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 2003
IGNITION THRESHOLDS FOR DEUTERIUM�TRITIUM MIXTURESCONTAMINATED BY HIGH-Z MATERIAL IN CONE-FOCUSEDFAST IGNITIONA. Caruso *, C. StrangioCR ENEA Fras
ati, Fras
ati, RM, ItalySubmitted 6 June 2003Evaluations of the energy for thermonu
lear ignition of a 
ompressed deuterium�tritium mixture 
ontaminatedby a high-Z material are presented. Mixing at the atomi
 level is 
onsidered and the results are given as afun
tion of the 
ontaminant fra
tion. The referen
e situation is that of 
one-fo
used fast ignition (CFFI). Nu-meri
al 2D simulations for this study were performed by a Lagrangian 2D hydro
ode that in
ludes real matterEoS, real matter opa
ity 
oe�
ients, and pa
kages for �nite-range energy deposition by rea
tion produ
ts andthe relative in-�ight rea
tions. A simple estimate is presented for the e�e
ts of high-Z material blobs on theignition energy (ma
ros
opi
 mixing). Possible sour
es for fuel 
ontamination in CFFI are dis
ussed.PACS: 52.57.-z, 52.57.Kk, 52.57.Fg1. INTRODUCTIONThermonu
lear ignition thresholds for a 
ompresseddeuterium�tritium mixture 
ontaminated by a high-Zmaterial at the atomi
 level were evaluated as fun
tionsof the 
ontaminant fra
tion. A short pulse of protonswas used to start the ignition of a 
ylindri
al assemblyof 
ompressed fuel uniformly 
ontaminated by gold atthe atomi
 level. As a referen
e, a study of the igni-tion of a 
lean target at di�erent proton energies was�rst performed and, after this, the ignition 
onditionsfor 
ontaminated targets were found for the sele
tedproton energy. Protons with the proper energy 
an beused to mo
k-up deposition by fast ele
trons su
h thata part of the study 
an also be 
onsidered useful inpredi
ting the performan
es for this energy ve
tor.The 2D 
ode COBRAN was used to perform thestudy. COBRAN in
ludes a �real matter� equation ofstate and opa
ity 
oe�
ients. The pa
kage for drivingenergy deposition in
ludes light/heavy 
harged parti-
les, ray-tra
ed laser light, and ray- tra
edX-rays. Thethermonu
lear rea
tion treatment in
ludes �nite-range
harged parti
le di�usion and nonthermal nu
lear re-a
tions. The di�usion and energy deposition of neu-trons is treated by a Monte Carlo 
ode. However, in*E-mail: 
aruso�fras
ati.enea.it

the 
ases 
onsidered here, the e�e
t of neutrons wasmarginal and this part of the 
ode was normally nota
tivated [1℄.A simple estimate for the e�e
ts of high-Z materialblobs on the ignition energy (ma
ros
opi
 mixing) arepresented below. The estimate is given in terms of the�
ool� surfa
e of the high-Z blobs.This study 
an be relevant for the so-
alled 
one-fo-
used fast ignition (CFFI) [2, 3℄ be
ause in experimentsperformed for this s
heme, the imploded material wasfound to be 
ontaminated by the 
one high-Z mate-rial [3; 4℄. In the CFFI, a shell 
ontaining a layer of DTfuel is a
tually imploded by soft X-rays or laser lightindu
ed ablation, sliding along the external surfa
e ofa 
one 
omposed by the high-Z material (see Fig. 1a).As a result of the implosion, a blob of 
ompressed fuelis formed near the 
one tip (see Fig. 1b). At this time,a short laser pulse is fo
used inside the 
one to pro-du
e a forward jet of fast ele
trons. Passing throughthe 
one material, the ele
trons 
an 
reate an ignitionspark on the 
ompressed fuel assembly lo
ated nearby.Alternative energy ve
tors 
an be the light ions (e.g.,protons) produ
ed either by using the fast ele
trons asa virtual 
athode with respe
t to a properly 
omposed
one tip [3℄ or by exploding a low-Z foil set in pla
e ofthe 
one terminal portion [1; 5℄.High-Z 
ontamination was found in experiments1058
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orSoft X-rays
a b

