiency. The severity of the technical problem is
increased by the need for cyclic operation.

Degree of Relevance to MFE - None

Analysis - A code has been written to analyze the problem of target coupling efficiency.
Results obtained to date will be reported at an upcoming IEEE conference.

Issue A.a.2 Indirect Drive Laser Target Coupling

Description - The indirect-drive IFE laser target design consists of a cryogenic DT fuel
capsule located inside a radiation-enclosing cavity (or hohiraum) designed to
accomplish the following three goals:

(1) Convert the incident laser energy efficiently into soft X-rays,

(2) Using the particular shape of the hohlraum enciosure, these soft X-rays are
focused into a uniform irradiation of the cryogenic DT fuel capsule,

(3) Uniform irradiation (and consequent absorption) of the soft X-rays by the DT
fuel capsule leads to ablation and the resulting rocket reaction produces a
uniform DT target compression permitting the interior of the DT Target to reach
values of pr (product of density [p] and compressed target diameter [r]) with
3/2kT ~ 25 KeV adequate to achieve rapid fusion of the fuel via the reaction:

1D2 + 4T3 = oHe4 + gn' (14 MeV)

A number of problems have been identified with achieving these three indirect-drive
laser driven (IDLD) IFE target goals.
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Attainment of Goal #1 - Goal #1, the efficient conversion of incident laser energy into

soft X-rays is hampered by the physical structure of current ID LD targets. Access of
the incoming laser beams to the hohlraum wall is attained by transmitting the high
power laser beams through two small apertures (in the case of 2-sided laser
illumination scenarios) in the radiation-opaque ID LD target casing. Great care must
be taken to avoid allowing high intensity portions of the incident laser beams to
irradiate the opaque ID LD target casing.

Previous research has demonstrated that the interaction of the high power laser light
with the edges of the entrance apertures to the hohiraum produces sufficient densities
of plasma above the critical density to reduce the transmission of laser light
significantly into the ID LD target capsule. This plasma closure process is time
dependent.

Attainment of Goal #2 - Uniform irradiation of the DT target with the soft X-rays
generated by the target represents a difficult technical problem requiring the
simultaneous achievement of homogeneous X-ray conversion together with isotropic
illumination by the quasi-ellipsoidal optical figure of the radiation enclosure itself.
Physical optical analyses of such homogeneous irradiation have indicated that a high
degree of DT target irradiation uniformity is very difficult to achieve in certain design
configurations.

Attainment of Goal #3 - DT target implosion, avoiding any significant Rayleigh-Taylor
instabilities, is a complex magnetohydrodynamic process requiring stringent initial
conditions on the irradiation uniformity, spectral distribution of the incident X-rays,
avoidance of target preheating by hot electrons or hard X-rays, etc. The achievement
of this goal is cri'cial to the success of both indirect-drive and direct-drive laser IFE

targets.

Reactor Concept - Laser

Potential Impact - (DW, RP, IC, RS) The design window may be closed if the majority
of the laser light cannot propagate into the hohiraum for efficient soft X-ray conversion.
This would necessitate increased laser irradiation energies, shortening of the laser
pulse duration, etc. If the optical figure of the hohiraum radiation enclosure is unable
to provide uniform irradiation of the DT fuel capsule, high yield will not be obtained
from the target implosion. This would force the IFE reactor to operate at a lower
efficiency.

Design Specificity - (Generic)

Qverall L evel of Concern - (Critical) Low conversion efficiency of incident laser light by
the target may result in the laser light interacting strongly with the plasma cloud
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generated around the IFE target. These laser/plasma interactions may result in the
generation of hot electrons and hard X-rays which may cause catastrophic target
preheat, leading to enormous fluctuations in IFE reactor output power.

OQperating Environment - (L, TWI, G, Q, N, I, S,F, T, q, s, t) Operating power for the
laser driver will be strongly affected by the target coupling efficiency and target yields.
The tritium inventory will be affected by the target yields. Poor target coupling for
indirect drive targets can lead to additional debris problems. Enlargement of the
hohlraum may lead to increase in contaminants if materials other than Pb are used.

Degree of Relevance to MFE - None

Analysis - Several codes are available to analyze the problems of indirect-drive laser
IFE target physics. These analyses must be anchored to realistic laser IFE
experiments before the issues can be resolved.

Issue A.a.3 Survivability of Targets in Chamber Environment

Description - The chamber environment is hostile to the cryogenic integrity of the target
and could even potentially cause significant ablation of the target surface. The precise
physical conditions which will exist in an IFE reactor chamber is still a very open
question. The evaporation/recondensation issue requires realistic experimental
investigation for its resolution, and the radiation background will likely be non-LTE for
much if not all of the cycle. However, parameter studies can be undertaken to find
when chamber conditions become a serious threat to target survival.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW, RP) If the present projections of chamber temperature,
pressure, and radiation background prove overly optimistic, the cryogenic survival of
the target in the chamber may be threatened.which would have a deleterious effect on

system performance.
Design Specificity - (Generic)

Qverall Level of Concern - (High) Target designs should protect the cryogenic fuel. It
appears that significant departures from presently projected chamber conditions would

be necessary for significant deterioration of target performance to occur.
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Operating Environment - (S, T, A, G, Q, t, q, P, v) All factor which affect conditions in

the chamber have an impact on target integrity. Background radiation and pressure
are <ey factors.

Degree of Relevance to MFE - (Low) There is some similarity between this issue and

the issue of ablation from the cryogenic peliets which may be used to refuel MFE
reactors.

Analysis - Analysis of the question is presently being conducted by the team with the

" aid of a 3D hydrodynamics computer code. A parameter search is planned which will
show at what levels various chamber conditions begin to pose a threat to the target. At
the same time, the study will determine the ability of background gases in the chamber
to affect the trajectory of the target. This work is not yet finished.

Issue A.b Beam/Target Interaction

Issue A.b.1 Demonstration of Injection and Tracking of Targets Coupled

with m rin

Description - According to the Target Working Group, illumination nonuniformity must
be kept below 1% rms. This means that injection and tracking must be sufficiently
accurate to keep target mispositioning at less than 0.1 of the capsule radius during
illumination. Assuming the target is exactly where is should be, beam mispointing
errors must also be kept below about 0.0735 of the target radius to assure adequate
illumination uniformity. To meet these stringent requirements, some sort cf a real time
tracking system along with electronic beam steering is necessary.

Reactor Concept - Laser and Heavy lon

Potential Impact - (UL) Symmetric implosions are critical to the success of inertial
fusion. Excessive departures from adequate illumination symmetry will not lead to a
gradual fall-off in target gain. rather, gain will show a steep drop to near zero levels if
generation of hydrodynamic instabilities disrupts the implosion process.

ificity - (Generic)
Overall Level of Concern - (Critical) Unless adequate illumination symmetry can be

guaranteed, IFE is technically out of the question.
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Qperating Environment - (A, TWI, P) Cavity dimensions will have an affect on the
impact of small deviations in injection velocity. Target failure due to beam mispointing
and injection velocity errors will lead to the generation of solid target debris.
Fluctuations in background pressure could potentially affect target velocity.

Degree of Relevance to MFE - (Low) Injection systems must also be used in MFE solid
cryogenic pellet refueling schemes. However, although accurate pellet trajectories are
important, they are not as critical as in IFE.

Analysis - A code has been written to study the effects of various combinations of
injection velocity errors and beam mispointing on IFE reactor performance. Results
obtained with the code will be provided as they become avaiiable.

A.c Fabrication

- S
Issue A.c.1 Manufacturability of High Quality, Low Cost DD and ID
Targets

Description - Previous target production for ICF has been in very small batches, often
with each target custom made. Inspection for flaws in surface finish, concentricity and
thickness could be made almost at leisure. Fusion energy generation will require the
production of hundreds of thousands of targets of uniformly high quality ever day.
These targets must be produced with a low turn around time to avoid high tritium
inventories. Efficient fill techniques must be demonstrated for reactor size targets. The
ability to create uniform fuel layers using the beta heating process or some other
procedure must be demonstrated. The feasibility of using artificial intelligence and
mechanization for accurate mass inspection must be proved. For an indiract drive
target, a case must be mated to the capsule, probably under cryogenic conditions,
which assures symmetric burn while at the same time providing a sufficiently robust
overall configuration to survive acceleration and transit through the target chamber.

Reactor Concept - Laser and Heavy lon

Potential impact - (UL, RP, IC, RS) To avoid high tritium inventories it is advisable to
produce targets on a "just in time" basis. Therefore, if any of the major steps in the
production process proves unreliable, reactor shutdown would result. Failure of
inspection and quality assurance procedures to assure uniformly high quality targets
would result in lower gain and poor system performance. Targets must be
manufactured cheaply or the large consumption of targets will lead to excessive costs.
Target manufacture will require the presence of large tritium inventories in the
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factories. Rapid fill rates and efficient beta heating must be demonstrated to assure
that these inventories do not become excessive.

Design ificity - (Generic)

Overall Level of Concern - (High) Resolution of this issue will mainly affect the issue of
cost. Inability to produce targets efficiently will not preclude the generation of fusion
power. It will simply make it economically unattractive.

Operating Environment - (H, TWI, N) Reactor tritium inventories will be strongly
affected by the efficiency of the target fill and beta heating processes. Poor target
quality will lead to incomplete burn and the resultant generation of target debris. The
continuous operation of the reactor assumes no interruption of the target supply.

Degree of Relevance to MFE - Similar problems will be faced in MFE if solid fuel

pellets must be produced and injected into the reactor on a cyclic basis. This presently
seems a likely MFE refue'.ng method.

Analysis - A technical note is available from KMS on required factory tritium
inventories. Theoretical and experimental work on the beta heating process presently
indicates that the process will generate uniform fuel layers efficiently and quickly under
ideal conditions. It remains to be shown that such conditions can be provided for
millions of targets at once in a factory environment. Diffusion filling of a reactor size
CH (plastic) target has not been demonstrated to date. However, diffusion rates for CH
are well known and this step in the production process is not expected to present any
technical problems. However, diffusion filling will require large tritium inventories.

Issue B. Driver

B.a. Laser Driver

Issue B.a.i. DT Target llumination lssues

Description - Current Target Working Group (TWG) Guidelines call for tangential
illumination of the direct-drive spherical DT target with at least 60 beams producing an
overall ~1% intensity uniformity, no polarization specification, a pulse duration of 6 ns,
an incident laser energy (at A = 248 nm) of 5 MJ, together with a pre-pulse ramp of
60-80 ns with ~1% of the laser energy. The TWG stated the laser/target coupling
efficiencies are implicitly included in the provided target gain curves. Elementary
calculations for inverse Bremsstrahlung (IB) assuming an laser light/target coupling
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dependence of (cos 90)5 derived from planar target experiments? indicate that DD

coupling may be relatively inefficient. Furthermore, the prepulse is expected to
generate a 6-cm diameter underdense plasma atmosphere around the DT target
which in the presence of summed laser intensities as high as 101 W/cm?2 could give
rise to significant stimulated Brillouin scattering (SBS) and stimulated Raman
scattering (SRS) together with attendant production of suprathermal electrons unless
very high laser bandwidths were available. Lastly, the influence of resonant
absorption (RA) has been assumed to be negligible assuming that the laser driver
operated in the 250 nm wavelength range. Since RA deposits energy in the plasma in
a two-lobed pattern2, the concern arose that if this mechanism were enhanced by the
tangential illumination criterion of the TWG, it would not be possible to meet the ~1%
target illumination uniformity requirement.

The worst case scenarios for the direct-drive illumination issUes break down into two
possibilities: (1) the DD illumination can be accomplished with inefficient coupling of
laser light into the target, and (2) it may be necessary to go to an indirect drive target
design.

There are additional key issues associated with indirect-drive laser-driven targets; i. e.,
plasma closure of the hohlraum entrance apertures preventing laser pulses from
efficiently coupling to the target.

References

1. Ronald C. Davidson (MIT), et al., "Inertial Confinement Fusion Reactor Design
Studies Recommended Guidelines," prepared for DOE Office of Fusion Energy,
September 1990.

2. J.J. Thomson, C. E. Max, J. Erikkila, and J. E. Tull, "Absorption of Focused Light by
Spherical Plasmas," Physical Review Letters, 37, pp. 1052-1056, (1976).

Issue B.a.2 Large Laser Bandwidth Issues
Description - By virtue of their quantum mechanical properties, excimer lasers are

theoretically capable of generating efficient, high power, partially-coherent laser
beams having relatively large bandwidths of up to 0.1%. Thus, for A = 250 nm, the
laser frequency would be v = ¢/A = 1.1x10'° Hz, so that the maximum bandwidth
would be Av ~ 1012 Hz or 1000 GHz. Hitherto excimer lasers operated with very wide
bandwidths have exhibited temporally unstable oscillation characteristics in part
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because of the complex mixture of laser modes which broad-band resonators would
permit to exist within the laser. A second problem arises if non-linear optical (NLO)
processes (such as stimulated Raman scattering [SRS] and stimulated Brillouin
scattering [SBS]) are required for beam combination and pulse compression. Both
SRS and SBS become inefficient for laser bandwidths significantly greater than

10 GHz unless careful attention is paid to the NLO device design. Lastly, propagating
intense, broad-bandwidth laser pulses through a significant number of dioptric
elements can produce both temporal and angular dispersion, thereby endangering the
target illumination uniformity budgets.

From a target illumination standpoint, laser beams having broad-bandwidths may
solve some problems. Coherent beams incident at relatively small angles produce
interference fringes on the surface of the target which "wash out" in a period of time, 1,
of the order of 1/Av, which for Av = 10 GHz, 1, ~ 100 ps. Secondly, intensity thresholds
for SBS and SRS in the underdense plasma atmosphere around the target increase
as the bandwidth of the illuminating laser is increased for Aviyqe, > Avggg OF AVigger >

Avsgs:

Thus broad bandwidth illumination could reduce DT target preheat from suprathermal
electrons.

Other key laser amplifier issues have to do with demonstrating a well-engineered laser
amplifier design: This category of key issues includes:

(1) Developing a fail-safe design (i. e., if an excimer laser amplifier fails, no reactor
shutdown will be required)

(2) Meeting a wall-plug efficiency of c. 12%

(3) Achieving a mean number of firings between failures of 10°

(4) Producing a very high quality output beam quality. (This factor can be
mitigated if a Raman accumulator is used to improve beam quality.)

Issue B.a.3 Final Optics Pointing System

Description - The final optics pointing system must meet a precise requirement for
achieving target illumination uniformities using 60 laser beams defined in Section 3.1,
above. This pointing requirement will be made for fusion targets moving at a high
speed (possibly ~1 km/sec) through a residual atmosphere in a cylindrical target
chamber. It is assumed that the nominal focal length of the focusing mirrois will be
~40 m, so that if the focusing mirrors were used also for pointing the laser, interbeam
pointing accuracies of the order of A®@ ~ 1x1076 rad would b required, depending also
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upon the near-field apodizations of the 60 tangential illuminated laser beams. An
additional uncertainty would be the degree to which all 60 beams would have to be
deflected to compensate for a ballistic DT target that was off course by a distance, Ax.
Small spatial misalignments, Ax, are not as serious for meeting the target illumination
requirements (Issue B.a.1, above) since such a misplaced target would experience
only second-order illumination uniformities since the interbeam alignment stringencies
set the first order target illumination requirements.

