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Abstract

This is the second part of a three-part review on hydrodynamic instabilities and inertial confinement
fusion. Linear and nonlinear evolutions of Rayleigh-Taylor (R-T) and Richtmyer-Meshkov (R-M) in-
stabilities are discussed with a focus on the present status of theoretical understandings. The statistical
model of bubble competition and the modal model for multi-mode instabilities are explained. The linear
stability analysis of R-T instability at the ablation front is reviewed by starting with the flame instability
(Landau-Darrieus instability). The physical mechanisms of ablative stabilization are discussed within

the framework of a theoretical point of view.
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Fig.19 Schematics of perturbed interface in gravitation.
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Fig. 20 Bubble-spike evolution of single-mode R-T
instability.
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Fig.21 Single-mode R-M bubble and spike velocities for
different Atwood numbers (A’s) [91].
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Fig.22 Bubble velocities for two bubbles in a channel
length L=1 with g=1 for case with g=1.03 [94].
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Fig. 23 Scale invariant bubble size distributions for R-T and
R-M instabilities. Dimensionless merger rates,
wo (q), are also shown for the two instabilities [94].
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Fig.24 Temporal evolution of four different modes for /™5/*
spectrum as predicted by Haan’s model (solid
lines) compared to 2-D simulation results (dotted
lines). The Haan’s saturation amplitude (horizontal
dashed lines) agrees well with that observed in the
simulation [99].
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Fig. 25 Temporal evolution of perturbation spectrum for
“classical fluid” configuration. 2-D simulation (bold
full line) , Haan’s model (dotted line) , and Ofer's
model with mode-coupling (dashed line), saturation
amplitude (solid straight line) [89].

Fig.26 Same as Fig.25, but for ICF-like reduced R-T
growth case. Mode coupling is not essential com-
pared to the case of Fig. 25 [89].
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Fig. 27 (a) Typical profiles of density and ion and electron
temperatures in laser acceleration phase.
(b) Schematics of conventional deflagration wave
structure of slow combustion wave.
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Fig. 28 Schematics of effect of longitudinal heat flux per-
turbation due to R-T growth at ablation front.
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Fig.29 FAST-2D simulation results of R-T growth rate at
ablation front for various cases. The solid lines are
those from Takabe formula with =3 and 4 [118].
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DIEREICHBLCn5B & FRLA2[129].

Kull i G4 ROBREEEFOEELT L —a v
BiEZRD, BEBEICL VP 2RHOT T L—Va v
1 DL EWIFHT & 47 - 72(130]. BIEARRE/T X —
% T,

]"=g% (55)
1

ZEAL, A I, v OFTO R-T REEDHEE
RERDIz 2L, GORT yn, i B7 7V -3
YHTOBILERB L HETHY, 7TV —va VHEE
DEEAr—VE L ZEATEE I'=gL/vf i 5.
IO Tdv, (=v) OF7Tb—vari#EEHnT
EFT S 7 NV— FH (Froude number; Fr) [131]
vZ
gL
DFFIZHIE L TWAB, Fr K&V E S IEHAFEN
FEHTHY, FriaVhswvk (K&w I' oK) 38E
ERHENIENE 5.

R-T RERD v EMRIZOWTIE v>5/2TIE 588
RICKEREBVWERON R Po /20 (2720, ZO%E

F.= (56)



T AT - BEEFREE

oy, v E—ELTWS), v<5/2 TiEvORPL
HIZBWREAFR LN, ZhiE v NEVwZ ik
FhEms oAz &R L, EEREEILORE/LIR
LbbZ LR EKT 5.

a2z I, v OEICHT L, XEK[112] & EAR O B8
mafrbh, GREDEEI TN 77—V
VHOEE po EEENEBE poy DI pa/pey=12.5,
25, 50, 100 DHA DWW THRIERRATLH 31 D&
Bl | OREVEBRERVTRL —FT 5 LAVRE
N7z2[130). F/2, y=0 L B ke O T KEFEHH
o, WRTALLT: k.