or ionsFast ele
tronslaser lightFig. 1. The 
one-fo
used fast ignition s
heme. a �Ablation pressure indu
ed by X-rays or laser implodesa fuel shell to form a 
ompressed fuel assembly nearthe tip of the 
one. b � A short laser pulse is used toignite the fuel by fast ele
trons or energeti
 light ionsperformed in the indire
t drive mode. Vaporizationof the 
one material (gold) by X-rays (m-lines) passingthrough the imploding shell was indi
ated as responsi-ble for this e�e
t [4℄. Su
h a sour
e of 
ontaminationshould be absent in the dire
t-drive mode. But anothersour
e, potentially also a
tive in this 
ase, 
an be ex-
ited by the onset of the Kelvin�Helmholtz instabilityon the sliding interfa
e between the imploding shell andthe 
one surfa
e. We have studied this transient pro-
ess and found the shell transit near the 
one tip to bethe most 
riti
al stage.During the implosion, the pressure in the a

elera-tion stage 
an range from 1 to 100 Mb on the shell andfrom 1000 to 2000 Mb within the shell material at thetransit near the 
one tip. Pressures of this order arealso exerted on the interfa
e between the shell and the
one material. At su
h values of pressure, the 
ohesionfor
es in the 
one material 
an be negle
ted and theshell 
ontainment by the 
one is inertial. This state-ment is valid for gold as the 
one material be
ause themaximum tensile strength of Au estimated from thevaporization spe
i�
 energy is of the order 0.14 Mb,see Ref. [6℄. A very sket
hy representation 
an be usedto infer some of the basi
 �ow features just near theleading shell points sliding on the 
one (represented byO in Fig. 1a). We 
onsider a referen
e frame atta
hedto O and assume a lo
ally planar 2D-�ow pattern. Inthis frame, the 
one material impinges from the leftat the velo
ity V0 (jV0j is the implosion speed, seeFig. 2a). The region behind the leading edge of the im-ploding fuel shell is roughly mo
ked up by a stagnating
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Fig. 2. a � The hydrodynami
al �ow indu
ed in the
one material (bla
k) by the pressure of the implodingshell (gray). b � Instabilities at the slip surfa
e s mix
one and shell materialsuniform pressure p-wave starting after a rise-front (f).At f , the pressure passes from 0 to p over a distan
eassumed negligible. Main features of the �ow are anoblique sho
k wave (angle �) de�e
ting the 
one ma-terial velo
ity by the angle �, from V0 to V [7℄ and aslip surfa
e (s) between the 
one and the shell materialsrepresented by the pressure wave.Assuming the initial pressure on the impinging 
onematerial negligible and assigning p, V0, and the initialmaterial (solid-state) density �s, the sho
k parametersfollow from the Hugoniot adiabat"(�; p) = p� 1�s � 1�� =2;where " is the internal energy per unit mass [7℄("(�s; 0) = 0) and � is the density behind the sho
k.With p given, � follows. To evaluate "(�; p), we havetaken the equation of state for �real materials� in-
luded in the previously mentioned 2D 
ode COBRAN.In Fig. 3, the resulting Hugoniot adiabat is shown forAu.Using mass, momentum, and tangential velo
ity
onservation at the sho
k, we easily determine thequantities V , sin�, and sin� (see Fig. 2) as simplefun
tions of the assigned quantities p, �s, and V0 andof the density � 
orresponding to p in the Hugoniotadiabat. We de�ne the quantities
0 = � p�s�1=2 ; � = ��s ; M = V0
0 :1059 7*
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Fig. 3. The Hugoniot adiabat for a sho
k in gold at theinitial solid-state density �s and at the initial pressureset to 0. The adopted equation of state for gold wasthat on line in the 
ode COBRANThe oblique sho
k is formed ifV0 > 
0� �� � 1�1=2 :The relevant quantities for this study are V , �, and �given by V = V0 �1� 1 + 1=�M2 �1=2 ;sin� = 1M � � �M2(� � 1)1� �(M2 � 1)�1=2 ;sin� = 1M � �� � 1 �1=2 :In Table 1, the above quantities are reported forregimes that 
an o

