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The Fast Ignitor is an alternate approach to ICF in which short pulse lasers are used to 
initiate bum at the s u ~ a c e  of the compressed DTfuel. The aim is to avoid the need for 
careful central focussing of final shocks, and possibly to lower substantially the energy 
requirements for ignition (Tabak et al., 1994). Ultimately, both goals may prove crucial to 
Science Based Stockpile Stewardship (SBSS). This will be the case should either emerging 
energetic needs, or funding dificulties render the presently planned radiative fusion ap- 
proach to ignition with the NIF impractical. Ignition is ajirst step towards the achieve- 
ment of substantial energy and neutron outputs for such Stewardship. (U) 

Introduction 
The Fast Ignitor is an alternate approach 

to inertial confinement fusion ( 1 0  [l] (Tabak et 
al., 1994). The concept employs conventional 
lasers to 1) compress a pellet of DT fuel to ap- 
proximately 300 gm/cm3. Tim, 2) a several 
hundred picosecond laser is used to bore a hole 
with ponderomotive pressure through any low 
density atmosphere surrounding the compressed 
fuel. Finally, 3) a 3 to 50 ps 1.06 am laser is used 
to propagate energy to the DT surface, where it is 
absorbed, generating suprathemal electrons 
which must deposit 3 to 60 W over an alpha par- 
ticle range, raising the local temperature to 10 
keV. This leads to ignition at the DT pellet sur- 
face. The full pellet then ignites by propagating 
burn (Fraley et al., 1974). As little as 100 W may 
be needed for the compression phase. The hole 
boring can be accomplished with a 1017 - 1019 
W/cm2 pulse rising linearly as higher densities up 
to 100 times critical are encountered. An inten- 
sity of -1$O W/cm2 is needed for the final short 
pulse, generating 1 - 5 MeV suprathermals. 

Exploring parts of this scheme with particle- 
in-cell codes researchers have reported signifi- 
cant light absorption, target surface deformation 
in mildly overdense plasmas (4 x nQ) (Wtlks et 
al., 1992 and Ivanov et al., 1996), and the forging 
of open channels in underdense (< 0.5 ncrit) 
plasmas (Pukhov and Meyer-ter-Vehn, 1997). 
They have predicted the occurrence of intense 
(-100 MG) magnetic fields in both regimes. 

Here, we have used the multi-fluid implicit 
ANTHEM (Mason, 1987, and Mason and Cran- 
fill, 1986) model to provide the first high intensity 
simulations for a broad range of densities (0.35 to 
200 x wt) appropriate to the Fast Ignitor. 
ANTHEM can venture into density and colli- 
sional regimes that are inaccessible to PIC codes. 
We establish that the most intense fields (16 MG 
to 250 MG) seen in these interactions can arise 
from the push given to the background electrons 
by the ponderomotive force (PMF') of the incident 
laser beam, and the tardy development of electron 
shielding currents. This is consistent with the 
mechanisms proposed by Sudan (1993), and Tri- 
parhi and Liu (1994). These fields can funnel the 
laser generated hot electrons into a narrow chan- 
nel along the axis of the spot, while impeding the 
direct return flow of cold background electrons. 

Calculational results 
For this study ANTHEM was configured to 

model target plasmas consisting of fluid ions and 
cold background fluid electrons. Laser deposition 
converted a portion of the cold electrons into an 
additional hot electron fluid. Inertia was retained 
for both electron components, so that velocity 
singularities at low density were avoided. The 
electromagnetic fields were obtained from the full 
Maxwell's equations implicitly, so that the hot 
electron Courant condition set the limiting time 
step. The hot electrons were slowed by drag 
against the cold background electrons. Both elec- 
tron components were scattered against the ions at 
the classical rate. ANTHEM was augmented for 
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high laser intensities by time-advancing equations 
for hot and cold relativistic electron momenta 

and moving the electrons with velocities v = ’h,c* 
ply in which y is the Lorentz factor. We also in- 
troduced a ponderomotive force (PMF) (Chen, 
1993), that separately accelerated the two electron 
fluid components, Fh,c = -(a2 /2&) VI - 
nh,cVI, in which I is the laser intensity, and op2 
= 4m%/m0y with mo the electron rest mass 