Hitherto, IFE target alignment systems have had to deal with fixed targets so that the
final optics pointing system would be significantly more complicated than previous
systems. Methods and techniques exist to align the 60 beams relative to a precision
surrogate target. Where needed, this methodology needs to be incorporated into the
design of the mirror pointing and centering system.

Issue B.a.4 Grazing Incidence Mirror Damage

Description - A key issue for the excimer laser driver is the control of optical damage
on mirrors and windows in the system. Excimer laser amplifiers put their amplifier
windows at particular risk since these windows are simultaneously exposed to ionizing
radiation, UV laser light, and the corrosive effects of F, gas. A key element in
controlling optical damage is to design the laser elements to produce spatially smooth
beams with little or no intensity ripples. Use of a Raman accumulator with excimer
laser pump beams has hitherto proven to be the most effective method for controliing
intensity spikes from excimer lasers.

The grazing incidence mirror for the Prometheus-L reactor is currently situated at
distances of the order of 20 m from a source of X-rays, neutrons, charged particles, etc.
having a total power of the order of 2.8 GW of which approximately 1/4% will be
incident on the grazing incidence mirrors, assuming a pulse repetition rate of 5 Hz, a
target gain of 124, and a laser energy of 4 MJ/pulse. In addition, assuming that the
each of the 60 beam lines will have an energy/pulse of approximately 70 kJ delivered
at an angle of incidence of 80°, these mirrors will be exposed to 6 ns puises of
ultraviolet laser radiation at an average fluence of ®,q, COS (80°) ~ 2 J/Icm?2. At the
present time, a composite mirror structure of aluminum and silicon-carbide is proposed
for the grazing incidence mirror, and with the leading edge of the mirror located at a
distance of 20 m from the center of the chamber, swellings on the optical surfaces of
the order of A/4 are expected to occur during the first year of operation. Calculations
by UCLA indicate that swelling in the aluminum layer will be sufficiently minor that
piezoelectric-activated transducers for mirror figure control may not be necessary.
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One of the serious hazards faced by grazing incidence mirrors is potential damage
due to particles that may be deposited on the surface of the mirrors. These particles
are illuminated not with fluences of 2 J/cm?, but with much more dangerous fluences of
10 J/cm? since the cos (80°) does not apply in this case. Although many particles are
expelled from mirrors under these circumstances, particles that stick to the mirror
surface in the presence of laser fluences this high can produce catastrophic damage
to optical surfaces.!

Reference

1. G. J. Linford, "Simulations of Intracavity Laser Heating of Particles," Proceedings of
SPIE, 1415, pp. 196-210, (1991).

Issue B.a.5 SBS Pulse Compressor

Description - Although many experiments and theoretical analyses concerning the
behavior of stimulated Brillouin scattering have been carried out, the use of large scale
(Ejaser > 1 kJ) SBS cells for performing 100:1 pulse compression with high efficiency
has not yet bzen carried out in the United States. Calculations?-2 have suggested that
~100:1 SBS pulse compression can be achieved, but it has been shown theoretically
that it may be difficult to achieve 6 ns pulse durations with high conversion efficiencies.
Mak,3 et al., reported that in work performed in the Soviet Union, 100:1 compressions
of long pulse KrF lasers had been achieved with 99% efficiencies at energy levels of
the order of 1 kJ.

Additional experimental work needs to be performed to demonstrate that the Soviet
approach using a "chirped" input Stokes, possibly in a ramped format, can achieve the
requisite pulse shape with a high conversion efficiency. There does not seem to be a
serious concern that the SBS pulse compressor can achieve the requisite pulse
compression ratio and pulse shape—the primary problem appears to be that the
conversion efficiency may lie between 50 and 70%. Use of large aperture Pockels
celis and appropriate delay lines can permit the depleted SBS pump (representing the
remaining 30% of the energy in the SBS cell) to be used as the 80 ns precursor for the
main laser beam.

References

1. "New Techniques for KrF Laser Fusion Systems; Stimulated Brillouin
Architectures," Spectra Technology interim report for Los Alamos National
Laboratory, pp. 1-3 through 1-6, (19897?).
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B.b Heavy lon

Issue B.b.1 Timing of Heavy lon Beams

Description - In order to meet the TWG's requirements for the heavy ion indirect drive
target, it will be necessary to achieve better than a ~0.5-ns time difference among ali
16 HI beams through the LINACs, channel formation, channel transport, stripping, and
focusing into the hohlraum. This degree of precision is currently not within the state of
the art and will need development to attain.

Issue B.b.2 Channel Formation

Description - A complete description of the individual beam properties including
current, charge state, density, energy charge density profile, rise time, degree of
symmetry, and beam radius will be required to characterize channel formation in the
background gas. In addition, the physics of interaction with the beam in terms of the
background gas properties must be made. These background gas properties are:
composition (Pb, D,, DT, He, plastics, etc.), density, ionization potentials, degree of
ionization, etc. It is presumed that the heavy ions will have Z ~ 82, initial charge state
+2, current tens of MA, and energies of approximately 5 GeV.

Issue B.b.3 Channel Transport

Description - There are key issues associated with the transport of space-charge
limited heavy ion beams through the reactor cavity to the target. The problems
associated with HI channel transport include collapse of channel due to pinching,
motion of plasma within the solenoidal magnetic field, recirculating neutralization
currents, attraction of elections, repuision of ions, etc. In addition, it will be necessary
to know the betatron period vs. the ionic charge state. Development of instabilities
such as "kink" and "sausage" need to be understood, both experimentally and
theoretically.

There are several critical issues which will require validation through experimentation
and modeling before self-formed transport channels can be considered truly viable.
Foremost among these is a laboratory demonstration of a self-pinched heavy ion
beam transport channel. The transport characteristics of the channel must then be
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Use or disclosure of data
subject to title page restriction 5.4'1 2



INERTIAL FUSiON ENERGY MDC 92E0008, VolL. Il
ReacToR DESIGN STUDIES MARCH 1992

assessed including: (1) fraction of the beam ions initially captured in the channel,

(2) fraction of the beam energy lost due to background collisions and back EMF,

(3) fraction of the beam energy lost near the target where opposing side channel
currents begin to cancel the confining azimuthal field, (4) fraction of the prepulse
energy eroded during channel formation, (5) capability of the channel to re-image the
focal spot at the channel entrance onto the target, (6) limitations on beam focal spot
size a* the channel entrance, (7) demonstration of sufficient control over the channel to
accurately position the focal spot on the target, and (8) characterization of background
gas conditions/limitations for stable channel formation.

Reactor Concept - Prometheus-H
Potential Impact - RP, IC, RS, RL

Design Specificity - DHI (Driver, Heavy lon)

Qverall Level of Concern - High
The capability to form a stable, self-pinched transport channel to re-image a heavy ion

beam focal spot on a target would have significant positive economic and technical
impact on design of a heavy ion-driven inertial fusion power plant.

QOperating Environment

P - Background Gas Density T - Temperature
Q - Power Density E - Beam Energy
IB - Beam Current El - lon Energy
G - Geometry p - Pulse Shape
N - Cyclic Operation HI - Heavy lon

Relevance to MFE - Low
This development issue is not directly relevant to MFE.

oo
— e

Issue B.b.4 Stripping of Hl Beam

Description - The stripping of the HI beam in a thin foil needs to be understood in terms
of the momentum vector of the completely stripped beam. In addition, if an ionizing
laser is used to generate a channel, the interaction of the stripped HI beam with the
weakly ionized channel through the gas needs to be thoroughly investigated. The
precision with which the HI beam follows the laser beam needs to be established
accurately since it strongly impacts the accuracy with which the HI beams can be
delivered to the indirect drive target. In addition, a reliable method is required for the
introduction of the laser beam through the foil area and into the impact region for the
injected indirect-drive target. In addition, the phenomenon of self-focused beam
capture inside the pre-formed channel needs to be investigated experimentally.
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Issue B.b.5 Alignment of Indirect HI Target

Description - Although the alignment stringencies of the HI beams to the indirect drive
target are less severe than those placed on the excimer laser driver irradiating a
direct-drive target, it is necessary to combine the 16 HI beams into a bundle of
sufficiently small size (~1 mm) to permit the efficient irradiation of the target without
damaging the capsule. This problem is therefore intimately related to the channel
transport issues raised above in sections 3.3 and 3.4.

Issue C Vacuum System and Evacuation
Issue C.1 Vacuum Seal Compound Survival in Nuclear Environments

Description - Elastomers such as Viton, Buna and teflon are frequently used for seals
in vacuum designs. These as well as other candidate elastomeric compounds may be
quite susceptible to degradation and alteration of properties in a nuclear environment.

Reactor Concept - Laser and Heavy lon

Potential Impact - Alternative, more expensive and labor intensive designs utilizing
metal seals will be required if nuclear hardening of elastomeric seal materials is not
accomplished.

Design Specificity - This issue is generic to all reactor concepts.

Overall Level of Concern - Low. This problem will have to be solved and may add to
remcte maintenance costs. the problem has been encountered before and existing
sea! designs are available.

QOperating Environment -

Degree of R‘glevance to MFE - High. Magnetically confined fusion devices have
encountered this problem and have sponsored studies to determine applicable
alternative seal designs.

Analysis - None.
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Issue C.2 Cryogenic Pump Hydrogen Capacity

Description - The largest design factor affecting the vacuum system is cryopump
hydrogen capacity. Current pumps have relatively limited capacity which drives
designers to choose between large numbers of pumps or frequent pump regeneration.
Increases in hydrogen capacity may be accomplished through pump design trade-offs,
sacrificing the ability to pump large amounts of heavier gas species.

Reactor Concept - Laser and Heavy lon

Potential Impact - Vacuum system design may be changed due to increases in
hydrogen capacity. Reductions in the number and/or size of cryogenic pumps has
impact on remote maintenance systems, shielding requirements, reactor exhaust
reprocessing system as well as the vacuum system.

Design _Specificity - This issue is generic to all inertial confinement reactor concepts.
Overall Level of Concern - High. This issue could significantly reduce the size of the
reactor vacuum system. As shown in the potential impact statement, the issue has a

ripple effect through several reactor subsystems. Significant cost reductions are
possible.

rati nvironmen

Degree of Relevance to MFE - High. MFE reactors have significant gas loads and the
vacuum system spatial restrictions are significant.

Analysis - See Section 6.6 of report.

Issue C.3 Chemical Stability of the Reactor Exhaust

Description - The carbon and hydrogen isotopes contained in the reactor exhaust
could combine to form various hydrocarbon molecules. This chemical recombination
could produce flammable and/or toxic compounds. Vacuum and reactor exhaust
systems operation and design could be affected.

Reactor Concept - Laser and Heavy lon
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Potential Impact - Vacuum system design may be changed due to reduced atomic

hydrogen gas loads as well as the potential health and safety hazards. The exhaust
system design may also need alteration to allow separation of the hydrocarbons for
potential cracking/reprocessing operations.

Design Specificity - This issue is generic to all inertial confinement reactor concepts
that introduce carbon into the reactor.

Qverall Level of Concern: - Medium. This issue could significantly reduce the size of
the reactor vacuum system. It also has the potential to increase safety problems and to

add to the fuel reprocessing complexity. This issue will have to be addressed prior to
design of the first reactor.

Operating Environment - High temperature carbon and hydrogen exhaust gases.

Degree of Relevance to MFE - None. Carbon and other chemically reactive
compounds are probably present in only insignificant amounts in an MFE reactor.

Analysis - None.

Issue D Tritium Processing System

Issue D.1 Tritium Inventory

Description - The Tritium Fuel Cycle System is required to manage and process all
tritium containing streams in the IFE plant. These include supply of tritium to target
fabrication, precessing of reactor chamber exhaust to remove protium and impurities,
and treating tritiated impurities to recover tritium. In addition, tritium is to be recovered
from the breeder blanket to ensure self-sufficiency. Also, various systems such as
coolant, beam lines, reactor building atmosphere and waste water need to be
decontaminated to remove tritium.

The key issue in the Tritium Fuel Cycle System is the tritium inventory and mean
residence time of tritium in the subsystems and tritium losses from the subsystems, due
to the radiological hazard posed by tritium. Tritium is a weak beta emitter with a half
life of 12.3 years. It is a particular biological hazard because hydrogen is an important
chemical component of the life cycle and the hydrogen isotopes are extremely mobile.
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Reactor Concept - Laser and Heavy lon. The design of the Tritium Fuel Cycle System

is relativei,” independent of the driver design and is similar whether the Heavy lon or
Laser driver is selected.

Potential Impact - (KS) Containment and control of tritium present some special
problems because tritium can permeate through materials and form volatile species.
Tritium cleanup and safety systems are provided to protect the plant staff, the public
and the environment from exposure to too much tritium, by effectively limiting the
escape of tritium. They must also quickly recover all the tritium deposited in reactor
systems to limit inventories and prevent decay losses.

Design ificity - (B, T, TF) There are three subsystems of the Tritium Fuel Cycle
System in an IFE plant with potentially large tritium inventories, i.e. the blanket, the
exhaust processing system and the target factory.

Level of Concern - (Medium) Several strategies are suggested for controlling tritium to
very low concentrations and for limiting the escape of tritium to the environment. By
proper selection of material combinations, highly reliable processing systems and their
operating conditions and multipie barriers, the tritium inventories and leakage can be
minimized. Tritium escaping to the plant containment can be removed by gas cleanup
systems.

Qperating Environment -

Relevance to MFE - The tritium issue is virtually identical for IFE as for MFE with the
exception of a large tritium inventory associated with the target fabrication for IFE.

Analysis - A critical issue is a serious problem which only R&D can resolve. A problem
which can be resolved through conservatism in design and where R&D has only
economic justification, could be termed a technical issue.

For DT fuel cycle self-sufficiency the blanket performance is a critical issue. The tritium
breeding required defines a number of concerns of which only a few quality as issues.
For example, the tritium inventory in the blanket is one of the parameters of the blanket
issue. Tritium recycling from the chamber is, for steady state conditions, not an issue.
The chamber tritium inventory (at steady state) may be an issue which could be
packaged with another parameter; i.e., the tritium content of the first wall protection
material, into a broader issue. Tritium inventories in the fuel processing systems are
not an issue. for the given design the amount of tritium in the system is known and is
acceptable. If however, the reference design changes to some different concept, this
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may become an issue. The time required for target fabrication and target storage
could be packaged into a broader target fabrication issue.

Based on the above comments and on the present design, there is no critical issue in
the Fuel Cycle Design.

—_—
Issue D.2 Tritium Permeation from the First Wall Coolant - Ligquid Pb

Description - Approximately 40% of the heat produced in the reactor will be removed
by liquid lead and transferred into the ultimate heat transfer medium steam which will
convert this into energy in a steam turbine. The permeation rate from the Pb side of
the heat exchanger is of serious concern. Any permeation rate in excess of the
release limit is unacceptable for direct heat exchange in a steam generator for directly
driving the turbine. The following theoretical mitigating options exist:

(1) Double wall [1.1] or composite heat transfer tubes [1.2]. Option [1.1] could have
an interspace between tubes which would be purged and evacuated.
Alternatively, option [1.2], would feature a composite heat transfer tube wall
which would have tailored permeation barriers consisting of dissimilar metals
and/or oxide barriers.

(2) Use of an intermediate coolant loop. Such loop would transfer heat between
Pb and steam, and provide opportunity for recovering permeated tritium.

