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Chapter 1
INTRODUCTION

ey Decision-0 for a National Ignition Facility (NIF) sponsored by LLNL’s Inertial Confine-
ment Fusion Program (ICF) was signed in January, 1993. Supported by twenty years of
>xperimental and theoretical research, and as established architects of several successful
large-scale solid state laser drivers, LLNL must now prepare a formal Conceptual Design Report
for NIF. Aside from engineering specifications for building NIF, we must provide cost estimates for
the technology and a provable rationale for both design rigor and the price tag for this project.

LLNL has a long history of developing laser drivers for specific goals. Nova and the more
recent effort, Beamlet Demonstration Project, will contribute to the ongoing technological demon-
stration for NIF. Careful theoretical predictions buayed by experimental results continue to mark
our progress towards a laser facility that is designed in response to fusion target requirements.

Engineering costs from Beamlet provide a current basis-of-estimate for NIF, which must then
benefit from the historical data we can gather from Nova. Qur design efforts for NIF involve elab-
orate, automated optimization procedures coupled with computer simulation of laser performance
that direct our attention to capable, flexible, and cost effective laser drivers. In the past, we have
used programmatic funds or special appropriation to pay for prototype development and vendor
facilitation—items that reduce the final cost of large engineering projects.

Barring any major political or ecological event that may redirect public thinking, or any suc-
cessful alternative to the fusion process, we believe that the commitment to NIF will be hased
mainly on economic criteria. Can we afford it? So that an affirmative answer may be given, we
believe that the ICF program at LLNL must once again aggressively pursue laser system cost
engineering.

In the chapters that follow, we present a brief history of solid state laser costs at LLNL, a
design rationale for NIF based on fusion target requirements, and a cost basis for the various
subsystems anticipated for NIF. In this last, we pay particular attention to deriving costs from
Beamlet, elucidate the facilitation efforts that have reduced costs in past laser engineering efforts,
and make specific proposals that will reduce the cost of NIF without affecting its performance.
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Chapter 2
HISTORICAL PERSPECTIVE

Inerti'tl confinement fusion research at LLNL has concentrated on X-ray driven or indirect drive
apsules for over two decades. Figure 2-1 shows that Nova and its pr e-dpcpssors have worked up
from barely detectable yields to [CF target gains near 1072
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Figure 2-1 Thennonuclear conditions achieved in fusion experiments

Since most ICF ignition-relevant experimental and simulation results concern an X-ray driven,
indirect drive design, the NIF baseline laser system is chosen to support this type of device. How-
ever, we do not preclude direct drive or other advanced concept fusion devices (fast igniter, etc.) for
incremental funding. The procedure we have devised to determine the NIF laser primary criteria
from target experimental requirements is described in detail below. It emerges that the NIF laser
must meet the following criteria for indirect drive:

L] ng ~1.8M} at 3w

s F,~3.25t04.5M)

o Toa(lw) ~ 3.6 to 4.8 nsec

* two cones on elther side

e > 8 fold azimuthal symmetry
e beam smoothing

Laser system hardware costs have been assembled for each line-item project at LLNL, and are
often used to project the cost of newly proposed lasers. This material has been published in several
forms. Some accounts list total cost including facilities and overhead. Others list only the cost of
the laser system.! Adjustment for inflation is sometimes included. The following table summarizes
the laser hardware cost per red optical joule for each project in year-spent dollars. The final entrv
projects NIF costs after any cost reduction program. :

! J. T. Hunt, High Peak Power Nd:Glass Laser Facilities for End Users, SPIE Vol. 1410 Solid State Lasers IT (1991).
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Laser System Costs

2,34

System Year Chains Aperture Material Laser Cost Eunergy (3 nsec) $70
Argus® 1976 2 20 cm ED-2 $3.5 to 6.6M 2.2to 4 k) 206
Shiva™® 1977 20 20 cmy ED-2 $29M 20 k.J 1450
Nova* 1984 10 46 cm LG-750& LHG-8 $54M 120 kJ $47
NIF 1996 205 35 cm Phosphate $282M 3140 kJ 89

Of all these project costs, the Argus data is least reliable because the programmatic contribution
is uncertain. Figure 2-2 presents this same data graphically.

Laser System Cost/Joule
3 1o 5 nsec pulses

100003

Dollars in year spent

10 T LI l TTT 1 LA 1 1 LI
1.00E+04 00E+05 1.00E+086
Energy per pulse at 1 micron

Fig;-ure 2-2  Laser System Cost/Joule

The projected NIF cost is at the minimum of the expected range in current dollars and is pred-
icated on the success of a component development/cost reduction/optics manufacturing program.
Accepting the table values without adjustment for inflation, the effective learning is:

Comparison Learning
Shiva - Nova 5 =0.63
Nova - NIF 5 =0.67
Shiva - NIF S =0.68

where

(Cost/Joule); [ Energy, In 5/ In2
(Cost/Joule), ~ \ Energy,

Effective learning with .5 < 0.80 is aggressive, and depends on technological innovations or entirely
new ICF concepts along the way. Significant reductions in Cost/Joule beyond those achievahle for
NIF are somewhat speculative without identifying the pathway, though the lea.rnmg curve treatment
shows no obvious saturation. '

2 R. J. Gilmartin, ¢ost and performance of upgrades,, LLNL ICF internal memorandum, 3 April 1979
3 H. J. Rien, Shive hardware cost analysis,, LLNL ICF internal memorandum, 16 December 1977,
* (3. J. Suski, Nova as-buill cost analysis, LLNL IGF internal memorandum, 3t July 1985.
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and is documented in memoranda.

In hindsight, given the way Nova has actually been used, there are several cost savings that

“might have reduced Nova’s price. Optical isolation in Nova is excessive for a 3w machine with
“anopposed beams because Nova was designed to be a 1, 2, or 3w target shooting facility tolerant
of opposed beams. Elaborate and expensive N, gas flow and clean filtered air flow systems have
given way to local clean areas in post Nova projects like Phebus. Also, the Nova project supported

a very expensive controls software and hardware development project. Today, such tasks are much
less expensive and easier, and these factor into reductions in NIF projected costs. '

The principal cost centers in all these lasers are their amplifiers, and the heart of these devices
are the glass slabs. The cost per cubic centimeter of laser glass has responded to past cost reduction

programs and economies of scale. Some of this material has also found its way into the literature
5,6, 7

Laser Glass Cost
Dollars / cubic centimeter

10T

[ sHvary |

\ { Nova's4 |

BN

Dollars/ce in year spent

NIF -@

10bEsG2 | TO0E03  1O0E0d " i00E.05
Liters of glass

Figure 2-3  Laser Class Cost

" Given that the NIF laser is optimized to support an indirect drive experimental program, it
is worth noting that this same baseline laser system will meet or exceed the direct drive ignition
energy levels specified by our sister laboratories. To conduct direct drive experiments with NIF,
building space is left to install an array of turning mirrors to redirect the laser beams. At the output
refay plane an array of converters could be located, arranged to mimic the architecture selected for
LLE’s {2-Upgrade. Sixty f/8 irradiation directions can be constructed using 240 beamlets in 2 x 2
clusters similar to those employed for indirect drive studies. The currently published direct drlve
ignition requirements can be met:

o F3, =15-20MJ°%
Ei. ~2.9MJ = 906 TW red
Tequiv( lw) ~ 3.2 nsec :
60 beam directions in 2 X 2 clusters (240 beamlets)
Beam smoothing using broadband (=~ 114) $SD.
Power balance < 8%

5 K. R. Manes, Multi-megajoule ND:(Vlass fusion laser designs, Laser Interaction and Related P'lasma Phenomena, Vol. 7,
Edited by H. Hora and (. Miley, Plenwmn (1986).

5 K. R. Manes, Glass production costs, ICF internal meluoraudum, 29 May 1985.

L} Atherton, Inpul for development paths of NIF laser components, 1CF mternal memorandum, 20 February 1993.

8 J M. Soures, private rorrespoudence to M. ‘:luyter, OIF, 8 June 1993,

b




Even with today’s low conversion, inefficient beam smoothing techniques and low UV transport
efficiencies, the NIF baseline laser system should be able to deliver more than 600 kJ shaped and
conditioned pulses to direct drive targets, being principally limited by UV transport, optics daage.
Beam expansion similar to that employed by the Q Upgrade and Nova could raise NIF UV transport
capacity to levels required for LLE’s direct drive chamber architecture.

. We suggest that little effort be expended on the direct drive alternative in the NIF CDR. By
adopting LLE’s 60-beam architecture in 2Xx2 clusters, we believe that further design effort for the
baseline (!DR is not needed. It is reasonably certain that such an architecture can be routed to

the target since LLE has already overcome all geometrical obstacles in this design. It is ditficult

to plan for advanced fusion driver concepts like fast igniter precisely because they are uncertain.
Several-—perhaps as many as 12 beamlets—would have to be retrofitted with grating compressors
and reflective focusing optics. These might be located on an inner cluster. The chosen NIF haseline
does not preclude eventual installation of such hardware at some future time.
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Chapter 3
LASER DESIGN BASIS STUDY

fter the NIF Key Decision-0 had been signed in January 1993, the LLNL NIF project of-

fice chartered a group of scientists, engineers and designers to establish a design/cost basis

or the NIF laser system. Previous design studies rarely linked performance with cost.

Though many laser configurations satisfy target requirements for ignition, the optimum from a

cost /performance perspective had not been studied in detail. A preliminary effort for this study

was to quantify the relationships among laser design, laser cost, and laser performance. The current

effort is to establish a data base of consistent technical and cost information for the NIF project so
a single point design can he defined.

This report summarizes the work performed during the Laser Design Basis (LDB) study ef-
fort. Chapter 4 discusses the flowdown of requirements from the target requirements to the laser
functional and subsystem requirements. These form the basis for the design and cost information
that follow. Chapter 5 summarizes the system optimization studies. The performance/cost model
is described along with sensitivity results that characterize different laser system configurations.
Chapter 6 lists general cost control methodologies. The chapters following discuss each major laser
subsystem. In these sections subsystem design descriptions, cost summaries and cost reduction
strategies are detailed. Chapter 16 summarizes top level NIF counstruction costs and provides an
integrated schedule of the NIF construction project and the component development program. The
final chapter summmarizes key findings established during the LDB study.