For our simulations we used a Cartesian mesh 
with 50 x 50 cells. Light at 1.06 pm was input 
from the right with a simple grid following algo- 
rithm. Reflected light passed back along the Same 
grid lines until it left the problem. Our pulse had 
a Gaussian spatial envelope with a 3 jm full 
width at half maximum. It rose linearly over a 41 
fs interval to peak intensity and held constant 
thereafter. We included inverse-bremsstrahlung, 
acting everywhere along the light path, and 
“dump-all” deposition at the critical surface. The 
deposition locally depletes the cold electron fluid, 
and correspondingly creates enough hot electron 
fluid at zero drift velocity to account for the ab- 
sorbed energy. Acting under their static pressure, 
the hot electrons spread inwards and draw a cold 
electron return current. The hot electrons also 
spread outwards toward the laser, filling the co- 
rona within a local Debye length of the ions, p s -  
sibly driving fast ion blow-off (Bell, 1993). The 
hot electron temperature Th and the fractional 
“dump-all” fd at critical were set in our calcula- 
tions by previous PIC code experience, Le. the 
Fig. 3 curves of WiZks et ul. 2992. Mirror bound- 
ary conditions were imposed vertically. The hot 
electron fluid was absorbed near back boundary, 
with the exiting electrons added to the returning 
cold electron fluid. 

First, we simulated the interaction of a drive 
beam at peak intensity Id = 3.3 x 1018 w/cm2 
with a 4 x lgl cm-3 density Hydrogen plasma. 
We assumed 30% absorption, so that the maximal 
total intensity (incident plus reflected) was I = 5.6 
x 10l8 W/cm2. The hot electron emission tem- 
perature was set at The = 700 keV. The cold 
background temperature Tc was set at 4 keV to 
match Wilks et ul., 1992. However, similar re- 
sults were obtained for initial background tem- 
peratures as low as Tc = 1 eV. Figure 1 shows 
that the critical surface was pushed 1.9 pn into 
the plasma by 340 fs. This agrees well with WiZks 
et al., 1992) plasma velocity determination from 

‘h,c 

nMpu2 = Yc, where Mp is the proton mass and u 
is the penetration speed. We also see an over- 
dense magnetic field, corresponding to the injec- 
tion of electron flux into the target. However, we 
calculate a lower peak magnetic intensity, i.e. 
only 16 MG. This matches IBI I ~ ~ I I ~ _ ~ ~ C A X ,  
with Ax = 0.1 pn determined from the gradient 
scale our Fig. 1 magnetic contours. We calculate 
a maximum hot emitted density, nh-max = 1.3 x 
1021 cm-3 near critical. Outside in the target co- 
rona, we observe a conventional thermoelectric 
field (Stamper et al., 1971) (peaking at - 22 MG) 
from electrons flowing out toward the laser. The 
maximum overdense field increases to 37 MG 
when I,j is doubled to 6.6 x 10l8 W/cm2, and to 
85 MG at 240 fs when Id is quadrupled. 
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Figure 1. In a 4 x %.it plasma at 340 fs: (a) the 
magnetic fjeld profiles along axial cuts at verti- 
cal positions y = 1.7,2.5 and 3.2 pm, all below 
the center line, under a total laser intensity (i.e. 
drive + reflected), of I = 5.6 x 10l8 W/c&, (b) 
corresponding 2D contours calibrated by the 
curves in (a). The left vertical fiducial marks 
the initial location of the plasma edge, right 
marks the vacuum. Stars mark the instantane- 
ow critical surface. 

. 

In another simulation for the same Th, fd and 
drive intensity, but with a denser, 10 x tar- 
get, we have observed a larger internal B-field 
(-45 MG), and a peak hot electron density of - 1.1 
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x 1$l ~ m - ~ .  The incident hot electron stream 
tends to focus on axis, and a weak barrier to the 
electron return flux is evident. At 50 x ncfit (cor- 
responding roughly to solid density DT fuel) and 
the same laser intensity, we find that the peak 
magnetic field increased to -80 MG. When at this 
density the drive is increased to 1.3 x 1019 
W/cm2 with ~h = 1 MeV and fd = 0.5, the over- 
dense B-field maximum rises to 180 MG at 340 
fs, and the maximum hot electron density in- 
creases to 2.5 x lG1 cm-3. We show this in Fig. 
2, along with the incident, return, and total elec- 
tron fluxes. The incident hot electron stream is 
now strongly focused on the axis of the beam 
with additional flux running in along the bounda- 
ries; in these locations both the PMF and B-field 
are weakest. The return current is also largely 
axial. The net electron flux flows into the target at 
its center and out at the edges, in agreement of- 
with Sudan, 1993, Fig. 1. Our Fig. 2 (c) shows 
that the hot electron density peaks near the critical 
surface. The PMF appears to present a barrier to 
direct return of the cold electrons. At higher 
background densities the cold electron flux ncvc 

