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Abstract. The National Ignition Facility (NIF) is the largest construction project ever undertaken at Lawrence
Livermore National Laboratory (LLNL). NIF consists of 192 forty-centimeter-square laser beams and a
10-m-diameter target chamber. NIF is being designed and built by an LLNL-led team from Los Alamos National
Laboratory, Sandia National Laboratories, the University of Rochester, and LLNL. Physical construction began
in 1997. The Laser and Target Area Building and the Optics Assembly Building were the first major construction
activities, and despite several unforeseen obstacles, the buildings are now 92% complete and have been done on
time and within cost. Prototype component development and testing has proceeded in parallel. Optics vendors
have installed full-scale production lines and have done prototype production runs. The assembly and integration
of the beampath infrastructure has been reconsidered and a new approach has been developed. This paper will
discuss the status of the NIF project and the plans for completion.

1. Introduction

The NIF is designed to deliver 1.8 MJ and 500 TW of 0.35-um laser light to indirectly or
directly driven Inertial Confinement Fusion (ICF) targets. This will compress and heat them
to ignition. NIF is a critical element of the DOE s Stockpile Stewardship Program (SSP) and
will also contribute significantly to fundamental fusion science and energy applications.

The NIF driver consists of 192, forty-centimeter square laser beams arranged in bundles of
4 x 2 beams, six bundles to a cluster, two clusters to a laser bay (Figure 1). The rebaselining
of the NIF Project this past year has not caused changes in the mission, the physics
specifications, or the fundamental engineering design of the NIF [1, 2, 3]. What has changed
is the manner by which the lasers are being assembled and the systems approach to risk
mitigation processes that have been put into place.
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Figure 1. The NIF laser architecture groups 192 beamlines in 24 bundles of eight.



2. The Approach to NIF

Scaling NOVA laser architecture and technology to NIF size would have resulted in a
prohibitively large estimated cost (probably more than $10 billion). The goal of reducing the
estimated cost by an order of magnitude required breakthrough thinking on many fronts. Most
importantly, since construction time for a facility of this scale is so long, it is important to
incorporate into the construction project technological improvements as they occur in the
R&D laboratories. Otherwise, when NIF was completed, it would contain obsolete equipment.

A new (for large-aperture lasers) architecture was adopted that incorporated a multi-pass
amplifier and high packing density. This new architecture concept was validated in a full-
scale physics prototype of one beamline (Beamlet) in 1994 [4].

Mass production techniques were developed with industry for producing the more than 7500
large-aperture optical components. The new optics manufacturing processes included, for
example, continuous-pour manufacturing of 80 X 40 cm laser glass slabs and rapid growth
(couple of months instead of couple of years) of large (>300 kg) potassium dihydrogen
phosphate (KDP) crystals.

Several major technology development programs were required to develop the large aperture
components that would make the new architecture possible. These included: (1) a large-
aperture plasma electrode Pockels cell (PEPC) to switch the high-intensity beam into and out
of the multipass amplifier cavity, (2) a servo-controlled deformable mirror in each beamline to
correct the phase front for the inevitable optical distortions that occur, (3) a stable, high-gain
Master Oscillator Room (MOR) and preamplifier, and (4) higher damage threshold optical
components (at 1 um and, for the final optics, at 0.35 um).

Many less exotic developments were also required to meet the cost goals. These included
using an innovative set of management tools for the construction of the conventional facilities
(e.g., a Project Labor Agreement and Owner Controlled Insurance).

At this time, all the required manufacturing process and component development efforts have
been successfully completed save one (0.35-um damage), and that is on course for success by

the time it is needed.

As the detailed design of NIF and the development of its components proceeded, attention
increasingly focused on how the equipment would be assembled and integrated into an
operational system. To put together the world s largest optical instrument and have it operate
reliably is a huge and tremendously complex undertaking. For example, there are about
300,000 parts in the main amplifier and 500,000 in the transport spatial filter system. More
than 7500 large-aperture optical components and more than 15,000 smaller ones are needed. It
gradually became clear that the effort and cost to assemble and integrate the components into
an operating system would be larger than originally anticipated. Therefore the Project Team
decided to alter the method of deploying NIF.

3. Rebaselining NIF

Plans for the assembly and integration of the NIF special equipment have been dramatically
revised. Industrial consultants and partners have helped develop a new method of



accomplishment that better separates the conventional construction; beamline infrastructure
installation and integration; beamline activation; and early experimental utilization of the
facility. The NIF procurement strategy will emphasize procuring subsystems at a higher level
of integration. The NIF will rely on industrial management of the major systems integration
job. A new bottom-up roll up of estimated cost and schedule has been done by the Project and
validated in independent reviews. The Department of Energy (DOE) has proposed this new
NIF baseline plan to Congress.

The new NIF baseline path forward retains the original NIF mission, specifications and
design. The schedule is stretched by four years (two years due to Project issues and two years
due to the DOE desire to limit early year supplemental funding so as to have a balanced SSP)
to 2008 for the fully capable 192-beam facility. The new estimated NIF Total Project Cost for
this stretched schedule is $2.249 billion, including a 26% contingency on remaining activities,
deemed appropriate by the independent review for this stage of a project.