ur in the implosion of a thin spher-i
al shell (e.g., with the in-�ight aspe
t ratio=14). Theshell is �rst set on a low adiabat � = 0:3 by a p0 = 1Mbpressure pulse (the �rst sho
k wave, � is the ratioof the thermal ele
troni
 pressure to the Fermi pres-sure). A gradual (adiabati
) rise of the pressure upto p = 100p0 then a

elerates the shell to the maxi-mum velo
ity. The shell material is �nally left to freelyimplode towards the 
one tip, where the pressure is ex-pe
ted to be 1000�2000 Mb. The densities (�DT; �Au)and the sound velo
ities (
sDT; 
sAu) were 
onsistently

estimated at the �real matter� level in the �owing 
onematerial (gold) and for � = 0:3 in the �DT shell� set atrest. The units are Mb (pressure), g/
m3 (densities),
m/�s (velo
ities), and degrees (angles). The e�e
tsof the sho
k wave on the gold �ow appear relativelymodest in the �rst two stages of the implosion. Severe�ow distortion is produ
ed near the 
one tip.In what follows, we report stability 
al
ulations forthe slip surfa
e and the 
orresponding quasilinear eval-uation for the mixing layer aperture. Numeri
al esti-mates are presented for the 
ases presented in Table 1.For any me
hanism of fuel poisoning, it is not easyto evaluate the spe
trum of sizes/masses of Au �nallymixed into the 
ompressed fuel as they undergo a 
om-plex evolution before being trapped in the ignitionspark area. Two types of 
ontamination 
an be ex-pe
ted, one in the form of mixing at the atomi
 level,the other as a distribution of Au blobs in the fuel.For small blobs, a two-step evolution 
an be expe
ted.In the �rst, a gold blob immersed in a DT plasmaat the temperature 108 K or higher and the density�DT = 200 g/
m3 is ablated by ele
troni
 thermal 
on-du
tion and brought to the temperature and pressureequilibrium with the DT fuel. The already mentionedequation of state predi
ts the density �Au � 435 g/
m3for gold and the average 
harge ZAu � 70. The se
-ond step is the di�usion of DT ions through the goldplasma. The di�usion 
oe�
ient of the average DT ionthrough gold plasma iskDT = 7 � 10�14T 5=2iZ2Au�Au CGS �K;and the di�usion length in a disassembling time istherefore given byR
rit =pkDTRs=
s ;where R
rit represents the largest blob that 
an be dif-fused through during the spark lifetime. The previousestimate 
an be set asR
rit = 0:003p�DT�Au 
mby setting the ion temperature to 108 K in the previ-ous formula, Rs = 0:5=�DT 
m (as typi
ally requiredfor ignition), and ZAu = 70. The mass 
orrespondingto these values isM
rit � �AuR3
rit = 2:7 � 10�8�1=2Au �3=2DT :For �Au � 435 g/
m3 and �DT = 200 g/
m3,R
rit � 0:1 �m and M
rit � 5 � 10�13 g.1060



ÆÝÒÔ, òîì 124, âûï. 5 (11), 2003 Ignition thresholds for deuterium�tritium mixtures : : :Table 1.Referen
e 
ase p V0 �DT 
sDT V �Au 
sAu � �First sho
k wave 1 6 0.78 1.7 � 6 26.2 0.42 1 7.5End of a