Option 1.1 is, from the fuel cycle design point of view, very simple. In this case a purge
gas would sweep the interspace under vacuum. The gas would be processed in one
of the main fuel processing loops such as PSA (if He is used) or fuel purification loop if
hydrogen is used. However, from the heat transfer point of view this option may be
very difficult to implement as the heat transfer from liquid lead to steam may be
severely restricted.

Option 1.2 would have no impact on the fuel cycle since the permeation would be
restricted to values below noticeable levels. There would be no additional processes
required.

Option 2 would, due to the high temperatures, involve a medium other than water.
Such medium would most likely have to be liquid metals (or steam) since even known
organic coolants could be used only to some 420°C.

In order to see if the concern is relevant the permeation rate was attempted to be
calculated:
McDonnell Douglas Aerospace
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Solubility of T in Liguid Lead - Upper Permeation Limit - Ghoniem? suggests solubility

values of 0.11-0.25 [cc T/100 mg Pb] at 500 and 600°C respectively. Such high
figures appear to be in agreement with Opie and Grant2 which were never
experimentally duplicated;4 and Hofman and Maatsch3 could not measure figures
above 0.01 which apparently was the detection limit of their instruments. Even this
lower figure, when extrapolated for the high Pb flow of 20,311 kg/s [1] (or 7.3 x 1011
[g/h]), will yield tritium transport figures in excess of the 29.29 mol/h fueled into the
chamber. However, a more useful source of solubility dependency on pressure is
shown in Reference 4 and Figure 5.4-1. From this the solubility is 1.2 x 10-2 [appm H
in PbAorr1/2], The simplifying news is that the solubility appears not to be temperature
dependent. Consequently cooling of Pb will not release any T in the heat exchanger.
This leads to an assumption that the partial pressure c¢f T on the Pb side of the heat
exchanger is equal to the pressure at which the equilibrium solubility was established
in the chamber. The chamber pressure6 appears to follow a decay exponentia! from
104 Pa to 0.2 Pa during each of the 0.25 sec interval between explosions. An
approximate integration of that pressure indicates that the average pressure is in the
13C Pa region. If the mole fraction of T2, mt 1is 0.208, the partial pressure of Tz is:

P T=miTx 130 = 0.208 x 130 = 27 [Pa] or 0.205 [torr].

The amount of tritium dissolved in Pb transferred to the heat exchanger is:
12 .
Pyx K, A; [gT J

T, = —————= X =— x Q|=—
where:
PT = partial pressure of Tritium in the chamber [torr];
K3 = Solubility = 1.2 x 10-2 [appm H in Pb/torr1/2];
At = atom number for tritium = 3;
App = atom number for lead = 207.2;
Q = Fiow ot lead to the heat exchanger 20311 kg/s or 7.3 x 101¢ [g/h}
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Figure 5.4-1. The Solubility of Hydrogen in Selected Metals and Alloys?
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The resulting tritium flow in solution is:

(0205 x 12 x 10° 5

X
106 207.2

T x 7.3 x 10°° = 5.7(%]

3

This represents the upper limit for the permeation, since no more tritium can be carried
out of the chamber.

Tritium Permeation - From Reference 5, the following correlation applies for a group of
steel based materials:

-15000 -
perm=0.5xexp[ RT J: 1.41 x 105;cm3 (STP) x mm
2 . 1/2
cm® x min x torr

if: perm = Permeability (see above);
and for Gas constant R = 1.98, wall temperature T = 723 K, and:

A = Heat transfer area 1.5 x 106 [cm?2]

tp = Wall thickness of the heat transfer tubes = 2 [mm];

PT = Partial pressure of Tritium = 0.205 [torr];

The T permeation rate is:

60 x perm x A x (pT)”2 xM
T —

T—
perm ~ 2x 1000 x 22.4 B

60x1.2x1.41 x 10~ x (0.205)* x 6
2 x 1000 x 22.4

- X x (0.205)" = 16.8 x 0.25 = 7.56 (—ﬁ—)

It is apparent that the permeation fiux through clean tubes in the Pb heat exchanger is
exceeding the amount of tritium dissolved in Pb. From the mass balance, the amount
of tritium "dropped out" of the solution must be in balance with the amount permeated.
From the material balance, the permeation rate must be equal to the amount of tritium
left in the heat exchanger. This balance will be reached at a lower partial pressure
where the dissolved tritium is equal to the permeation flow. For such balance, the
foliowing applies:

T permeated = T supplied with Pb - T returned in Pb

or:

7.56 x (px)""2 5.7 x (px) 2
e =97~ 172
(0.205) (0.205)
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Consequently:

(px )12 =0.194; and px = 0.037 torr ;
The new permeation rate i1s/:2 .

T, = 57x . (Px) 7 - 5.7X%ZZ—:;W§ - 2.45[%—]

chamber '

And the tritium flow returning to the chamber will be:

T, = 57-245 = 3.25 [—g—
Permeation with Oxide Barriers - Bell> offers permeation impedance factors ranging

from 100 to 1000 for stainless steel conditioned by water oxidation at 600°C. For
Incaloy 800 the corresponding figures are ranging from 167 to 319. This still leaves
permeation flux in the range of 7 to 70 [mg/h] or in terms of Ci/h 70 to 700 Ci/h. Even
the lower of the two figures could still cause a tritium extraction problem. With
composite walls and or space the permeation flux could be reduced by 4 orders of
magnitude which could bring the permeation into the range of 7 Ci/h or 167 Ci/day
which is still hardly acceptable. It appears that the permeation control may have
resorted to much more drastic steps such as oxidizing the permeated tritium in the tube
interspace (or in the intermediate loop or on the Pb side of the heat exchanger) which
should lower the permeation rate.

Tritium Inventory for the Fuel Cycle Components - As the design progresses, the

earlier preliminary estimate of tritium inventories for the fuel cycle has been updated
from the earlier figures extrapolated from ITER. These are shown in Table 5.4-1.

Table 5.4-1: Tritium Inventories for Fuel Cycle Systems

Service or System Process T Inventory [g]
Isotope Separation (ISS) Cryo-distitlation 56
Impurities from Fuel Permeation 5
Tritium from Impurity reject HITEX 0.5
Tritium from Solid Breeder Pressure Swing Adsorption 2.8
Tritium from Water Distillation + VPCE 0.3
Tritium from Atmospheres Recombiner/Dryer 25
Solids removal from Pb 18D 0
Fuel Management and Storage Zr/Co or U beds 600-800
Breeding Blanket Solid, He purged, He cooled 50-500
Coolant Helium 0
Solid Waste De-tritiation TBD TBD
Total 740-1400
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Issue E. Cavity

E.a Wall Protection
Issue E.a.1 Cavity Tapgr Hydrodynamics

Description - Vapor hydrodynamics following the blast affects both the pressure loads
seen at the wall and also the condensation rate for cavity clearing, both of which are
serious issues. Hydrodynamic phenomena in the cavity are very complex, involving
temporally and spatially dependent energy deposition, shock propagation and vapor
mass transfer. The hydrodynamics is also intimately coupled to cavity heat transfer,
which is itself very complex.

Beactor Concept - Laser and Heavy lon

Potential Im - (DW, UL) Vapor hydrodynamics strongly affects recondensation and
cavity clearing; if the cavity clearing rate is too slow, the reactor concept is not
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feasible. Unacceptably high pressures at the first wall would cause early failures or
result in conservative designs that increase cost and lower performance.

Design Specificity - (Generic) Dry wall protection schemes use cover gases, whereas
liquid protection schemes fill the cavity with evaporated liquid. In either case, this is an
important issue.

Qverall Level of Concern - (Critical)

Operating Environment - (S, A, G, TWI, Q, t, q, P) Many factors affect cavity
hydrodynamics. Initial conditions are set by the blast yields and spectra. Vapor and
surface conditions are important, including temperature, pressure, power density and
heat flux. Dimensions, geometry, and wall interactions also affect the phenomena.

Degree of Relevance to MFE - (None) This work is only slightly related to plasma

disruptions.

Issue E.a.2 Cavity Structure Mechanical Response to Blast

Description - The main sources of loading on the first wall are due to: (1) impulse from
rapid evaporation, (2) shock waves in the cavity gas, and (3) weight of the Pb. If the
resulting stresses and strains are too large, then the fatigue life of the first wall may be
unacceptably short, or the cavity will have to be designed more conservatively. Many
failure modes will depend on the mechanical responses in the first wall structures.
Mechanical response is very design dependent, and is difficult to predict currently due
to the unique material design, component configuration and attachment scheme, as
well as the complex loading conditions. Innovative design approaches can be
envisaged to reduce the peak stresses; these require analysis and testing to
determine the extent to which they are successful.

Reactor Concept - Laser and Heavy lon

Potential Impact - (UL, RP, IC) If the resuiting stresses and strains are too large, then
the fatigue life of the first wall may be unacceptably short, or the cavity will have to be
designed more conservatively.

Design Specificity - (All IFE reactors must address this issue.)

Overall Levei of Concern - (High)
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Operating Environment - (F, T, o, A, TWI, G, Q, g, P, N, s) Mechanical responses
depend very strongly on the local conditions in the first wall, including temperature,
stress state, etc., and are strongly influenced by geometric factors. In addition,
simulation of proper loading conditions is important, such that the requirements on the
environmental conditions are very difficult.

Degree of Relevance to MFE - (Low) This problem resembles the response to
disruptions, and to some extent the mechanical response of large components (such
as the blanket) under cyclic operating conditions.

Issue E.a.3 Vapor Condensation Rate

Description - For liquid-protected first walls, evaporated material must be removed
from the cavity quickly to allow rapid firing of the targets and beams. In most designs,
this requires condensing the vapor on the wall or on separate condensing surfaces.
Noncondensables must be pumped separately. The condensation rate is limited by
processes in the cavity and by heat transfer to the cooling medium. The condensing
surface must be adequately cooled to a temperature lower than the saturation
temperature at the desired cavity base pressure. The basic heat and mass transfer
processes under ideal conditions are relatively well known, but insufficiently studied at
present. Lack of experimental data makes the modeling predictions very uncertain.
More seriously, non-ideal effects, such as nucleate recondensation, aerosol transport,
droplet generation and transport, 3D effects contribute very large uncertainties.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW, RP, IC) Inadequate cavity clearing lowers the allowable
repetition rate, raising the yields and/or lowering the power produced. If the yields
become too high, the driver energy and wall loads may become prohibitively high.
Alternatively, one could reduce the net power produced, although this would almost
certainly destroy the economics.

Design Specificity - (Most wall protection schemes)

This issue is relevant, with the possible exception of a few schemes such as HYLIFE-Ii,
in which the cavity is cleared by liquid slugs.

verall Level of Concern - (Critical)
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Operating Environment - (T, A, TWI, G, t, q, P) The main parameters which dominate
recondensation are the temperature and pressure in the cavity and at the first wall.

Degree of Relevance to MFE - (None) Some possible relationship to plasma

disruptions.

Issue E.a.4 Radiation Heat Tran rt _in Partiallv-lonized

Description - The x-ray and debris energy is absorbed in the cavity background gas or
in the vapor shield which arises from film evaporation. This leads to vapor
temperatures up to several eV. In this partially-ionized regime, emission and transport
of thermal radiation is very difficult to model. Thermal radiation is particularly important
for the analysis of dry spots (or dry walls), but also contributes to the determination of
the cavity clearing time.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RP, RL) Thermal radiation affects vapor recondensation and cavity
clearing time, although its importance in this regard is uncentain (the time constant may
be fast enough such that thermal conduction and mass transport dominate). It is more
important when dry spots occur; when no liquid is present, evaporation of the dry wall
due to thermal radiation is more important.

Design Specificity - (Generic)
verall Level of Concern - (High)

Qperating Environment - (T, A, TWI, G, Q, t, q) Target yields and spectra determine the
initial conditions. The background gas pressure and temperature and wall temperature
are the most important parameters.

Degree of Relevance to MFE - (Low) Thermal radiation in partially-ionized gases

shares some similarities with the plasma edge region of an MFE reactor, although the
materials are different.

Issue E.a.5 Film Flow Control: Injection, Uniform Thickne and

Drainage

Description - Any solid surface exposed to the blast will rapidly deteriorate; complete
wall coverage is mandatory. Further, if the thickness of the film varies too much, then
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the wall temperature will vary, limiting recondensation. Excessive variation of film
thickness will lead to overly conservative design, driven by the hot spots. Many
problems have been identified with control of the film thickness. One of the most
difficult problems is protection of inverted (upper) surfaces. Any finite-thickness film is
subject to Rayleigh-Taylor instability and will drip down into the cavity. Proposals to
aid in upper end-cap protection include inertial jet injection and magnetic guiding.
Drainage is another serious concern, as large pools at the bottom of the cavity would
become hot and limit recondensation.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW) Inability to adequately protect the solid surfaces makes this
design concept impractical.

Design ificity - (Generic to thin film wall protection.)
verall Level of Concern - (Critical)

Operating Environment - (A, G, v) Most aspects of this issue are independent of the
radiation and blast environments.

Degree of Relevance to MFE - (Low) Some similarity to free-surface films as
innovative divertor protection.

Issue E.a.6 Film Flow Stability and Response to Impulsive Loading

Description - The ability to maintain a constant film supply through a porous wall under
impulsive loading is highly uncertain. Resolution of this issue requires a good
understanding of the time-dependent surface pressure and the interaction of the fluid
and structure. Rapid heating from the blast, sometimes called isochoric heating, can
cause liquid to eject into the cavity. In this event, beams and targets would not
propagate into the chamber.

Reactor Concept - Laser and Heavy lon

Potential Impact - (DW) If liquid is ejected into the cavity, then beams and targets
would not propagate and the film concept would be impractical.

Design Specificity - (Thin film protection schemes.)

verall Level of Concern - (High)
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Qperating Environment - (A, G, v) Requires simulating both the film conditions as well
as the blast conditions which establish the time-dependent loads.

Degree of Relevance to MFE - (Low) Some similarity to free-surface films as

innovative divertor protection.

Issue E.a.7 Pb/SIC Wettability

Description - Good wetting between Pb and SiC is necessary to provide reliable
supply and coverage of Pb to the first wall. Preliminary experiments indicate that the
two materials do not wet, even in a very pure atmosphere. Wetting is particularly
important at inverted surfaces, where capillary action is needed to help support the
film. Chemical additives to the SiC matrix (e.g. metals) may be necessary to
encourage wetting.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RP, RL, IC) If good wetting can not be obtained, then the film supply
system would become very complex and more subject to failures.

Design Specificity - (Specific to this design, using Pb and SiC in a thin-film
configuration.)

Qverall Level of Concern - (Medium) Wetting is important, but it is predicted that
solutions to this problem can be obtained without a huge R&D investment.

Qperating Environment - (C, |, s) This is primarily a materiais issue, with little effect
from the operating environment.

Degree of Relevance to MFE - (Low) Possible relationship to LiPb breeders in SiC
blankets, although this combination is not one of the principal MFE design concepts.

Issue E.a.8 P mpatibility with eel

Description - The maximum bulk outlet temperature of the Pb first wall coolant is
limited by compatibility with steel in the pipes and heat exchanger. Dissolution of steel
is controlled primarily by temperature. Previous studies have set limits of the order of
10 mm/yr erosion to prevent heat exchanger plugging. This translates to a coolant
bulk outlet temperature limit of approximately 500-550°C. These estimates are based
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on extrapolation from data obtained for sodium-steel interactions, and may not be valid
for Pb-steel. Since the bulk coolant temperature is important in determining the
thermal cycle efficiency, accurate measurements are important. Impurity control
methods, such as cold trapping may allow an increase in the allowable temperature,
and should be explored as well.