3.1 LDEB Objectives
The primary objectives of the LDB study are five-fold:

o Establish a comprehensive and consistent cost data base for the NIF laser system

e Develop cost sensitivity relationships for critical components of the NIF laser subsystems
e Optimize the laser system configuration for maximum performance at minimum cost and
risk

Parameterize performance and cost as a function of critical design variables

¢ Define component development activities required to achieve cost goals

To achieve these objectives an entry point design configuration was defined. Based on that
design a bottom-up cost estimate was assembled. For each subsystem labor and material cost |
estimates were compiled into a single comprehensive data base. These costs are categorized as

either fixed or marginal., Fixed costs are costs that are independent of the laser configuration.

Scaling relationships were developed for all marginal costs whose value depended on any of the
basic design parameters, such as number of beamlets, aperture size, spatial filter length, laser glass
volume, and laser glass area. These parameters were then input into the CHAINOQP optimization
code discussed in Chapter 5. This code determines minimum cost laser designs that satisfy defined
performance requirements. CHAINOP can also be used to determine sensitivity to different input
assumptions. The results of these analyses are discussed in Chapter 5 and in summary Chapter 17.
All costs used in this analysis are dependent on a development program for the high efficiency, low
cost, production components needed for NIF. For each qlll)system these activities and thelr costs
are (1]8(‘11589(1 in Chapters 7-15 ' : :




3.2 Laser configuration entry point

~ The cost/performance optimization method instituted for the LDB is an iterative process.
Costs are dependent on the specifics of a design and the optimum design point can not be determined
~until the cost sensitivities are understood. To enable the process, an entry point design has been
chosen to establish initial costs and cost scaling parameters.. The scaling rules permit the process
to consider a wide range of configurations with reasonable accuracy. When a new point design is
established the scaling parameters may be updated to improve the accuracy of the analysis about
the new baseline point.

The system layout selected as the entry point into the design optimization process is shown
in Figures 3.1 and 3.2. A detailed parametric description is provided in the NIF Configuration
Summary in the Appendix. The laser configuration is a four pass architecture with the laser
pulse input into the cutput spatial filter. The beamlets are arranged in units (beamlines) of 16,
packed in an array that is 4 beams wide by 4 beams high. Counfigurations with more beams
in a single beamline array have cost advantages that merit further evaluation. This important
design issue will be resolved before the end of the CDR and will require engineering assessments
heyond the scope of the LDB study. A total of 192 NIF beamlets is contained in the entry point
design. ‘This corresponds to the minimum number of beams required for target symmetry. The
laser performance improvement that can be achieved by adding beamlets and associated costs are
discussed in Chapter 5.

Output Spatial Fitter
v~ B O
Pockels € g RELIRE -
Cell

| 5:-. i Input
Cavity Spatial Alter Polarizer

Figlll‘e 3-1  Schematic for a beamiet of the NIF entry point design.

The input laser pulse is provided by the pulse generation system. The system is envisioned to
be a compact stand-alone optical package located near the output spatial filter where the beam is
injected into the boost amplifier. Each beamlet will have its own dedicated package to provide the
formatted pulse at the proper wavelength. It is expected that four wavelengths will be required to
satisfy beam smoothing requirements. In addition, two different pulse shapes must be provided by
the pulse generator, one for the inner and one for the outer cone of beams in the target area. The
energy required for the entry point design input pulse is 0.5 J. Costing analyses completed durine
the LDB study show that energies up to about 3.0 J can be accommodated without cost increase.
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"Figure 3-2  NIF beamline conceptual drawing.
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After injection into the output spatial filter the laser beam passes through three amplifier
stages: 1) main amplifier, 2) switch amplifier, and 3) boost amplifier. The number of laser slabs in
each of these stages is variable in the optimization analysis. The entry point design assumes 1, 5,
and 3 slabs/beam in each stage. Nowminal hard aperture size is 35 cm—a reasonable compromise
between minimizing optic manufacturing risk and system cost. Amplifier flashlamps, optimally
packed to provide high transfer efficiency and uniform pump deposition, are driven with 248 MJ
of electrical energy. The power conditioning system providing this power is based on metalized
dielectric capacitors whose design and performance parameters will be validated during its com-
ponent development program. Switch-out of the pulse from the amplifier cavity is accomplished -
with a Plasma Electrode Pockels Cell (PEPC) switch operating at better tha,n 99% switching ef-
fictency. U-turn optics, an alternative proposal to the PEPC suggested by C. Vann and others,

was not considered during the LDB study but should be evaluated by experiments on the Beamlet

Demonstration Project.

After passing through the booster amplifier and output spatial filter, the lw beams are trans-
ported direcily to the target chamber with a minimum number of high reflectivity mirrors. Beam

-transport designs lacking a second target chamber were not considered. At the chamber the beams

are directed to either inner or outer cone arrays. Figure 3-3 shows that space for at least 192 beas
can be accommodated with a 5m radius target chamber. Clustered into groups of 4, the beams
are directed through the final optic systems. Within each final optic system the frequency of the
beam is tripled using a KDP doubling crystal followed by a KD*P mixing crystal, and then phase
modulated using a kinoform phase plate. Qther converter configurations were not evaluated dmmg
the LDB study but should be consndpred during the remainder of the CDR.

9



Figure 3-3 i\”F conceptual drawing showing beam transport to the spherical target cham-
»er.

During the transport of each laser beam from the master oscillator to the target, precision N
systems provide for the alignment, diagnostics and control required for efficient system operation ()
at high power. The basic alignment requirements for the entry point design are that the centering
accuracy of the laser beam inside the power amplifier cavity should be less than 1% of the aperture,

. that the pointing accuracy of the lw beam on the converter shall be less than £35 micro radians
and that the pointing accuracy and stability of the 3w beam at the target shall be greater than 50
microns.

10
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Chapter 4
REQUIREMENTS

o understand the process of estimating costs of a large laser system like NIF, it is worth

reviewing how we produce a conceptual design for the facility. From target ignition re-

quirements we design a laser driver, matching requisite energy and peak power. Damage
thresholds and parasitic behavior in large aperture optics lead us to consider a system composed
of several identical beamlines or beamlets. A single beamline is optimized to produce the most
energy and power for the least cost. (Geometric considerations like how large a building is required
for housing the facility are peripherally considered. Much of this process can be computerized so
that desigus failing to meet target requirements, or exceeding our technological grasp are quickly
eliminated from contention. Candidate designs are subjected to increasing numbers of experimental
and theoretical tests of robustness. This chapter provides insight into how the energy and peak
power requirements can be met by LLNL’s NIF design.

4.1  Target requirements

The process for sizing NIF must be simple, easy to communicate, logically defensible and adap-
tive to technological break throughs. Post Nova ICF laser design has become a mature engineering
sub-specialty. A laser system of the NIF class is no longer an object of research in itself, and its
performance should not be in doubt. Ignition targets trace from Nova experiments on the low
energy- side and forty years of nuclear weapons testing on the high energy side. Fundamentally
an exercise in interpolation, they are the researched items. Target requitrements and relative con-
fidence of achieving ignition conditions must be the dominant factors used to establish the laser
requirements for NIF. Because the data base is so extensive, indirect drive targets are the designs
that must determine NIF’s laser architecture. Care must be taken not to preclude direct drive
designs, but very advanced designs, such as the fast igniter concepts, can have little influence at
this stage owing to their speculative character.

Plasma energy transport and capsule hydrodynamics in indirect drive hohlranms similar to
those tested with Nova have been used to derive the top level laser system requirements that must
be met to achieve thermonuclear ignition. LASNEX simulations suggest that target ignition will
require:

o An optimum laser spot size and intensity distribution at the laser entrance hole (plasma
energy transport)

s A symmetrical implosion of the capsule (hydrodyna,mics)

o A carefully shaped laser temporal pulse

Sufficient energy in the pulse to give a high probability of ignition

These criteria are outlined by the chart in Figure 4-1.

The focal spot dimension is determined by the focal length of the final optic, the feature size
imprinted on the near field beam by a phase plate, and phase errors put on the beam by the laser
system. Qur scheme for producing a focal spot with the requisite smoothness is to do temporal and
spatial smoothing in the plane of the target’s laser entrance hole. Temporal smoothing is achieved
by irradiating the LEH plane with four wavelengths separated by 7 angstroms; a total wavelength
spread of 20 angstroms. The beams are clustered into groups of four and each beam in a cluster
is a different wavelength. Thus the total number of bea.mlmes used to irradiate the target must be
evenly divisible by four.

11




NIF Goal: ICF Ignition
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LASNEX simulations
show need for uniform
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Two cones @ 8; = ~27° and ~53° gpot Stllﬁ opnml,lmMSSg;;un
2/3 of E|_ in outer cones, 1/3 in inner moothness, G = U.
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- Four beams overlap to form £/8
Four As spanning 20 Aesoe

F ig;ure 4-1 [gnition requirement for indirect drive targets.

Symmetrical implosion of the capsule requires that the target be irradiated with the cor-
rect beam geometry. LLNL target designers have chosen a two-sided target irradiation geometry
whereby each side of the target is irradiated with two well defined cones of beams. These cones lie
at elevation half-angles, 8, of approximately 27 and 53 degrees with a nominal split in laser energy
of 1/3 to 2/3. Thus, the side to side requirement for a symmetrical capsule implosion implies that
the total number of beams be evenly divisible by six. Additionally, at least an eight-fold rotation
syminetry in the azimuth angle, ¢, is required to smooth the lower order F, terms in the drive
pressure and thus insure a syminetrical implosion. Azimuthal symmetry requires that the number
of beams be evenly divisible by an integer equal to or greater than eight.