3.1 The NIF Deployment Plan

Figure 2 illustrates the four major NIF systems: (1) conventional facilities, (2) beampath
infrastructure, (3) line replaceable units (LRUs), and (4) optics. The conventional facilities
include the site, buildings, and general utilities such as the HVAC system. The Beampath
Infrastructure System (BIS) includes the mechanical beampath components (such as the large
vacuum vessels at the ends of the spatial filters and the beam tubes) as well as the power
systems support for all 192 beams. The LRUs are the mechanical modules that hold and
position several optical components within the BIS. The optics are the laser slabs, crystal
slices, lenses, and other optical components themselves.

The deployment plan envisions completing the conventional facilities and installing,
assembling, and integrating the BIS for all 192 beams before any LRUs are installed. The
laser building is too large to make it a clean room as was done for Nova. Therefore, the BIS
must be assembled in a relatively dirty environment, but its interior must be clean after
installation. The optics are placed into the appropriate LRU in a clean room. Then the LRUs
are inserted into their respective positions in the BIS. The second step of this
process—installing, assembling, and integrating the BIS into NIF—will be done by Jacobs
Engineering, a company with relevant experience.
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Figure. 2. The NIF can be divided into four major systems. (a) Conventional facilities,
(b) Infrastructure, (c) Line replaceable units, and (d) Optics



3.2 Progress on NIF
3.2.1 Systems Engineering and Risk Mitigation

The systems engineering group in the NIF Project has established a risk control process to
identify, characterize, evaluate, and then monitor and manage risk mitigation actions. This
process has resulted in many small design or process changes that lower the likelihood of
future problems. An illustrative example is the issue of aerosol clusters.

During development of NIF hardware, it was observed that aerosols are formed during each
flashlamp pulse. Experiments showed that the source of the aerosols was the volatilization of
organics left behind on surfaces after the usual cleaning and installation processes. The
nanoscale particles formed coagulate into aerosol clusters up to ~0.1 mm diameter. These can
deposit on laser glass surfaces and create damage spots with the next laser shot. Systems
analysis showed that, for the large size of NIF, this could have a serious impact on NIF
availability and operations costs. Therefore, a new gas purge system was designed to flush the
particulate clouds out of the amplifier between shots. Since the NIF design already planned
recirculation of flashlamp cooling gas to meet the specified shot rate, only a small design
change in the manifold allowed diverting 10% of the cooling gas to a filtered, recirculating
gas system. This system will purge the main amplifier cavity of the aerosol clusters so that the
damage sites do not form from this source.

3.2.2 Construction Activities

During the rebaselining studies, NIF procurement and construction activities proceeded at full
speed. Construction of the conventional facilities was a $270 million subproject that is now
92% complete. Figure 3a shows an aerial view of the Laser and Target Area Building (LTAB)
and the attached Optics Assembly Building (OAB) as of April 2000. The roof is now
complete. Beneficial occupancy has been established in the OAB, and it is now being
prepared for Class 100 assembly of NIF LRUs. In spite of several unforeseeable obstacles that
could have had severe negative impacts on this construction activity (e.g. twice normal
rainfall, mammoth bones and PCB bearing capacitors unearthed), the facilities are being
completed on schedule and within the original estimated cost (including contingency).

The BIS includes many very large structures such as the vacuum vessels that form the ends of
the spatial filters. Each vessel supports an entire cluster of 48 beamlines (4 X 12 array). It also
includes all the beam tubes that connect such vessels. Installing, assembling and integrating
the BIS requires making about 4500 clean connections in the relatively dirty environment of
the LTAB. To do this job, the Project has signed a contract with Jacobs Engineering. This
$230 million Integration, Management, and Installation (IMI) contract, is the largest single
NIF procurement.

The large BIS structures have been manufactured at shops around the country. They were then
cleaned at a site near LLNL with high-pressure water with a surfactant wash. This is capable
of removing surface particles to Level 80 and nonvolatile residues to ~0.1 pg/cm’. These parts
are then double wrapped to keep them clean and installed in the LTAB as part of the IMI
contract. Figure 3b shows eight of these large structures in place in one of the LTAB
laser bays.



After installation of the mechanical hardware, the pulsed power system, gas cooling ducts,
and control cabling will be installed. In recent off-site tests, full system operation (~2 MJ) of
one module (capacitor to lamps) of the pulsed power system was completed successfully.
Figure 3c shows what one of the laser bays will look like after installation of the complete
BIS. To an observer in the laser bay, it might appear that the NIF was finished because it
would not be possible to see that there were no optical components inside the BIS.

The ten-meter-diameter aluminum target chamber is in place and undergoing alignment
checks (Figure 3d). It has been vacuum leak checked and coated with a half meter of borated
concrete. When the beam tubes and diagnostics are in place, it will be very difficult to grasp
the large size of this structure because so little of it will be visible at any one time.
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Figure 3. There has been much progress on NIF. (a) Conventional facilities are 92% complete, (b)
Many of the large BIS structures have been installed, (c) Laser Bay after completion of BIS, (d) Target
Chamber undergoing checks.