elerating pulse 100 15 10 4.3 14.8 76 1.6 7.6 10Below, we report evaluations for the amount of Au(atomi
 mixing) or the sizes of blobs (ma
ros
opi
 mix-ing) ne
essary to obtain a relevant e�e
t on the ignitionthreshold in the two 
ontamination modes.2. IGNITION STUDIESThe ignition studies for 
ontamination at theatomi
 level were performed for 
ylinders of a 
om-pressed DT+Au uniform mixture at the initial densitiesaround 200 g/
m3, irradiated by a proton beam alongthe axis. Advantages in using light ions for fast ignitionwere 
onsidered in Ref. [8℄. At any rate, proton beamswith the proper pulse and parti
le energy 
an be usedto roughly mo
k-up deposition by fast ele
trons as boththese energy ve
tors give energy mostly to the ele
tronsin the target.The length of the 
ylinder (S) was taken equal tothe diameter (2R) and set to 300 �m. The intensity dis-tribution of the beam as a fun
tion of the radius r wasGaussian, proportional to exp(�r2=R20) for r � 2R0and 0 outside. The s
ale R0 was set to 25 �m. Thepulse duration was taken 15 ps, short enough to makethe expansion negligible during irradiation. The timedependen
e was a linear ramp for the �rst 5 ps and
onstant for the remaining 10 ps.The initial fuel 
omposition was assigned by givingthe numeri
 fra
tionsfAu = nAunAu + nD + nT ; fD = fT; fAu+fD+fT = 1;where nAu, nD, and nT are the numeri
 densitiesof gold, deuterium, and tritium. In the simulations,nD = nT was initially assigned.The initial target density was either set equal to200 g/
m3 or adjusted for ea
h value of fAu su
h thatthe total pressure (p) is equal to that of a 
lean refer-en
e target at 200 g/
m3 and � = 0:3, assuming uni-form temperature. The se
ond 
ase was 
onsidered tosimulate equilibrium between the 
ontaminated regionwhere the ignition spark is formed and a 
ontiguous
lean fuel at the spe
ifed referen
e 
onditions. For our�real matter� equation of state, this implies that � in-
reases with fAu.
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[K]Fig. 4. Ele
tron temperature distribution in a pure DT
ylindri
al target at the end of the igniting proton pulse(pulse energy 40 kJ, proton energy 1 MeV)In Fig. 4, we show the ele
tron temperature dis-tribution in a 
lean referen
e target (fAu = 0,� = 200 g/
m3) at the end of a 40 kJ, 1 MeV ignit-ing proton pulse.2.1. Ignition of a 
lean fuelThe ignition energy (Eign) for a 
lean fuel at� = 200 g/
m3 is represented in Fig. 5 as a fun
tionof the ion (proton) kineti
 energy (Ekin). No igni-tion o

urs at less than 40 kJ. The total fusion energyreleased by the target after 
omplete disassembling isabout 540 MJ, the radiated energy is about 5 MJ, andthe fra
tional burn-up is fb = 0:38.The ignition of a 
ompressed 
lean fuel by light ionspresents several typi
al features. One, 
learly seen inFig. 4, is the rather spiked stru
ture of the spark inspite of the smooth Gaussian spa
e distribution of theirradiation. This feature is simply explained by not-ing that the range of the ions in
reases with temper-ature and this depends on the amount of energy de-posited. The ion range is therefore a self-
onsistent fea-1061
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Fig. 5. Ignition energy for a 200 g/
m3 DT fuel by aproton beam as a fun
tion of the proton kineti
 en-ergy
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e distributions for �L, Te, and Es a

ord-ing to Eqs. (2a) and (2b)ture. During the irradiation, a blea
hing wave is formedallowing a deeper ion penetration into the target in theregions where the temperature is higher, namely nearthe ion beam axis. Negle
ting thermal di�usion, nu-
lear heating, and �
old� target range, this e�e
t 
anbe estimated as follows:for the range (L) equation�L / E1=2kinT 3=2e ; (1a)and for the energy equation�LTe / Es(r; t); (1b)where Es(r; t) is the energy deposited per unit surfa
e.These equations imply that

Te / E�1=5kin E2=5s (r; t) / E�1=5kin �� exp"�� rR0�4=5# ; (2a)�L / E1=5kinE3=5s (r; t) / E1=5kin exp"�� rR0�6=5# : (2b)The di�erent dependen
es are represented in Fig. 6.The spiked stru
ture is 
learly shown for both �Land Te.Pe
uliar stru
tures and behaviors 
an be dete
tedin burn waves. In Fig. 7, we show the development andpropagation of the burn wave for a target irradiated bya 40 kJ, 1 MeV beam of protons. Up to 80 ps, burnpropagation o