The relationship between the target irradiation geometry and the beamlet count is explored
in Table 4-1. The first row in this table arrives at the minimum number of beamlets, 192, which
meets syminetry and smoothing criteria. Increasing the azimuthal symmetry increases the number
of beamlets. We've thus established a minimum number of beamlets in NIF without ever discussing
an energy requirement! '
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Table 4-1 Target irradiation symmetry and smoothing requirements influence the beam-

let count.
: _ Beatnlet Beamlet
Order of cluster size muitiplier for Resultant
azimuthal for focal spot side to side beamlet
syminetry sinoothing uniformity count
8 4 ] 192
-9 4 6 216
10 4 6 240
11 4 6 264
12 4 6 288
13 4 6 312
14 4 6 336
15 4 6 360
16 4 6 384
17 4 6 404
18 4 6 432

In addition to these symmetry considerations, NIF must deliver its laser drive pulses according
to stringent requirements in time and space. Targets respond to input power, and after they have
imploded no additional energy is of use. Notions of beam-to-beam energy balance and simultaneity
must give way to beam power balance in NIF. Ideas about beam profiles, power densities and
pointing, so familiar in Nova experiments, take on new meaning when continuous contour random
phase plates. condition each beamlet on its way to the target. Each modern beamlet has a beam
area of ~0.1'm?, depending on the details of its design, so the systems outlined in Table 4-1 range
in total beam area from about 19 m? to over 40 2.

4.2  Laser Requirements

A formula exists for estimating the “safety factor” or “target margin” for a given NIF indirect

~ drive ignition target.'»*® This figure of merit is parameterized by a scaled capsule radius, &, aud

hohlraum temperature, T. Each ignition experiment (i.e., each point in RT space) presumes a
unique two-step temporal shape for the incident 0.351 micron laser drive pulse. The formula may
be used to construct a contour plot showing the expected target margin as a function of the peak
UV power and total UV energy incident on each optimized target’s laser entrance hole (LEH).

U Steve Haan, Pulse shapes for the Nova Upgrade, LLNL ICF internal memorandum, July 28, 1992.

? Steve Haan, Figure-of-merit for upgrade largel systematics, LLNL ICF internal memorandum, October 4, 1992, rev.

QOctober 9,1992.
Steve Haan, Revised figure of merit for NIF target systemaltics, LLNL ICF internal memorandwm, July 29, 1993,
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Figure 4-2  The target margin or safety factor is represented by a contour. The total UV
euergy and peak power incident on the laser entrance hole to the target are
provided as axes values. Each point on the plane corresponds to a unique
two-step temporal pulse. The baseline design is marked by a white dot.

Figure 4-2 maps some 10,000 target point designs in peak UV.laser power versus UV energy
space. Contours of equal figure of merit above 30% have been shaded. Prudence demands that the
NIF baseline target design lie above the 50% contour, a condition first achieved when the laser’s
peak power exceeds 380 TW and its energy exceeds 1.1 MJ. Each target simulation employs a
unique pulse shape and the baseline design target indicated in Figure 4-2 supposes NIF will deliver {0
the pulse shown in Flgurp 4-3 (a). The corresponding, simplified, two step pulse shape is shown in
Figure 4-3 (b).
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500 T T T T 500 T T
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Figure 4-3  Temporal pulses used in calculations

The one micron laser pulse that is needed to generate the UV pulse may be found by working
backward from the LEH through the target irradiating optical components, UV beam transport (
optics, ra,ndom phase pla,tes and the frequency conversion crystals. S :

~
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Figure 4-4 plots the power dependence of the frequency conversion efficiencies used for simu-
lation. The baseline case peak efficiency for our idealized converter is 70%—reached ouly during
the high drive portion of the one micron laser pulse. Untested tripling schemes with improved dy- .
namic range and peak efficiency have heen proposed. These schemes are capable of producing 75%
tripling efficiencies for both power and energy. We will adopt this figure as the best achievable by
any combination of pulse stacking or converter design. The standard 7 L? rule provides an optimum
thickness for these converter crystals at the peak power.
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=
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Figure 4.4 3w conversion efficiency curve used in the pulse shaping analysis. This is the
Type II-Type 1 tripling efficiency curve presented in the 1985 Laser Annual
Report (p. 6-45)

Figure 4-5 outlines the calculation fof the baseline pulse shape in Figure 4-3 . A 933 TW-
4.5 MJ, one micron, pulse is required for generating the 500 TW-1.8 MJ, UV pulse. Conservative

' losses are used _to provide for laser design margin. Assuming the shaped, one micron, pulse is well

behaved (i.e., its. power increases monotonically with time), then a 4.8 nsec, temporally uniform
one micron pulse will have the same peak power, total energy, damage thrpshold ga.m saturation
characteristics, and last photon B-integral as the shaped pulse.

70% peaké 15% loss 10% loss
: ; ! |Phase 3w Beam w,2w! ¢
Laser | |Triplen 4!__. éeém slTarget
: : plates f transpor.t ump|
v v
Peak power (TW) | 933 653 555 500 ;quw 4.8 ns
Energy (MJ) 4.5 2.35 2.0 1.8
(a) Baseline NIF
| 75% flat | 5% loss | 5% loss
: . : ! [3w Beam w,2w] !
Laser | _: 5{Tripley asey - éeém »iTarget
: plates : transport] ump| |
v v v
Peak power (TW) | 738 654 526 ' 500 o .,=3.6 ns
Energy (MJ) 2.67 2.0 1.9 1.8

(b) Minimum credible NIF

Figure 4-5  The relationship between the UV pulse and the one micron pulse required.
The pulse lengths are those effective pulse lengths for the one micron pulse,
i.e. a square pulse with the same energy and peak power.
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This last is the equivalent one micron pulse length—umerely the peak one micron energy divided
by the total power. The computer program, CHAINOP (See Chapter 5), can be used to maximize
the bang-per-buck, J/%, at this equivalent pulse length, while varying other optical parameters. .

In addition to the haseline laser, Figure 4-5 also outlines the calculation for a minimum credible
NIF laser. The ~20% design margin built into the NIF baseline is removed by assuming that a new
converter achieves an efficiency of 75% at any intensity (high dynamic range), that the phase plate
beam swmoothing system is. 95% efficient rather than only 5%, that the UV transport efficiency
rises from 90% to 95%. and the UV damage threshold improves by 10%. This minimum credible
NIF represents a far more aggressive design that exposes the project to significant risks; however,
it represents the extremum on the low side in cost.

4.3 Beamdet count

We've used CHAINOP to estimate the energy and peak power for optimized NIF beamlets.
Figure 4-6 shows an iso-cost contounr as a function of optimized heamlet energy and peak one micron
power. The beam area used in these calculations was about 940 ci?, corresponding to 35 cm hard
aperture optics with vignette and fill factors amouanting to 77%. The cost of hardware for a single
beamline is nearly the same for all designs along this curve. The effective one micron pulse length

~is represented on this plot by a straight line emanating from the origin and intersecting the isocost
curve at that peak power and energy available from the optimized beamlet.

Envelope of Optimal Designs
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Figure 4.6 lIsocost beamlet curve parameterized by one wicron energy and peak power
at the tripler. The equivalent 4.8 nsec one micron pulse will produce a peak
power of 3.3TW and energy of 16.1kJ :

From Figure 4-6 we see that the 4.8 nsec optimized 35 cm beamlet can produce peak power of
~3.25 TW. Thus, the number of beamlets, N, required to generate a 933 TW-4.5M.], one micron
pulse ts
_93TW
T 325TW T

16

N 288

.
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Equivalently, we can divide the total energy required by the energy per beamlet—4.5 MJ/16 kJ—to -
arrive at the same figure. :

For the minimum credible case where the tripling efficiency is independent of power, the effective

. pulse length is given by

- 2.6TMJ  1L.8AMJ
CTOT38TW T 500 TW

= 3.6 nsec.

Using Figure 4-6 we discover that the power per NIF beamlet is 3.85 TW. The number of
beamlines for this case is then :

_ T38TW

= I Tw S 9%

This type of analysis shows that wide dynamic range conversion could-produce a 15% reduction
in number of beamlets, while improvements in UV transmission, peak conversion efficiency, and
phase plate efficiency contribute 6%, 7%, and 12% reductions respectively. To make full use of such
improvements, UV optics damage thresholds would also have to increase; however, the product of
the latter three figures, 25% to 27%, represents the baseline NIF laser design margin.
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Figure 4-7  Target margin versus number of isocost beamlets. The baseline case is indi-
cated by the dark spot. :

A computational procedure has been developed to combine the target margin figure of merit
with the CHAINOP results. The algorithm was used to generate Figure 4-7 , showing contours of
constant target margin plotted atop contours of number of optimized isocost 35 x 35 cm? beamlets.
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Figure 4-8  Target margin versus number of optimized isocost beamlets. Target margin
first exceeds 50% for NIF designs with >192 beamlets.

Iigure 4-8 also plots beamlet count, but in a slightly different format. Figure 4-8 shows that
the target margin first exceeds 50% for NIF designs with >192 beamlets. The 500 TW-1.8 MJ
point design requires the construction of a laser system having a ~ 27m? beam aperture and
reaches a target margin of almost one. Many target designs with figures of merit over 80% should
be accessible. The ridge line apparent in the contour plot shows up as a characteristic line with
most of the 10,000 cases clearly suboptimal for a given number of beamlets or beam area. Since
laser system cost scales almost linearly with heam area or nuinber of beamlets, Figure 4-8 is a risk
vs. cost plot,

Starting from theoretical results substantiated by experimental work, and followinglogic similar
to that above, we conclude that a reasonable set of NIF bhaseline laser system requirements is

o [rradiating wavelength: 0.351 micrometers

o UV energy incident on the LEH: 1.8 MJ

UV peak power incident on the LEH: 500 TW

UV pulse length: 20 nsec

(‘ontrast ratio of the irradiating UV pulse: up to 50:1

Beam smoothing requirements at LEH

Little of the fundamental or frequency doubled light can reach the target

Given these top level target requirements, we can derive specific laser system requirements.

4.3.1 Power Balance

NIF ignition targets simulated with LASNEX call for detailed laser pulse shapes in time that
differ for inner and outer cones. If we designate an ideal temporal pulse shape by P(t) and require
that the NIF laser reproduce it, we expect to find some deviation between P(t} and the actual
average NIF pulse shape, F;(f). Given adequate warning, the target design group can cope with
as much as a 10% deviation between P(t) and any Fo(t) that delivers the same Pnergy as F(t).
without unduly compromising the ignition experiment.