2

- 4
kc = ?kc (57)

A v=5/2 O¥pdr, I'=0.5-1 TE— 24 (k.=0.1-0.2)
PEL I, I>1TRAITHILPRINT.
GARPEEKES ke i

. a\?2

ke= (F)
THY, «=0.9, =3 TE k=01 Y- L
1333 %. Kul OF[130]0EER &, dL T
(0% Fr) 288/ 420, I1»Ir>1t
T E<0.1ER Y, ERWE fHEIKELEND
ZEERBLTVWAIETHAH. ZHIIOVWTIREIFE
b — kw5,

Budko 5[132] i WKB (Wentzel- Kramers— Bril-
louin) Ex vy, EHRMICEE - WHEIB(LTHT7 7L
—Yay  FTIAITH R-T MEEDKERZMHITH
ROz, NS WIEEICEEEERICN T A EAHE
FRNI2EOMS FRERNERY, RF Yy VATO
B FI2X ¥ 5 Schrodinger FERNICEUORE & 5
(R-T AA%&E & Schrodinger FRENOEHMEIZOWTE
Mikaelian[133] 253 L EHmL T 5). ihz BCE
BEICANLBEIIOWT, WKBEBDOTCTEEL,
BEIRBICN T 5 4 BoOREHFERZEN L.

WKBEBSHE T 5D L>1 DBATHY, R
MIRIBER L EBARKEVTITEIL—FKL, y=0%,%
HHy NATHEE R G R LB —HT S I LR
ENhsz. Lal, 20 WKB f#ix k—0 OB TIE y—
03B 6T, HROMEZ-TLEo 2 (EB, kL
>1 THAH WKBIEBA R YL 2 DL RR). XHR[132] T
BEELRERTEE LTGRO TV — FEINOTEA
AN L RMAET 5.

R 132] B ELIC KT § % R BRY R % AR L 72347
ThHolzd, TNEHRL, v=2.50BTFHMLELILY

(58)

BTIEE 3T
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A ATEEAT A% Bychkov 5104112 X Wb hiz. E,
THOBILICHT 2ME%2 WKBETHRE, y=02&%5%
ke D5 ke=0.13-0.16TH B L A BH L=, $7-, EE
BIIREFMEE LTHRY, BEHIC RT AREORK
ERLLTGROET a® an/? TEEBRZ, B=
2.5-3.2 L7 ERL

Betti® [134]13 52k [132]» WKB =2 B# L, Fr<l
DBFBEIZOWT, EEHRUEZREL T R-T AEEDM
EREERD. EBRO ICF LB T TR Fr<1 TS Y,
COWEEPEETHHIEEERLA. Fr=0.02®
BEITOWT, M5 0fkENG)ROBEE X HHT
LI EARENT.

E 512 Betti 51351, 77Lb—vavy 75X <
OfFRAE Fig300 Lk H 12 3 o0ERICHEL, £ED v
ZRORGEDORRE Y AARFN 21T 72, BT
BERBOBEFETHONABETFEIMEDN.
v>1, Fr>1 O&MFITNA, SCEKI13001CEv, SER
BZ AV, Kul OREFEORKELEITHICERT S
ZLERRIR. TORR, v=2.50%8E, y=0 OEK
ke O Fr REWD Fig3lOERDO LI IRKT o772, &
i, —ABBETRLE Kul O R[130] & KERL
—HT D, T, v=2.50%E, BLD kR OERD
Bychkov 5[10410HERICEL —HT 2 LHFREN
7z.

y=0,%2 k OEO v IREEDISHSN, Fr=5
DBEIZDOVT Fig20RERZ B, TORTL 37
Tr—vav - 77 AYORERLROR/NMEIZIZIZN
BLTW5, 22T, BARKul oFBEEHEDORK
BI3012RT. Thih v<2DBa, Iy b7
EPFRBICEL 2B 2 2% b, T (B8R TER
B BRELRABZEICHILL, Wouchuk 5 [128]
DREREBELHBL TV 5.

Goncharov 5[136]ix Fr>1, v>1 OBFEIZDOVWT,
AR (135] DT 2 IR L, SERBOMTFEL AV,
R-T REEMOBREREZ MBI EHN L. KEory
DIFNTIRIZv=2.50%E G2 RICEL -T2 &h%h
20, T, BV oy OFBEIICHZY Kull ofERE &
=T BT EIRENT, KREEMRFTEOKE, +
Z (52) R BT TR L /2.

