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ABSTRACT 

The physics of fast ignition is being studied using a petawatt laser facility at the Lawrence 
Livermore National Laboratory. Performance of the PW laser with deformable mirror wavefront 
control giving intensities up to 3xl020 Wem"2 is described. Measurements of the efficiency of 
conversion of laser energy to relativistic electrons and of their energy spectrum and angular 
distribution including an observed narrow beam angle of ±15°, are reported. Heating by the 
electrons to near IkeV in solid density CD2 is inferred from the thermo-nuclear neutron yield. 
Estimates suggest an optimized gain of 300x if the National Ignition Facility were to be adapted 
for fast ignition. 

1. INTRODUCTION 

The concept of the Fast Ignition (FI) [1] is of importance in inertial fusion energy (IFE) 
research because it offers the possibility of significantly higher gain than can be obtained in 
indirectly driven [2] or directly driven [3] inertially confined fusion (ICF). Higher gain would 
allow power generation with lower driver efficiency and FI is therefore attractive for laser driven 
IFE. Figure [1] illustrates this by showing the calculated gain for ICF targets of a size appropriate 
to the 1.8 MJ National Ignition Facility (NIF) which will start operation in the USA in 2002. 
The NIF target designs for indirect drive have been developed over decades of research and there 
is a sound basis for the predicted gain factor of 12 to 20. The research base for direct drive with 
predicted gains at NIF scale of 20 to 70 is less mature, but is nevertheless substantial. The 
potential for gain of about 300 indicated for FI at NIF scale is based on newer physics of the 
interaction of intense laser radiation with plasma in the relativistic regime and its practical 
feasibility remains to be proven. 

The essential idea of fast ignition is to pre-compress the fusion fuel by conventional laser 
driven methods, then to ignite the fuel with a separate short duration high intensity laser pulse. A 
pre-cursor hole boring pulse creates a channel in the plasma atmosphere enabling the ignitor pulse 
to penetrate close to the dense fuel. Absorption of the ignitor pulse at the critical density 
interface generates a beam of relativistic electrons which transport energy to the dense fuel and 
heat the ignition spark. It must reach a temperature kT>10 keV over a density radius product 
pr>0.5 gcm"2[4] The mean energy of the electrons must be such that their energy is deposited 
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FIG. L Calculated gain carves for laser driven JCF targets JFast. ignition plats are labeled with 
:dkmity, '-ignition spark driver energy and focal spot. [Xs which are discussed in section /Ö 

2. THE PETAWATT LASER 

Powerful Short pulse lasers have become available through chirped pulse amplification 
|CPA) m Mgh energy «eodymtaor glasslasers ad one beam line of the: 10 beam WOT a laser «sing 
■disc ampif ers of up to 31,5 cot diameter,, has been adapted with -CPA. to generate O.t kdojomte- 
iStreiehed poises. Petawatt power is obtained when, the stretched pulse is re-^mpfessed via a pair 
of 1 meter diameter reflection gratings to a minimum/duration of less tbatt\SQÖ |& fSJ. 

■The focal spot deteMines the intensiv and a difflraction/ limited Airy pattern would 
ideally be produced. In practice1, the wave front quality is typically many times diffiastto«, limited 
due both to passive optical imperfections-■and to thermal; effects from heating of the laser glass by 
itae;flasMaisp, The-FW-, laser beam line-at Mova has- a recover}' time of more -than 10 hours to 
fully "dissipate the heating from a single Bring. The introduction of .a computer cohtmlled 
deferrable: Mirror (BM) has significantly intproved the wavefront-The surface figure ofthe DM 
is adjusted by-ift. array, of 37 pie»*e1eetrk actuators. Tie required correction is computed froti a 
ccdima|e; of 37 focal spots produced byartatching array of micro'- lenses in .a Bartmann sensor. 
THhe-sensor is -first fed with ä reference plane wave and then at 10 Hz," with pulses from-Ae Nova 
beamline (operating without fMng.of the main amplifiers). The wave front is corrected in weal 
time for errors having-spatial frequencies up to a limit:determined by the"finite number of pteiö- 
electric actyators. After a full power firing using the BM system, the difference between the 
w&vefrdnt ojtality. registered by the. Hartmaan sensor-and. the plane reference, wave, is used to 
compote the-unCorrected prompt optical distortion due tetht firing of the flasMamps. A pre- 
correetion for die prompt distortion is then also mtiodweed -on- the; IM, The net effect of-use"of 
tie DM ts illustrated in figure 2; The laser focal spot is recoid^.by.aneöuM 
©quipped with:a 16 bit ccd camera. A typical image'without--'the, DM after a 7 hour codling delay, 
shows signifleaftt thermal distortions. The much improved focal spot shown with useM.flie.BM 
is reproducible, for firing:.intervali is short: ail 1/2 hours. Analysis of the^ccd images allows 



determination of the spectrum of intensity. Typically, peak intensities reach values uf'to'3 xl©29 

