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• ABSTRACT surface of the fusion target capsule. This implies efficient
, use of the laser energy, but requires a spherically uniform

Controlled nuclear tusion initiated by highly intense source of laser illumination so that the implosion proceeds
laser beams has been the subject of experiment for many in a hydrodynamically stable manner. In the indirect-drive

years. The National Ignition Facility _ represents the a!rproach, laser beams enter a small metal cylinder called a
culmination of design efforts to provide a laser facility that hohlraum, heating its inner surface to produce X rays. In
will successfully demonstrate fusion ignition in the turn, these thermal X rays strike the DT fusion capsule
laboratory. In this so-called inertial confinement approach, contained inside the hohlraum, thus indirectly driving the
energetic driver beams (laser, X ray, or charged particle) implosion. Illumination uniformity by the laser is less
heat the outer surface of a spherical capsule containing critical for the indirect-drive approach, and the hohlraum
deuterium and tritium (DT) fuel. As the capsule surface can be designed to improve hydrodynamic stability, but
explosively evaporates, reaction pressure compresses the indirect-drive targets usually require somewhat more
DT fuel causing the central core of the fuel to reach energy from the laser.
extreme density and temperature. When the central
temperature is high enough, DT fusion reactions occur. II. REQUIREMENTS
The energy released from these reactions further heats the

compressed fuel, and fusion bum propagates outward When designing a laser for inertially confined fusion

through the colder regions of the capsule much more processes, the wavelength of the drive pulse, its spatial and
rapidly than the inertially confined capsule can expand, temporal characteristics, the number of individual laser
The resulting fusion reactions yield many times more beams used to generate the required drive energy and
energy than was absorbed from the driver beams. Figure 1 power are all dictated by the class of targets expected for
summarizes the inertial confinement fusion (ICF) process, the ignition experiment. For example, the indirect-drive

NIF ignition target shown in Figure 2 is expecled to
t,.,,,,,_.+, produce 25 MJ of thermonuclear energy when irradiated by

•+-.,., the shaped laser pulse shown in Figure 3. This spatially
_,,.,,+__ symmetric, ultraviolet laser pulse has an energy of 1.8 MJ

_ _ ,I. and is shaped to produce a peak power of 500 TW. It is

_ -.l,i_iiiI" _iii4... i :i Such target performance is based on detailed calculations

:ii_. ._ _. _ i!+:+:_ii: expected to produce a hohlraum temperature of 300 eV.

• and experimental data obtained from glass lasers and from
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I. INTRODUCTION _ "<""-_'I |_ ',

Using Nd:glass lasers as the energetic driver, NIF has +_-'/,.,,+ -,,,,...+,,--.,,,.....,.,,..,,,,..._
been designed to address the two basic approaches for ,_ _.,,,**+.-_,m_,.k+_o,*.,,_.,
coupling drive energy to the target. In the direct-drive

Flgure 2+ Bleellne HIFIg4Mlk_ large41+Thle I_i_I ulml 1.8 MJ ol llghl, II • pellk _ ol $00 TW+approach, laser beams impinge directly on the outer ,n,,. ,,,4...,,_.. m,,,,, ,,+,. _, ,..+.c,,+,. +_,.u+_,--,,+J0,,,,,,_.,,,_,.,++
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lOOO.O tion between laser intensity and density and temperatureof
- - plasma produced inside the hohlraum. The beat pattern of

- .----- Totalpower _ - such a spread of wavelengths changes the beam profile at
" ...... Outercones l_-" "'o " focus in times of.--10 picoseconds. Kinoform phase plates
- - - - Innercones ft.... - _ located in the post focusing region of the drive impose
_ [_t -_.. _ spatial smoothing of the beams' 500 micron focal spot.

100.0 _// _ _
- It is these symmetry and smoothing requirements that_ /'o_t - determine the minimum number of beams as follows:

! - /,_,_lx;"-= number of beams = (4 wavelengths) x (1 beam in an_L

10.0 _/ _J inner cone +2in an outer cone)x (8 fold symmetry), - x (2 sides) = 192
4 e //

L .... .''''''''''''_

Thus, for indirect-drive targets, NIF should contain at

least 192 individual laser beam lines. Pulses from each of

these must be delivered on target according to stringent
1"°0 S 10 15 20 requirements in time and space to avoid power imbalance

between beams. This instantaneous power balance sets
Time(ns) criteria for mechanical adjustment of pulse arrivaltimes.

