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On the inefficiency of hole boring in fast ignition
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Abstract

Hole boring and fast ignition seem to exclude each other: When there is hole boring, no ignition occurs, and vice versa.
The laser beam pressure only causes a more or less deep cone-shaped critical surface that leads to better guidance of the
beam and to improved laser—plasma coupling. At laser wavelengths of the orgemptiiccessful fast ignition requires

strong anomalous laser beam—pellet coupling.
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1. INTRODUCTION where a hollow highZ cone (e.g., gold is placed in the

) ) ) ) fusion pellet with its top reaching the core to bring the
For inertial confinement fusiofiCF) to work successfully absorbing critical region very close to the ignition region

a sufficient amount of precompressed DT _fuel must be(Kodamaet al, 2001); (3) fast coronal ignitior( FCI), with
brought up to a temperature of 6-10 keV to induce a selfy,e critical density brought as close as possible to the
sustaining nuclear burn wave. This is either accompllshegompressed core by hole boring. This appealing scheme
by central spa}rk ignitiorj, where the fast heating is p_rovjdedcame up nearly 10 years ago and has meanwhile apparently
by a converging spherical shock wave, or by fast ignitionpeen accepted as a realizable FI scenario. It is therefore
(F1), with a superintense laser beam during a time interval,rprising that a detailed study of FCI combined with hole
of 1030 ps. The extensidRof the hot spot is determined ,ing has not been undertaken so far. The advantages of the
by ”162’ densityy of the compressed fuel througiR = 0.3 gcheme are evident. If, for instance, a laser beam can drill a
gem* (Lindl, 1999. hole in the pre-compressed pellet up to the density 200

The concept c_)f Flis attra.cfcive because it offers S(_averabcm—s the energy spread of the hot electron beam could be
advantages(1) high burn efficiency(25%), (2) no special  gjgnificantly reduced and perhaps better coupling of the FI

symmetry constraints, an(8) reduced growth of hydro- 556y heam, now being guided by the walls of the hole,
dynamic instabilities. However, they contrast with the fact,,4,1d pe an additional advantage. By deep hole boring, the
that the laser can deposit its energy at densities not exceeflse of 4 cone could be avoided and CFl would reduce to FCI.
ing the critical density., respectively particle densitye. | his article we show that, unfortunately, hole boring in

As a consequence, electrons of relativistic energies mustynection with Fl cannot work properly: Fl and hole bor-
provide for the energy transport to the dense compressqﬂg nearly exclude each other.

fuel in an efficient way, that is, good collimation, and on a

time scale of several tens of picosecoftelg., 70 ps; Hain &

Mulser, 200}. Essentially three scenarios have been proo HoLEBORING IN COLD MATTER

posed to achieve the godlt) fast beam ignition( FBI) by

converting the relativistic electron beam into a focusedimagine impinging a laser beam of intenslty= e,cE%/2

beam of ions that is absorbed in a controlled way in theynto the critical density of a pre-compressed pellet of local
compressed pellet cor€?) cone-guided fast ignitiofCFl),  pressure,. The laser beam acts like a piston under pressure
Pa, which is the sum of the light pressupe = (1 + R)l/c,
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Firstps = nckTo(1 + M2) must be evaluated in relation to

|
Pa=(@+R)C+pel+ MS) @ p.. The intensity interval of relevance is= 10'°-10*
W cm~2 The wavelengths considered ake= 800 nm
S w>1 (Ti:Sa) andA = 248 nm(KrF). The effective(i.e., relativ-
Mc = | exp(p +0.5 -2 istic) critical densityn. = yexNeois calculated from formulas
1-~0.4u n=1 given in the literaturé Mulser & Bauer, 2008

(Mulseret al,, 2003. p. andM. are the plasma pressure and

Mach number at the critical point. Equatiéh) is obtained _ TYth

for a one-dimensiong[lD) plasma flow andl, = const in e i ) e ©
the evanescent region whose extension, owing to profile J; dé coSE{1 + (a/yw)* cos’ £}
steepening, is less than a quarter laser wavelength. Under

the action ofP,, a bow shockStraveling at speed, forms = eA/mc, A=E/w.

