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Abstract

A conceptual design of the KrF laser-driven Laboratory Microfusion Facility (LMF)
has been completed. LASNEX calculations predict an indirect-drive target yield of 400
MJ from the 3-MJ, 480-beam driver system. Nine final amplifiers with individual
output cnergy of 412 kJ are used. The total cost of the KrF laser-driven LMF is estimated
by an independent cost assessment to be $921 million in 1992 dollars.

Introducti
The Laboratory Microfusion Facility (LMF) is a single-pulsc inertial confinement
fusion facility that is intended to (1) develop and demonstrate high target gain, (2) be
used to perform advanced weapons physics experiments, (3) perform nuclear weapons
effects simulations and vulnerability studies, and (4) advance the understanding of the
technological requirements for commercial power and other applications. A
Dcpartment of Energy-led scoping study [1] of this facility has been conducted over the
past five years. The study had two phases. The first phase examined the driver-
independent aspects of the LMF, including the utility, development issues,
requirements, and staffing and management issues [2]. The secoi.d phase examined
the driver-dependent aspects of the LMF. Four drivers have been examined for the LMF
during phase 1I: KrF and Nd:glass lasers, and light- and heavy-ion accelerators.
Bechtel performed an independent cost assessment of all of the drivers except the heavy-
iun accelerator [3]. The general design fentures and cost of the KrF laser-driven 1LMF,

shown in Fig. 1, will be described here. A full description of the KrF laser-driven LMI®
conceptual design can be found in reference 4.

LASNEX target design calculations predict that a 3-MdJ KrF laser will produce 2
target yicld of 400 MJ. This yield is well within the desired LMF yiceld range of 200-1000
M., although there is conriderable uncertaii-*  in all high-gain target caleulations. In
order to achieve this performance, the 248-nn . avelength KrF laser must deliver
pulses with bre ad bandwidth and high-dynariie-range pulse shapes to the target. The
bemn quality must alsoe be < 10 times diffrac jon Limiied (xDL). These performance poals
are met by the Krl® Liser desipn for the LM,

The design of the Kel® laser driver that meets the LME requiren niés has

udergone significant improvements duringg 1991 Key improvements inelude a Larper

_ K \ : |
energy outpnt inal-amphificr module that is also more enmpact than the previous
design [6]. The large amplifiers are now located ina single himildingr and are oriented
andd grouped to save space. The layont of the Inser system has also been made more
campact aud less expensive. A compnter aided desipn cade has been used to ensnre
clearanees and gpace for all beams and components.

The desyym aof the LMEF Experiment Arvea has also been impraved. As shawn in Iy
2. the Experimient Aveais located nnderpgrannd for safety and ta simplify the delivery ol
heams into the target chinmber. The 480 heams arve delivered usingr o indiveet drive



illmination geometry. Nuclear Weapons eflects simulations and vulnerability studies
experimental packages up to 175 m2 are inserted into the target chamber through an air
lock in the top of the conical effects area. This design allows for the several low-yield
target shots per day and the one high-yield shot per week desired for the LMF.

Target Design and Performance
A point design of the LMF target and calculations of the target performance have
been completed. The indirect-drive target is culculated to have a yield of 400 MJ when
illuminated with 3 MJ of high-dynamic-range pulse shape, broad bandwidth KrF laser
encrgy. Table 1 lists the specifications for the target calculations.

The LMF target is illuminated with 480 beams that are delivered to target in six
cones. Three cones are delivered to target from above, with 20% of the beams coming
from a 35° cone, 40% in a 55°cone, and the remaining 40% in a 65° conc. The bottom
beams are symmetric with the top beams. Beam phasing, having some beams timed to
arrive earlier than others, can be incorporated in a straightforward manner if needed.

Target calculations were performed using the LASNEX design cade. The largest
uncertainty in the calculation is the target coupling efliciency, defined as the fraction of
the laser energy that is deposited on the capsule in the form of x-rays. This fraction is
strongly dependent on the dimensions of the capsule and hohlraum. There is a tradcofT
between coupling efficiency and capsule symmetry that is currently not well understood,
leading to relatively large uncertainties in the achievable coupling efficiency.