3.2.3 Optics and Line Replaceable Units

Figure 4 shows the various LRUs that must be inserted into the BIS to activate individual
2 X 4 beam bundles. For ease of assembly and maintenance, most of these modules service
either 4 (1 x 4) or 8 (2 x 4) adjacent beamlines.
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Figure 4. Line replaceable units (LRUs) contain the optical components and comprise the
laser equipment.

As was mentioned earlier, development of new processes to mass produce the optical
components has been very successful. Producing KDP and KD*P (the deuterated version) by
the fast-growth method has exceeded expectations. Larger and more perfect crystals can be
grown that yield more plates than expected. Pilot runs of laser glass have exceeded the yield
goals of laser slabs that meet all specifications. These runs have now produced about 10% of
the required laser slabs (Figure 5a). Altogether about 50% of the optical components have or
are being produced. Production of large-aperture optical components that meet the cost,
schedule, and performance goals was identified by nearly every one of the early external
reviews as the greatest vulnerability for the NIF in terms of cost and schedule exposure. Many
brand new processes had to be developed, and it was not expected that all the development
programs would succeed. Therefore, back-up processes were developed also. Virtually every
one of these development programs has exceeded expectations.

The principal unresolved technical issue is the lifetime of some of the components in the final
optics assembly (FOA) for each beamline (Figure 5b). Each FOA contains frequency
conversion crystals that convert the infrared laser pulse into ultraviolet (UV), a wedged lens
that focuses the pulse onto the target and separates the unconverted light from the main beam,
a phase plate for beam smoothing, and a debris shield. Each FOA handles four beams. The
goal for the NIF is to have these components routinely (>1000 shots) survive 8 J/cm® of UV
light. At present, it has only been demonstrated that these optics have this long life at 4 J/cm?.
The existing technology can operate at 8 J/cm”, but damage in some of the components is
initiated at this level and it grows with subsequent pulses so that those components must be
removed and refurbished after about 100 shots. This would increase the operational costs.
Therefore, the effort to understand this issue and develop final optics that can have a longer
lifetime at the higher fluence has been expanded. This program is showing some very
promising results with laser annealing of the damage sites initiated. Apparently the annealing
stops growth of the damage. Since we do not yet understand the mechanisms underlying this
improvement, the development effort will continue. The NIF will not need the higher
performance final optics until late in the decade, and there is confidence in improving the
situation by that time.



The basic building block of the NIF amplifier is a 4 X 2 X 2 module (Figure 5¢). Assembling
the Frame Assembly Unit (part of the BIS) in a clean room, packaging it, driving it around
LLNL, installing it on mock-up of the situation in the LTAB, and then measuring its
alignment has been successfully tested at full scale. Full-size prototype laser slab cassettes
and flashlamp cassettes have also been built. These are the LRUs that will complete the
amplifiers.

Insertion of the assembled LRUs, into the BIS requires use of a clean, robotic cart that will
transport a massive structure a few hundred meters, keep it clean while traveling through a
dirty environment, dock with the BIS accurately, form a seal, lift the structure up to 5 meters,
and insert it into place. For maintenance, the robotic cart must also remove LRUs containing
items to be repaired off line in the OAB. Figure 5d shows the prototype of this vehicle, which
has been successfully tested at LLNL over the last several months.

Figure 5. (a) Prototype production runs have produced 10% of the needed laser slabs, (b) The Final
Optics Assembly focuses four beams onto the target, (c) The basic building block of the amplifier is a
4 x 2 X 2 module, and (d) The clean, robotic cart delivers and installs LRUs into the BIS.

4. Commissioning the NIF

The entire 192 beam NIF will be completed in FY2008 under the new plan. However the new
sequencing of the BIS installation will enable the project to install LRUs and activate beam
bundles (2 X 4) in a very flexible sequence that can be tailored to optimize early NIF
experimental utilization (2005-2008). This so-called Mission First activation strategy was
worked out with the potential users of the NIF. The NIF Programs Review Committee (part of
the revamped NIF oversight structure) constituted a Target Physics Review Subcommittee
that met in April 2000 [5] to examine this strategy and any new information about target
physics. They recommended bringing a portion of the beamlines on line as early as practical,
achieving symmetry rapidly, and the completing the entire 192 beamlines as the best way to
achieve ignition. This can be done with first light on the NIF appearing in FY2004. Figure 6
shows the schedule for this plan and points out when various levels of symmetry would be
available.
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Figure 6. The Mission First commissioning strategy allows many useful experiments during the last
four years of NIF Project construction.

5. Conclusion

The NIF Project has completed the rebaselining activity during the last year. The Project is
restructured but still based on the original mission need, specifications and basic design. If the
necessary funding is provided, the Project is back on track. The new method of assembly,
installation, and integration and the new Mission First commissioning strategy will produce
a productive facility very soon.
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