lower velocity vc = nhvh/no increasing the effec- 
tiveness of the repulsive ponderomotive barrier. 
In the absence of a return flow, the direct hot 
electron penetration is impeded. Also, we see 
that a strong shock (4/1 density jump) has moved 
3 i.un into the background plasma. In the calcula- 
tion for Fig. 2 the B-field reaches a peak value of 
250 MG at 200 fs, and then declines to 103 MG 
by 450 fs. In a similar run, in which the laser 
drive was shut down at 200 fs, the fields mani- 
fested a “frozen in” nature - unlike the Sudan pre- 
diction - such that they were actually more in- 
tense, i.e. 160 MG at 450 fs. The hot electron 
density is, however, down by a factor of 40 from 
the constant intensity case at this time, since no 
new suprathemals are being generated. At a still 
higher density of 2 x lg3 ~ r n - ~ ,  which corn- 
sponds to singly shocked solid DT, we still meas- 
ure a 225 MG B-field at 290 fs, see Fig. 3 (a, b). 
However, the peak B-field region (and bored 
hole) is half the Fig. 2 width, and electron trap- 
ping is reduced as the electrons pass around the 
central peak field region and into the target. 

Classical resistivity was included in all our 
runs. It had no notable effect at DT densities of 
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needed to cancel the hot emission returns at a 50 x n d t  and below, even with the initial plasma 
Figure 2. At 10 x h = 1.3 x 1019 W/c& and 340 fs: (a) axial B-field cuts, (b) corresponding 

magnetic contours, (c) the hot nh, and cdd q electron densities, 2 times the ion density q in cni3, and 
the total laser intensity I (relative units), (d) the total flux ftd of hot and cdd electrons, (e) the inci- 
dent hot flux fh = nhvh and (0 the returning cdd flux f, = q v c .  
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Figure 3. Magnetic field: (a) cuts and (b) contours at 290 fs in a 200 x ncrit plasma exposed to an inci- 
dent h = 1.3 x 1019 W/c& laser with 50% absorption into hot electrons at Th = lMeV, (c, d) corre- 
sponding results at 340 fs with PMF “off” - for the plasma initially shifted left to allow room for the 
blow-off. 

temperature started at to 1 eV. This is because 
the cold electrons undergo joule heating and stag- 
nation heating at near critical to 60 keV by 130 fs. 
Their high thermal conductivity then spreads this 
high temperature and corresponding low resistiv- 
ity back through the background plasma. Our 200 
x n d t  simulation was started at 0.1 keV, corre- 
sponding to compressive or radiative preheating 
of the fuel, in order to avoid additional electro- 
static inhibition of the suprathermals, as recently 
analyzed by Bell et al., 1997 for higher Z solid 
materials. 

In all our cases, the B-field reverts to the ther- 
moelectric (Stamper, 1971) polarity and resides 
only in the sub-critical corona if the ponderomo- 
tive force is set to zero, see Fig. 3 (c, d). Reten- 
tion of the PMF on just the hot electrons has the 
same effect, i.e. we see no supercritiG magnetic 
field, but we do see a reduced hot electron density 
near the surface. The background cold electrons 
have the steepest density gradient, and crucially 
contribute to the field generation. For constant 
total I, we find that both the hole boring rate and 
the overdense field are largely insensitive to 
changes in the absorption fraction. In fact, the 
same results are obtained when there is no ab- 
sorption, no hot electron emission, and no hot 
streaming into the target -- but only the push from 
the PMF. 

Tripathi and Liu, 1994 have indicated that 
near the target surface, and in the laser deposition 
channel in front of it, the ponderomotive force of 
a short pulse gives the individual electrons a ve- 
locity Y - VI, so that the net electron current is j = 
-nev - nVI. Since V x j ;t 0, from Maxwell’s 
equations they predict the development of a pon- 
deromotively driven quasi-static B-field, i.e. 
C ~ V ~ B  = v x  VI + ...I with 01 a constant. Let 
us see how this field is manifest in our calcula- 
tions. In the non-relativistic limit the cold elec- 
trons are advanced with a momentum equation 

m C 

in whichf = nv is the electron flux, and VoP in- 
cludes both the dynamic and static electron press- 

ures. For heuristics, in this discussion we neglect 
the ion motion, and the electron-ion collisions, 

UNCLASSIFIED 



UNCLASSIFIED 
although these effects are included in the full cal- 
culations. Also for simplicity we consider the 
motion of just a single cold electron component, 
employ fully forward numerical time centering, 
and leave dm+l) explicitly represented although 
it is determined implicitly in terms of the v ( ~ )  in 
the code. Then, in accordance with Ampere's 
law, during each computational cycle the electric 
field advances as E(m+l) = dm) - (4mfim+') - 
CV x B(m+l))At. This rearranges to 

In additional scoping calculations: 1) we 
changed the lateral intensity profile of the laser. 
With our usual Gaussian envelope, the electrons 
are given the hardest push on the axis. This sets 
the B-field polarity corresponding to electron 
flow away from the laser and into the target cen- 
ter. However, with a spatially flat-topped pulse 
we found that the surface B-field vanishes, except 
for small disturbances at the pulse edges. When a 
cooky cutter (more intense at the edges than the 
center) beam is employed, the overdense B-field 

' 

- 
l+(wp Af)' 

as presented in Mason, 1987 without the pon- 
deromotive term. The new magnetic field each 
cycle is then found by coupling this to Faraday's 
law, ~ ( m + l )  = ~ ( m )  - C v x  ~ ( m + l ) ~ t .  