Given the uncertainties and assumptions that went into the target calculations, the
result was a predicted yield of 400 MJ. Examination of target-performance degradation
causced by hydrodynamic instabilities was carried out and was found to be negligible.

Dnver Design

The KrF laser is an attractive candidate for the LMF driver for two reasons. First,
the output characteristics of the Krk laser lead to efficient target coupling. The Krl?
laser ope-ates with a short fundamental wavelength of 248 nm. This short wavelength
has been shown to lead to high absorption and x-rax conversion efliciency. Additionally,
the short fundamental wavelength allows the Krl® laser to operate with the brondest
bandwidth that the laser can support (frequency conversion techniques generally only
work efficiently if the laser is narrow bandwidth). The combination of short wavelength
and broad bandwidth is desirable to increase the threshola for laser-plasma instabilities
[6]. The smooth beams from the ganscous Krl® Insing mixture also promote eflicient
target conpling. The Krl® Laser is also capable of prodvcing the acenrate, high-dyinammice
range pnlse shapes needed for hieh pin.

The second reason why Krel® Insers are an attractive candidate for the LM is that
Krl* lasers also project to meet the driver requiremnents for 1CI enerpy produoction. The
IKrl* has o pascous Tasing mediom that allows repetitive pulsingg and has the potential to
meet. the efficiency reqmivements. 1 has long been recopmizec that it is desivable to have
an LM driver that also meets the driver requirements for 1CI encrpy apphications.

A3 M I Liser has heen desyed to satisfy the LM regunirements, The desipn
15 the enlovmation of an opanmzation stady that hepan ain 198K The poal: of the stady
weoere to;
* desym o low cost driver and BExperiment Arven,
* et anticipated fidnre safety repmlations for all potential hazaeds associatisd

with the 1,MIY,



* limit technological extrapolations, and

* base the design on existing experimental data as much as possible.
Based on these goals, the design evolved into an angular multiplexed system that
employs distributed encoding and three independent amplifier ckains fed froin a single
front end. The complete amplifier staging diagram for one of the three identical laser
chains of the LMF driver is shown in Fig.3. The LMF ccnceptual design includes all of
the major components from the front end to the nine ultimate amplifiers [4].

Each of the nine electron-bcam -pumped ultimate amplifiers generates 412 kJ of
laser energy exiting the amplifier window. An amplifier module is shown in Fig. 3 and
the design parameters are presented in Table II. The amplifier uses waterline peaking
capacitors to shorten the pump pulse rise tiine of the Marx-bank output to increase the
pulsed power efficiency. The output of the peakers is used to supply power in the
appropriate pulse shape to the three e-beam diodes on each side of the amplifiers. The
short waterline peakers, used instead of the waterline pulse forming lines used on
Aurora [6], allow the amplifier to be placed on end as shown in Fig. 3. Placing the
ultimate amplifiers vertically allows the nine ultimate and three penultimate amplifiers
to be arranged in the compact layout of the industrial-steel amplifier building as shown
in Fig. 4 (without the roofs, front walls, and amplifier support structures).

Fig. 5 shows that each laser bcam travels back and forth through the Decoder
Building eight times. All of the high-energy beam-propagation paths are in helium gas
enclosures to minimize losses. Starting at the separation and recollimation array, the
beams double-pass the penultimate amplifiers and return to the separation array (paths
1 and 2). The beams are then double-pass the ultimate amplifiers and return to be
rccollimated at the separation array (paths 3 and 4). Next, the beams travel the lengih of
the decoder building to the first turning array station (path 5). From there, the beams
are sent. to the decoder mirrors (path 6) and go the the second turning array station
(path 7). Finally, the beams are sent through an opening in the center of the separation
array #niinto the Transition Building (path 8).

The Transiticn and Roundhouse Buildings are shown in Fig. 6. The shaded
regions indicave those areas that contain helium. The beams exit the Decoder Building
through an opening in the center of the separation arrays o enter the Transition
Building. The beams then refleeted as shown before being directed into the Roundhouse
Building. The entrance to the Roundhouse is through an aperture in the shiclding wall
to reduce neutron streaming to the rest of the LME. After the beams enter the
Roundhous, they are reflected downwards into the underprround xperiment sovea.