Wern2when flie laser-is operated at a power of 1 PW and 20% of the energy is deliver-ajbove 
ltim Wem"2: The -fraction, of the power contained up to the first minimum: arouod'::fhe central 
focal spot is. 36%/ The Strehl ratio is 5% and the fwhm of »e oehtral -focal .spot is 2,5 times, .the 
diffraction limit. 

Baser -energy incident on the: target piiof to the arrival.-of the short-poise is important 
in: experiments, This energy irises from amplified spitaneous emission (ÄS£)aMljam small 
fractional lepkageof the short.'-pulse through Pockets cell gates in the pulse generator system, 
ASE beginsapproximately 4 ns prior to the short pulse at a roughly eoistarrt intensityand its 
energy is typically 3 xlO  of the main pulse: energy, A leakage pulse arrives 2 ns before the mail 
pulse and its minimized energy is 10 4 of the main pulse. The ASE and leakage pre-pulse create a 
plasma from solid targets prior to the-arrival of the main palse and -interaction of Ac main pulse 
wilh tftis- plasma particularly toy relitivistie self focusing, is important in the 'conversion of laser 
energy to electron .energy,. .Short-pufse optical tnterforoinetry has been used to measure the 
density structure of the pre-pwlseinduced plasma and these results hmc been'compared-with 
ntimerieal simulations in 2-dimensional cylindrical symmetry rnns^-kfäm^mmAcmM 
.Lasnex :[6J Good consistency of measured and computed results has allowed more routine, 
determination of variations m the structure-of the performed plasma: from Lasnek modeling a 
conjunction- with monitoring the ASE and prepulse levels on each shot. 

C!D 

FIG* Z Equivalent plane focal spot images and horizontal imeotäs- ■■with-/above) andwithmfi 
(below) the DM. The ß»hm: of ihi focal spot with the defixnmhk mirmris 8 ßm. 

JBMperimeHts:with the.PW laser .are conducted ma vacuum, chamber I« which an f/3' 
parabolic mirror is used to locus the 55 cm diameter main-beam. lor pises down 5 ps: duration 
the parabola is.protected with a fused silica -'debris shield. For shorter pulses down to 0,5 ps the- 



focused beam' is reflected at normal incidence aid 3 cm diämetex% a dielectric mirror ■operating' 
'as a plasma mirror aid no' debrisshield is-' used, 

3. CONVERSION EFFICIENCY AND ENERGY SPECTRUM' OF THE ELECTRONS 

Conversion of uplö 30%of'ite iociderrt laser energy into: elector® of mean enerfy. 
:excti0fifg''6QO key has -been inferred from m«asurem«trts the K« fluorescence of a buried -lapr-of 
Mo in Cu targets [?). These--measurements -made-at peak, focused intensity of 2xtOw Verrf2 in. 

-0.5 ps pulses were obtained with 15 J laser pulses using & smaller scale prototype of the PW .beam. 
The good efficiency and suitable wean energy of the electrons for application-to fast ignitioo 
.provide a basis' for more -detailed^tüdies of the electron ^liree. 