Beactor Concept - Laser and Heavy lon

Potential Impact - (RP, RL, RS) - Lower temperatures result in lower thermal cycle
efficiencies. If the corrosion rate is too high, heat exchanger plugging may result.
Transport of steel constituents into the reactor cavity would result in additional
radioactivity.

Design Specificity - (Specific to Pb-steel systems.)
OQverall Level of Concern - (Medium)
Operating Environment - (T, C, v) The concern is outside the radiation environment.

The major parameters are temperature, impurity content (especially oxygen), and
coolant velocity.

Degree of Relevance to MFE - (Medium) Material compatibility is a generic issue. Pb
corrosion is related to LiPb corrosion, which is an important issue for MFE.

E.b Blanket Issues

Key technical issues for blankets can be listed in the following categories (major
sources of uncertainties for each issue category are also shown).

1. Tritium self-sufficiency
- Uncertainties in achievable breeding ratio (inventory)
- Uncertainties in required breeding ratio (production rate, burn up)
2. Tritium inventory and recovery
- Tritium transpont mechanisms
Solid breeder micro-structure
Chemical trapping
Surface processes
Irradiation effects
Temperature limits
3. Breeder/structure mechanical interactions
- Swelling
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- Interface heat transfer
4. Off-normal and accident conditions
- LOFA, LOCA
- Tritium behavior during transients
- Module pressurization
5. Structural response and failure modes
- Uncertainties
6. Corrosion and mass transfer
- LiOT formation and vaporization
- Breeder/clad corrosion under irradiation and temperature
- Coolant impurities
7. Tritium permeation
- Surface kinetics
8. Fabrication & Assembly
9. Heat generation and power production
- Nuclear heating rates and energy multiplication

Each issue is described in more detail below.

e e
E.b.1 Tritium Selt-Sufficiency

Description - Tritium self-sufficiency is a necessary goal for fusion, which is satisfied
when the achievable tritium breeding ratio equals or exceeds the required tritium
breeding ratio. Blanket-related uncertainties in the achievable tritium breeding ratio
include uncertainties in tritium production rates due to limitations in neutronics
predictive capability and data base and to material and configuration choices.
Uncertainties in the required tritium breeding ratio relate mostly to the blanket
inventory.

Reactor Concept - L/H
Potential impact - (DW) Tritium self-sufficiency is a critical issue that may close the

design window since it is a required goal for a fusion reactor.
Design Specificity - Generic

Qverall Level of Concern - Critical

Operating Environment -

Neutron: H DR
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Parameters: F,¢,S,T,C,|, TG, A, G, Q,t, P, N,y

Degree of Relevance to MFE - High

E.b.2 Tritium Inventory and Recovery

Description - Tritium inventory and recovery in the solid breeder blanket is important
for two reasons. First, the feasibility of the blanket depends on whether or not it can
breed enough tritium to satisfy the tritium self-sufficiency requirement. The required
tritium breeding ratio increases with increasing breeder inventory. Secondly, this
tritium inventory may be a large safety risk, depending on its magnitude and mobility.
Uncertainties in the tritium transport mechanisms are large and are associated with
both lack of fundamental property data and with the effect of integrated operation in a
fusion environment. Achieving acceptable levels of tritium inventory and recovery
would also impose temperature limits on the breeder and blanket and affect design
configuration and operating flexibility.

Reactor Concept - L/H

Potential Impact - (DW, US, IC) The impact of tritium recovery and inventory on tritium
self-sufficiency makes it a critical issue as it may be responsible for closing the design
window. In addition, a large tritium inventory is a major safety concern because of

hazard during accidents, as well as an economic penalty because of the larger initial
tritium supply required before the device becomes self-sufficient.

Design Specificity - Solid breeder blankets
Qverall Level of Concern - Critical
Operating Environment -

Neutron: H, R
Parameters: F,¢,S, T,C, LA, G, Q

Degree of Relevance to MFE - High

E.b.3 Breeder/Structure Mechanical Interactions
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Description - The mechanical interactions between the solid breeder material and the
structural material can lead to either degradation of the performance or seriously limit
the useful lifetime or safe operation of the blanket module. These interactions are
driven by differences in thermal expansion, creep and swelling behaviors.

Reactor Concept - L/H
Potential Impact - (RP, RL) Material property changes such as melting points, and

compatibility between structure and breeder under irradiation and temperature and in
the presence of impurities may limit the lifetime or performance of the blanket.

Design Specificity - Solid Breeders/SiC
Overall Level of Concern - High

Operating Environment -

Neutron: H R
Parameters: F,T,C,I,A,t,N, o, P

Degree of Relevance to MFE - High

E.b.4 Off-Normal and Accident Conditions

Description - The reactor would have to be designed to withstand several types of
accident transients with no (or minimum) loss of investment. These transients include
loss of flow and loss of coolant accidents and tube sheet failure inside the blanket
module. Adequate ability to predict system response to such transients, including
tritium behavior and module pressurization effects, is needed.

Reactor Coﬁcegt - W/H

Potential impact - (IC, RS) Inaccurate predictions could lead to either over-design with
associated costs, or under-design with potential for serious fault conditions.

Design Specificity - generic, SiC
verall Level of Concern - High
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rati . vir nt -

Neutron: H
Parameters: T,s, G, Q,t, Pt, v, P,N,'G

Description - Knowledge of failure rnodes and rates in blanket components is
necessary because of their critical impact on the economic potentiai and safety.
Virtually no data exist on failure modes and rates of components in a fusion
environment. Possible failure modes that need to be examined experimentally are
crack growth under cycling and irradiation, and cracking at welds and discontinuities.
However, the most important information from experiments is expected to be the
identification of unforeseen failure modes.

Reactor Concept - L/H

Potential Impact - (RS, UL) Understanding of structurai response and identification of
failure modes are critical to the economic potential and safety of a fusion reactor.

Design Specificity - Generic, SiC
verall Level of Concern - High

Neutron: H,D,R
Parameters: F,T,6,C, LA, G, Q,t,N,P

Degree of Relevance to MFE - Medium
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Description - With helium as coolant, the key concern are the impurities and their effect
on the structural material. Of concern also is the material interaction at the
breeder/clad interface including the effect of burnup, and the formation of LiOT
enhanced by moisture impurity and formation which could lead to LiOT vaporization
and Li mass transfer, as well as enhanced corrosion.

Reactor Concept - L/H
Potential Impact - DW (particularly for Li2oO) LiOT formation and vaporization is of

particular concern for LiOT. Mass transfer of LiOT to cooler regions could result in
plugging purge flow paths and loss of breeder material.

Design Specificity - Solid breeder (Li20O), SiC
OQverall Level of Concern - High
Operating Environment -

Neutron: H, R
Parameters: F, T,C,,t,Pt.N

Degree of Relevance to MFE - High

E.b.7 Tritium Permeation

Description - Tritium permeation from the breeding material into the coolant may be a
problem at interfaces where large areas of relatively thin walls separate breeder and
coolant. In the absence of cracks, tritium will diffuse through structural components at a
rate determined by surface kinetics, tritium vapor pressure and permeability.
Corrosion/chemistry at both interfaces of structural components may either inhibit or
enhance tritium permeation. Alternately, cracking of engineered or natural barriers will
strongly affect permeation.

Reactor Concept - L/H
Potential Impact - (US, UL) Tritium permeation into the coolant is a substantial safety

penalty since it may be difficult to prevent further tritium transfer outside of the primary
coolant. A major tritium permeation problem would require replacing the faulty blanket
module(s).

Design Specificity - Generic
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Qverall Level of Concern - High
Operating Environment -

Neutron: D,R
Parameters: F, T,Il,Pt,N

Description - Manufacture and assembly of the SiC tube sheets and modules are
uncertain and need to be demonstrated. In addition, the fabrication of the solid breeder
is uncertain. The basic material must be produced and assembled into the desired
form\ ith the desired microstructure and packing fraction. Precautions with Li2O are
necessary because it is hygroscopic and LiOH is corrosive.

Reactor Concept - L/H

Potential Impact - (IC, UL) Blanket cost and reliability are dependent on ease of
fabrication and assembly.

Design Specificity - Solid Breeder, SiC
Qverall Level of Concern - High
. ing Envi -

Neutron:
Parameters: A, G

I t Relevan FE - Medium, depending on MFE blanket design similarity
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Description - Uncertainties in the prediction of nuclear heating rates due to
inaccuracies in neutronics data and/or transport code affect temperature levels and
gradients, which govern most blanket phenomena. Uncertainties in predicting the
energy multiplication factor for the blanket affect the power production. In addition,
uncenrtainties associated with decay heat production would affect accommodation of
afterheat under normal and accident conditions.

Reactor Concept - L/H

Potential impact - (RP, RS) Poor prediction of heat generation during operation has
implications on the design limit and the performance of the blanket.

Design Specificity - Generic, solid breeder
Qverali Level of Concern - High

Neutron: R,H
Parameters: ¢, S, G, Q, t, vy

Degree of Relevance to MFE - High

E.c Shielding

Issue E.c.1 Effective of Bulk Shield

issue E.c.1.1 iological Dose Durin ration _and After Sh wn_for
Maintenance

Description - During reactor operation, the occupational exposure limits outside the
reactor site (outside reactor building) must be maintained. The bulk shield
thickness/material outside the FW/Blanket system and the reactor building
thickness/material must be designed to ensure meeting these exposure limits during
reactor operation. After shutdown, the activation level attained in the bulk shield due
to prolonged irradiation during reactor operation determines the waiting period before
accessing reactor building. This also applies to the shielding materials of the laser
beam lines and the beamlets (including the prepulsed beams) in HI reactors. Extra
shield may be required at localized zones to ensure maintaining the exposure limits
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(e.g. around the laser windows at the inlet of laser beams to reactor building and at the
far ends of the HI beams). Primary uncertainties in actual dose levels arise from
tolerances in bulk shield assemblies, distortion resulting from thermal and radiation
effects, and neutron streaming through gaps and penetrations.

Reactor Concept - Laser and Heavy lon.

Potential Impact - (RS, UL) If shielding is insufficient, this will require additional shield
and/or components rearrangement. This could lead to delayed plant operation and/or
reduced period of operation, imposing economical and availability penalties.

Design ificity - (Generic)
Qverall Level of Concern - (High)

Operating Environment - (R, D; ¢ ,F, S, G) Fusion neutrons are required to interact
with bulk shield/reactor building as the source of radiation. Dose levels are governed
by the material selection (for both during operation and after shutdown cases), neutron
and gamma fluxes and spectra, and the actual geometry and arrangement of the bulk
shield. Heat deposition and removal in bulk shield (due to neutrons/gammas
interactions during operation and due to decay heat after shutdown) is an important
design issue which has safety/reliability implications.

Relevance to MFE - (High)

|
H
|

Issue E.c.1.2 Radiation Streaming

Description - Neutrons stream through: (a) the relatively large opening of the laser and
Hl beams, and (b) the gaps/slits between shield assemblies (of the bulk shield,
shielding of the beamlines, shielding of vacuum ducts, etc.). Neutrons/gammas
reaching the ends of the beamlines will increase local exposure dose and radiation
damage to components in the vicinity. Neutrons/gammas streaming through gaps/slits
impeded in the bulk shield design also increase local flux levels which will require
safety factors to be impeded in the design of shielding segments.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RS, UL) Accurate estimates of neutrons streaming through the
relatively large openings of the laser and HI beamlines penetrating the bulk shield is
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essential for protecting laser windows and sensitive components and for the
designing of the extra local shield around these components.

Design Specificity - (Generic for both laser and Hl)

verall Level of Concern - (High)

Operating Environment - (R, D; ¢, F, S, G) In general, level of neutrons/gammas at the
end of openings/gaps/slits depends on the energy, spectrum, and the fluence of the
primary neutrons streaming through these opening. The size and shape of the
openings/gaps/slits (e.g. Diameter/Length of large openings, straight vs. irregular or
stepped shape for gaps/slits) is a determining factor to the flux level at the ends of
these periatrations.

Belevance to MFE - (High) Large laser and Hi beamline openings are similar to the
openings of the neutral beam injectors/ vacuum ducts in MFE.

Issue E.c.1.3 Analytical Techniques and Data Base

Description - Neutron and gamma transport codes and nuclear data base are used to
predict the nuclear performance of the bulk shield and dose level behind it during
operation and after shutdown. The adequacy of these codes/data in predicting this
performance as well as neutrons/gammas streaming through penetrations impeded in
the bulk shield is an important design issue not only pertaining to bulk shield design
but to the design of all other nuclear components. Uncertainties in estimating the
operating environment of sensitive components are best relieved by additional
conservatism in bulk and penetrations shield thicknesses.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RS, UL) The additional conservatism in designing the bulk and
penetrations shield (or safety factors) to cover the current uncertainties in nuclear data
( transport and response data) and the approximations used in the transport
calculations has an adverse impact on the overall cost of the reactor. Integral
experiments are needed to test and validate the design safety margins and/or to
improve the data base used in design.

Design ificity - (Generic)

McDonnell Douglas Aerospace
Use or disclosure of data
subject (o title page restriction 5.4-38



INERTIAL FUSION ENERGY MDC 92E0008, Vou. I

REACTOR DESIGN STUDIES MARCH 1992
Overall Level of Concern - (High)

Operating Environment - (R, D; ¢, F, S, G) Integral experiments dedicated to test and
validate the neutron/gamma transport codes/data used in shielding design will require
either a 14.1 MeV point source or a simulated line source. The latter is more suitable
for streaming experiments.

Relevance to MFE - (High)

Issue E.c.2 Shield Compatibility with Cavity and Vacuum Boundary,
Including Assembly/Disassembly

Description - Shields are generally heavy, weighting more than a 50 tons apiece.
They must be fitted together with such accuracy that the slit width between them is
small enough to maintain the level of radiation streaming through these slits/gaps
below a certain specified level. The design of support mechanism for the blanket and
shield must consider various factors such as competition for space, differences in the
amount and direction of thermal expansions, clearance against earthquakes, etc. In
the process of assembling/disassembling the shield, activation level of shield
materials may require remote handling.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RS, UL) Mechanical interactions between the various segments of
the shield and/or other components may lead to mechanical failures. Additionally, the
type of maintenance (vertical vs. horizontal) is a determining factor to reactor
reliability/availability. From a safety stand viewpoint, if the precision of the
assembly/disassembly is not enough, neutrons/gamma streaming could occur leading
to unacceptable radiation dose levels.

Design Specificity - (Generic)

Overall Leve! of Concern - (High) Because of the complexity and serious
consequences of mechanical failures with regard to shield compatibility with cavity
and vacuum boundary, the level of concern is high in this case. Furthermore, although
radiation streaming through slits/gaps between the shield segments seems to be
inevitable, reduction in the streamed neutrons/gammas could be achieved by
considering stepped slits/gaps or by adding additional shielding when feasible.
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Operating Environment - (R, D, ¢, F, S, G)Although irradiation creep has some effect
on mechanical failures, neutrons and transported gammas have the dominant role in
generating bulk heating in the shield segments and thus causing thermal expansions.
Neutrons are also the source of concern with regard to streaming and activation
issues.