Kxperiment Arca Design

The Experiment Avea contains the target chamber and associated support
caqmpment, targret mnd beam disgmosties, and the opties that tramsport and foens ihe
hemans onta the tas et As shown i Figs 20 the spherical target chimnber of H-im iside
radinsas snpported by a cylindrieal Fan thick conerete shield wall jast outside of the 1.5
m-thick closean borated water shield of the chamber. A conmieal shaped elinmber at the
top af the sphervieal chimmber is nsed to expose abjeets with cross sectioins np to 175 m# for
naclear weapons effeets stamlations and vabuerability stadies. The modnlae horated
wirter shield above the effects chinmber cim be deinmed and removed i smali seetions to
permnt convement imsertion and recovery af Livpe experimental packagpres.

The 480 Laser beimms enter the Experiment Acea theongh its ceilings, whieh s the
floor of the Ronndhonse Bmldings, Most of the hemms GIRD vegoire one flat tasong;
mirror, o dinpgnastic heam sphtter, o Lenss o Il vaenmm wondow, and o blaat slhaeld



the Experiment Area {or transport and foccus of the beams on the target. The remaining
96 beams require one additional flat turning mirror. In the Experiment Area, the
beams are transported in individual helium-filled beam tubes to maintain an air
environment within this area to simplify maintenance and operations. A shiclded
diagnostic access area surraunds the target chamber to allow access shortly afier target
si.ots. Convenient access to all levels is provided by elevators located just outside the
walls of the Experiment Area.

Many target chamber conceuts have been described for the LMF. [7-12] Some
innovations were introduced for the Kri¥ laser-driven LMF. However, because of the
geometric complexity, the multiplicity of phenomena involved, and the fundamental
phycics uncertainties, the many concepts all have numerous questions that remain to be
answered before a target-chamber concept can Le confidently designed.

Experiment. Arca equipment comprises much more than just the target chamber.
In addition to the chamber vacuum systems, several fluid systems vill be interfaced
with the target chamber to control the chamber environment. They include liquid
helium and liquid nitrogen, cooling water and chilled water, special gas cooling and
heat transfer systems, inert-gas systems, and contaminated gas and liquid cleanup
systems.

To support target operations, several additional systems will be required. The
appropriate environment must be provided for targets while they are transported from
target fubrication to the target chamber. The targets must be inserted into the chamber
and accurately positioned and oriented. P’re-shot diagnostic measurements may be
neceded to monitor the state of the targets inside the chamber until they are illuminated
by the driver. The yields and emission spectra of targets will need to be measured to
characterize the driver energy deposition, its conversion to x rays and transpart to the
fuel capsule, the fuel capsule implosion, and the thermonuclear burn. The driver beam
energices, halance, uniformity, pulse shape, and bandwidth will also need to be
measured. Additional systems will be needed to support applications experiments,

Some of the target-operations equipment will be located within the chamber.
Fquipment such as the target supports, cryogenic coolint lines, and some
instrumentiation may be located within a few centimeters to a few tens of centimeters of
the target and be completely vaporized by the target emissions. Some equipment may he
located within a range of distincees outside the zone of complete vaporization out to =1 m,
in which, in addition to some vaperization, it may be melted or fraginented by the
intense deposition of energy released by the tinrget. Material located at this distance
from thie target com prodnce energetic drops or solid projectiles that can, upon impact,
domage surfaces of other ecqmipment and the chamber walls,

Stll other egmipment ., inchnding the ehamber walls, blast shields, and
cxperimental cqmpment, may be loeated sufhiciently far from the tarvget nnerocsplosion
so that only sireface ablation s a concern. The deposition of ablated material onto
critical siefaces, snch as optical and diigmostic surfaces, must he prevented, The nse of
unfacted dod tavgret expernments may he desived for the exinmimation of taryret
prrformance. However, the redoction of the available encrpv to only that dehvered by the
driver may actnally merease the prodoction of projectiles above whiat wonld he prodoeed
m hnpgh yield expernments,

The ivpet chamber itself s not Jost o simple presaoc/vaenam vessel hnt may also
melode fot wall protection sveteins, o separate fivst wall stractore, environmment
control systems, opties protection cqmpment, clinmber snpport strmetnree:s, and



shielding. The principal design and physics uncertainties for all LMF target chambers
include:

* the effects of the impulse generated from the ablation of exposed chamber
surfaces,;

® the history of the pressure loading of the chamber walls by ablated material as the
vapor is generated, expands, stagnates at surfaces, is traversed by shock waves,
and condenses;

* thermal stresses and shock waves and their reflections, damping,
coicentrations, and vibration modes that may arise in complex three-
dimensional structures and equipment;

* the numbers of projectiles of various sizes and speeds that are gencrated, the
interactions of such projectiles with exposed optics and the chamber first wall,
and the requirements and performance of equipment required to protect against
these projectiles:

* the vulnerabilities of materials to and changes in material properties resulting
from cumulative neutron and gamma irradiation;
the potential transport of abiated material and deposition onto exposed surfaces;

* the adsorption onto and embedding into exposed surfaces of tritium and activated
materials and the decontamination of such surfaces; and

* the neutron activation of target chamber materials and materials throughout the
Experiment Arca.

The 15-m distance of the first optical surfaces from the target is projected to
necessitate the use of special equipment to protect them at the calculated LMF yield of
400 MJ. The chamber first wall may also require protective measures to assure its
survival. Several concepts have been proposed for such protection [7-12]. The most
promising concepts for chamber protection include the use of thin, renewahle layers of
frost or room-temperature poroue solids o reduce the first-wall peak stresses and
ablation. A promising concept for protecticn of optics is the injection of high-atomic-
number gnses just prior to firing the laser combined with fast closing mechanicenl
shutter:: to protect against projectiles and deposition of ablated materials.

Envi b Safety. and Healdl

Concern for the environment and the safety and health of workers and the public
has been g driving force in the design of the Krl® Laser-driven LMEF. The LM s
projected to not have any sigmificant environmental impacts beyond those resulting from
the construction of any large facility. Additionally, the LMI projects to have only
pnnimal cmissions during normal operations. However, the laser amplifiers use
fInorime gas and operate with higzh voltapges. Laorpe enclosures contoimng helinm are
nsed throuprhout the facility for beam propagation. In the xperiment Arvea, lnrge
nmnbers of energetic neutrons arve enntted by targets, and activation of exposed
mater: s U coneern,

The amplifiers can be operated safely using standard operating procedures and
sifety systems developed for high voltapes and hazordoas gases. Detectors nnd
intervlocks will be needed to ensare that it is safe to enter enclosures that normally
contzan hehmen for maimtenance. Monitors for leakape into ordinarvy LME workange
areans will niso be needed, Self contaimed hreathing equipment will he used with
accepted safety procedures to enter the helimm enclosnres far short periods for nnor
namtenanee and repimrs,

We have desiypmed the LMY to have the Experiment Avea hulihings cope wiath
natoral disasters sneh os floodingr and stormes. However, the tavpet chennber it st



also meet additional safety goals at acceptable cost and risk while achieving the desired
performance. In addition to maintaining its structural integrity for the largest credible
yields, the target chamber must be designed to survive the maximum-expected
earthquake accelerations for its location. Additionally, the chamber must not be
activated excessively and must be shielded to reduce activation throughout the rest of the
Experiment Area.

The principal radiation-safety requirements for facilities such as the LMF are well
known. There is no doubt that these goals can be met. The principal issues arise in
connection with the tradeoffs involving capital, operating and maintenance costs, and
the experiment rates and types that can be achieved in the LMF. The design of the
target chamber and its shielding can have a significant impact on these tradecofls.

In the Experiment Area, low-activation materials will be used to reduce the
waiting period before personnel can reenter the Experiment Area after a high-yicld
shot. Such materials include special low-activation aluminum alloys, high-purity
borated concrete, and very-low-activation reinforced polymeric materials and other
composites. Similarly, special shiclding and radiation-streaming control measures will
also be used as required to limit personnel exposure.

Cost
Bechtel served as an independent cost contractor for Phase 11 of the DOE-led

Laboratory Microfusion Capability Scoping Study. Among other things, their
responsibility was to produce cost estimates for three different LMF concepts.