The full, scale PW system operating in both 0.5 ps and.. 5-:ps putses^as been, used to study the 
electron energy spectrum- at peak- intensities of 3xiÖ10 and SxlG1* Wem. *ä respectively. Ä 
■'magnetic electron'spectrometer [8] was used to measure theittergy spectra of the-electrons. The 
targets in these experiments were also used-to produce high energy i^taysby: btemsstrahtung and 
..were typically 0,5 «mm thick An. -Electrons emitted from the-,rear of these targets have therefore 
lost-energy by both collisions and due-to the electrostatic potential in the ttrget In spite of these 
losses* the-reeord^ed-electron spectra have energies up to 1.Ö0 MeV as shovvn in figure..3: The 
qwasi-exponential slope of the'electron energy spe0ttmn1-caB.be used to estimate--an. equivalent 
temperature for the electron: source1:and.-measurements -M the -region of above 1-0 MeV show 
.apparent temperatures for 'both: the 0 J .p and .5 ps- data of-the order of 5 to.. 10 MeV. It .is clear 
.from these data that the tail has- a:highertemperature .than would be inferred by Msuming the 
tetipefatire to be close: to the .ponderomotive potential at: the. vacuum intensity...Suchm   .. 
estimate gives 1 MeV and. 3 MeV respectively for the long:and.short.pulse:;data The,spectra:were 
.recorded at. 30s fain..the. laser .direction.and also at 95** for targets at-itormai irarideiiee. It. is 
evident from figure 1 that in ttie region around 10 MeV the electron flux issipificaitfly larger in 
the forward direction. Interesting also is the observation of positrons produced by pair production 
intheAu target 
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5» ANGULAR MSTM1MTTIÖ& OF X-RAY EMISSION 

3£*iay bremsstfahiung from teiatlvistie electrons lias mm ingle öf Iff where f te.ihe 
ftlitivlstlc factor, Consequently, measureinsMä of tie angular distribution if the*-ray emission 
it photon fttCfgies in the Me V regiottÄ alrtioat equivalent to dlrfest measurement of tie aigitar 
distribution 'of the electron--flux in the target Silicon pin diötle detectors in 2.1 eft thick lead 
housings were used to record the hard x-rays of energies greater than 1 MeY, Ait array of 
typically 10 of these detectors stowed forward peaking of the s-ray emission* hat 61 so showed 
very large randon* fluCtüatiG« in the pattern of emission.-A more extensive :äoty of 9? thermo- 
lywinßscCTt (TLD) detectors was- therefore, put in place to «leisure the distflbtttion fitere 
accurately, Their filtering was fitch (hat they responded to photon enemies greater than 30Ö keV 
with a father flit spectral -response per rid of incident radiation. The array covered a £43® mm 
of ittgles artuöd the laser directioft Mid was used to produce die map of x-ray emission shown in 
flgwre 4 The striking: feature of these data is the broad angular range ahd multiple off axis peiks. 
Comparison of nominally identical shots shows thai the. pattern of these pgikf ehartges 
randomly ftOffl shot to shot, 
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& NUCLEAR ACf fVA'f ION 

High energy K-ray photons interacting- with high £ target miftriais iftdiice^pholo-neatrofj- 
©Mission «rid naclear aetitition through «MOletr giant resonäitee (y^xri) processes, Tie 
resonances ate retativeiy narrow aid peak at energies which increase systematically with the 
Mshef of ejeofed neutrons x.... for e^Äpfe x -/ in A« peils at aftoai 15 MeV while tie x ? 
process peafc# it AM WMeV. The product OucM are typically in esetel sfStasand iee% By f 
:emissteni Inhere tie half lives of the pTodtieis are siitaMe for analysis hy f :#ounting technkffes 
the yfefefe tm he rneÄfed accurately. Äu has beet -found to fee" in feteelfeni ©teftertt in this 
respect- and1 ft* our «eistfrefftents the yields i>t t=I ßAßß M& f :bwe heel- recorded, Fron the; 
yields and!1 fcnowi erosi sööfons of these processes the absolute .spectrit iitsnsity is the !ltt: f§ 
MeV spteetral regioi eövered by the pafes of tiese cross sections has been deduced, 



Another useful feature of the nuclear activation is that it enables a determination of the 
mgalw distribution of the x-rays at high photon energy., Figure [4J "illustrates results Obtained 
from x** I nuclear- activation of an Au disc (which is composed of multiple smaller disks) behind 
the" target The pattern shows a typically broad off axis peak and there is evidence in figure [4] of 

■ splitting; of the peak.. The direction of the peak is: random. The-TLD recorded patterns of IMeV 
photons and the 15 MeV. activation patterns have been seen to .be imcorreiatei. The stochastic 
behavior,' wide beam angle and random off axis peaks observed for normal incidence 0,5 p$ 
irradiation of Au targets are unfavorable for applications and the reasons for this behavior and 
possibilities for modifying it .are .therefore important 