rig•,,s. _m,a.n_ _ ann,_ o.nnh._ ann,antm_p,ndnpa,, u Figure 4 summarizes the top level target requirements
_,.md. n,. _.ud_ tea_. _l,=t,,d.n,. teW-Unw_u_ wu.agtna,,y,,,t and howthey determine the laser's characteristics.to maint_ the hohlmum at • connmt 300 oV temperature. Fortuitously, Ihe rate
of f_l.off is _deoneedy optimal with regsrcte to nonlinesr optlcsl otis't• in me laser

¢_agn. NIF was not designed in response to one specific
target configuration. Rather, it was designed to address the

the Halite/Centurion series of underground tests dedicated requirements of a broad class of targets. This was done by
to ICF physics? This basic indirect-drive target is a
simple, single shell capsule with low atomic number N.:o..,: _F_,,_.,,
ablater and a central fuel region, surrounded by a cylindri- I
eel hohlraum made of high atomic number material. J
Multiple laserbeams enter through holes in the ends of the [ h,_,,t_h,. I
hohlraum and irradiate the interior wall. In the discussion I I

that follows, we continue to use criteriafor the indirec:-

drive target, since those do not exclude the direct-drive //_ _p,_o, ._c,

_'_ ] L.ASNEXmlmulstion.targets. .h..,,_ f.,,_f.,,.In

Multiplelaserbeamsareusedtoachievetherequired
powerandenergy,andto helpprovidethesymmetrythat .....

reduces any hydrodynamic instability of the energy xya_v,,,,_, in[--*--
couplingand implosion processes. For the indirect-drive sy.,m,_: _.t.u_.:

Two _ @61.• -27" md -|3" _ size optimtan: $00pm
target, two-sided irradiation, with each side composed of _:.qr_k,,,,., **,,,.._ k,_ _**m,_,.,. 0._.,t_
two cones of beams, provide the necessary symmetry. _tk,,ta-_._._mm.._ *t

PowerB_lmoe:o(_,t_ ,_ 8% ! " '
These cones lie at elevation half-angles of -27 degrees and _ ._,..p,u,_,,0._):• soo

--53degrees with a nominal division in laser energy of 1/3 p._,u,g ..., ,,.,.) ., t.:. so: I phle,'Fourbeam..., re. 141 ]in the inner cone.and 2/3 in the outer cone. Additionally, F.,,r_.._y_o_O _,,
at least an eight-fold rotation symmetry in the azimuth
angle about the hohlraum axis is required to reduce the R_u,a4.agnillon r_lubement forindim_.driwtm'getL

amplitude of low order spherical harmonic terms in the
drive pressure--again, an implosion symmetry require- deriving a formula that estimates the safety factor or target
ment. margin for any NIF indirect-drive ignition target. This

figure of merit represents the available energy beyond the
Multiple wavelengths (up to four) of the laser drive, minimum required for ignition of a particular target, or the

overlapped at focus, are used to temporally smooth the safety factor in laser intensity above which laser-plasma
drive and minimize plasma instabilities caused by interac- instabilities occur in that target. This figure of meritis

J.T. Hunt 2



parameterized by a scaled capsule radius, R, and hohlraum produced by Nd:glass lasers with frequency triplers 3.4
temperature, T. For each point in R-T space there is a placed upstream of the lasers' final focusing lens.
specific temporal shape for the incident 30_ laser drive
pulse and, therefore, a unique laser design. This informa- There is a Laser Design Basis Report (LDB) describ-
tion is enough to construct the contour plot in Figure 5 ing cost and performance foundations for the NIF laser
showing the expected target margin for ignition as a system? NIF is a multipass design with four passes
function of peak ultraviolet power and total ultraviolet through the large final amplifier. Multipass systems
energy in the laser drive pulse, dispense with many intermediate laser amplifier stages, so

" they are significantly less expensive than single-pass
' . designs such as used in previous fusion lasers. The LL_8

___t[_ also describes a complex computer-based optimization

' "i _:_ procedure that manipulates key design parameters to
maximize a laser's output energy-per-dollar based on some

_,. baseline target and particular temporal pulse shape. The

optimization procedure relies on engineering cost data,_ component performance test data, and extensive computer• simulations of laser performance. Two of the most

_ important facts reported by the LDB are:

1) the optics element with the lowest damage
1,, - threshold is the frequency triplet

..... I i

,01 I.** z_ 2_7 2) the most cost effective laser design uses
the fewest large aperture beams.

TouNr_ww (u_)

As applied to NIF, these constraints provide a simpleFigure 5. The target margin or safety factor is represented by a contour. The total

UV enecgy and pe_k powe¢ Inckfenl on the laser entrance hole to the larger Ke characterization in terms of total aperture (sum of all
provided Its axes values. Eachpoint on the plane corresponds to a unique
temporel pulsa. The bamHIne doaion Is marked by a w_te dot. beamlines) of the laser system.