Table II *'sts an overview of the Bechtel-gencrated cost estimate for tlic KrF laser-
driven LMF. Details can be found in Reference 3. The total estimated cost, including
contingency, escalation, and project office, is $921 million in 1992 dollars.

Summary

The conceptual design of a 3-MJ KrF laser-driven LMF has been completed as part
of the DOE-led Laboratory Microfusion Capability Scoping Study. The Xrl® laser uses
nine final amplifiers, each generating 412 kd. The 480 beams are transmitted through
helium to reduce losses and are delivered to target through a series of buildings
designed for radiation safety. The Experiment Area is located underground for cost and
safoty reascin. LASNEX calculates that the 3-Md KrF laser-driven LMF will have an
indirect-drive target yicld of 400 MJ. The total estimated cost of the LMIT in 1992 dollns
is $921 million.

The authors would like to thank Leonard Goldman, Gary MeAlisier, Jerry
MeDaniel, and Aave Agur of the Bechtel Corporation. Their contributions to the Krle
laser-driven LM design included suggrestions for sipmificant improvements to the laser
system and Experiment Avea architeetnre as well as the estimate of the cost. We woulld
also like to thank the many Los Alimimos personnel that contributed to the desigm of the
LMIY. We also express our appreciation to Lur Smith and his co-workers at Pulse
Saiences Ine. for their wark on the desipm of the pulsed power ond diode of the Tarvpre
amplifier modnlcs, Onr appreciation also poes ta David Bixler, who led this study for
the US. DO for the past five years,
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Table I

LMF Target Specifications
Parameter Yalue
Driver energy on target 3MJ
Number of beams 480

Illumination geometry

Number of beam cones per side
Beam cone angles

Fraction of beams pe: cone

Beam quality

F number

Minimum spot size (95% of energy)
Bandwidth

Pulse duration (peak power portion)
Pulse duration (total)

Pulse dynamic range

Calculated capsule yield (LASNEX)

2-sided indirect
3

35°, 55°, 65°
20%, 40%, 40%
<10 xDL

100

450 ym

0.5%

6.5 ns

53 ns

200:1

400 MJ



Table I

Ultimate Amplifier Specifications

Parameter

Pump rate

Argon fraction

Value
Amplifier width 160 cm
Amplifier height 480 cm
Amplifier pumped length 500 cm
Operating pressure 1 atm

190 kw/cm3
Pump duration (flat portion) 1080 ns
urypton fraction 80.00%

19.47%
Fluorine fraction 0.53%
Loss factor (to shadowing, baffles, etc) 17%
Back mirror reflectivity 96%
Output window reflectance (per surface) 1.5%
Output window internal transmission 98%
Initial small signal gain 2.61%/cm
Initial nonsaturable loss 0.39%/cm

Initial saturation intensity
Amplifier output energy

1.49 MW/cm?2

412 kJ



Table ITI

KrF Laser-Driven LMF Cost Estimate

Total

Estimate

WBS_Item (1992 M$)
1.6  Project Office 125.11
26 Site Improvements & Utilities 6.16
3.0 Buildings and Support Facilities 160.69
40 Dnver 296.29
50 Experiment Area Equipment 59.00
6.0 Support Systems 19.80
Escalation to 1992 dollars 68.37
Contingency (25.2%) 185,32

TOTAL LMF COST (millions) $921



Fig. 1.

Fig. 2.

Fig.3

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Figure Captions

Schematic of the KrF laser-driven LMF. The final two amplifier gain stages in
the system are located in the Large-Amplifier Building. The Decoder Building
contains the input and output arrays for the amplifiers and the decoder for the
angularly multiplexed laser system. The Transition Building provides the
turns of the laser beams and the shielding necessary to reduce neutron
streaming up the laser. The Roundhouse Building provides shielding and
turns the beams downwards through the 480 holes in the floor into the
underground Experiment Area (not shown).

The underground Experiment Area for the LMF.

The amplifier staging concept for the 3-MJ LMF uses three parallel arms after
the front end. The amplifiers are shown shaded, and the interstage transport
efficiencies are shown in circles.

The LMF amplifier module uses Marx banks and watcrline peakers to power
the electron beam that pumps the KrF laser.