Relevance to MFE - (High)

Issue E.c.3 Activation of R r Buildin

Cavity

Description - The combined thickness of the blanket and bulk shield is an important
contributing factor in determining the fusion power and economics of a reactor. The
bulk shield thickness should be chosen such that activation of components located in
the reactor building and outside the cavity is kept minimal (e.g. activation of heat
exchangers, vacuum pumps, etc., if the design calls for installing them in the reactor
building). The situation in laser and H! reactors are more relaxed compared to MFE
since no inboard shield is required to protect the superconducting magnets in these
reactors. However, the protection of the final mirrors and the quadrupole magnets
(see issues # D.3.4 and D.3.5) are key design issues for IFE.

Reactor Concept - Laser and Heavy lon
Potential Impact - (RS, UL)
Design Specificity - (Generic)

verall Level of Concern - (Low)

Operating Environment - (R, D ; ¢, F, S, G) Neutrons/gammas are required to interact
with components located outside the cavity. Level of activation of these components
depends on their location, size, and materials.

Relevance to MFE - (High)

P e —

Issue E.c.4 Shielding of Final Mirrors

Description - Neutrons and gammas stream through the laser beam ducts from the
center of the cavity all the way to the Grazing Incidence Metal Mirrors (GIfAM), the
turning mirrors, and the laser windows. Streamed neutrons can also end up in the
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laser building and hence cause damage to the sensitive optical components.
Because the beam duct from the GIMM to the cavity is conical in shape, most of the
radiation damage to the GIMM (quantified in terms of dpa/FPY) is caused by the
uncollided neutrons streaming directly from the cavity center to the GIMM. In addition
to these neutrons and the collided ones in the shielding materials located in the
vicinity of the GIMM , neutron-induced gammas deposit substantial part of their
energies in the GIMM . This impact the life-time of the GIMM. To minimize neutrons’
damage effect in the GIMM, a neutron trap zone is normally located behind the GIMM
to absorb transmitted neutrons and lessen neutron reflection to the GIMM. Damage to
the turning mirrors are primarily caused by collided neutrons in the liner/shield
materials around the beam duct. Excessive dose absorbed in the laser windows leads
to their damage.

Reactor Concept - Laser

Potential Impact - (UL,RP,RL,IC) GIMM transmission characteristics adversely affected
by radiation damage caused by neutron streaming leading to short life-time. Thermal
stresses cause deformation and reduced performance. Frequent replacement of the
GIMM impacts system cost and the overall reactor availability. This applies as well to
the turning mirrors and the laser windows whose life-time are generally longer than
the GIMM's.

Design Specificity - (Mirrors)

Qverall Level of Concern - (High)

Operating Environment - (R, D, H; ¢, F, S, G) High-energy neutrons (~12 MeV) for
GIMM, relatively moderated neutrons ( several MeV) for the turning mirrors and laser
windows are the main cause for reduced performance due to radiation damage.

Geometry of the mirrors impacts life-time (e.g. flat vs. paraboloid or ellipsoid mirrors,
grazing incident angle, mirror thickness, etc.)

Relevance 19' MFEE - (None)

Issue E.c.5 Shielding of Quadrupole Magnets

Description - Focusing magnets in a Hl beam driven reactor are damaged by neutrons
streaming through the beam ducts unless adequate shielding is provided to protect

these superconducting magnets. The damage is quantified in terms of the dpa/FPY to
the Cu stabilizer, the peak radiation dose to the insulator, the fast neutron (> 0.1 MeV)
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fluence and peak power density in the magnet. Radiation damage is more serious in
the quadrupole magnets closer to the cavity where shielding is needed most.

Reactor Concept - Heavy lon

Potential Impact - (UL,RP,RL,IC) Radiation damage to the epoxy (or to the more
radiation-resistant polyimide) insulator is not reversible. Frequent repair has the most
impact on the driver cost. Shielding should protect excessive radiation dose to the
insulator such that the insulator could last the life-time of the reactor. Peak radiation
damage to the Cu stabilizer (reversible) should be kept below a specific design limit to
allow for few (if not at all) annealing processes during the plant life-time and, hence,
increasing the plant availability. Total heat deposited in the magnet should also be
kept below a specific integrated value to avoid magnet warm-up.

Design Specificity - (Magnets)

verall | of Concern - (High)
Qperating Environment - (R,D,H ; ¢, F, S, G) Neutrons streaming through the HIl beam

ports at the FW and colliding in the beamline shielding materials are the main cause of
magnet damage. Neutrons and gamma heating in the insulator, when excessive, is a
lite-limiting factor.

Relevance to MFE - (Medium) Although there is a degree of relevance exists to MFE
but the geometrical arrangement of the magnet relative to the primary neutron source
in HI IFE reactor is different from MFE. In the latter, neutrons streaming through the
beamlines are incident with a glancing angle to the magnet shield, relaxing the
shielding requirements in this case.

Issue F. Material

Issue F.a Viability of SiC Structures

Description - The viability of using SiC structures in the first wall and blanket is key
consideration of the laser and heavy ion designs. If these concepts are to be
believable, efforts should be made to assess the factors involved in determination of
acceptable lifetimes, and to determine the appropriate manufacturing methods and
their economics. Anticipated lifetimes for FW/B components are not well known.
Limited resources allocated to this area precluded a realistic assessment of the
anticipated lifetimes. Without this knowledge, system reliability, maintenance and
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economics would be seriously challenged. In order to perform this task, several
investigations need be considered. It is too simplistic, and perhaps misleading, to use
the accumulated fluence, or displacements per atom, to make projections of lifetimes.
The determination of such lifetimes would need knowledge of the various effects of
radiation. The most prominent of those are neutron induced swelling, embrittlement,
fiber shrinkage, and/or detachment from the matrix, creep and fatigue crack
propagation at high temperatures, and crack bridging mechanisms during irradiation.

On the other hand, the technology to process and manufacture SiC composites is at its
infancy. An evaluation of manufacturing methods, potential, and costs is needed.
Manufacturing methods are classified into fiber production techniques and matrix
processing technologies. A variety of possibilities exist, with potential consequences
on the economics and design.

Reactor Concept - Laser and Heavy lon. The work is applicable to both Laser and
Heavy lon designs.

Potential Impact - (RP, RL, UL) Short lifetime of the SiC structure would result in an
unacceptable reliability and/or availability. Additionally, reduced performance and
reduced component lifetimes are expected.

Design_Specificity - (FW, B) SiC structures are used in both the First Wall and Blanket
components.

verall Level of Concern - (High) Without reasonable and reliable lifetime of structural
components, the entire design is compromised.

Operating Environment - (D, R; v, T, o) Neutron and gamma radiation, high
temperatures, and moderate stress levels.

ree of Relevan MEE - (High) The development of low activation SiC

composites is one of the important technology goals of magnetic confinement fusion.

Analysis -

(1) Radiation Effects: Assessment of the effects of radiation on SiC has not been
thoroughly made. Experimental data and theoretical analyses will be available
in the near future through the MFE materials program. Assessment will include
mechanical properties, swelling, and high temperature creep.
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(2) Fatigue Life: Fatigue analysis of the FW/B structure can be very involved. It
requires accurate determination of the mechanical loading imposed by
ablasion and repetitive reflections of pressure shock waves. A study of fatigue
crack initiation and propagation in the structure is necessary. Reasonable
assessments on this basis will require, at least, 2-D finite element analysis of
the FW/B front and side walls. Considerations of the effects of radiation on
fatigue crack growth will have to be on the basis of theory/extrapolation.

(3) Manufacturing of the FW/B: Existing manufacturing techniques involve CVD,
and CVI processing technologies for the production of the composite's matrix.
The fibers can be produced by the Yajima method (Nicalon), the Rice hulls
method (US), the Los Alamos method (Whiskers). Combinations of fiber and
matrix processing produces the composite. Assessment of the cost, reliability,
and the capability for large component fabrication is desirable.

Issue F.b

Description - The mirror designs which we introduced in this study have been
successful, at least conceptually. Nevertheless, greater improvements can be
achieved, and more certainty and recognition may be realized, once we perform the
proper thermostructural analysis. This will include materials selection data base,
possible various configurations which would minimize surface deformations, laser
energy density limits, and thermal fatigue limits. More work is needed on the dielectric
tuning mirror, since it is quite sensitive to radiation effects.

Reactor Concept - Laser. The work is applicable only to the KrF Laser design.

Potential Impact - (DW, RP) The lifetime and design of the optics system in the neutron
environment systems has long been identified as key to the performance of the
system. The window may actually be closed if the lifetimes of the turning and grazing
incidental mirrors are too short for economic feasibility. Additionally, the reliability of
the entire system hinges on the reliability of the optics system.

Design Specificity - (DL) This issue is specific to the Driver Laser (DL).

rall Level of rn - (High) Without reasonable and reliable performance of the
optics system, the laser concept is at risk.

Qperating Environment - (D, R, H; v, T, o) Neutron and gamma radiation, high
temperatures, and moderate stress levels.
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Degree of Relevance to MFE - (Low) Optical components are used in MFE designs for
RF heating and for diagnostics. However, the environment is not as severe, and the

problem is not perceived to be a concern to the MFE community.

Analysis - Research is expected to be along two major fronts; Materials selection and
thermomechanical design. This research will be concerned with the detailed design of
the two final mirrors; the turning and the grazing incidence. The turning mirror will
likely be selected of a dielectric material, which will be very sensitive to the effects of
both neutron and gamma radiation. The neutron fluence limit is generally on the order
of 1016 n/cm2. The effort will involve shielding design to reduce neutron and gamma
fluence, material selection for better solutions to the problem and analysis for accurate
determination of the radiation limits. Further innovative thermomechanical designs of
the GIMM may reduce its size and bring it closer to the cavity.

Issue H Maintenance and Configuration

Issue H.1 Computer Reliability

Description - Current guidelines on the relative safety of plant operation equate
manual operation, mechanical interlocks, double electrical interlocks and triple
computer interlocks. These guidelines date from the early days of the fission industry
and need to be updated to reflect technological advances since that time. In other
industries singie computer systems are proving more "safe" than both mechanical and
electrical interiocks when used in complex manufacturing plants. New guidelines are
needed to put requirements for different levels of safety criticality and task complexity
with approval procedures that equalize approval requirements for computers with
other technology. IAEA study on this issue started in mid-1991 with seminar in Vienna
in July.

Reactor concept - This issue applies equally to Laser and Heavy lon options.
Potential Impact - (UL) This issue will result in unacceptable reliability and availability
through the use of older less suitable technological solutions in areas where

regulation hinders the adoption of computer based solutions.

Design Specificity - (Generic) This issue is generic and has impact to various degrees
in all current power production options with increasing impact with plant size.
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QOverall Level of Concern - (Low) The level of concern ascribed to this issue is low

based on the current level of action from the International Atomic Energy Authority
among others.

QOperating Environment - (t) Operating environment for this technology is assumed to
be STP with the only key parameter time although current work on radiation hardness

of electronics could bring in far more onerous conditions on a limited proportion of
computer equipment.

Degree of Relevance 1o MFE - Due to its generic nature this issue is equally applicable
to MFE.

Analysis - The current treatment of computer systems in the nuclear industry is thought
to be overly restrictive given the current proliferation in many industries of computers
with increasing power and reliability. While the need for verification of computers is
not questioned, the current procedures are restrictive. In software QA, the seven-level
process model for software development, starting with specification requirements and
ending with traceable software code, is thought by many to be unusable and costly
without guaranteeing software reliability. The International Atomic Energy Agency
recognizes computer systems can play a significant role in improving nuclear plant
safety and economics but this needs to be supplemented with an update of the current
implementation standards.

Issue H.2 Total Remote Maintenance

Description - The design of plant to only have services for robotics and not humans is
not something done in 1992 unless radiation levels or regulation force the issue.
Given the overall trends in automation, it is probable that this tenth-of-a-kind plant
should be designed for exclusive use of automation in key areas.

Reactor Concept - (Laser and Heavy lon) This issue could bring in significant cost
savings and design advantages if total remote maintenance (TRM) is used.

Potential Impact - (DW, UL) This issue could bring in significant cost savings and
design advantages if TRM is used.

Design Specificity - (Generic) This issue is generic and applicable to all design
options with toxic and/or radioactive elements or compounds and high radiation
environments.
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Qverall Level of Concern - (Low) The level of concern on this issue is low, based on
the assumption that TRM. will be accepted in future decades.

Operating Environment - (F, S, T, C, H, B)

ree of Relevan MFE - (Figh) Due to its generic r:ature this issue is equally
applicable to MrE.

Analysis - Designing the reactor building to accommodate robots and not humans is a
contentious point though by 2030 the 'risk’ in planning to keep humans out of all
hazardous areas should be accepteu. Even with no HVAC or human walkways,
human access for emergency purposes can be accomplished with suited workers on
mobile platforms.

Issue H.3 Material Joining

Description - The joining of and to silicon carbide is a largely untried process
particularly at elevated temperatures.

Beactor Conceyi - This issue applies equally to Laser and Heavy lon options.

Potential impact - (DW, IC) This issue has the pote:itial to close the design window
though with R&D it is probable it can be solved.

Design ificity - (Generic) This issue is general to all design solutions using
ceramic composites which, by 2030 will probably mean a majority.

Qverall Level of Concerr - (High) High due to the lack of knowledge in this area.
rati vironment - {F, S, T, C, H, B)

Degree of iRelevance to MFE - (High) Due to its generic nature this issue is equally
applicable to MFE.

Analysis - Joining of silicon carbide structural parts is not well understood. This will
aiso be affected by the presence of lead coolant. Composite joints are often handled
using metal implants though in this case further problems due to differential expansion
would occur. Joining of composites to metals is an area needing research, especially
with differential expansion issues at flanges, etc., particularly the joim between the
silicon cooling pipes to stainless steel in the helium cooling lines.
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Issue H4 Lead Flushing

Description - When the reactor vessel is allowed to cool the lead coolant will solidify in
the first wall requiring some sort of draining or flushing process to remove lead and
allow the first wall tiles to be taken out individually. Any lead that remains will cause
severe sealing problems on reassembly in the key primary cooling tubes.

Reactor concept - This issue applies equally to Laser and Heavy ion options.

Potential Impact - (IC) This problem could have a significant cost impact as well as
potentially decreasing the availability of the reactor.

Design Specificity - (Generic) This issue is specific to designs using a liquid metal
coolant.

verall Level of Concern - (Medium) Concern on this issue is high primarily due to the
lack of information on the use of lead coolants particularly in silicon carbide structures.

Qperating Environment - (F, T, H)
r f Rel - (Low)
Analysis - Due to the high melting point (325°C) of lead, the presence of lead in pipes

etc., will be a problem during maintenance. Flushing the lead out also brings more
problems from the flushing medium.

Issue H.5 Seal Life

Description - The life of seals on the vacuum duct between the vacuum pumps and the
reactor vessel is anticipated to be a problem, particularly as each vacuum pump needs
an isolation valve at its junction with the duct. The issue is also applicable to a lesser
degree to helium cooling pipes.

Beactor Concept - This issue applies mainly to laser options though as the issue
applies to helium cooling pipes as well it does impact heavy ion.

Potential Impact - (DW, IC) This issue could severely close the design window as well
as reducing availability and increase costs.
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Design Specificity - (Generic) This issue is not specific to designs in general though
liquid first walls and use of cryopumps increase the problem.

verall Level of Concern - (High) Level of concern is high as the temperature range
and types of materials which seals encounter are at the limit of current technology.