7, ÄELATIVISTIC CHANNELING 

Evidence of-relativistic channel formation is shown in figure #. The laser was focused at variable 
distances in front of and behind the surface of a planar An target at normal incidence .and 550 i in 
0.S ps. The. irradiated mm on. the target if the propagation of the laser were anaf&eted 'by, the 
performed plasma, is shown by the superimposed circles, For focusing 300 pm in front of the 
target the x~ray piahole camera images "of the front surface-offhe .target filtered, to record x-rays 
of about S keV "energy, shows an emission zone which is approximately 20 jimin. diameter and 
much smaller than the nominal LOO micron diameter Irradiated area. The image has structure 
suggesting one strong filament and 2 subsidiary filaments. Displacement of the target to the plane 
of best focus shows an essentially invariant x-ray image, By contrast when laser was focused 200 
ptn 'behind the surface, the x-ray image was diffuse and of weak intensirf • .extending over a large: 
area more than 300 pm in diameter, It has one !Ö p.m diameter bright spot attributable to a small 
fraction of the beam undergoing relativistic self focusing, .The yield .of photo-neutrons .was 
'essentially constant:at .2 to 3 xl(f for focusing in front of the target while focusing behind tie 
target surface gave a drop in yield to 1G7, These data imply a constant high- kttmssty of 
interaction, associated with relativistic channeling for focusing in front of the surface. 

120 pip 

peak intensity .3.9 20 14,3 17 

FIG. 5* ■■■X-ray -pinhoie mmem images, The location of the target surface relative to the focal 
plane is indkaied in the sketch 



a MECHANISMS INFLUENCING THE ELECTRON SOURCE 

Possible causes for the stochastic behavior and wide beam divergence include »'hosing 
.instability of the rclativistic filament at near critical density» which has teen seen in prtiel« in 
cell (PIG) modeling [9] m Weite! instability breaking up'the-rdatiyisticdectioii current too 
multiple öffiöds filaments .which has also been «en in PIG model ing [JO] Refraction »f the 
filament In fie structure of preformed plasma may'also-contribute, The hot tail in the mmgy 
spectrum of the electrons is attributable with some confidence-to scceleritiort processes at sub* 
critical density which have recently been noted in .PIC. modeling to give apparent temperatures" of 
more than .3 times the ponderomötive potential., [it] 

9. ELECTRON EMISSION FOR P POLARIZE« OBLIQUE INCTOENC! 

In very recent exptimeots the angular distribution; of electron emission, has been, 
measured for P polarwed 45 degree incidence on CH polymer targets typically 100 \m thick 
using 5 ps laser pulses at energies up to 6501 Here the absorption m&shwmm is different fro« 
the jxB process it normal incidence which creates two electron bursts per optical eytie, P 
■pofarizsd obliquely incident absorption'is by the Brunei mechanism [12] in which electrons are. 
driven perpendicular to the target surface from sub'to super-critical density by tbe: electric field of 
the leer, The absorption launches electrons into the target with the oscillation energy along the 
perpendicular to the target surface. The electrons were detected by a cone of radto-etaomJc film 
placed behind the 'target and centered oo the laser axis. This 61m was in two layers, the'.first 
behind 7 pm of Al and the second layer behind an additional .200 }xm of Ta, The-first layer 
detected electrons with energies > 100 keV and the second > 500 keV. The image from the first 
layer showed the emission: pattern "in flgire■& An interne electron beam saturating the Jltai 
isobserved approiinmtely normal to the target surface. Also of interest.are weaker emission: 
features, in particular,- € line of emission (in a V shape on the unfolded mm of Him) which. 
corresponds to: electrons accelerated in the plane of incidence wer a ± 90** range of angles 
.relative to the laser beam. The second layer shows only the beam directed along the normal to 
the target surface, Ä line out of the optical density of the film indicates that the angular range of 
the beam: is only ± .I5*at full width half maximum of the optical density (which is apprcximately 
proportional to intensity I There Is also interesting fine structure within the tarn with an angular 
range of just« few degrees. This narrow well directed beam is extremely promising and interesting 
for application to fast ignition. 