- 18
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There is an equally tight specification on the variation between NIF beamlet powers during a
shot. We can express this beam power balance requirement at any time into the pulse, #, in terms
of a boxcar averaged rms deviation between every heamlet’s power history, F;(1), and Fy(¢):

VEDL SR R - Po(r)dr)?

to+aj2 |,
t.:—A/Z Fo(T )dT

(T(A,tg =

The deviation, a(A, 1), is specified in terms of a maximum allowed value given A for any time #,
into the pulse: '

1. For0 < ¢y, < 10nsec during the foot of the pulse, o(30 psec, ) < 0.5 and o (6 nsec,ty) < 0.2
2. For 10 < ¢, < 15nsec, (30 psec,to) < 0.3 and (3 nsec,p) < 0.1

3. For {5 > 15nsec during the peak of the drive pulse, a(30 psec, ;) < 0.2 and (2 nsec, ty) <
0.1 (the comparable requirement for direct drive is 0.08) '

4. Deviations larger than the above can be tolerated only if they are confined to an interval
less than 30 psec long. This 30 psec limit, when applied to identical pulse shapes from
every heamlet, constitutes a simultaneity requirement.

Figure 4-9 (a) shows the baseline pulse shape with acceptable levels of noise for the 27m?, 288
beamlet baseline case. Backing up through the transport optics, phase plate and nominally 70%
peak conversion efliciency tripler leads to the pulses displayed in Figure 4-9 (b). Power balance
error allowances have yet to be allocated for each subsystem.
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b) tw energy just before tripler.

20

2T
i hY
A By
. Yy



L

4.3.2  Pointing

NIF ignition targets simulated with LASNEX are sensitive to the precise location of the laser
beams as they approach and enter the LEH. An rins deviation over 50 um between the centroid
of the individual four beamlet clusters and the pre-selected aim points could reduce the target’s
performance. The NIF beam pointing specification with respect to a reference point in the target
chamber’s center derives from this observation, :

Near the chamber center—a volume of 6% cm?®, and (z,y, 2) ranging over (£3,£3, £3)—every

four heamlet cluster should be a speckle pattern within an approximately 500 uym diameter super-

gaussian envelope whose axis is well defined. The NIF pointing specification is met when.A;, the
vector distances from the nominal aim point for the ¢** beamlet cluster to that beamlet cluster’s
measured centroid axis, obeys

N
1
v Z A? < 50um.

4.3.3 Beam Conditioning

NIF focal spot smoothness criteria should be divorced from specific beam smoothing methods.
Even today there appear to be several ways to effect beam “smoothing” adequate to suppress some
of the known plasma instabilities anticipated in a NIF ignition target. Several new methods will
almost certainly emerge given the active research going on in this area. We offer the following
specification and outline one method for achieving it. ,

The baseline indirect drive NIF target demands that each individual 0. 351 pn !)ea.ml@t be
focused to a 500 ym diameter spot using a 700 cm focal length lens. The spot size specification
comes from LASNEX simulation of NIF targets and the lens focal length requirement emerges
from a combination of geometric considerations driven by target irradiation symmetry, mechanical
interference and the damaging effects of ignition target emanations on focusmg optics. The spot
size specification reduces to:

All of the 1.8 MJ/ 500 TW ultraviolet laser pulse must pziss through 500 pem diam-
eter circles normal to each beamlet axis.

Consequently, 1.8 MJ is the energy delivered through the central regions of target eutrance hole(s).
Any energy that is scattered outside the hole(s) provides no useful function, though the laser must
still be designed to produce it.

Beam smoothness in indirect drive target plasmas must be adequate to hold plasma instability
growth within tolerable levels. We expect that instantaneously each beamlet focal distribution will
be speckle like; i.e., Rayleigh or exponentially distributed. The smoothness specification reduces
to a requirement on the standard deviation of the irradiance anywhere within the specified 500 pm
circles. In particular, the standard deviation of the irradiance within any region of the beam
several speckles across, about 30 gm in diameter, avera.ged over a time short compared to the
hydrodynamics or thermal self-focusing time-scale, ~ 100 psec, should be ¢ < 0.25([}. This criterion
may be met by groups of up to four beamlets treated as a cluster. The smoothness specification is
therefore :
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For any 30 g diameter cirele, O, located anywhere in all the 500 gm spots

[f f( I—{ dAdt

where T == 10 psec.

To assure that such specifications are not vacuous for NIF, we summarize one method that
meets these requirements. Phase plates that take a uniform NIF size beam into a 500 pm diameter
have a translation decorrelation length or speckle radius given by éz = AFumber = 7.Tum. On
the average, then, there will be four speckles in every 30 um circle. If each beamlet in each four
beam cluster has a different wavelength and we average over a time long compared to their beat
frequencies, then there should be four independent patterns averaged in time. With our specified
averaging time of 10 psec, a wavelength separation of 20 cm™! should suffice between beamlet
center frequencies, since we can expect more than 16 clearly differing patterns leading to ~/16 =
incoherent independent temporal patterns.

Speckle statistics provides us with a probability density function for such intensity sumimations
of N independent exponentially distributed heams,

NN N-1 NT
P = Fyme P (“m) ’

where I'(N) is Euler’s gamma function making this expression valid for any real, posmve N includ-
ing fractional values. The standard devaatlou of the laser irradiance is thus

{{)
‘/( numnber of speckles) (number of independent pattems)

in circle averaged in time

0F =

()
Va4 x4

Only 1% of the energy iu the four overlapped focal spots will be delivered at an irradiance greater
than 1.7 x {{} in this case.

(riven a perfect input ultraviolet laser beam, then, random phase plates having a lateral coher-
ence length or characteristic structure radius of about 0.6 cin can produce the required spot size.
The center wavelengths of each of the four overlapping beamlets would be 3508 A, 3511 A, 35144,
and 3517 A. Within a given 10 psec integration time, about 20 beats should be realized due to the
60 cm™! bandwidth specified. We require /20 = 4 distinct patterns in time within our averaging
temporal window and a like number, 4, spatial speckles within our spatial averaging area. As
an added measure of conservatism, we have approximately doubled the separation between wave-
lengths to span ~ 20 A in the ultraviolet and set the baseline center frequencies to 3503 A, 35104,
3517 A, and 3524 A. Preliminary plasma simulations suggest that this strategy will suppress the
worst 1n,stab111t1es. [t remains for further plasma simulation calculations and yet to be conducted
Nova experiments to test the validity of this method. ' '
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4.3.4  NIF Laser Beam Quality

A bheamlet of the NIF laser must meet two beam guality requirements:
¢ The beam quality must be consistent with a spot size on target of 500um diameter.
¢ The beam quality must be consistent with high-efficiency frequency tripling.

The final target focus lens in the baseline design has focal length 7 m, so the spot size require-
ment means that the laser energy be contained within 35 microradians of the nominal beam axis.
The use of kinoform phase plates reduces this figure to +25 microradians.

Any beam meeting the target spot size requirement is suitable for high-efliciency frequency
tripling with properly-designed KDP or deuterated KDP frequency converters of either the Type I-11
or Type II-II designs. Both types have been tested on Nova and have given whole-beam effi-
ciency exceeding 70%. The baseline converter for the Beamlet Demonstration Project and NIF is a
Type I-II converter, since that design is less sensitive to beam depolarization and requires smaller
crystal boules. This design has given whole-beam efliciency exceeding 70% in small-scale exper-
iments at typical NIF design fluences and intensities. The Type II-II converter allows somewhat
looser pointing specifications on the crystals, but otherwise has similar tolerances.

Figure errors on optical components deflect rays from the desired direction and contribute to

~beam divergence. Opticians measure and quote figure errors using computer-interpreted interfero-

grams which report peak-to-valley figure error at a test wavelength of 633nm. We are interested
in the contribution of that error to the angular distribution of rays in the far-field, whlch is what
we mean by “beam quality” or “beam divergence”.

We estimmate the effect of figure errors using a model developed for the Nova laser® that is
suitable for the typical errors we see on large laser components. These are smooth, low-spatial-
frequency errors with two cycles or less across the aperture. We assume that the peak-to-valley _
errors are random and add as the square root of the sum of squares (RSS-Gaussian statistics).
Then the model predicts that the focal spot in the far-field has a radius (defined as roughly 1/¢?

= intensity or 90% included energy) that exceeds the diffraction limit by one Airy disk radius for each

third of a wave of accumulated RSS peak-to-valley optical figure error. That is:

gfar—ﬁeld = Gdiﬁ'ractlor; timit (1 + 3 * Wrss) 3

where W, is the accumulated random figure error. The model has been tested on Nova and
correctly predicts the effect of accumulated random figure errors on output beam divergence. The
central Airy disc of a 35 cm beam at | pm has a radius of 3.4 urad, and we take this as the nominal
diffraction-limnited spot size for an NIF beamlet.

The model must be modified for a multipass design such as the NIF beamlet, since errors on
multipassed components add coherently rather than randomly. We take account of the coherence by
linear accumulation of figure error on multipassed components so that the net figure error becomes

Wis = / Zng(m; W;)2,

where 1; is the number of components.of type ¢ and m; is the number of passes.

The most instructive way to organize the components of an NIF beamline is by the weight.
nm?, of their figure error, as shown in Table 4-2. It is clear that the overwhelming contribution te
beam divergence is from the laser slabs within the multipass cavity, so those must be finished to
tight specifications. The NIF baseline (11-5-3) has more multipassed components than the baseline
layout of the Beamlet Demonstration Project (11-0-5), so it has slightly greater sensitivity to ﬁgnrf-
eTTorT.

3 L. {i. Seppala and K. Moore, Wavefront distortion in Nova and Beamlet, ICF internal memorandum {BLT92-073), Apnil
1992,
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Table 4-2 Components organized by weight of their figure error.

Weight um? of the figure error.