urs through a mode featured by in-
avity burning and alpha-parti
le ablation driven sho
kfront. The sho
k generated by ablation pressure risesthe density up to approximately 570 g/
m3. In the ab-lation front, the density drops to about 36 g/
m3 overa distan
e of about 40 �m. Near t = 80 ps, a newpropagation mode starts. A quasispheri
al sho
k wavedeta
hes from the tip of the ablation front and burningpropagates as a detonation wave starting from a pointnear the initial fuel assembly 
enter. The produ
edthermonu
lear power WTn and energies are also shownin Fig. 7; we note the bell-like time dependen
e of thepower. Density pro�les along the 
ylinder axis z areshown in Fig. 8 for two propagation modes.The burn propagation pattern 
an 
hange substan-tially if the igniting pulse energy is well above thethreshold. This 
an be seen in Fig. 9, where the den-sity maps are represented in the 
ase where the en-ergy of the igniting pulse rises from 40 kJ to 70 kJ,with the other parameters un
hanged. After a fast ra-dial propagation, the detonation propagates along thetarget axis. The thermonu
lear energy power releasepresents a plateau 
orresponding to the propagationalong the 
ylinder axis.Highly stru
tured detonation waves 
an also befound. In Fig. 10, a 27 MeV beam of protons startsignition at 60 kJ. Both the radial wave and tip start-ing waves propagate and ultimately 
oales
e in a singlewave propagating along the axis.2.2. Ignition of a fuel 
ontaminated by high-Zmaterials (Au)In this se
tion, we present the results of simula-tions performed to study fast ignition thresholds of afuel uniformly doped by gold. Studies of the e�e
ts oflight impurities (C, Si, and O) on the performan
es ofdire
tly driven targets were published in the past [9℄.1062
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]Fig. 7. Burn propagation for the ignition spark shown in Fig. 1. Density maps. The propagation for the lowest energyneeded to ignite the 
onsidered fuel assembly is represented. After propagation in the �-parti
le ablation driven mode, adetonation wave is started near the initial fuel assembly 
enter, at the tip of the ablation front. The produ
ed thermonu
lear(Tn) power and energies are also shown; we note the bell-like time dependen
e of the power
t = 80 ps
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z; 
mFig. 8. Density pro�le along the 
ylinder axis at di�er-ent times showing features of the two burn propagationmodesIn the investigations for fAu 6= 0, the energy Ekinwas set to 1 MeV (
orresponding to the ignition energyEign = 40 kJ for the 
lean 
ase, see Fig. 5) and fAu

was in
reased from 0.001% to 1.5%. The introdu
tionof high-Z 
ontamination a�e
ts the ignition thresholdsthrough several me
hanisms. Some of these are de-te
table through inspe
tion of Fig. 11. The ele
trontemperature maps are given at the end of the ignitingpulse for di�erent degrees of doping. It 
an be seen thatby in
reasing fAu, the needed ele
tron temperature in-
reases. At the largest doping, the spark is imbeddedin a thi
k radiation wave. The presen
e of gold af-fe
ts the heat 
apa
ity and through this the ignitingbeam penetration depth, whi
h is a self-
onsistent fea-ture. The spiked stru
ture disappears. The di�eren
ebetween Te and Ti in
reases with fAu. The situationevolves very rapidly, however. A
tually, 10 ps later, forfAu = 1% for instan
e, due to di�usive losses and re-laxation e�e
ts, the ele
tron temperature de
reases to26 keV and the maximum ion temperature a
hieves thevalue of approximately 39 keV. In this same 
ase, thesimulations show that due to the redu
ed DT 
ontent(about 57%) and to a smaller fra
tional fuel burn-up(about 25% instead of 38% of the 
lean fuel), the yieldis de
reased to about 40% that of the 
lean fuel 
ase. Itis important to remark, however, that the 
al
ulationspresented here are relevant to assess whether ignitiono