(Fig. 1. In the infinitesimal timedt, the amount of matter

povodt undergoes the velocity change frens 0 tov = vy, ) ]

the density change from, to p; and the pressure change Yt |132def|ned by Eq(4). Fora/yn =1 reS““S?’effZ:l (21 +
from po to p; when crossing S. With the compression ratio 9-9 "2Yun, for a/yi =2 followsyes = (1+ 0.8(c/yi)*) "2Yin;
x = pa/po holds along the symmetry axis = vo(1— k1), for (a/vwm) > 5 yerr approaches the asymptotic valug; =

and hence, the momentum balance reads 0.78%. This behavior is of great help in preparing Table 1.
The relativisticy-factor used here is considerably different
Pa = povd(1— k1) + po. (2) from simple standard expressions generally used.

_ Cos v
PL = povp sin” acosfl——
cos(a — )

(b)

Vo

Py
p,=0

(c) Shock Polar

by
4
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Vi=(1=V)(Vi—rk"), k=4
Fig. 1. Holeboring in cold matter: alternative models for matter displacement. a: Laser acts as impermeablBjiptstan pressure,

po: undisturbed pre-compressed pellet densiyhole boring speed. Oblique sho@X is determined from the shock pola). Beyond
limiting angled shock detaches from corté).
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Table 1. Ratio of ablation pressurepto light pressure p penetration, this temperature is a very reliable lower limit.
as a function of laser intensity | Unless there occurs very anomalous collective coupling of
such energetic electrons to the cold background, the electron
beam is not stopped by the pre-compressed pellet and FI
Tisa 1.8x10%  1x10° 22 044  0.39 0.72 fails atA = 1 um wavelength.

2 X107 9.0 0.23 1.26 0.30 Table 1 underlines the importance of transport and col-

2x10 200 0.21 5.29 0.28  |ective deposition research at relativistic intensities. Switch-
KiF  1.8x10% ;ﬁgﬁz ég 8"3‘615 8'13 8'2‘1‘ ing to KrF lasers is a remedy; however it brinfisdown

2% 102 88 023 1.29 030 Onlybyafactorof4instead of the wavelength ratio squared,
that is, 10.4, because with shorter wavelength the relativis-
tic a-factor reduces also and hengg lowers fromy = 20
t0 yerr = 9. One has to bear in mind thgt=1.29 MeV is a
lower limit. Future experiments have to show whether absorp-
rgi_on takes place an, increasing according to E@3), or
whether, due to enormous profile steepening at the critical
point, laser beam penetration follows a more modest density

Laser nglem™>] I[Wem 2] yer Mc  Te[MeV]  pa/pL

A lower limit of the electron kinetic temperaturg is
obtained from the requirement that under steady-state co
ditions the absorbed photon fldk — R)| must equalize the
electron energy fluxje into the pellet. We set

increase.

(1 KT, \1/2 Another important aspect is that the hole boring bow

> kTenC<F> , non-rel. shock always runs into a preheated region of pressyire

© p: because the electron energy transport is faster than

(1= R = go={ kT.Nve = (7"1 - i) nomc®, rel. (4  Therefore the maximum effective pressure determining the

Yt hole boring speed, is Py — pp = p. + pc(1+ M2). For all

intensities considered in TableP} — p. is very close tq, .
KT = (vin? — 1)¥2m,c? The efficiency of hole boring in a cold background plasma

(almost no energy exchange of the electrons from the criti-

Depending on the divergence of the electron begnthere  cal region may be studied by assuming a pellet density
is an uncertainty factor of order unity in this definitionTef  profile of the formpy = h(x/L)3. From the pressure balance
For comparison, ifin the nonrelativistic expressiondgan  (2), Py = fpové + pe, f = (1 — «71), the depthx/L as a
isotropic Maxwellian distribution is used, the correct numer-function oft is given by
ical factor is 22/7)%? = 1.6; instead for a collimated, that
is, one-dimensiondlLD), Maxwellian, it is(27) Y2 = 0.4. X (iZ t)Z/(Sﬂ) < Pa—p )1/‘5”) 5)
For the critical pressure we spt = n.kT.. In the nonrela- L 2L fh '
tivistic case the pressure in one dimension is twice the
internal energyE), in three dimension@sotropig itistwo ~ The pressure balano®) also holds in the absence of a
thirds of it, regardless of whether the electron distribution isshock, thatisf = 0. Choosind = 2 X 10%%, R=0.5,h =400
a Maxwellian or any other distribution. The relativistic casegecm™3, t = 20 ps, f = 0.5 (corresponding ta = 2, typical
is more complicated. Fortunately it becomes simple agairompression in numerical simulations = 0.01 cm and
for superrelativistic electrons, that g, = kTn.C if mec? < s= 2, one finds withPy, — p. = 1.5X 1.050, (see Table L
kT.. Furthermore, in one dimensiop= n(E) and in three  x/L = 0.45,p/h = 0.21,p = 83 gcn 3. With the exponent
dimensionsp = 3n(E) holds(e.g., see the photon gas s=3,x/L=0.53,p/h=0.15,p =59 gcm 3 Now a typical