Qperating Environment - (F, S, T, C, H, B) Key environmental parameters in this issue
are temperature range and the materials (like helium) which come into contact with the

seals.

Degree of Relevance to MFE - (High) Due to its generic nature this issue is equally
applicable to MFE.

Analysis - Seals in vacuum pumps on the vessel only have a two-hour life in ITER MFE
conditions, this will also be a problem on IFE on all flanges and valves near the reactor
vessel. In the heavy ion option the problem is less severe as roots vacuum pumps are
far less rigorous in environment than cryo or turbomolecular vacuum pumps. The life
of seals in helium pipe is an accepted problem which none the less needs a solution if
problems with this reactor are to be minimized.

Issue H.6 Embrittiement Temperature

Description - Material embrittlement problems are decreased if the temperature of
much of the reactor pipework is kept above 150°C at all times, including during
maintenance. This will be a maintenance challenge to operate at this elevated
temperature.

Reactor Concept - This issue applies equally to laser and heavy ion options.

Potential Impact - (DW, IC) This issue will both close the design window for the reactor
maintenance equipment and cause an increase in cost.

Design Specificity - (Generic) This issue is generic as it applies to a feature that will
be found in most designs.

ral l ncern - (Medium) This issue is of medium concern mainly due to
the potential cost impact.

Operating Environment - T (Tritium)
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Degree of Relevance to MFE - Due to its generic nature this issue is equally applicable
to MFE.

Issue J Safety and Environmental
Issue J.1 Qverall Plant Tritium lnventory

Description - The overall plant tritium inventory will directly impact the potential for
large radioactivity releases, with their associated off-site exposures. Also, large
amounts of tritium within the plant will require more complex engineered barriers to
minimize occupational exposures. In addition to the amount, the form (i.e., whether HT
or HTO) and location within the plant of the tritium will directly impact the design.

Reactor Concept - Laser and Heavy lon
Potential Impact - (IC, RS)

This issue is an Attractiveness Issue, since there are engineered feature which can be
implemented to mitigate the impacts of tritium, once its amount form, and location has
been identified.

Design Specificity - T (Tritium)

Qverall Level of Concern - Medium. Since there are engineered features to mitigate
the impacts associated with this issue, an overall level of concern of medium has been
specified.

Operating Environment - H (Tritium)
Degree of Relevance to MFE - Medium. The methods developed to mitigate the

impacts of tritium for this plant are directly applicable to MFE, however, the amount,
form and location will differ.

Issue J.2 Ee.tm.eaﬂ.o_n_of__l:mm

Description - Tritium will be carried by the liquid lead first wall coolant and will readily
permeate through the walls of the heat exchanger. Unless engineered design
features are provided, the permeated tritium will be released to the environment,
resulting in unacceptable off-site exposures.
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Beactor Concept - Laser and Heavy lon

Potential Impact - (RP) This issue is an Attractiveness Issue, since there are
engineered feature which can be implemented to mitigate the permeation of tritium,
(e.g., secondary loop, permeation barrier, duplex heat exchanger, etc.).

Design Spegificity - T (Tritium)

Qverall Level of Concern - (Medium) Since there are engineered features to mitigate
the impacts associated with this issue, an overall level of concern of medium has been
specified.

Qperating Environment - H (Tritium)
Degree of Relevance to MFE - Medium. The methods developed to mitigate the

impacts of tritium for this plant are directly applicable to MFE, however, the amount
form and location will differ.

Issue J.3 Normal Operation Tritium Release

Description - This issue is closely linked to the previous issue, however, this issue
extends the scope to controlling tritium releases from all portions of the plant.

Reactor Concept - L/HI

Potential Impact - IC. This issue is an Attractiveness Issue, since there are engineered
feature which can be implemented to mitigate the release of tritium, (e.g., desiccant
systems).

Design Specificity - T (Tritium)
Qverall Level of Concern - (Medium) Since there are engineered features to mitigate

the impacts associated with this issue, an overall levei of concern of medium has been
specified.

Qperating Environment - H (Tritium)

Degree of Relevance to MFE - Medium. The methods developed to mitigate the
release of tritium for this plant are directly applicable to MFE.
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Issue J.4 Neutronic Cross Sections/Data Library for Activation Analysis

. Description - As emphasis on safety and environmental impact of fusion reactor has
greatly increased, an accurate predictive capability of radioactivity and its related
parameters such as decay heat has become necessary. The basic elements of such
predictive capability are a computer code based on an accurate mathematical model
and a library of basic nuclear data including decay data and transmutation cross
sections. Recent studies?! point out that inadequate reaction cross section and decay
data exist in the codes and data libraries widely used in fusion community. Example
calculations show that the inadequacy in the RACC libraries underestimates the
photon yield by a factor of as large as 1000 in the ITER first wall tungsten zone during
operation and at times after shutdown. The study concludes that the accuracies of
neutronic cross sections and data library are essential for activation analysis.

Reactor Concept - Laser and Heavy lon. The work is applicable to both Laser and
Heavy lon designs.

Potential Impact - (US) Inadequate prediction of radioactivity and decay heat for a
fusion reactor design may result in unacceptable safety risk.

DResign Specificity - (Generic) Ali components exposed to radiation environment are
affected.

Qverall Level of Concern - High

Qperating Environment - (R; ¢, F, S, Q, y)

Degree of Relevance to MFE - High

Reference

1. L Jun, “Comparison Study Between Computed and Measured Radioactivity Decay

Rates from Neutron Irradiation of Zirconium and Tungsten in a Simulated Fusion
Environment,” UCLA-FNT-55, November 1991
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Issue J.5 Removin H From Lead lan nder A
Conditions

Description - Following the accident conditions, such as a loss of coolant due to a lead
cooling tube rupture, the radioactive lead coolant spills and might pose a threat to the
safety and environment. One of the design criteria requires that under this condition,
the radioactive lead will be collected into a “containment” through gravity driven lead
drain paths. If such a collection is fully successful, the lead can be cooled either
actively or passively. However, some amount of lead might stay inside the reactor and
knowing the location of lead is needed to mitigate the safety concern. Analysis
indicates that if a failure of removing lead coolant decay heat occurs, the lead coolant
(for the case of after two full power year operation) can reach about 1000°C at 8 hours
following the accident. This temperature might damage the local structure and results
in the migration of lead radionuclide into other plant components. Design reactor
chamber with residual heat removal system (such as containment fan cooling) and/or
with the development of lead detecting devices increase the plant cost.

Beactor Concept - Laser and Heavy lon. The work is applicable to both laser and
heavy ion designs.

Potential Impact - (US, IC, RS) Inadequate cooling in lead decay heat may result in
unacceptable safety risk. Design inclusion of residual heat removal system increases
the plant capital cost.

Design Specificity - FW
Overall Level of Concern - Medium.

Operating Environment - (R; ¢, s, Q, y)) The levels of decay heat following the reactor
shutdown due to short lived radionuclides depend on the amount of neutron flux prior
to the accident occurs, which is sensitive to the reactor power. The magnitude of long
term decay heat is determined by the total neutron fluence regardless of the temporal
variation of flux.

Degree of relevance to MFE - Medium. This issue is only preferentially relevant to
MFE if lead is considered as the multiplier in the blanket design. Developing active
means for lead decay heat removal under a cooling tube rupture (LOCA) is important
for MFE blanket design.
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Issue J.6 Hydrogen Burn Due to Rupture of Diffusion Vessel

Description - The diffusion vessel in the Target Factory could rupture resulting in either
an explosion or burning of the tritium and deuterium contained within the vessel. Such
an explosion could result in the environmental release of, and associated off-site
exposures to, HTO unless proper engineered barriers are provided.

Reactor Concept - Laser and Heavy lon

Potential Impact - (RP, IC) This issue is an Attractiveness Issue, since there are
engineered feature which can be implemented to mitigate the impacts of a hydrogen
burn, (e.g., dividing the inventory into smaller vessels, increasing the robustness of the
building walls, etc.).

Design Specificity - TF (Target Factory)

Qverall Level of Concern - (Medium) Since there are engineered features to mitigate
the impacts associated with this issue, an overall level of concern of medium has been
specified.

Qperating Environment - (H, P)
Degr t Relevan FE - None

Issue J.7 Detection of Local Dry Spots Prior to Failure

Description - The dry spots on the first wall may be created due to the following
mechanisms: (1) poor wetting of lead on the SiC material; (2) hydrodynamic
instability of film subjected to pressure impulses; and (3) integrity of fibrous SiC
material which is immersed in lead metal and subjected to a severe radiation
environment. Once a dry spot is formed on the surface, the heat deposited on the SiC
may result in a wall sublimation if at which the heat can not be adequately conducted
away. Analysis shows that the sublimation rate of SiC is about 0.67 Kg/m2 per shot,
which corresponds to a layer of thickness of 1.1 mm per shot. If the film can not be
reestablished and the dry spot remains, the time to failure (or a hole formation on the
SiC wall) for a wall thickness of 0.5 cm is about 17 minutes. A failure of first wall
reduces the plant availability, in addition it raises a safety concern if a hole is created
and lead floods the chamber. This result indicates that the ability of local dry spot
detection and remedy of removing dry spot is needed to reduce this issue.
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Reactor Concept - Laser and Heavy lon. The issue is applicable to both laser and

heavy ion designs.
Potential Impact - US, IC
Design Specificity - Cavity FW

Overall Level of Concern - High. The abilities to detect and remedy the first wall dry
spot are essential for the first wall structural integrity and reactor safety.

ing Envir -(F,9,S,T7,Q,0)

Degree of relevance to MFE - (High) Analytical method (or numerical modeling) for
the SiC sublimation is relevant to the modeling used in the plasma disruption
phenomenology studies, when the FW or high heat flux components undergo melting
and subsequent vaporization. Technology for detection of dry spot is needed for the
liquid film divertor concepts.

Analysis - The rate of SiC sublimation due to radiation re-emitted to the surface by the
cavity gas depends on the gas conditions (pressure, temperature, charge state) as a
function of time. The vapor entering the cavity from the X-ray deposition following the
explosion is expected to be at a temperature of several eV. With gas at a temperature
of several eV, the gas becomes ionized and excited. The gas temperature is
estimated by knowing the equation of state properties, which are calculated by
assuming the interparticle potentials are small.? The internal energy for an ion is
computed relative to the ground state energy of the neutral atom and is given as:

e(2) = = (1 +<Z>) KT +Q(2)

N |

where Q is the energy required to remove the Z electrons from the neutral atom and is
written as:

QZ)=S}; for i=1,—,2Z

li= ionization potential for the ith charge state.
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The degree of gas ionization and excitation (ignored in the present analysis) depends
on the gas temperature and number of density and is obtained from LIBRA.2 The
cooling rate of the ionized gas is calculated based on the analytical method developed
by Zel'dovich et al.1 This is given as:

4

"e 4T
q = BT
1

where s is the Stefan-Boltzmann constant and |4 is the radiation mean free path and
is given as:

1.1 x 102 T°°
2

2
n® <Z> (<Z> + 1 KT

where n is the number of density and T is gas temperature.

The aforementioned model is only valid for optically thin gas. |f the photon mean free
path approaches the characteristic length of the cavity, the gas is assumed to act as a
black body. Under the circumstance that the radiative energy flux into the GiC
exceeds the rate at which the conduction carry away, some amount of SiC is
sublimated. The heat of sublimation is estimated by averaging the potential energy of
both Si and C in the SiC lattice based on Pearson et al.3 This is found to be equal to
1.91x107 J/kg. The amount of SiC sublimated is about 0.67 Kg per shot per m2. This
corresponds to a layer thickness of 1.1 mm.

Present calculation assumes thermal-hydrodynamic equilibrium, further analysis shall
include the effect of nonthermal-hydrodynamic equilibrium, gas excitation, self-
shielding, etc. Better modeling of radiative heat flux shall be incorporated to the cases
where the optically thin gas theory breaks down.

References

1. Y. B. Zel'dovich et al., “Physics of Shock Waves and High Temperature
Hydrodynamic Phenomena”, Volume |, Academic Press, New York, 1966

2. "LIBRA, A Light lon Beam Fusion Conceptual Reactor Design,” UWFDM-800, July,
1989
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3. E. Pearson et al., “Computer Modeling of Si And SiC Surfaces and Surface
Processes Relevant to Crystal Growth From the Vapor”, J. of Crystal Growth 70
(1984) 33-40.

Issue J.8 Detailed Accident Analysis

Description - A number of accident scenarios/initiating events have been identified for
Prometheus (see Table 5.4-2). However, due to limitations on the scope of this study it
is not feasible to perform a detailed analysis of each of these accidents to determine
what detailed design features are necessary to prevent/mitigate each of the identified
accidents. Nonetheless, the viability of design which has been proposed is not
expected to be negated by the detailed analysis of these, or other, accidents.

Reactor Concept - Laser and Heavy lon
Potential Impact - (IC, RS)

Design ificity - (All) Accident initiating events have been postulated that involve
many (all) of the plant's systems.

Overall Level of Concern - (High] The potential exists for some of the yet unanalyzed
accidents to require extensive and complex engineered features to mitigate their
effects, however, it is not believed that any of the identified accident scenarios will
negate the viability of the basic plant design.

Operating Environment - (All) Accident initiating events have been postulated that
involve many (all) of the plant's parameters.

Degree of Relevance to MFE - (Medium) A number of the identified accident scenarios
have direct applicability to MFE, (e.g., accidents in the blanket or the tritium systems).
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Table 5.4-2 Potential IFE Reactor Accidents by Subsystem

Accident

A. Laser System
Partial Input Beam Blockage
Single Raman Accumulator Failure
Single SBS Pulse Compressor Failure
Loss of Inerting Gas
a. Inadvertent Personnel Entry
b. Loss of Containment
5. Laser Misalignment
a. Single Beam Misses Target
b. Multiple Beams Miss Target
6. Fluorine Release
B. Reactor System
1. Loss of Vacuum
a. Vacuum Pump Failure
b. Laser Building "Window" Failure
¢. Breakin Instrument Line
2.  First Wall Unlocking
3. Target Manufacturing Errors
a. Contains Excess Tritium
b. Contains Shortage of Tritium
4. Loss of Wet Wall
C. Blanket Coolant System
1. Heat Exchanger Tube Rupture
2. Pump Failure
3. Increase in Coolant Flow Rate
D. Driver Coolant System
1. Heat Exchanger Tube Rupture
2. Pump Failure
3. Increase in Coolant Flow Rate
E. First Wall Protection System
1. Plugged SiC Tube
2. Pump Failure
3. Increase in Coolant Flow Rate
F. Secondary Coolant System
1. Steam Line Break (Break Size Equal to Area of Safety Valve Throat)
2. Decrease in Heat Removal (e.g. Pump Failure)
3. Increase in Heat Removal (e.g. Decrease in Feedwater Temperature
G. Target Delivery System
1. Failure to Deliver Target
2. Target Misalignment
a. Target Amives Too SoorvLate
b. Target Off-Center
H. Target Factory
1. Loss of Cryogenics
2. Storage Tank Failure
|. Containment Cooling (HVAC) System
1. Loss of Cooling
2. Loss of Containment Integrity
J. Radwaste System
1. Gas Collection Tank Failure
2. Liquid Waste Tank Failure
K. Turbine-Generator System
1. Loss of Load
2. Loss of Condenser Vacuum
L. Maintenance Systems
1. Blanket Section Change-Out Accidents

hown =

a. Stuck
b. Dropped
c. Broken

Concem

nnel H

Joxic Chemical Release
Reliabil

rigl (P

Beliability
Toxic Material (Pb) Rel

Tritium Release

Tritium R

Methane Release

P nnel Ex r
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Issue J.9 Removal of Contaminants from the Liguid Lead

Description - The Prometheus design includes the use of liquid lead for first wall
protection. This lead, and any impurities within it, will become activated and
contaminated with target debris, and will have to be processed to remove these
contaminants. Since this is a new and innovative use of lead, these cleanup
processes have not been developed.