Nine ultimate-gain-stage amplifiers and three penultimate amplifiers are
located in a single building. Removable grid floors are used for maintenance
and removal of the amplifiers.

Layout of a single bay in the Decoder Building showing the beam paths.

After recollimation and decoding in the Decoder Building, the beams are
directed through the Transition Building to the semicircular mirror arrays in
the Roundhouse, which directs the beams down into the Experiment Areca.
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| Introduction/SummaryI

An updated conceptual design for the KrF laser-driven
Laboratory Microfusion Facility has been completed

- Laser design improvements include:
- improved !aser performance calculations
- larger amplifiers with more compact pulsed power
- more compact ampifier stacking arrangement
- more compact decoder

- Experiment Area improvements include:
- better neutron shielding
- better control of neutron streaming
- improved access to target chamber after experiments
- improved target performance calculations

- A computer-aided design code was utilized:
- to ensure clearances and space for all beams, optics,
amplifiers. and other LMF components

.- Bechtel performed an independent cost estimate
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Outline of presentation

 Brief review of previous LMF design

« Description of new LMF design
- overview
- large amplifiers and their performance
- amplifier stacking arrangement
- revised decoder layout
- transport of beams to target
- exneriment area
- target design calculation

- Bechtel cost estimate
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The Laboratory Microfusion Facility applications define
the facility requirements

Applications:

- Develop high-gain targets for energy and defense missions

- Perform weapons effects, vulnerability and survivability
experiments

- Perform weapons physics experiments

LMF Requirements:

- Yield of 200 - 1000 MJ

- 2 shots per day

- 1 high-yield shot per week

- Experiment area suitable for performing the above applications

The LMF requirements then define the driver requirements '




Original LMF design used four laser bays
and an above-ground experiment area
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The improved LMF design is more compact and
lower cost than the original version
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| MF amplifiers use segmented pulsed power, diodes,
and windows. Calculated output is 400 kdJ.
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Amplifier parameters:

Pump dimensions 1.6mx4.8mx5.0
Pump rate 190 kW/c3
Pump duration 1080 ns
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Nine final amplifiers and three penultimate-gain-stage
amplifiers are arranged in a compact architecture and
located in a common building
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Folding the light paths in the decoder makes the
Decoder Building more compact
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>lan view shows the three-bay decoder layout and the Large-Amplifier
3uilding. Side view shows the stepped decoder optics
ncreasing in height as it extends into the Transition Building.
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Isometric view of three-bay decoder shows separation

array opening inte Transition Bu.lding
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The Transition and Roundhouse Buildings provide
shielding and reduce neutron streaming
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Entrance to Roundhouse from Transition Building is
through neutron apertures in shielding wall
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Roundhouse Building houses 12 tiered simicircular rings
of turn mirrors to direct the beams down into the

underground Experiment Area

Side View Plan View

Roundhouse wall
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Underground Experiment Area for indirect-drive targets
promotes safety
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LASNEX calculations of target performance predict
target yield of 400 MJ

Driver & Target Specifications:
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Bechtel performed an independent ~r [ assessment of
the KrF laser-driven LMF

Cost Estimate

(1992 M$)

~TOTAL LMF COST 921
1.0 Project Office 125.1

2.0 Site Improvements and Utilities 6.2

3.0 Buildings and Support Facilities 160.7

4.0 Driver 296.3

5.0 Experiment Area Equipment 59.0

6.0 Support Systems 19.8
Escalation to 1992 dollars 68.4
Contingency (25.2%) 185.3
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iL_Surr]mary I

An updated conceptual design for the KrF laser-driven
Laboratory Microfusion Facility has been completed

« Laser design improvements include:

- improved laser performance calculations

- larger amplifiers with more compact pulsed power

- more compact amplifier stacking arrangement
- more compact decoder

- Experiment Area improvements include:
- better neutron shielding
- better control of neutron streaming
- improved access to target chamber after experiments
- improved target performance calculations

- KrF LMF compares favorably with other drivers:

Driver Energy (MJ) | Target Yield (MJ) | Cost (M$)
KrF | 3 400 921
Nd:glass i 5 200 952
Light lons - 22 1000 1,104
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