In Table 1n., yerr, Mc, Te, @andpa/p. are given for the  “hole boring prepulse,” frequently quoted in the literature,
intensitied =10'° 2x 10%°, 2x 10?* Wecm 2 andforR=  of | =10 Wcm 2 Py — p.=1.5X1.2(Table 7, s= 2, and
0.5. An absorption of 50% is a realistic assumptigee, t = 50 fs is consideredx/L = 0.23, p/h = 0.055,p =
e.g., Feurert al, 1997; Ruhlet al, 1999. The plasma 22 gcnt 3. After 20 ps, the laser has penetrated upte
pressure in the undisturbed pellet before the laser bea®gem 2 only. Thus, at such an intensity hole boring is rather
arrives is set equal to zero. modest even in the most favorable case of cold plasma.

From Table 1 important information is extracted regard- There remain some uncertainties originating from the
ing the temperatur@,, its dependence on the laser wave-laser pulse transverse intensity distribution and beam width,
length, and the pressure ragip/p,. Numerical FI studies in the bow-shock model all summarized by the fadtdris
do not give much chance to successful ignition for energytherefore illuminating to use an alternative model that is
flux densitiesg, significantly less, for example, by a factor also accessible to an analytical treatment. As soon as the
of 3, thang, = 10?2 W cm™2 (Mulser & Bauer, 2008 At bow shock invades a density regipp = 1 gcm ° (i.e., 5
Ti:Sawavelength and 2&W cm~2 absorbed laser intensity, times solid DT) the mass flowg.M, and povo Obey the
Teamounts to 5.3 MeV, even though the relativistic increasanequalityp.M. < povg. AS a consequence, there is nearly
of n is the considerable factor of 20. Because no effect istagnation on the axis in front of the piston P. This means
known so far which would lead to overdense light beamthat the laser acts nearly like an impermeable piston, devi-

https://doi.org/10.1017/50263034604222108 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034604222108

160 P. Mulser and R. Schneider

ating almost all plasma laterally. Therefore a solid coneDT pellets, successfully ignited ly= 2 X 10°° W cm™2,
shaped piston of narrow aperture angl@ropagating at 12-16 kJ “free ignition energy,” deposited at 3-5 gém
speedv, is considered. From the vertex of the pistera  over 20 ps and diffusively transported to the dense core
coaxial conical shock of aperture angleriginateg Fig. 1b.  without a flux limiter (therefore the low ignition energyit
Under the assumption of negligible presspgethe possible  can be safely concluded that hole boring or crater formation
states behind the shock co(region 1 can be determined stopped at densitigs < 3 gcm 3. It was a common experi-
from the shock polar, which in Fig. 1c is given fer= 4.  ence of the authors that, rather than a tendency to crater
When normalized teyg it readsVi? = (1 — Vi) (Ve — k). formation, there was a tendency to push the laser piston
From the continuous transition of the tangential componenback, away from the deposition region, owing to a fast
through the shock front, that isg, = vq, (See, e.g., any increase of the counterpressyge

textbook of gas dynamigsone derives

cosa 3.2. Analytical considerations

— . (6)

cosla —3) From the ignition conditiopR = 0.3, atp = 400 gcm 3 a

For anglesy such that the straight line starting from the radiusR= 7.5 um results. The energy needed for ignition is
origin does not have any point in common with the shocktypically 15 kJ(Atzeni, 1999; Mulser & Bauer, 2003Let
polar, the shock S forms at a finite distance from the conais now assume that the compressed core is heated by an
with finite curvature on the axigFig. 19, and Eq.(2)  electron beam of energy flux density through one spot
applies again. For a strong shock, equivalergde- 0, the  hemisphere during the time= 20 ps. The energy balance
limiting angle is given by tafl = (k —1)/2k*2. Fork =4  27R2%qer = 15 kJ leads toge = 2.1 X 10%° W cm™2
results, ta® = 3 and® = 37°. The corresponding angte  Surprising enough, this value agrees with the hydrodynamic
follows from Figure 1, thatis§ = 64°, and the angular factor beam calculations without flux limitHain & Mulser, 2001;