The minimum allowed total aperture is determined by
III. CONSTRAINTS the ultraviolet beam fluence at which the frequency tripler

experiences damage for the pulse shape shown in Figure 3;
It emerges from the target design considerations just this threshold is -14 J/cm 2. Applying a 30% safety margin,

discussed that the NIF laser must meet the following top the NIF laser is designed to operate at a mean fluence of

level requirements: -9.5 J/cm 2 at the triple;. With an additional aperture f'dling
factor of 80% for any individual beamline (as specified in

Energy: 1.8 megajoules the LDB), and a presumed 90% transport efficiency in post
Peak power: 500 terawatts tripler optics, the minimum total aperture for producing a

Pulse duration: 20 nanoseconds 1.8 MJ ultraviolet target irradiance pulse is -26 square
Target irradiating meters.

Wavelength: 0.351 micrometers

Focal spot: 500 micrometers diameter and smooth The maximum area of any single laser beam in the
,. Pulse shape: complex with a 50 to 1 contrast ratio multi-beam NIF is limited by a threshold for stimulated

Raman scattering in the frequency tripler, the need to
Designing a solid state laser to meet these require- control transverse parasitics in the amplifier optics, and the

" ' merits is well within current technological grasp, ability to grow and finish large aperture, defect-free,
Flashlamp pumped Nd:glass lasers that have been used to crystal components. Experimental data and calculation

irradiate ICF targets since the early 1970s have been suggest that these phenomena limit any aperture for a
successfully scaled from a few tens of joules to an energy single beam to about 1600 cm 2. As pointed out by the
of 120 kilojoules in a few nanoseconds. 2 With this LDB, the most cost effective laser system will have this
demonstrated ability to scale in energy, and because of the aperture size.
maturity of the Nd:glass laser technology, it is appropriate

that this type of laser be used for the megajoule class NIF Combining the maximum allowed single aperture size
laser system. The target irradiating wavelength of 0.351 with the minimum total aperture produces a count of 162
micrometer is generated from the 1.053 micrometer beam laser beams, each with clear aperture of 1600 cm2, to

J.T. Hunt 3



produce the 1.8 MJ ultraviolet pulse---provided that power IV. SUMMARY
and energetics were the only specifications for the NIF
lasers. The symmetry and beam smoothing requirements The NIF laser design is one among a family of lasers
discussed earlier demand at least 192 beams. Because that could meet the 1.8 MJ/500 TW ignition requirement.

prudent engineering of any large systems will include a Cost optimization applied to this family for a baseline
design margin, the choice of the NIF laser design with 192 target and particular pulse shape produces a design optimal
beams with a clear aperture of 40 cm provides a reasonable for this design point, but also encompasses a wide range of
margin of .-.30 beams, or 18%. other target/pulse shape configurations. Figure 8 shows

the performance of a 192 count, 40-cm x 40-cm aperture

Of singular concern to NIF is the ability to deliver on system for power pulses scaled to the shape shown in .
target a temporally shaped pulse as shown in Figure 3. Figure 3. An overall performance margin of-20%
Gain saturation in the laser amplifier and intensity depen- separates baseline operation from a damage-limite.d (to any .
dent frequency tripling will cause an injected pulse to componen0, redline performance for the 192-beam case.

change shape. By traversing the laser in reverse order,
from target to injection, it is possible to predict an appro- *

priate input temporal shape. The intensity dependent .'__
tripling efficiency shown in Figure 6 is typical of the
design expected for NIF. Though it has an 85% peak
power conversion, the overall energy conversion for a _i!i!::i!:iii:_i_ili!__.;/_:"_y-A_ _ _,.**__._

pulse like that in Figure 3 is about 60%. Figure 7 summa- _ __:::::::::_:::_:;:::_:::::::_::::_:::::::::::::::::::::::::::::: ' '-"
rizes this energy flow through the laser, and shows that the

one micron NIF laser must deliver an --650 TW peak _o_*_

power, ~3.4 MJ total energy pulse to the tripler so that the gt
target sees a 500 TW/1.8 MJ one third micron pulse. _'

1.0 i i i i

j,.l , . i . , . . i .... i , . , • I i J .t.. i . . . , i . , , ,

o.0 _S 1.0 1.S 2.0 2.S 3.0 3.S
0.8 ToUd UV ecwOy (IdJ)

,a_.el.*cl*4-_.kn_ m 0-_l.4a

f FIISu_ Ik Acceuible I_v, Euv *Hpace.The lS2-beamlel cam reacl_m"ted line" o*'damalseIlmtled
0.6 perlonmanceat the top oi the Bray band.
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