COMPONENT Beamlet [1-0-5 NIF 11-5-3
Cavity disk : : 176 T256
Cavity SF Lens : 25 32
Switch window 18 32
KDP crystal Y ' 18
Booster disk 5 12
Transport Mirror 4 7
Transport SF and Focus lens 3 6
Cavity Mirror b} 5
Polarizer transmission 4 4
Polarizer reflection 1 4
Chamber window & Debris sh. 2 p

Table 4-3 gives a suggested set of specifications for optical figure error on the various optical
components. Assuming a wavefront error of 3A/4 on the input beam from the front end, these
specifications [ead to a projected beam divergence of £24 urad for the 11-0-5 [ayout of the Beamlet
Demonstration Project and £30 prad for the 11-5-3 NIF baseline beamlet. Both meet the spot size
requitement of +35 urad, though neither gives much leeway for smoothing the spot using kinoforms.
This is not likely to be a problem if the spot has a smooth profile.

Table 4-3 Suggested working specifications for optics figure errors.

(PV ernﬁr at 1 pm, similar to Nova specifications and inspections)
Laser disks: 70% of order < A/10 in tfansmission_(instaiied in cavity) re-
mainder of order < A/5 (installed in booster)

Lenses: < A/10 in transmission (Cavity SF); lower is acceptable for
transport SF and Focus if there is a significant cost impact

Mirrors: < A/4 in reflection (A/8 surface flatness)

Windows: < A/10 in transmission switch windows; lower would be accept-
: able for chamber window if there is a significant cost impact

Switch crystal: < A/4 in transmission .
Polarizer: < A/10 transmission, < A/2 reflection (A/4 surface flatness)
Debris shield: < A/2 in transmission

Brewster’s-angle slab amplifiers have pump-induced thermal distortions caused by the spatial
variation of heating of the slab by the flashlamps, causing aberrations on the laser beam. These
distortions vary somewhat with amplifier design and with the position of a slab within an amplifier,
but are roughly proportional to the number of slabs. Current models suggest that the distortion
introduced by a single pass through an 11-slab-long amplifier is about +20 prad and consists mostly
of negative cylinder (astigmatism) with the axis of the cylinder lying along the short dimension
of the slab (that is, perpendicular to the beam polarization). Our ability to measure the very
small distortions introduced by a single slab is not good, so there is some uncertainty in the exact
magnitude of these distortions for NIF amplifier designs. These uncertainties will be removed and
the thermal models verified when measurements are made on the full amplifier array of the Beamlet
Demonstration Project.

The accumulated divergence in the NIF heamline is projected to be about +100 urad after four
passes through the cavity and two passes through the booster amplifier. This should not have a
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serious effect on frequency conversion, but a divergence of this magnitude fails to meet the target
spot size requirement. Therefore, it will be necessary to correct for the pump-induced distortion.
Correction of the distortion can take one of several forms:

o Tilt of spatial filter lenses — If the lenses are tilted, astigmatism can 1)9 introduced to
compensate for the amplifier astigmatism. This requires no special figuring of optics, but

~ may introduce other aberrations and complicate the assembly of the laser.

» Add active adaptive optical correction to the system — Adaptive beam correction can
easily remove the amplifier distortion, and may correct other aberrations. This would
allow a relaxation of the figure specifications of Table 4-3 , reducing the cost of the optical
components. We must trade that against the considerable expense of any adaptive-optical

. system. The Beamlet Dewmonstration Project w1l] install adaptive correction to test sowme
of these issues and tradeoffs.

o Figure an optical component to compensate the pump-induced distortion — This solution
is much less expensive than adaptive correction, but also less flexible. There is perfect
correction ouly at the design pumping level and progressive deterioration as we move away
from that level. The alignment system may be affected.

The final item is the anticipated solution for NIF, but these issues must be explored in more detail
in the final design of the system. :

Taken together, the foregoing establish laser functional requirements. The expanded flow-down
chart in Figure 4-10 carries the target requirements we first encountered in Figure 4-1 down to the
subsystem requirements. Detailed subsystem requirement documentation has been finalized for the
Beamlet project; and the NIF equivalent, including target area specifications, exists in draft form
as. of this writing.
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Figure 4-10 Expanded flowdown chart.
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4.4 Operating range

The current baseline NIF chain design is the one among the family of optimized isocost iasers
which matches the 1.8 MJ-500 TW baseline ignition target. As such, it will have a particular fre-
quency converter and is -necessarily sub-optimal for all other points in (P, E.,,) space. Having
designed the NIF for optimum performance at one point, we have calculated its access to interesting
regions of (Fy,, Ey,)} space; i.e., the NIF operating range in regions of highest ignition probability
figure of merit. Figure 4-11 shows the expected performance of 288 baseline (35 x 35 cm?) beam-
lets. The high power performance is artificially clamped by our design choice that the frequency
conversion be maximized for the highest drive power of the baseline target. In fact, more infrared
power is expected for shorter effective pulse duration, but beam quality and focusing specifications
become increasingly problematic beyond the peak of the conversion curve. Useful on-target power
is not likely to exceed 500 TW at any energy. Longer effective pulse durations imply lower peak
power and correspondingly lower conversion efficiency. This accounts for the roll back in energy
predicted for pulse durations well above our design point. A “normal operation” line which in-
tersects the baseline target point has been calculated using the more conservative baseline NIF
transfer efficiencies listed in Figure 4-5a). A laser design margin of 20 to 25% separates “normal
operation” from “redline” or damage limited performance.
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Fig_;ure 4-11  Accessible Fav, Buy spacé.

Since so much seems to depend on frequency conversion efficiency, a second series of calculations
optimized the converter for each pulse shape while leaving the laser chain design fixed at the current
baseline. Figure 4-12 is the result. Within the region of high target margin figure of merit, say
above the 50% contour, there is little additional space accessed for what would certainly be a very
large cost. . - ' >
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Figure 4-12 Operating range accessible with optimized frequency converters.

The particular choice of target design for which we have optimized the laser has also effectively
maximized our access to interesting target irradiation space, within our present understanding of
target margin. The 288 beam contour could just as well be achieved with a smaller number of larger
aperture beams. For example, 240 beamlets with an aperture of ~38.3 cm would provide identical
performance. Additionally, if we are willing to increase laser performance risk (i.e., remove any
design margin) then 192 beams with 39.4 cm aperture would do the job. If we assume we can invent
a frequency converter with infinite dynamic range and peak efficiency of 75%, the aperture for the
192 beam case could be reduced to 35 cm. This last option constitutes our minimum credible NIF
design.

Figure 4-13 explores the operating range of this minimum credible NIF design given four sce-
narios. If an infinite dynamic range converter becomes available and higher damage threshold optics
are produced, the minimum credible NIF could access the same experimental region as the current
27 m? baseline design. If, however, it had to be operated with even a 20% laser design margin or .
engineering safety factor, it would fall well short of the NIF baseline target requirements. '
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Chapter 5
SYSTEM DESIGN/COST OPTIMIZATION

A1 Laser chain design optimization methodology

The laser chain designs used in this study were produced by CHAINOP, a computer progratu
that models the performance and cost of a laser system. It adjusts a number of parameters to
maxitmize output per unit cost while remaining within a set of design constraints. The counstraints
include fluences, nonlinear effects, and pulse distortion. The code was designed for speed at the
expense of accuracy, because searching the multidimensional design space for the best chain can
require the simulation and cost evaluation of tens of thousands of different designs. Once the best

- design is approximately determined, it is refined with the use of more accurate, but slower, codes.

Several analytical models have been built into CHAINOP to simulate important optical effects.
These include the pumping process that turns capacitor bank energy into inversion in the laser
slabs, the propagation of the laser beam through the system (including gain, loss, diffraction, and
nonlinear optical effects), frequency conversion of the beam, and cost of the system. We will
consider these in turn. - _

The pump model simulates capacitor bank electrical performance, flashlamp operation, pump
cavity performance, and laser glass energy storage. The bank can be modeled with standard pulsed
circuit analysis techniques, with the minor complication that the flashlamp load has nonlinear
V-1 characteristics. On the basis of extensive measurementis, we know that the flashlamps take a
certain amount of time {about 30 microseconds) to turn input energy into optical radiation from
the plasma. They then radiate for 300 us with a complicated line-and-continuum spectral structure.
We have carefully characterized the radiative efliciency and spectral shape as a function of lamp
loading, size and fill pressure, and produced a phenomenological model that fits the data over a
wide range. We are therefore able to ac cur ately calc‘u]a.tp the conversion of bank energy to pump
photon energy.

Pump photouns propagate through the amplifier cavity until they produce useful inversion or
get lost through light leaks or absorbing structures in the cavity. This three-dimensional, wmulti-
wavelength process is so complicated that we can calculate it only approximately, and we rely
on the extensive measurements that have been made on the various amplifier test beds at LLNL.
Once the pumyp light reaches the laser glass, it is absorbed and the resulting excitations rapidly
decay to the upper laser level with appropriate quantum defects. The upper level decays slowly,
at a rate that depends on the doping level and the slab dimensions (due to amplified spontaneous
emission and resonance line trapping effects). The inversion also changes its spatial shape when
resonance-line decays are reabsorbed by nearby ions. In CHAINOP, we adjust the lamp spacing,
lamp loading, pump pulse duration, and doping in order to get the best possible level of inversion.

‘When the time of peak inversion density is reached, roughly 250 us into the pumping pulse, the
liser beam is injected into the cavity. It is then amplified by the laser slabs, undergoes loss in the
slabs and other components, changes spatial shape from diffraction, spatial filtering, and nonlinear
optical effects, and changes temporal shape due to gain saturation effects. CHAINOP models the
losses as lumped transmissions less than unity. The gain is modeled with a single-saturation-fluence
Frantz-Nodvik formalism, but with a saturation fluence value adjusted to fit the experimentally
determined effects of mhomogoneous extraction in LG-750 glass. The Frantz-Nodvik equations
allow determination of the gains of the first and last photons in the laser pulse, and therefore of
the pulse distortion. - - :
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Propagation effects are modeled only approximately. Saturation is calculated assuming a flat

transverse profile. Edge effects (apodization and alignment) are calculated using the diffraction
spreading of an abrupt edge when propagated over the distance from the nearest relay plane. The
fill factor due to multi-pass viguette is calculated based on the sizes of the injection mirror and
beam dump. The effects of amplitude and phase noise sources, and of the nonlinear growth of
the resulting beam’s transverse intensity fluctuations, are approximated by using a formula that
depends on the accumulated B-integral since the last spatial filter pinhole. This formula was derived

“Dased on the observed irregularities on our existing large laser systems. In addition, the fact that

beam irregularities rise abruptly to dangerous levels as the B-integral rises above a critical value
{(typically around 2.0 to 2.5) is approximated by applying a maximum- B-integral constraint. The
B-integral is calculated from the average transverse intensity of the last photon in the pulse (the
worst case), allowing for heam size changes, intensity changes due to gain and loss, and component
tilt. ' '

Frequency conversion is handled by a constant conversion fraction for the peak power (assumed
to be at the end of the pulse) times another constant fraction for the energy. The energy fraction
depends on the exact output pulse shape, but for NIF baseline fusion pulses it is around 75% of the
power conversion fraction. The converter thicknesses needed to get good conversion increase for
lotiger pulses, but the actnal values must be found by the user. The code simply uses a conversion
value that assumes that the proper thicknesses are being used.