in Eq. (6), corresponding to thefactor of Eq.(5), assumes  see Fig. 2 therein The comparison with the ignition energy
the value 0.32. For the cone and shock anglgs-e28° and  of 75 kJ when the heat flux limit is introduced shows that in
a =40 indicated in Figure 1, the angular factor is 0.29. Thea diffusive model, most of the FI energy is not supplied to
factor decreases monotonically with decreasing aperturthe compressed core during the phase of high compression.
angle of the cone and, at givéa — po, vg increases. For a The location where the flux limit plays its decisive role is
strong shock of Figure 1a,c the factor becorhesl — =  the high density jump behind the laser deposition region. To
0.75. The comparison of the two models shows that a laseransport the necessary Fl energy flgx = 2.1 X 10%°
beam with a narrow cone-shaped intensity profile accelerw cm=2 to the compressed core of radigs= 7.5 um with
ates hole boring owing to afifactor less than 0.5 in the

denominator of Eq(5): with f = 0.29,x/L increases by a  Ge = ko T&/?|VTe| = ko TI/?/R™, ko=2x10°[cgsK] (7)
factor of 1.15(s= 2) and 1.11(s= 3). The conclusion, also

to the authors’ surprise, is that even in the most favorabldor DT (Z = 1; Braginskii 1966, T. must be as high ak =
situation of cold matter, that is, collimated hot electrons34 keV, in good agreement with the numerical simulations.
interacting with the dense pellet core only, hole boring atall Direct heating of the pellet core by electrons produced in

relevant laser beam intensities is not very efficient. the critical region requires a mean free path= (2npro) ™,
whereo is a Coulomb cross section, of the order d®.2

Because the moderately relativistic differential cross sec-
tion oy, is o, = v 20k (Sakurai, 196Y, whereoy is the
Rutherford cross section, the total cross seatiéor momen-
tum transfer is

Pa — Po = povov1 SIN? a C0SO = pové sin? 6

3. HOLEBORING IN HOT MATTER

3.1. Numerical results

First of all, there is the experience with computer simula- 2264 \

tions of Fl on the absence of any hole boring. Specifically, a oc=——>5InA A= - 8
5-mg DT pellet, pre-compressed to 350 gchwas success- dmegmev”y Ag

fully ignited by a 75 kJ laser beam of absorbed intensity o
| =10%* W cm™?, deposited at the densipy= 4.6 gcm 3
during 20 pgMulser & Bauer, 2008 The energy transport
was accomplished by flux-limited Spitzer-diffusive heat u kT, f
conduction, andR= 0, that is, no reflection, was set. During ¥~ pe. B= 1+ u?)v2 u= As =
the entire time of irradiation no indication of hole boring or

concave deposition surface deformation could be observedror the ratiosu = 1.0, 1.5, and 2.0m.c? = 511 keV, the
It can be concluded with certainty that in a diffusive model Coulomb logarithms foppr = 400 gcm 2 (corresponding
for ge any hole boring under the above conditions stops at 40 Npt = 10?6 cm™3) andT,= 40 keV are ImA = 5.6, 5.2, and
densityp not higher than 5 gci?. The reason is that, due to 4.9, and the mean free pathsamount to

pellet heating, the pressupgbalances the light pressyge.

From other computer ruri$iain & Mulser, 200) with 3-mg Ae(1.00 =5.5um, Ag(1.5 =18.4um, A(2.0 =40.2um.

fWhere/\D is the Debye length) g is the reduced de Broglie
wavelength, and

9

m.c?’ ymev'
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Hence, it can be concluded that electronskdf > 1.5 fulfilled except for irrelevant, very short timeg < 2 X
m.C, = 770 keV are not stopped by an ICF pellet of standardl0™ 12 s in the following. xg(t), (To)(t), and py(t) are
dimensionghere: 5 mg mass angl,., = 400 gcm3) and  evaluated now foge = 10°* W cm™2 at KrF wavelength.
direct Fl with fast electrons produced by alaseiof A.s,  From Table 1 and E(8), the ratiokA, = Ao/L; = 10° is
fails (see Table Lif binary collisions with cold electrons found(A.isthe electron mean free path,= 1/« is the scale
and ions are the only interaction mechanismAt Ay,r length at critical densitye = 640 cm 1) for which, accord-
there seems to exist a possibility for Fl on the basis of binaryng to Tahraoui and Bendit2002 a heat flux inhibition
transport mechanisms as considered until now. Howevefactorf, =1.2X 1074 results, that is, i112) ko =2 X 107°
one must be aware of the fact that the estimatekTpin [cgsK] has to be replaced by = 2 X 10~ °f, = 2.4 107 %°.
Table 1 are minimum values. In addition, numerical FIWith these parameters, Table 2 is obtained. In the neighbor-
studies with collimated electron beams show that the requiretlood of the critical density the shock wave propagates at a
beam energies are closer to 100 than to 10Hdin, 1999. speedvy, = ¢/20 if f = 0.5 is set. Thus, the heat wave
Owing to the lack of knowledge on energy transfer from preheats the undisturbed pellet density creating in this way
the critical region to the target interior, hole boring can bethe counterpressung,. From Table 2 it follows that hole
analyzed only on the basis of more or less reasonablboring stops at a time below 0.5 ps at the negligible depth of
assumptions which, at the same time, are basic enough &pproximately 4—um.
allow us to come to valid conclusions. The hole boring pressure herdAs=p, = (1+R)l/c=1
Thar.P, scales likd, po roughly likeate/xg ~ | Y21 49 <.,
Owing to the monotonic decreasefgivith decreasing laser