Reactor Concept - Laser and Heavy lon
Potential Impact - (RP, RS)
Design Specificity - WP (Wall Protection)

verall Level of Concern - (Medium) The development of processes to remove
contamination from lead is expected to be evolutionary, rather than innovative.

Operating Environment - | (Impurities)
Degree of Relevance to MFE - None

Issue J.10 Impact of Large Quantities of Lead on Waste Disposal

Description - The Prometheus design includes the use of liquid lead for first wall
protection. This lead will become activated, and will have to periodically replaced,
generating large quantities of radioactive lead for disposal. Because lead is a
hazardous material, this waste must be disposed of as mixed waste (i.e.; both
radioactive and hazardous) falling under NRC's 10CFR Part 61 and EPA's RCRA
regulations. Finally, since the amount of radioactive lead which is currently generated
is so small, it is not specifically identified in NRC regulations. However, if large
quantities are to be generated, the NRC may modify their regulation to specifically
address lead.

Reactor Concept - Laser and Heavy lon
Potential Impact - (IC, RS)
Design_Specificity - WP (Wall Protection)
McDonnell Douglas Aerospace
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Qvergll Level of Concern - Low. The NRC and EPA are currently developing
procedures for addressing the disposal of mixed waste. It can be assumed that by the

time Prometheus is operational (i.e., 2030), these procedures and regulations will be
in place. Regardless, there will be a high unit cost associated with the disposal of all
radioactive, hazardous and mixed wastes from Prometheus or any other source.

Operating Environment - |
Degree of Relevance 1o MFE - None

Analysis - An analysis of the disposal of fusion reactor materials, including radioactive
lead (Pb-205) was presented in "Recycling and Shallow Land Burial as Goals for
Fusion Materials Development,” Carlo Ponti, Fusion Technology, January 1988. This
analysis presents a proposed concentration limit of 1x108 (Bg/cm3) for Pb-205.

K. Subsystem Interactions
Issue K.1 Laser System/Cavity Interface and Final Mirror Protection

Description - The Interface between the laser system and the reactor cavity represents
a key development issue for the laser driver. The beam port walls and final optics
must be protected from heating, blast and radiation damage effects. Furthermore, the
protection mechanism(s) must not interfere with the laser beam propagation. The
problem is complicated by the fact that the optics require a clean-room environment
and special radiation-sensitive coatings to control their energy absorption while
maintaining a direct line-of-sight to the target.

We investigated a multi-layer defense for the laser system/cavity interface that is
illustrated schematically in Figure 5.4-2. The protection mechanisms include:

(1) The use of a flowing, liquid lead film to protect the port wall structure from
surface vaporization. The port wall design employs a porous SiC first wall
structure that slowly allows the liquid lead to seep through providing film
replenishment around ports between shots.

(2) The residual lead vapor from the cavity walls which helps attenuate debris and
x-rays before they even reach the wall boundary.

(3) A magnetic field in each beamline to deflect ions and electrostatically charged
particles.
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Figure 5.4-2. Protection Opticns for Final Optics Protection

(4) A flowing neon cover gas in each beamline, injected at one location and
vacuum pumped at another to stop the remaining x-rays and sweep out
vaporized gas. A'ternatively, the beamline walls downstream of the GIMM can
be heatec to vaporize a portion of the protective liquid lead fi'm providing a
lead vapor protection gas. Any lead vapor recondensing on the GIMM surface
will be vaporized by the laser prepuise beams.

(5) Cooling the beamline walls below the mirror surface temperature to assure that
condensable gases stick to the walls instead of the optics.

(6) A low speed shutter system to intercept lead droplets that are blown off the
walls and may make their way down the lower beamlines.

(7) Placement of the finai optic element at a signifiant distance (25 m) form the
target blast center to minimize shock waves and allow for 1/r2 attenuation of the
heat flux and radiaticn.

(8) Use of a Grazing Incidence Metal Mirror (GIMM) as the final optic in each
beamline to remove the dielectric-coated focusing miirors from line-of-sight
radiation. We feel that all of the above mechanisms are required to assure
viable system performance. Lifetime is still an issue for the GIMM but swelling
analysis indicates that it can be life-of-plant using the design approach we
have developed. This topic is discussed as part of the GIMM critical issues.
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Our baseline design employs all the protection methods above except the use of the
neon cover gas and cooled beamline walls. The neon cover gas resulted in extremely
difficult vacuum pumping requirements. Therefore, we chose to heat the beamline
walls providing a Pb vapor cover gas and depending on the laser beams to remove
recondensed vapor on the GIMM surfaces.

Reactor Concept - Prometheus-L

Potential Impact - (UL) The final optics are iarge area, expensive items subjected to a
very harsh environment. If they are not properly protected, their lifetime wiil not be
sufficient for economic power production.

Design Specificity - (DL) This issue is specific to the laser driver, but generic to the
design of any laser-driven inertial fusion energy power plant.

Qverall Level of Concern - (Critical) The design of the laser system/cavity interface is
critical to the successful development of laser-driven inertial fusion en~rgy power
plants. The final optics are expensive and must repeatedly and reliably deliver their
portion (~100 kJ) of the total energy to the target with microradian pointing accuracy for
successful operation. These optics must furthermore have a multi-year lifetime for the
plant to be economically competitive.

Operating Environment - (OF, F, S, C, T, n,v, V, S, q)

Relevance to MFE - Low. This development issue is not directly relevant to MFE but
there may be some aspects of the problem which have MFE relevance. For instance,
some MFE plasma diagnostics may needs to operate in environments comparable to
those expected for the final mirrors.

Analysis - Extensive literature reviews and analyses were conducted to substantiate
the proposed laser system/cavity interface design. This activity is summarized in
Table 5.4-3. This table indicates the sources of mirror degradation and the primary
and secondary protection mechanisms for each source of degradation.
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Table 5.4-3 Final Mirror Protection Summary

Source/Debris | Debris or Radiation Range of
or Radiation State Speed (m/s) Protection Method*
Target
X-rays Radiation 3x108 SD; PBv; CG
Gamma Rays | Radiation 3x108 SD; PBv; CG
Neutrons Particle 3x108 SD
Hydrogen lonized; Vaporized | (TBD) PBv; M; CG; CBW, VP; S?
Deuterium lonized; Vaporized | (TBD) PBv; M; CG; CBW; VP; S?
Tritium lonized; Vaporized | (TBD) PBv; M; CG; CBW; VP; S§?
Helium lonized; Vaporized | (TBD) PBv; M; CG; CBW,; VP; S?
Carbon lonized (TBD) PBv; M; CG; CBW
First Wall Film
Lead lonized; Vaporized | (TBD) M; CG; CBW; S?
Liquid Droplets 9.8+

* Protection Methods

SD  Mirror Surface Design CBW Cooled Beamiine Walls
PBv Lead Vapor VP Vacuum Pumping

M Magnetic Field Lines S Shutter System

CG  Cover Gas

Issue K.2 §iE/Metal Piping Transition Interface

Description - The proposed Prometheus first wall and blanket are fabricated using low
activation SiC/SiC composite materials to minimize the generation of high-level
radioactive waste in these regions thus achieving an inherently safe design. However,
the main heat transfer piping ana steam generators can employ conventional high-
temperature piping/structural materials since they are located outside the bulk shield
where neutron activation is minimal. Furthermore, there is significant cost incentive to
transition to conventional materials as soon as possible outside the bulk shield to
achieve an economically attractive design. The transition interface between low
activation SiC structure and conventional metal piping is therefore a key development
issue for our Prometheus cavity design.

The transition from SiC to conventional piping involves large diameter piping that must
be leak tight to 1.5 MPa (15 atm) helium and 23 MPa (20 atm) lead coolants and
resistant to corrosion by impurities in the coolant streams. These joints must
furthermore be capable of being broken and rejoined using remote handling
equipment. Pipe diameters ranging from 1.0 m for the lead lines to 2.8 m for the
helium lines are presently being considered. Therefore, both the material change and
the pipe sizes make this a key development issue.

Reactor Concept - Prometheus-L and -H
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Potential Impagct - (IC) The primary heat transport/steam generator system(s) in a large
nuclear power plant is complex and expensive. The bulk of this system is located in a
low radiation environment and can therefore be fabricated from conventional materials
to keep the cost for these items under control while still maintaining a low radioactive
material inventory.

Design ificity - (CS/CBOP) This issue is generic to any advanced nuclear reactor
design employing ceramic reactor structures to achieve high levels of inherent safety
but using conventional steam-cycle balance-of-plant systems to control costs. In the
Prometheus design the transition interface involves the use of helium and lead
coolants for primary heat transport.

Overall Level of Concern - Critical. The design of the piping transition interface is
critical to the successful development of advanced, low-activation, ceramic structure
nuclear power plants.

Qperating Environment - (C, T, H, A, P, Q, I, v)

Relevance 1o MFE - High. This development issue is directly relevant to MFE designs
that employ advanced ceramic structures.

Issue K.3 Heavy-lon S m/Cavity Interf nd Beam Pro
F i i Pr i

Description - The interface between the heavy-ion system and the reactor cavity/target
represents a key research and development area for the heavy ion-driver, heavy ion
systems studies have typically proposed some form of ballistic focusing with varying
degrees of and mechanisms for space-charge neutralization. Ballistic focusing
requires large conical envelopes on two-sides of the target where multiple (typically

8 or more per side), large area (typically 1-m diameter) openings must be provided
through the shield, breeding blanket and first wall. Since the beams converge at the
target, this approach leads to significant line-of-sight radiation streaming down the
center of the final focusing magnets which typically precludes the use of
superconducting magnets for this purpose. This also complicates the wall protection
system design since the interior walls of these beamlines must be protected from
heating, blast and radiation damage effects. Furthermore the protection mechanism
must not interfere with the propagation and focusing of the beams which must form a
tightly-focused (<1-cm diameter) spot at the target. This typically requires background
gas pressures of order 1 mtorr with Li vapor.
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Our design instead proposes to use a self-formed transport channel to re-image the
beam focal spot from outside the blanket onto the target. This has significant
implications relative to the above issues for ballistic focusing. It moves the conical
arrays of focusing magnets out of line-of-sight into the cavity minimizing the opening
size in both the blanket and the first wall to something of order 10 cm diameter. This
minimizes shielding concerns for these magnets, permitting superconducting coiis to
be employed. It also greatly simplifies the wall protection system design for the heavy
ion-driver since the transport channels can be formed in a significantly higher

(100 mtorr lead vapor) background gas environment than is possible using ballistic
focusing. This enables us to consider using the same lead wetted-wall design for the
laser and heavy-ion drivers.

Channel formation using light ion beams with pre-formed plasma channels is well
documented and has even been considered for near-term applications such as the
light-ion LMF, but self-formed channels are a different matter. Analyses indicate that
stable, self-formed channels cannot be generated using light ions. These analyses
are not valid for heavy-ions due to their higher energies (GeV as compared to MeV for
light ions) and significantly greater mass (200 amu versus 7 amu). We have evaluated
the first-order physics of heavy-ion channel formation and find no fundamental
limitations. However, the dynamics of the problem are extremely complex and beyond
the scope of our study. We have therefore targeted this as a key R&D area.

There are several critical issues which will require validation through experimentation
and modeling before self-formed transport channels can be considered truly viable.
Foremost among these is a laboratory demonstration of a self-pinched heavy-ion
beam transport channel. The transport characteristics of the channel must then be
assessed including: (1) fraction of the beam ions initially captured in the channel,

(2) fraction of the beam energy lost due to background collisions and back EMF,

(3) fraction of the beam energy lost near the target where opposing side channel
currents begin to cancel the confining aximuthal field, (4) fraction of the prepulse
energy eroded during channel formation, (5) capability of the channel to re-image the
focal spot at the channel entrance onto the target, (6) limitations on beam focal spot
size at the channel entrance, (7) demonstration of sufficient control over the channel to
accurately position the focal spot on the target, and (8) characterization of background
gas conditions/limitations for stable channel formation.

Reactor Concept - Prometheus-H

Potential impact - (DW) The use of liquid lead for wall protection is probably not
compatible with ballistic transport using our present design. An alternative, lower-Z
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wall protection material would be needed, or a different cavity design using a
condensing vapor spray or a wall geometry with more exposed surface area.

Design ificity - (DH, WP) This issue is specific to the heavy-ion driver coupled
with a liquid lead wall protection scheme.

Qverall Level of Concern - (High) The capability to form a stable, self-pinched
transport channel to re-image a heavy-ion beam focal spot on a target would have

significant positive economic and technical impact on design of a heavy ion-driven
inential fusion power plant.

Operating Environment - (pg, Q, 1B, G, N, T, E, El, p)
Relevance to MFE - Low. This development issue is not directly relevant to MFE.

Analysis - Our study budgets/priorities did not permit any detailed analysis of heavy
ion beam transport channel formation, stability and beam loss dynamics. We have
assessed these issues and determined that there is no fundamental reason why self-
formed transport channels will not work with heavy-ion beams. The potential
technological and economic benefits of this mode of propagating the beams to the
target warrants further investigation into their feasibility.
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5.5 Research and Development Assessment

An important part of a conceptual reactor design study such as Prometheus is the
identification of important research and development needs to resolve the key issues.
An R&D assessment has been carried out for Prometheus to serve three purposes:

(1) provide programmatic-decision makers with a list of important R&D tasks that need
to be carried out, (2) provide part of the input for a comparison study between the
Heavy-lon and Laser-driven reactors, and (3) identify areas of R&D that are common to
inertial and magnetic fusion energy.

This assessment has not attempted to develop a comprehensive R&D plan for IFE.
Developing such a plan requires detailed analysis of experimental facilities and
careful consideration of the time sequence and cost of such facilities in order to
minimize the overall R&D cost and time and maximize benefits. Rather, this effort has
focused on identifying the R&D required to resolve the critical and key issues
described earlier in this chapter.

A specific development goal was selected as the ultimate objective of the R&D items
described here. This goal is to develop the physics and engineering data base
sufficient to construct an IFE Experimental Power Reactor (IEPR). It is difficult at this
stage of IFE research to specify the detailed characteristics of an IEPR. However, IEPR
is envisioned as a facility in which the basic physics and engineering performance as
well as system integration tests are carnied out. IEPR scope and mission similar in
many respects to ITER in the magnetic fusion energy program as they both provide the
data base necessary to construct a Demonstration Power Plant (DEMO). IEPR will
have prototypical components and will probably produce several hundred megawatts
of fusion power and operate with about one pulse per second and overall availability
of 20-30%.