In colder plasmas with low intensity laser il- 
lumination we can often ignore the dynamic pres- 
sure terms, leaving just the scalar pressure V*P = 
VnKT. We can also ignore initial currents and 
fields. If we assume cold electrons so that the 
time step can be large, we can move the electrons 
across many skin depths in a time step, i.e. Ax = 
vAt >> c/%, so o+At >> d v  >> 1. Then, since 
the remaining coefficients of the pondemmotive 
VI are constants, (2) combines with Faraday's law 
leaving mainly the traditional thermoelectric 
magnetic field, B(m+l) - Vn x VT. Alterna- 
tively, at high Fast Ignitor intensities the electrons 
are accelerated to nearly the speed of light- In our 
dense plasma simulations the typical cell size is 
less than 0.1 p (to resolve the skin depth), and 
at least 3 time steps are needed for accurate cal- 
culations as electrons cross a cell, so At c l. l x 

densities op 
= 5.6 x 1015 s-l, giving < 0.4. In such 
cases, the background electrons respond too 
slowly to shield against the PMF driven charge 
separation electn'cjeld, which in (2) retains a 
variation - nVI, so the magnetic field can evolve 
a component B - Vn x VI, accounting for the 
calculated results. This in strong contrast to (and 
may be complemented by) alternate mechanisms 
for magnetic field production derived from insta- 
bility, such as Weibel, 1959, of the net distribu- 
tion function of bot streaming (Pukhov, 1996), 
and cold background electrons. 

s. Above critical at 1G2 

polarity reverses, corresponding to a central 
electron stream toward the laser. Then, 2) to as- 
sure some independence from the target initial 
conditions, we made a series of runs with a much 
longer, - 20 p exponentially decaying density 
foot in front of our targets. These runs mani- 
fested a steepening of the density fronts by the 
PMF, ultimately establishing B-fields resembling 
Figs. 1 and 2. 

Alternatively, looking at lower density inter- 
actions appropriate to energy channeling in the 
Fast Ignitor, we found that: 1) For low super- 
critical densities, i.e. % I 1.6 x 1021 cm-3 and Id 
= 3.3 x 1018 w/cm2, the central one micron por- 
tion of the beam just bums through the target, due 
to the relativistic lowering of the plasma fre- 
quency as electrons are heated. A doubling of the 
drive intensity Id doubles the initial bum-though 
width, and leads to significant beam pinching 
over 2 p of depth by 50 fs. 2) Calculations, as in 
(Pukhov and Meyer-ter-Vehn, 1996) of the inter- 
action of a 1019 W/cm2 1.06 p Gaussian beam 
with a 0.35 bt plasma, and employing the 
anomalous absorption of 40% of the light into 1 
MeV hot electrons over a 40 p length, show 
channel formation over 440 fs with the central 
channel density dropping to 0.2 x "crit. Hot 
electrons leave the center laterally (Cobble et al. 
1997), setting up an electric field to hold back 
charge for quasi-neutrality. This pushes ions to 
the side. With the PMF included, we observe a 
-10 MG magnetic field looping around the den- 
sity maxima created at the channel edge. The 
magnetic polarity corresponds to electrons fol- 
lowing the laser photons. Such fields were antici- 
pated in Tripathi and Liu, 1994. When the PMF is . 
turned off in simulation, the ion expulsion dy- 

' 
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namics continues, but the magnetic field is negli- 
gible. 

If refraction were added to our light transport 
algorithm, this would focus the light into the 
lower density regions of a channel or PMF- 
indented target, raising the central laser intensity, 
as seen in PukhDv and Meyer-ter-Vehn, 1997, and 
boring a deeper central hole in both the corona 
and the target. Also, the use of directed fluid (or 
even particle) emission for the hot electrons (Ma- 
son and Cranfill, 1986), could show a greater di- 
rect dependence of the magnetic fields on the hot 
electron source. 

Conclusion 
We have shown that in high density laser tar- 

gets the pondemmotive force can give rise to in- 
tense magnetic fields, axially aligning the injected 
transport of hot electrons needed for local heating 
in the Fast Ignitor, and possibly impeding the 
retum flow of cold background electrons. 
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