System cost is approximated by fitting linear constant-plus-slope tangent lines to costs that
depend on hank energy, glass volume, beam area, slab count times beam area, and cavity length
times beam area. The constant portions of these costs are then combined with other constant costs
for fixed project costs, vendor facilitization, and so forth. The result is a set of cost coefficients
that can be used to calculate laser system cost for the entire NIF laser. Note, however, that if the

~ size of the beams is changed, or the total project size is changed, ot the beam grouping is changed,

then the constant-plus-slope points of tangency to the actual cost scalings will change. As a result,
both the slope and constant values must be recalculated before optimization is carried out. This is
readily done with spreadsheets which contain the costing data.

Coustraints are applied to the peak fluence at each component {this depends on the average
fluence and B-integral since the last pinhole), to the total B-integral between pinholes, and to the
ratio of first-photon gain to last-photon gain. This last constraint avoids the situation where the
chain distorts the pulse so much that the front end cannot produce a preshaped pulse that will
result in the desired pulse at the output.

In order to verify correct operation of the code, a second version was written by a second
author, using a different computer language and a different optimization algorithm. The results

..are substantially identical to those of the original version. Performance/cost data presented in this

report are from both these versions. A third author did a translation to a third language; results
were exactly the same. The P version can calculate the performance and cost of more than 25
chains per second.

5.2 Optimal laser chain results

- The CHAINOP code is supplied with a chain layout (4-bounce multi-pass section followed by

a booster amplifier in this case) and a set of laser parameters and cost coeflicients. One especially
important input parameter is the equivalent square pulse width of the one-micron pulse.

CHAINOP can adjust the input energy, stored energy density (from lamp spacing, lamp loading,

pump pulse duration, and slab doping), slab counts, and beam aspect ratio to get the best possible

value of laser output energy divided by chain cost. The slab count must be allowed to take on

non-integer values to allow rapid optimization. Once an optimum is found, slab counts or other
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guantities can be fixed and the chain reoptimized without adjusting those values. The final result is
the best possible chain with the specified material properties and chain layout parameters, mthm
the specified constraint values.

The important input parameters and constraints that led to the baseline design are shown in
Table 53-1.

Table 5-1 Input parameters aiid constraints that led to baseline design.

I Input Parameters o Value ]
hard aperture width: 35 em
laser design pulse widsth: _ 4.8 ns
amplifier configuration: 4% 4
amplifier explosion fraction: 0.2
arnplifier pumping MSA equivalency: .0
injection energy @ 4.8 ns lirnited to: 0.5
injection mirror area: 0.5 cm?
beam dump area: 50 em?
crystal deuteration of switch/doubler/tripler: 60% /0% / 60%
total output energy fixed at: 1.8 MJ
lw/3w peak power conversion efliciency: T0%
Iw/3w energy conversion efficiency: 32%
| ('onstraints ]
maximum between-pinhole B integral: 2.2
maximum lst-to-last photon gain ratio: 35

Table 5-2 lists the damage thrpsholds used in CHAINOP for the NIF components and compares
them to Beamlet values.

Table 5-2 Surimary of cue nanosecond damage thresholds used in CHAINOP calculations

Type Dlamage HAuence rated at 1ns Value of
of NIF Beamlet exponent
optic (J/cm?) (J/cm?) scaling factor, o
AR 22.0. 18.7 0.4
(ilass 22.0 18.7 0.4
HR 19.0 13.3 0.3
Pol X 14.0 10.0 0.3
Pol R 16.0 11.5 0.3
KD¥P 20.0 4.0 - 0.5
KDP3 9.0 6.3 0.5
AR Jw 10.0 ' 3.4 0.4

The value of the damage threshold of an optic at pulse lengths OthPI‘ than one nanosecond is
obtained from Table 5-2 using the sca,hng; relationship :

o

F(r) = 7%Fp(1 ns), ' (5.

where 1 is the pulse length in na,nosecondrs,'a,nd « is the exponent scaling parameter.

The progress of the non-integer-slab optimization, followed by the closest odd-integer-slab
optimization is shown in Table 5-3. The cost quoted here assumes a 288 beamlet, 35 cm aperture.
system:,
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Table 5-3  Cost of chioosing a odd-integer design close to the optimized case.

Slabs Clount .

Main Switch Boost Cost

Amp Awmp Amp ($M)* | Comments

10.047 3.438 3.095 532 opt case w/ 0.5J injection energy limnit
H 3 3 540 < 0.5 ] injection energy required
9 5 3 536 0.5 J injection energy limit
11 H 3 538 0.5 ] injection energy limit

*Material and labor for NIF construction

More details on the cost and performance of the 11-5-3 laser configuration are given in Appendix A.

The one micron performance of this chain at other pulse widths is shown in Figure 5-1.
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Figure B-1  Performance curve for the 11/5/3 design shown in the previous tables.

Figure 4-6 in Chapter 4 shows the performance of isocost chains designed for a large variety of
different pulse widths. The hard aperture was 35 cm for these calculations.

5.3 Cost effectiveness sensitivities

‘By changing the value of any one of the CHAINOP input parameters, we can find the effect
of variations of that parameter on the bang-per-buck of optimized lasers. For example, Figure 5-2
shows the effect of changing the pumping efficacy (by changing lamp output, pump-photon transfer,
glass absorption, or glass decay). The equation is written in terms of ratios and difference to
minimize the effect of errors in absolute cost and performance parameters. The linear fit to the
curve shown in Figure 5-2is

C[Co =14 0.6704(p/po — 1), S (5.2)

where (7y is the baseline bang-for-buck. This type of information allows us to decide how to most
effectively invest in improved technology, since each changed parameter has a corresponding cost.
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Figure 52 Cost effectiveness of a chain vs. the amplifier's relative pump efficacy. The
punp efficacy has been normalized to the MSA cavity pumping L{G-750. Rel-
ative to the MSA, the pump efficacy of Beamlet’s amplifier is 0.75pg; the NIF
amplifier is asswmed to be 0.93pg

The same analysis has been used to investigate the effect of other critical parameters on the

cost effectiveness of the laser design.! The results are summarized in Table 5-4. [talicized entries
in the table were caleulated after removing damage constraints. :

1

J. B. Trenholne, What are the best laser glass parameters, LLNL ICF internal memorandwm June 2, 1993,
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Table 5-4 NIF Entry Values

Value of NIF Beamlet Extremum

SYSTEM PARAMETER scaling entry value value Value

paraineter :
[necreasing transmission of i 0.9 — .95
3w beam transport
Increasing transmission of | (.35 — 0.95
phase plate
Inercasing peak tripling | 0.7 0.7 0.75
efficiency
Pumping efficacy 0.67 . 0.91 0.75 lT
Increasing hard aperture of 0.66 35 cin 39.3 cm 40 ¢m
baseline beamdet
Nonlinear oplic coefficient, —0.3142 2.90 2.9 TBD
v, of laser glass
Amounl of phase noise in -0.25 - 0.2 - — TRBD
2mm to 10 mm sizes
Stimuleted emission cross -0.1544 3.5 x 10720 ¢yn® 3.5 x 10720 em? TBD
seclion .
("ost of bulk laser glass -0.1038 $0.88 per cc $3.50 per cc $0.88 per cc
Per surface loss of laser -0.0967 0.005 0.0001 0.0001
slabs _
Inereasing dynamic range (.09 2 2 4
of iri;nferi ) _
Effective degeneracy effect -0.0790 0.192 0.192 TBD
of inhomogeneily
Bulk loss coefficient of the -0.0151 0.05 per m 0.15 perm TBD
laser glass ) _
Damage threshold TBRD see Table 5-2 see Table -2 TBD
(frouping <0.0!1 4 x 4 2x2 4 x 36

t The pumping efficacy parameter was chosen to be unity for the multisegment amplifier (MSA). The
other values in this row are relative to the MSA.,

The effective one micron puise length is a function of the tripler’s dynamic range; as the dynamic

1

range increases the effective one micron pulse length decreases.

One must remember that the NIF entry values used in Table 5-4 are based on the assumption
that a component/technology development program has been successfully completed. Without this
investment, the value for 'y used in Equation (5.2) is approximately two times smaller. That is, the
scaling parameters in Table 5-4 are derivative amounts affer investing in a component development
prograw. In particular, our analysis of the amplifier showed that the continuous pour laser glass
technology and the pulse power development prograims reduces the cost of the amplifier hardware

by a factor of about two.

To combine the effects of several changes in the parameters listed in Figure 5-2 , multiply
the individual factors together. Thus, a 40% increase of cross section causes a 6.176% drop in

oodness, a 25% decrease in non-linearity causes a 7.855% rise in goodness, and both together
3 Y ; 1 : .

cause approximately (1-0.06176) * (140.07855) = 1.0119, for a 1.19% net rise.
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Chapter 8
COST

n 1982, two years before Nova was completed, we anticipated that a multi-megajoule ICF laser

would be required for demonstrating ignition. And we anticipated that commitinent to build

such a machine would be based to a great extent on its cost. As a result we developed a
four-element strategy for reducing NIF project cost—minimize the project overhead, increase the
performance of the laser, decrease the complezity of the system, and reduce the cost of individual
components. We suspect that every component must be at least 2x and more likely 3x cheaper than
Beawlet Demonstration Project’s costs. Such cost decreases are possible only by large, up-front
investntents. '

6.1 Reducing the project’s overhead

Historically, only a fraction of the cost of [CF laser systems such as Nova has been associated
directly with purchase of the laser hardware. For example, the cost of laser hardware for Nova was
about one third of total costs for the Nova Project. Project overhead costs also included research
and technology development, system design, capitalization of production facilities, assembly labor,
office and laboratory buildings, target facilities, contingency funds, and management. Several years
of component development using programmatic operating funds preceded Nova construction.