3.2.1. Flux-limited Spitzer model flux densi 5 withs < & 4+ 4 hole bori
It is assumed that the energy transport from the absorp-ux ensity, po ~ 17, wit < 2 * 5 < 1, hole boring

tion region occurs diffusively. Owing to the low collision- reduces with _decreasing intgnsity_ of irra_ldiation. He”‘ie’ in
ality ge is nonlocal and strongly inhibited. The evolution of agreefye”t W'th_ th_e humerical simulation _fb_rs 102.
Do = NokToois evaluated fog, = | (1— R) = 1022 W cm 2 = Wcm_ ) h_ple boring is suppressed when flux-limited Spitzer—
const overr = 20 ps atA = 248 nm(KrF). In a plasma of Braginskii-type energy transp_ori takes place. It should be
constant density, the heat diffusion equation noted thaf, used herégnd all similarf, from the published

literature is strictly valid for electron distribution functions
0T ke oT. 3 closeto equilibrium, a coiiijition which may not be fulfilled
P a a—XTe5/27; ov =7 nk, (10 at superhigh laser intensities.

3.2.2. Anomalous electron beam stopping

can be integrated fay. = ko T,2.20Tmax/dx = const under At laser wavelengths of the order ofdm (Nd, Ti:Sa,

the approximationT,) = Tnhax By observing thatg, = iodine) and beam energies in the multikilojoule range the
cv(Te)Xg, a straightforward calculation leads to the evolu- bulk of the electrons acquires energies too high to be slowed
tion of the heat front positiorg(t) as follows: down by a standard-size ICF pellet. The situation may
change only if strongly enhanced collective stopping occurs
9 \2/9 x&/° somewhere in the pellet. Fortunately there are indications of
Xe() =55 9%t 11 i ifi
28 NE such an anomalously intensified energy exchange, from

numerical simulation6Ruhl, 2002; Sentokat al., 2002, as
Interestingly enough, iT,/dx is approximated b /xs(t), well as frori1 analytical and semianalytical model{zps &
an expression fote(t) is obtained in which only the numer- Kaw, 2001; Jairetal, 2003. Anomalous effects are expected
ical factor(9/28)2/° = 0.78 is replaced by 1.(@el'dovich & to be bounded to the neighborhood of the critical region and

Raizer, 1967. Owing to the strong temperature dependencd® d€cay in the more remote dense zones of the pellet owing
of ., the rectangular temperature profliéx, t) is approx- io CO||.IS.I'Ona| damplng and ihe absence of forces driving
imately preservedor, at least, remains self-simijawhen instabilities to a high saturation level.

the plasma is inhomogeneous. By setting, for convenience,

No(Xx) = hexp(kx), with k = In(h/Aimg7)/L (h, L from (5)),

N . . . Table 2. Thermal wave front x electron temperaturél,), and
A = yeiNe, and integratinge = 7Xg/9t, Xe(t) is deduced for % P ele)

electron pressuregnear x for absorbed laser flux g= 10?*

variable specific heat: W ent2 (KrF)
9 T (9 \%° 59 t[s] Xe [um] (Te) [MeV] Po [ Thar]
xF(t)=—In{l+—K(—> K§® s 7/9}
i 5x10° 313 15 2.4
() = KCe . (12 1x10% 403 1.6 46
(Bk/2) " (exp(kxg) — 1) 1x10° % 73.8 1.7
2x101 84.3 1.7
Its derivativex is consistent with: = 7x:/9t if the second ~ 7x 107" 104.0 1.9

term in the bracket is much larger than 1. This is generally
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