urs for a given 
ontamination of the spark region.The previous 
onsiderations relative to the yield 
an be1063
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ase where 
ontaminationis truly uniform.The results of the investigation for fAu 6= 0 areshown in Fig. 12, where the data for the assigned den-sity or pressure are shown. The two �tting 
urves aresimilar (exponential fun
tions), with the one for a 
on-stant pressure (
ir
les) being somewhat shifted to theright. In both 
ases, Eign presents a steep in
reaseas fAu approa
hes 0.2% (about 14% by mass). Forgreater values of fAu, the in
rease in Eign is very fast.3. EFFECTS OF MACROSCOPICCONTAMINATIONWith regard to the e�e
ts of ma
ros
opi
 mixing,we estimate the typi
al size of the blobs that have asubstantial e�e
t on the ignition thresholds. Assum-ing the surfa
e of a 
ontaminant blob to be a sink forthe fuel energy through the ele
tron thermal �ow, we
an estimate the order of magnitude of the power Waabsorbed in the ignition spark by the 
ontaminant asWa � �eT 7=2e 4�XRb:Here, �e is the Spitzer thermal 
ondu
tivity 
oe�
ientandPRb is the sum of the blob radii 
ontained in thespark. The total energy absorbed before spark disas-sembling is Ea �Wa(Rs=
sDT);this value has to be 
ompared with the spark ther-mal energy Eth. For a standard spark (T � 10 keV,�DTRs � 0:5 g/
m2), we �nd thatEaEth � 3:8PRbRs :Setting this ratio to 0.5 implies thatXRb � 0:13Rs:4. THE KELVIN�HELMHOLTZ INSTABILITYAT THE SHELL�CONE INTERFACEIn the referen
e 
ases in Table 1, a treatment ofthe Kelvin�Helmholtz instability for 
ompressible �uidswith a dis
ontinuous density and velo
ity of sound wasrequired. The adopted geometry is shown in Fig. 13.The plane xy is taken on the slip surfa
e s and the wavenumber is taken in the plane xz. The �ow is assumedat rest for z < 0, in the region o

upied by the im-ploding shell material. In the z > 0 region, where the
one material �ows, the velo
ity is set to the velo
ity Vresulting from the sho
k analysis. Assuming that the

perturbed quantities behave as exp[�i!t+i(kxx+kzz)℄,we write the dispersion relation
2r2(�2!2 � 4)(! � 2)4 � ��2(! � 2)2 � 4
2� = 0; (3)where r = �Au�DT ; 
 = 
sAu
sDT ; � = V 
os 
sDT ;and the 
omplex frequen
y ! is normalized bykxV 
os =2. The study was performed numeri
allyand the results are as follows. The interfa
e is alwaysunstable for waves with 90Æ �  �  2, where  2 � 0.In this interval, the growth rate 
 (the imaginary partof !) starts from 0 at  = 90Æ, a
hieves a maximum 
mat some  m, and vanishes again for  =  2 if  2 > 0.Furthermore, unstable modes 
an be found when 
 6= 0for  2 = 0. All these unstable modes 
orrespond eitherto a redu
ed 
omponent of the velo
ity V along x( 2 > 0) or to a su�
iently small value of V itself (for 2 = 0 and 
 6= 0). It is therefore possible to say thatfor these modes, the �uids behave as in
ompressible.The results obtained in the referen
e 
ases are reportedin Table 2, where  m and  2 are expressed in degrees,
0 = 
mkx
sDT ; � = �
mttransit�x ;� is the shell thi
kness, ttransil = �=V0, and �x == 2�=kx. When �(�x=�) < 1, the instability arises.In 
on
lusion, the slip surfa
e is always unstable.The maximum growth rate is found in the regime nearthe tip 
one, where all perturbations with 0Æ �  < 90Æare unstable. The formation of mixing layers like thatrepresented in Fig. 2b 
an be expe
ted over most of theimplosion pro
ess.Semiempiri
 theory [10℄ and numeri
al simula-tions [11, 12℄ have been used in the des
ription of mix-ing layers. Quoted in Ref. [10℄ are experiments andtheories for turbulent mixing in the 
ase of large dif-feren
es in density or supersoni
 �ows. Di�eren
e indensity seems to slightly a�e
t the width of the mixinglayer (the half width h), whereas this be
omes some-what narrower for supersoni
 �ows.In what follows, we adopt a tentative dimensionalmodel to estimate h in the referen
e 
ases. We assumethat h2 � D(x=V ); D = a
mh2;a is a suitable number, x is the distan
e from O alongV (see Fig. 2b), and 
m is evaluated for a typi
al wavenumber kx � h�1. Be
ause
m / h�1;we �nd that h / x:1064
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ir
les refer to the fuelat the assigned pressure (p = 
onst). In both 
ases,the ignition threshold presents a steep in
rease as fAuapproa
hes 0:2% (see a magni�
ation in the insert).The �tting 
urves are exponential
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Fig. 13. Geometry for the Kelvin�Helmholtz instability
al
ulationsTable 2.Referen
e 
ase  m  2 
0 �First sho
k wave 86 70 0.046 10End of a