Compared to Nova, a much higher fraction of the NIF project dollars must be spent on laser
hardware. The funds for activities such as engineering design of the facility, design and prototype
development of major subsystems, and capitalization of production facilities will have to come from
operating funds or from specidl appropriations, not from project woneys.

6.2 Increasing the performance of the laser

The cost study reported in the Laser Program Annual Report—-1982 identified the power
amplifier as the most expensive component—some 70% of the total laser hardware cost. Responding
to that study, our attention has been focused on improving the amplifier’s efliciency. Our success
is marked by storage efficiency exceeding 3.5% and stored energy density of 250 joules per liter—a
threefold improvement in efficiency over Nova. In a similar effort, we set out to improve the damage
threshold of the optics, and succeeded by increasing their threshold by a factor of two to three. In
1984, after Nova came on line, we discovered that Nova’s tripling efficiency was lower than expected. .

- A year of scientific testing paid off by uncovering the source of the problem—a nonlinear induced

rotation of the beam’s polarization field. When our suggested solution was incorporated, the peak
frequency conversion efficiency improved to some 80%. By such performance improvements, the

- total ontput energy has increased, making the overall cost decrease.

6.3 Decreasing the system’s complexrity

Experience with the construction of single pass MOPA system architectures has shown that the
cost per unit energy output of the preamplifier portion of the system is disproportionately higher
than for the power amplifiers. With multipass architectures, it is possible to eliminate the pream-
plifier components by using the power amplifiers themselves as a driver. Analysis suggests that
multipass systems may be 25% more cost effective than conventional single pass MOPA systems—
a tesult of eliminating preamplifier components (see Laser Annual Report-1984, p6-92). The
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Beamlet laser will test this concept with a four-pass laser architecture that uses a large aperture
(37 cin) high power switch. Despite other system improvements (over Nova) like higher damage
thresholds, more efficient frequency conversion, and cost effective pulse generation, Beamiet is still
too expensive to provide a cost basis for NIF without further component development. We hope
that experience with Beamlet will guide us in steps for reducing system comiplexity.

6.4  Reducing the cost of the individual components

Improving performance and reducing complexity has a significant effect on cost, but the re-
maining challenge for attaining our cost goals is to reduce the basic cost of materials, fabrication,
and assembly of all the separate components comprising the laser system. More than a twofold
reduction in unit costs compared to Beamlet is required to meet the cost gouls of NIF.

As detailed below, we have investigated cost reduction of individual components. But major
effort must be exerted in the areas of mechanical, electrical and optical components so that the
overall cost of NIF approaches target values. '

6.5 Busis for the cost of NIF's components

Most of the development work during the last decade was directed towards improving the
performance of the laser components. Although many performance improvements have been real-
ized, the components are still too expensive. Today, the cost of laser hardware is the issue, not
its performance. The basis for our costs lies in what technological improvements we can foster in
manufacturing, finishing, and assembly. Credibility for our final cost projections will be based on
how well we can trace the figures to actual Beamlet and Nova purchases.

LLNL laser systems have always been cost optimized to.meet energy and power goals. Nova
was optimized with technology available in the early 80’s for pulses shorter than about 2nsec. As
Figure 6-1 shows, the Beamlet is designed to perform well at 3nsec. Present day target designs call
for a longer ignition target pulse so the NIF baseline laser system is optimized for 4.8 nsec pulses.
Consequently, NIF should be capable of higher fluences than Beamlet at the longer pulse lengths.
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Figure 6-1 [radiance versus fluence for Beamlet and NIF.

Figure 6-2 compares the one micren power versus energy available at the tripler from a single
Nova beamline to Beamlet and the 3.) cm hard aperture NIF baseline. The calculation used to
generate this figure used a 39 x 39 cm? aperture for the Pockels cell switch—somewhat larger than
the actual Beamlet PEP(C switch installed initially. There is significant difference in cost of the
laser hardware for each of these systems. In particular, compared to Beamlet, we'll need more than
a twofold reduction in cost of the NIF laser hardware; compared to Nova, wca’ll need more than
a six-fold reduction. Thus, we must identify a cost reduction path for Pach component, and then
trace the cost to Nova and Beamlet. Qur current understanding is that most of this cost reduction
will follow from the use of new technologies in optical manufacturing.
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Power versus energy for three systems—Beamlet, a single Nova i)eam.hne and
an NIF beanlet. (See Table 5-1 for design assumptions.
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Chapter 7
AMPLIFIER

cost savings by building the smallest number of large modules. The amplifier assembly, shown

in Figure 7-1, consists of hardware required to provide laser gain—the laser medium itself,
the mechanical assembly to hold it and the pumping lamp arrays, the flashlamps, the pulse power
needed to drive the lamps, and any covers or shrouds required for protection.

The designs for NIF are based on multisegment amplifier architectures that achieve substantial

Figure 7-1 NIF amplifier. -

In the following sections, we will be creating a cost basis for the NIF amplifier derived from
the Beamlet Demonstration Project—a difficult procedure since we must somehow scale Beamlet’s
performance to NIF, and then make some assumptions on how the cost would scale as well. Ta-
ble 7-1 compares the design features of the Beamlet amplifier to those of the NIF amplifier. Note
that the two amplifiers are different in their specifications. Beamlet is a technology testbed for the
NIF design—the latter may change because of experimental results obtained from Beamlet. For
example, the deliberately-chosen large aperture for Beamlet will provide needed information on
likely aperture sizes for NIF devices. ' ' . '

¢
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" Table 7-1

Design parameters: Beamdet amplifier vs NIF amplifier.

Beamlet NIF
Pulse
Energy 18.5kJ (red) 4.5 MJ (red)
length 4.8 nsec 4.8 nsec
Slab Count IL4+0+5 14543
optical channels I 288
total slab count 16 5472
Lamp pulse power 106 kJ /slab 53kJ/slab
pulselength, 500 psecs 360 pysecs

Flashlamps
count
length
‘ bore
explosion fraction

9 per slab
9] em
2.5cm

20%

3 per slab
162 cm
2.5 cm

20%

Glass
volume
thickness
doping density

14.7 liters/slab
4cm
3.5 x 10%° Nd ions/cc

8.4 liters/slab
3.2cm
5.15 x 10%° Nd ions/cc

Mechanical
Array
reflectors

vertical separation
other

2 X2
flat side,
no wedge between slabs

6 cn
energy between
slabs is lost

4 x4
optimized side,
wedge shape between slabs

Hem
reduced loss
between slabs

Aperture
: beam area

38.3cm X 38.3cm
1168 cm?

35cm X 35cm
940 cmi®

The overall Beamlet amplifier ha,rdware cost (labor not included) is $77 per joule. Scaled
to 4.5 M.J, this implies that the NIF awmplifier could cost $346M—more than the total NIF laser
hardware budget allocation. Based on-Beamlet, we’ve identified a cost reduction path for the NIF

amplifier that should result in a projected hardware cost of $153M.

7.1

(Flass Slab Cost

42

The flexible design margin purposely built into Beamlet accounts for much of the difference
in slab parameters between NIF and Beamlet. For example, Beamlet is using an amplifier slab
with the largest clear aperture and pump volume that would be contemplated for any NIF design
thereby allowing us to interpolate between data points for cost and performance projections for
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the NIF amplifiers. Such an aperture permits relaxed alignment tolerances with greater vignetting
losses during the activation phase, and can accommodate the wider beam offset caused by thicker
disks. The thicker disks in Beamlet result from lower slab doping, and the pulso power system
design is sized to produce 20% higher output energy at nominal tolerances.

Figure 7-2 compares particular system design parameters for Beamlet and NIF. A shorter pump
pulse is used in the NIF design, which allows higher doping with Nd and decreased slab thickness.
Thus, we obtain an equal energy /cm?® for less glass. There is always the possibility that the lowered

- cost of less glass will be offset by the potential increase in cost of the pulsed power system; however,

our current projections favor shorter pumyp pulses.

' : 0.90
Beanlet: 12 liters = 3000cm? ————————F  1550cm? — ( 0.91 ) Co== 168 em?
. 0.92
4.0cm thick
Pumped Pumped Brewster Angle Hard Apodization EHective
Volue Area Aperture Vignette Heam
Refraction . Alignment Area
: : : : 0,92 .
NIF: 7.3 liters ~—>  2280cm? = 1220cm?® —* 0.91 —*  940cm?
0.92

3.2cm thick

Figure 7-2  Class considerations.

Oune wust do more than change the cavity and slab design to meet NIF’s cost goal for the
amplifier slab. A Beamlet slab costs $49K, but at sizes required for NIF, the current price is $37K.

-. If the same pouring and finishing technology were used for the 5472 slabs in NIF, the total slab cost

would amount to $202M. A cost reduction program for the slabs has been proposed that will reduce
the cost per slab from $37,000 to $11,300. Development of new fabrication techunologies and the
capitalization of two manufacturers to produce the slabs would reduce the project cost by $141M:
i.e., the cost charged against the NIF project would be $62M, not $203M. Figure 7-3 summarizes
the cost reduction path for the NIF amplifier slabs and the cost reduction monies needed to achieve
it.

349, 000 } { 311,300
14.7 liters 8.4 liters
Continuous pour technology

High speed polishing

Capitalization of vendors for these technologies
Reduced amount of glass per slab

Development and facilitization cost is $50M and takes 5 years.

Figure 7-3  Cost reduction path for the NIF amplifier slabs and cost reduction program
needed to implement it.