The R&D assessment here focused primarily on critical components unique to IFE:
target, driver, and cavity. Some modest R&D has also been identified for the tritium
systems and safety. Because a number of key issues can be resolved through
experiments on the same facilities, the R&D presented below has been organized so
that each R&D item relates to one key issue or a group of issues. In this latter case, the
issues involved are clearly indicated using the numbering system used earlier in the
Key Issue Summary Table. A summary of R&D costs for the laser reactor option and
heavy ion option is included in Section 7.3.6 in the comparison chapter.
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5.5.1 Research and Development Requirements for Targets and Drivers

The majority of the most urgent Research and Development (R&D) requirements for
IFE Targets and the two types of drivers are inextricably linked together. Some of the
most difficult issues having exclusively to do with the drivers involve the demonstration
of the generation and delivery of high energy pulses; these same high energy pulses
from the driver are requirements for solving significant issues associated with target
design and development.

Target/Driver R&D - IFE target irradiation requirements basically define the driver
designs. |f faulty target design gives rise to unnecessary or inappropriate driver
requirements, expensive and unnecessary driver development may occur without
advancing the state of the art. Furthermore, experimental evidence and theoretical
simulations have shown that the IFE target implosion physics is strongly dependent
upon the scale of the target, so that data derived from small (kJ scale) driver/target
interaction experiments cannot be easily extrapolated to aid in the design or predict
accurately the performance of reactor-sized targets (requiring irradiation energies of
the order of MJ).

Thus, in order to design an optimum reactor-sized DT target, a strong, long-term IFE
R&D program involving experiments and analyses associated hoth with drivers and
targets must be established. This would permit the development of a series of DT
target designs of increasing scale, beginning at our present stage of understanding,
and proceeding in an orderly manner to IFE target ignition and beyond, with the
desired optimum reactor targets having yields of the order of hundreds of MJ.

This orderly series of target/driver interaction experiments is crucial to the success of
an IFE reactor development program because there are a variety of competing
processes to efficient thermonuclear "burns" of the DT fuel which have unique scale
lengths. These competing processes can lead to anisotropies in target compression,
preheating of the cryogenic DT fuel, generation of plasma instabilities, etc. As target
dimensions increase, many of the strengths of these competing processes can grow
exponentially. Frequently, variations of one or more parameters in target or driver
design can check the growth or otherwise control an undesirable competing process,
thereby permitting continued progress toward achieving ignition, thermonuclear break-
even, and eventual demonstration of optimized target/driver designs for cost-effective
IFE reactor operation.

In the case of the HI driver, a crucial series of driver/target experiments conducted with
indirect-drive HI DT targets would be to demonstrate that heavy ion beams converted
at each end of an HI indirect-drive target efficiently produce soft X-rays in an energy
range suitable for achieving the Rayleigh-Taylor irradiation requirements for a uniform
implosion of the DT target within the hohiraum. This could prove to be one of the chief
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advantages for the H! IFE driver over a comparable UV excimer laser driver.
Verification of the accuracy of this prediction is a crucial step in allowing future IFE
reactor designers to make appropriate choices as our database for both targets and
drivers is enlarged by implementation of a well thought out IFE R&D plan.

Although some laser/target irradiation experiments could be conducted using
subscale beams associated with parallel driver development efforts, a key
demonstration for the success of the Prometheus-L laser driver interacting with direct-
drive targets is the uniform ~1% target illumination with 60 beams, totaling 4 MJ.
Another important series of key, full-scale R&D experiments involving both direct-drive
targets and laser drivers would be the demonstration that the long laser prepulse
doesn't significantly contribute to target preheat by generating hot electrons and hard
X-rays via stimulated Brillouin and Raman scattering in the plasma atmosphere blown
off from the target by the long duration prepulse.

Target R&D - Once the riddles of IFE target design are being solved by implementation
of an aggressive plan exploiting extensive driver/target R&D experiments and
analyses, there are a series of purely target-related requirements which need to be
explored in parallel with the other programs. Development of cost-effective, target
fabrication methods leading to economical mass production for IFE reactors needs to
be carried out. R&D for innovative methods of accurately placing IFE targets at the
centers of target chambers at around a 5-Hz rate is of crucial importance. There may
be significant target/driver alignment advantages associated with having IFE DT
targets injected into reactor target chambers with zero net velocity following injection
and, hence, target injection R&D might deal with developing techniques which may
permit this goal to be achieved.

Some modifications to target designs may be required in order to enhance the
alignment of the DT targets relative to the driver beams. An example might be the
addition of a "shine shield" on a direct-drive laser DT target so that aligning laser
beams may be used to sense the position of a DT target with a high degree of
accuracy.

Driver R&D - Although a series of paralle! subscale R&D experiments, analyses, and
technological innovations must be carried out for the IFE Hl driver, the vast majority of
meaningful HI driver R&D developments must be conducted at or near full scale; i. e.,
at energy levels of the order of MJ with pulse durations of the order of 10 ns. In
particular, our understanding of the physics of heavy ion (Hl) drivers will not
significantly benefit from HI experiments conducted with pulsed energies of the order
of only a few tens of kilojoules because these sub-scale experiments do not overlap
the HI driver parameter space occupied by candidate HI IFE reactor drivers.
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The Prometheus-H heavy ion (HI) driver design calls for the delivery of 7.8 MJ in

18 beamlines, of which 12 are bunched into ~7 ns pulses and the remaining

6 beamlets are bunched into ~30 ns pulses. This corresponds to approximately

420 kJ/beamline. Transport experiments with a single, space-charge limited HI beam
may be useful, but a key HI driver demonstration goal will be the successive
achievements at full scale energy (~4 MJ) of ballistic focusing, stripping, channel
formation, and stable, self-pinched transport to the target. However, as noted above,
the same HI facility that can demonstrate these fundamental capabilities for the driver
can also be used to test HI target design parameters.

In an analogous manner, off-line Hl development programs can be established to
develop low emittance, doubly-ionized heavy ion (Pb*2) beam sources, cost-effective
superconducting dipoles, expert control systems, channel formation techniques, Hl
beam alignment systems, etc. R&D programs associated with achieving significant
reductions in Metglas losses could be carried out in parallel with other R&D efforts
designed to optimize the single beam LINAC operated in a burst mode. Construction
of a series of full-scale HI storage rings suitable for demonstrating that a single beam
LINAC operated in the burst mode can deliver an adequate number of comparable low
emittance beamlets suitable for ballistic focusing into a pre-formed channel.

Although a series of paraliel subscale R&D experiments can be conducted for the
laser driver, again the vast majority of meaningful R&D developments must be
conducted at or near full scale; i. e., at energy levels of the order of MJ with pulse
durations of the order of 10 ns. Similarly, there are a number of IFE laser driver issues
which require operation of a least one beam line at full scale energy. In the case of the
Prometheus-L KrF laser design, this would be an ultraviolet (UV) laser beam of energy
~80 kJ generated from a combination of using a large number (16 to 25) moderate
energy (4 to 6 kJ) electric-discharge excimer lasers to pump a large aperture (1.2 m)
Raman accumulator cell which, in turn, pumps a backward stimulated Briliouin
scattering (SBS) pulse compression cell yielding a pulse duration of approximately

6 ns with a wavelength of ~250 nm.

As described below, the Prometheus-L KrF laser driver requires extensive
development of workhorse excimer laser amplifiers, reliably producing output energies
ranging from 4 to 6 kJ with moderately good beam quality. An ambitious goal for these
laser amplifiers is to have them reach a level of ~10° shots between failures.

Again, however, it should be emphasized that the natural consequences of solving
these driver component development problems in parallel following an orderly plan is
the step-by-step construction of a driver facility suitable for performing full scale target
irradiation experiments.
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5.5.2 Target R&D

Many of the issues and associated R&D for the target are closely related to those of the
driver. In this subsection, the R&D most closely related to the target is discussed. In
the next subsection, the required R&D for the driver is presented together with the cost
estimate for both the driver and target R&D.

5.5.2.1 Direct Drive Target Coupling (Key Issue A.a.1)
Description - Areas requiring R&D for this issue include:

« Proof of ability to model plasma physics correctly - Experiments with high gain
targets to establish agreement with computer models.

« Studies of development of hydrodynamic instabilities and target break up/mixing
for reactor size targets - Experiments to show that growth of Rayleigh-Taylor and
other instabilities agrees with reactor-size targets and that symmetric implosions
can be achieved.

+ lllumination symmetry and laser light absorption for reactor size targets -
Experiments to demonstrate sufficiently smooth beam profiles with correct
apodization and laser light absorption in a agreement with computer models.

+ Accurate pulse shaping - Experiments to show that pulses can be shaped with
sufficient accuracy to implode targets on a low adiabat and, at the same time,
generate converging shocks sufficient to ignite a small, central hot spot (spark

plug).

Eacility - Direct drive experimental facility: Such a facility would be especially useful
should the ignition and gain facility be capable of illuminating indirect drive targets
only, but should probably be built in any case. It should be capable of delivering 100
to 500 kJ on target from 60+ beams. It would be used to demonstrate ignition of direct
drive targets.

Cost and Time - These will depend on when and how the facility described above is
built. Most economical path will probably be a direct drive experimental facility
constructed as an upgrade of the OMEGA laser system at the University of Rochester.
Cost estimates are given in the next section on the Driver.

5.5.2.2 Survivability of Targets in Chamber Environment (Key Issue
A.a.3)

Description - Areas requiring R&D for this issue include:

* Hydrodynamics of target/cavity interaction. Once this environment is known,
theoretical studies using modern hydrodynamics and heat transfer algorithms
should be able to settle the question of target survivability. Experimental work
would be useful to check code results, but should be limited in scope and
capable of being carried out in existing facilities.
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Eacility - It will probably be unnecessary to build a separate facility to address this R&D
issue.

Cost and Time - Once the cavity environment has been specified, it will not be
expensive to address this issue in either cost or time. A theoretical study coupled with
limited experimental research could be conducted at a national laboratory or
university. It should be possible to complete the R&D within two or three years.

5.5.2.3 Demonstration of Injection and Tracking of Targets Coupled with
Beam_Steering (Key Issue A.b.1)

Description - Areas requiring R&D for this issue include:

« Target injection and tracking/beam steering - Experiments to show that targets
can be injected reliably and tracked with sufficient precision.

« lllumination symmetry and laser light absorption for reactor size targets -
Experiments to demonstrate sufficiently smooth beam profiles with correct
apodization and laser light absorption in agreement with computer models.

Facility - The technology required here has not been demonstrated in IFE or any other
field. A separate facility should probably be built.

« Target injection/beam steering simulator. This facility will be used to prove that
accurate illumination can be achieved in a reactor scenario. Full size steering
components will be used, but actual beams need only be sufficiently intense to
provide accurate diagnostics. The facility will include a full scale injection
system capable of repetition rates of around 10 hertz.

Cost and Time - This facility might be built at Sandia or Los Alamos at a cost of
$100-300 million. Annual operating cost would be around $20 million. The facility
would take about three years to build. The R&D program would last about five years.

55.2.4 Manufacturability of High Quality, Low Cost DD and ID Targets
(Key Issue A.c.1)

Description - R&D in this area will establish the ability to mass produce targets at low
cost using already demonstrated technologies. Considerable advances have been
made in the fabrication of individual targets using microencapsulation,
microfabrication, droplet generators, etc. Research in this area will establish whether
any of these demonstrated techniques are viable for mass production, and identify
alternative methods. To date, no major research effort has been devoted to mass
production of IFE targets. The R&D effort in this area would include experimental and
theoretical work. Funding should be on a level sufficient to attract significant attention
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to the problem. It is likely that numerous existing chemical and industrial processes
could be profitably applied to mass produce targets. It is a question of making the best
talent aware that the problem exists.

Eacility - It will probably be unnecessary to fund major new facilities for this R&D. Once
the best processes have been identified, existing facilities at major industrial
companies or universities will probably be capable of proving the potential for mass
production.

Cost and Time - Although new facilities are probably not needed in this area,
significant amounts of time and money will be required to attract the necessary
research in the area. Expenditures of $200 million over 10 years would not be
unreasonable.

5.5.2.5 OQOverall R&D - Significant technical R&D will be required in areas of target
physics, production, and operation which is not necessarily covered in any of the key
issues. Therefore, the following is included as a catch-all for what the key issues for
the target area have missed.

Description - Overall R&D covers some of the areas already identified above as well
as areas not specifically identified among the target key issues, and the scope of the
required R&D is accordingly large. We have tried to cover below all areas which we
feel require a significant R&D effort within the target physics and engineering-related
areas.

+ Target implosion on a low adiabat - Experiments to demonstrate efficient
compression without excessive preheat before ignition.

+ Test of target designs - Experiments to prove that high gain can be achieved with
proposed target designs.

» Proof of ability to model plasma physics correctly - Experiments with high gain
targets to establish ngreement with computer models.

+ Central spark ignition and propagating burn - Experiments to prove that
bootstrap heating by fast alpha particles can generate an outward-propagating
burn wave leading to efficient thermonuclear burn.

+ Studies of development of hydrodynamic instabilities and target break up/mixing
for reactor size targets - Experiments to show that growth of Rayleigh Taylor and
other instabilities agrees with predictions for reactor-size targets, and that
symmetric implosions can be achieved.

+ Significant gain for low mass targets - Experiments to prove that economically
attractive gain can be achieved with 1-10 MJ drivers.

+ Hohlraum physics - Experiments to show agreement with predictions of
computer models.
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* Non-LTE radiative transfer. Demonstrate agreement of code-predicted radiative
transfer with experiments for reactor-size indirect drive targets.

» Target injection and tracking/beam steering - Experiments to show that targets
can be injected reliably and tracked with sufficient precision.

+ lllumination symmetry and laser light absorption for reactor size targets -
Experiments to demonstrate sufficiently smooth beam profiles with correct
apodization and laser light absorption in agreement with computer modeis.

+ Accurate pulse shaping - Experiments to show that pulses can be shaped with
sufficient accuracy to implode targets on a low adiabat and, at the same time,
generate shocks sufficient to ignite a small, central hop spot (spark plug).

Facility - It will probably be necessary to build several facilities to conduct the
experimental programs outlined above. These might include:

+ Ignition and gain facility: This facility should be capable of delivering at least one
megajoule of beam energy. It should have at least 32 beams and an
independent backlighting system.

» Target injection/beam steering simulator: This facility will be used to prove that
accurate illumination can be achieved in a reactor scenario. Full size optics will
be used, but beams need only be sufficiently intense to provide accurate
diagnostics. The facility will include a full scale injection system capable of
repetition rates of around 10 Hentz.

+ Direct drive experimental facility: Such a facility would be especially usetul
should the ignition and gain facility be capable of iluminating indirect drive
targets only, but should probably be built in any case. It should be capable of
delivering 100 to 500 kJ on target from 60+ beams. It would be used to
demonstrate ignition of direct drive targets.

+ Demonstration reactor: This facility will demonstrate IFE production at the 10 to
100 MWe level.

5.5.3 Driver R&D

5.5.3.1 Summary of R&D Tasks for Target and Driver Key Issues - There
are a wide variety of research and development (R&D) efforts which need to be carried

out to assist with the development of viable target and driver designs.
R&D work relevant to specific key issues associated with the Prometheus laser driver
described here include:

A.a.1  Direct Drive Target Coupling,

A.a.2 Indirect Drive Target Coupling,

A.a.3 Survivability of Targets in Target Chamber Environment,

A.b.1 Demonstrating of Injection and Tracking of Targets Coupled with Beam
Steering,
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