elerating pulse 82 73 0.11 5For a � 0:2, the previous model applied to in
ompress-ible �ows with a uniform density agrees with the ex-periment [10℄. In the 
ases 
onsidered here, the angle�mix = 2h=x is1066
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0
sDT=V:The maximum thi
kness of the mixing layer isÆmix � �mix�;in the previously assumed referen
e situations, the re-sults, ordered for in
reasing pressure, are �mix � 5; 10,and 70 mrad, and hen
e, for � = 100 �m, we haveÆmix = 0:5; 1, and 7 �m.It seems safe to 
on
lude that at the sliding sur-fa
e, the Kelvin�Helmholtz instability, whi
h is a
tiveduring the shell implosion, is espe
ially e�e
tive in the�near tip� region where a substantial amount of matter
an be 
olle
ted and mixed into the fuel. An indi
ationfor this 
an be found by the following 
onsiderations.Typi
ally, the fuel masses of interest in CFFI (Mf )are of the order 3 mg at a density about 200 g/
m3.The typi
al spark masses (Mspark) are of the order 3 �g.The quantitiesMf andMspark are to be 
ompared withthat of gold (MAu) involved in the mixing. Estimatingthe thi
kness of the mixing zone as Æmix � �mix�, thevolume involved in mixing by a shell sweeping the 
onesurfa
e by a length L along the 
one up to the 
oneapex is Vmix = � sin �L2Æmix;where � is the 
one half aperture. The amount of goldinvolved in mixing 
an be estimated as 0:5�AuVmix andassuming that a fra
tion f is entrained to the fuel, it isfound that MAu = 0:5�AuVmixf:If this estimate is applied to the �near tip� 
ase for a
one with � = 30Æ, at L = 400 �m and f = 0:3, itfollows that MAu � 30 �g or MAu � 10Mspark. Inthe ignition study, it was found that a 14% mass 
on-tamination was su�
ient to make ignition pra
ti
allyimpossible. Under the previous 
onditions, this 
riti
alsituation 
an be 
reated on a mass about 30 times thespark mass. Clearly, the relevan
e of Kelvin�Helmholtzinstability 
an be 
ompletely assessed only after using amore 
omplete des
ription that would in
lude the �nalspa
e distribution of the 
ontaminant. However, theprevious estimate indi
ates that substantial amountsof 
ontaminant 
an be potentially involved in the pro-
ess. 5. CONCLUSIONSThe pro
ess of fast ignition by light ions has beenstudied and the ignition thresholds for di�erent ion ki-neti
 energies have been found for the fuel 
omposed by50% deuterium and 50% tritium. The self-
onsistentstru
ture of the igniting spark has also been determinedby analyti
 methods. The physi
s of the burn propa-gation has been studied in some detail as a fun
tion

of the irradiation parameters. Be
ause the 
one mate-rial 
an 
ontaminate the fuel in 
one-fo
used fast ig-nition, a parametri
 study has been performed to �ndhow the ignition thresholds depend on the level of 
on-tamination. This study, performed for an atomi
allymixed 
ontaminant, has shown that the level of atomi

ontamination about 0.2% by number is su�
ient torender ignition pra
ti
ally impossible.Evaluations have also been performed to �nd thepossible e�e
ts on ignition of 
ontaminant blobs mixedto pure DT fuel.Finally, it has been shown that in addition to
one vaporization due to X-rays passing through theimploding shell in the indire
t drive mode, anothersour
e of 
ontamination 
an be a turbulent mixing atthe interfa
e 
one-imploding shell. This me
hanism
ould also be a
tive for dire
tly driven implosions.We are grateful to N. V. Zmitrenko (IMM, RussianA
ademy of S
ien
es) for very useful dis
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