Based on this reduction path, we can compare the cost per joule for Beamlet amplifier slabs and

NIF slabs:

16 slabs x $49, 000 per slab )
- B let . ! ~ $49 \ e
|Slab Comparison camie 18,500 $42 per joule

v g 1 s
NIF ()4?2 slabs x $11, 300 per slab
4.5MJ

= $14 per joule
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7.2 Pulse Power System (lost

The pulse power hardware for the Beamlet amplifier costs $18 per red joule. Scaled to the
4.5 MJ design for NIF results in $81M. However, simple scaling is not appropriate since-the NIF
amplifier has been optimized at a different optical pulse length and contains different size amplifier
slabs.  Optimization of the pump cavity for smaller slabs and longer laser pulses changes the
slab count per optical channel from 16 to 19, raises the one micron fluence from lS.H.J/cm'" to
16.7J/cm” (See Figure 6-2) and decreases the pump energy per slab from 106k] to 53 kJ. These
actions represent a 1.42 reduction factor in cost per red optical joule for the pulse power system.
[mprovements in the amplifier efficiency for NIF depend on clarifying the gain uniformity/efliciency
trade off—a task expected to require additional development effort.

The electrical bank design for Beamlet is flexible, but conservative. Flexibility was incorporated
to accommmodate any changes to the amplifier for testing a wide range of operating conditions. For
example, it will allow testing flashlamps above 20% of their explosion fraction for achieving higher
gain; or additional lamps may he added to improve gain uniformity.

An aggressive development program for the NIF amplifier will quantify performance risks—
permitting an aggressive bank design and reducing any need for flexibility. For example, NIF uses
monolithic bank modules, switches larger amounts of electrical energy and operates flashlamps in
parallel, not series. Estimates show that this new bank design can reduce the cost per electrical
joule delivered to the flashlamnps from $0.20 to $0.125—a multiplicative cost reduction factor of 1.6.

Such cost reduction provides us with the following conipa.rison for pulse power systems:

» ) t k] /stab x $0.20/.
Pulse Power Beamlet 16_513 5 X 106 J/stab x $0.20/J $18 per joule
-|Comparison 18,500]
: 5472 slabs x 53 kJ /slab x §0.125/.
NIF : 0 72slabs x 53 kJ /slab x $0 12)/}:55};8 per joule

4.5 MJ

The last equation provides an overall estimate of $36M for NIF’s pulse power system.

7.3 Flashlamp Costs

. The cost of flashlamps for Beamlet’s pumping is $5 per joule. Reducing the design margin in
NIF means that fewer lamps are used in the new pump cavity design. Currently, there is only a
single vendor for flashlamps—we will need to qualify another vendor to ensure competition in the
market and keep the fixed costs per lamp from increasing.

Past experience shows that the primary issue for the lamps is their reliability. New concepts
for flashlamp cassettes have been suggested and we need proactive consnltation with all potential
vendors to seek low cost solutions. We will need an inexpensive quality assurance program to
guarantee the reliability of all the flashlamps.

With only moderate improvement, the following equations are the basis for projecting flashlamp
cost for the NIF amplifier:

16slabs x 9lamps/slab x $700/lamp. _

Flashlamp . ‘
' t ~ $5 per joule
Comparison Beamle 18,500 $5 per joule
NIF 5472 slabs x 313.211)31\{[ slla.b X $8(}0/Ia.1n_p ~ $3 per joule
a 2 M. :

(Note: We've used comparable length lamps for Beamlet’s cavity to simplify the cost comparison.}

The reduced cost per red joule is mostly the result of optimizing the pump cavity for shorter pump
pulses and using smaller slabs and longer lamps. :
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7.4 Mechanical Assembly Cost

The cost of Beamlet’s mechanical hardware per slab is $13,500. Figure 7-4 shows cost param-
eterization of the mechanical hardware per slab for the NIF amplifier as a function of the slab
grouping. This figure shows how the cost decreases as the number of slabs in the group increases;
i.e., the larger groupings require less hardware.

; 30 F T T T B
2 :
Q L . 7
_O L 4
0 o One slab high ]
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Figure 7-4  (lost parameterzation of the mechanical hardware per slab for the NIF am-
plifier as a function of slab grouping. Assumptiois: No flashlamps, No slabs,
lucludes connectors, does not include side losses, Jan/93 dollars.

According to Figure 7-4 the mechanical cost for a 4 x 4 grouping of slabs for the NIF amplifier

is $7300 per slab Comparing mechanical costs against Beamlet:

i bs x $13,5 3 1
I\/‘Iechatll.ca,l Beamlet : 16slabs X .q,’l 3,500 per slab = $12 pet joule
Clomparison : 18,500 f
H47: | BT 1 slal
NIF 7472 slabs ;;’Mi'?(}) per slab oo per joule

7.5 Amplifier Cost Summary

By adding the costs for glass, pulse power, flashlamp, and mechanical projected in the pre-
ceeding analysis, a reasonable cost goal for the amplifier hardare is $34 per red joule delivered to
the tripler. Achieving this goal will require aggressive cost reduction and component development
programs. We’ve traded-off the amplifier’s gain uniformity for improved efficiency and higher en-
ergy storage. This will require pre-apodizing the beamn to compensate for the gain nonuniformity.
Indeed, a cost penalty was paid in the pulse power and flashlamps to obtain the desired gain uni-
formity in the Beamlet amplifier. We simply cannot afford this added cost for the NIF amplifier—a
tradeoff requiring careful analysis which we are still studying. '

The amplifier hardware cost goals for NIF are summarized in Table 7-2, which also shows
amplifier costs for Nova' and Beamlet. The laser hardware cost divided by the number of red
joules delivered to the tripler is the figure of merit used to compare systems. -

V(i 3. Suski, Nova as-buslt cost analysis, LLNL ICF internal memorandum, 31 July 1985,
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Table 7-2  Cest comparison of the Amplifier hardware for Nova, Beanlet, and NIF. Units are § per
red joule delivered to tripler.

1982 Actual Projected Beamlet Projected

Nova Beamlet after reduciug glass NIF

System Cost Cost and pulse power costs Cost
Pulse Power $87 $1R $12 $R
(ilass $76 %42 %21 $14
Flashlamps — $5 $5 $3
Mechanical Assembly $41 $12 $12 $9
Total: $204 7T $50 %34

Most of the cost reduction can be attributed to cheaper amplifier slabs and cheaper pulse power.
The remaining reduction comes from an improved, but more risky, amplifier design and a larger
number of beamlets per grouping.

Given a successful component development effort, the amplifier cost is estimated at 4.5 MJ x
34%/J = §153 M. Note, this does not include labor costs to assemble.

7.6 Component development strategy

We estimate that the development of the NIF awmplifiers will take a minimum of 3.5 years to
complete. This level of effort will be required in order to achieve a more cost-effective design and
to ensure that the NIF amplifiers meet all performance requirements. The proposed development
program has four major areas, each of which are discussed below: 1) pump cavity design, 2)
flashlamps, 3) fixturing for assembly and maintenance, and 4) design, construction, and testing a
NIF prototype amplifier. The schedule for the proposed amplifier development program is shown
helow: .

- ' NIF Component Develop'mant Schedule—Power Ampilifiers
EY Q4 FY 95 FY 96 EY 97
Name Qi |Q2 | 03] Q4fail 02[ Q3| a4 Q1] a2] 3] a4 Q1] az2| a3f a4

Pump Cavity Development

Flashlamp Development
Protatype Amplifier Fab & Test _l

Maintenance & Assembly Developmeny FESEERIEEEE

Critical RN

Table 7-3 Amplifier development schedule

_7.6.1  Pump cavity design

The most cost-effective pump-cavity design for the NIF system will reflect tradeoffs between
requirements, some of which conflict—high cavity transfer efficiency, good gain uniformity, low
pump-induced wavefront distortion, strength and stability of the mechanical design, improved access
to parts to reduce maintenance costs. The balance between these requirements must be determined
through a process of optimization that takes into account the cost and performance of the entire
laser system.
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The parameter having the greatest leverage on system costs is cavity transfer eficiency. Cavity
transfer efficiency is used in our amplifier gain model' to characterize the transfer of light frow
the flashlamips to the laser slabs. Cavity transfer efficiency depends on nearly all aspects of pump
cavity design—reflector shapes, compactness, number of flashlamps, electrical power delivered to
the Hashlamps, optical transmission through the flashlamp envelopes, transmission through the
blast shields and through slab surfaces. As cavity transfer efliciency increases, stored energy density
increases and fewer slabs are needed to provide the necessary gain. ( HAINOP modeling predicts
that for every 1% increase in cavity transfer efficiency, overall ha.rdware costs for NIF decrease hy
about 0.67%.2 :

Gain of suflicient spatial uniformity will be required. (iain variations reduce the damage-limited
output energy by causing spatial amplitude variations in the beam. However, our previous expe-
rience testing multisegment amplifiers has shown a strong tradeoff between good gain uniformnity
and high cavity transfer efficiency. We anticipate that the NIF laser will use an apodizing filter
to convert the input intensity profile into a shape that compensates for the gain variations, With
such a filter, it should be possible to relax the gain uniformity requirement so that a higher cavity

‘transfer efficiency can be obtained.

(Good mechanical stability and improved access to parts will also be important. These require-
ments may conflict with high cavity transfer efficiency, especially if the mechanical design affects
the reflector sha,pes or compactness of the pump cavity.

We propose to undertake a three-stage development program to resolve tradeoff issues and to
develop a cost-effective pump-cavity design.

In the first stage, new pump cavity designs will be developed and evaluated by modeling.
These pump cavity designs must be consistent with the overall amplifier mechanical design. It

" will be important to evaluate all promising methods for improving cavity transfer efficiency. Some

~ exawmples are:

e Make the pump cavity design more compact.,

e Change the shapes of reflectors in the side and central ﬂashla,mp arrays.

¢ Use wedge-shaped reflectors on the slab holders to reflect more pump light onto the slabs.
¢ Use anti-reflective coatings on the flashlamps, blast shields, and laser slabs.

Reduce the lamp packing fraction.

Ray trace models and finite element codes will be used to predict cavity transfer efficiency, gain
uniformity, pump-induced wavefront distortions, and pump-induced depolarization. The predic-
tions must he made for all four different types of apertures that occur in multisegment amplifiers
with 3 x 3 or larger groupings. The figure-of-merit for each possible pump cavity design will be the
system cost per joule, as determined by the CHAI