■FIG'6. Kadmckwrnw film images of the electron emission. Left- >100keV pattern aver forward 
"hemisphere {mm of film placed on a flat plum). Right- »SÖÖkeF enlarged view of beamed 
emission 



10. HEATING BY THE ELECTRONS 

Theoretical work [13] has suggested that a beamed source of electrons in solid density 
material can be transported with magnetic collimation by its self-generated magnetic field. More 
recent calculations [14] for intensity of 2 x 10 19 Wem"2 in a 15 (im focal spot show collimated 
heat flow with temperature reaching 3 keV on axis and IkeV out to a radius of 15 urn penetrating 
through 0.1mm of solid CD2. This kind of heat transport is highly desirable for fast ignition. 
Moreover, the electron jet previously described is suitable to initiate this behavior. Targets of 
solid CD2 with a surface layer of CH were irradiated with 5 ps pulses to study thermonuclear fusion 
reactions in the heated CD2 which generate neutrons from DD fusion with an energy of 2.45 MeV 
and an energy spread in keV of 82(kT/lkeV)1/2. Such nearly mono-energetic thermal neutron 
emission is very different from the photo-neutron emission discussed earlier or neutron 
generation by accelerated deuterons striking static deuterons [15], both of which produce neutron 
energy spectra that are many MeV wide. Figure 7 shows a neutron spectrum recorded by a large 
aperture neutron scintillator array (Lansa) comprised of 196 photo-multiplier/scintillator 
detectors located 20 m from the target at an angle that is backward at 70° from the laser axis. 
The target had 10 p.m CH over 100 p.m CD2 and was irradiated at 5 ps with 180J. The striking 
feature of the spectrum is a narrow peak at 2.45 MeV which is well above the noise level and 
cannot be attributed to statistical fluctuations. This peak implies emission of 6 x 10 4 thermo- 
nuclear neutrons and the yield (scaling as T5) suggests heating to a temperature approaching 1 
keV. 
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FIG 7. Lansa neutron energy spectrum showing a narrow peak of thermal DD fusion 
superimposed on a broad background 

11. FAST IGNITION AT THE SCALE OF THE NIF 

A general conclusion in considering fast ignition is that the critical difficulty is to create 
the ignition spark. The energy required in the electron beam reaching the spark has been 
determined from numerical simulations [16] and can be written in the form 80(100/p)18 kJ. The 
same analysis shows that the required density radius product pr is 0.5 g cm"2. Reducing the 
density therefore increases both the spark radius and its inertial confinement time. Larger radius 
and longer pulse reduce the required intensity at the laser focal spot. An important constraint for- 
fast ignition is that the electrons should have an energy deposition range equal to the spark pr. A 
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limit of about lMeV is therefore imposed on the energy. The laser intensity x (wavelength)2 or 
IX2 is consequently limited to approximately 2.5xl019Wcm~2p.m2. 

At the scale of NIF the ignition requirements could be met with 10% of the NIF beams (i.e. 19) 
focused in a clustered array of 25 u.m diameter spots at 20 ps pulse duration and 0.53 p,m 
wavelength, delivering 200 kJ. It is assumed here that hole boring brings the ignitor beams to 
within about 100 u.m of the dense core, that there is 30% conversion to electrons and 66% 
efficient magnetically collimated transport with two fold increase in electron beam diameter at 
the ignition spark. Compression of the fuel is assumed to be accomplished with 8% hydrodynamic 
efficiency typical of direct drive and with a ratio a of internal energy to the Fermi degenerate 
minimum of 2. If 1 MJ of laser energy is used to compress the fuel the mass is 4.1 mg with a 
diameter of 340 mm. The pr is 3.4 gem"2 and the burn efficiency given by pr/(pr+7) is 0.33. The 
gain i.e. ratio of burn yield to laser energy, is therefore 330. It is necessary for obtaining high 
gain that the total laser drive be well above the ignition threshold and this sets a lower limit on 
the density as illustrated in figure 1. The upper density limit arises from IX2 in the focal spots 
which increases with density as indicated in figure 1 .In this scenario there is a narrow operating 
window at about 200 g/cc. The higher gain obtained in fast ignition arises because we assume high 
compression efficiency r|=8%, a low adiabat ratio a=2 and a low density p=200. where the 
energy used to compress the fuel dominates the total input energy and scales as r\ap2/3. Lower 
values of both a and p relative to direct drive are the source of the 5 to 10 fold higher gain for FI 
shown in figure 1. 

This simple model has many limitations. The requirement in fast ignition research is to 
substantiate that the postulated behaviors can be obtained. It is apparent that if they can be 
obtained then fast ignition has a unique capability for high gain of considerable potential 
importance for IFE. 
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