Betti 5[1371id Fr>1 oA IOV TRERE DR
W24V, Fr<l i2onwTid WKB BB 24T) 2 &1
X D3Iz To Fr OfEIZOWTHATE 3 R-T A%
EORERERDIZ. ZOKEE (52) RO TEEL,
a, fOfEE LT v=2 DHFAHIIDOWT
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Fig. 30 Density profile with regions of different scale fength
of density and velocity perturbations [137].
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Fig.31 Normalized cut-off wavenumber obtained theoreti-
cally (solid line) and numerically (dash-dotted line)
as a function of the inverse of Froude number [135].
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and solid circles are numerical [135].
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Fig. 33 Localized short-wavelength mode for (a) Fr €1 and
(b) Fr» 11[137].

a=0.94(Fr)0- 2

B=2.11(Fr) "4 (Fr<0.5 o%4)
(59)

a=0~90(Fr)0‘04

$=1.88(Fr)°-% (Fr>3 OBEA)

bl Rl GYXREFHCTEEINS B8R
D ke 2 FIg3LIRBELTWB I E2b2 b, FE S
BH L2 8 D3T A — 5 KEHED Goncharov[13642 &
D Fr kERICHAESATEY, =1.8F"?Th%
TEMRENT. THhEGYRD Fr>3 0fFE0 g &
BL—EHLTwA.

Fr<l oA, 728 ZIXENH5H L, Fig33nk)
AR EBIBHPILEDY, RL>1 OBFEBAREEIZLD
BET A, Lzd5o T, WKBRIZX AR Y L%
. KL, Frol TREIHFFL, L>1 0
BEREELY, RERT— FICHT 2P EEL R 5.

Fr<l o360 (59) X% (58) RURAL, (56) XD
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BERB kL= (a/f)"Fr cc Fri* L % 5. Zhid
Fig33D A4 A — VL Bk k. Fr<l T, BEZERRL
BEARMBEOFPEEL %) kL <™ 25
LAsieH & 7z [137].

GHRDBFEDVDENRE I PE BTN TIEH
HEYEELW) AAZBRHE I - FORBRI SHET 5.
CH 7 # 4 V25X 10%¥W/cm? ®0.35um L —H—% R
WHLAEBEDLILACICE 51D ¥YIalb—va v T
X, B EW 7256 2<uv<2.5 TH o798, W%
SHLEMET NV THRVLGEE 1<u<2 THhHo7z. Th
i3, FEETNVTRELBEREOEER>M%E 1-D a0 —
FTEOLNAFBRELBEL TROZMETH L. BHIIE
FHroIEE®EL, CHTT LY b— MFZEKT
Fr dRi&E2312x L, #itE ANz84E0.038 TH -
72(1371.

T —v g VEEETE, BEERIRERER, &5
WIZBFOMEFNEEL 2 Y, FES I (G4 KTl
—E L BARE L RIS Y AR RS TRE B DI T
T, FIZT, I'DOYIalb—YarERINES
NZEEMiL GHORL VKT LEFVFL LKL,
vBIUFr 28MiiT A6 LICIV T T L—2 3 VIEIT
D R-TAEZEDREEZFMITRETH S, LHD
PHRERETO R-T FEERKREL I 5 B0k T
H5.

ZEZXHB

[1]-[871 W BB D 1 FI60~161HEOBELHE B,

[88] S. Nakai and H. Takabe, Inertial Confinement Fu-
ston, the Reports on Progress in Physics 59, 1073
(1996).

[89] D. Shvarts et al., Phys. Plasmas 2, 2465 (1995).

[90] H.J. Kull, Phys. Rev. Lett. 33, 1957 (1986).

[91] U. Alon et al, Phys. Rev. Lett. 74, 534 (1995).

[92] J. Hecht, U. Alon and D. Shvarts, Phys. Fluids. B6,
4019 (1994).

[93] D. Layzer, Astrophys. J. 122, 1 (1955).

[94] U. Alon et al., Phys. Rev. Lett. 72, 2867 (1994).

[95] D. H. Sharp, Physica 12D, 3 (1984).

[96] J. A. Zufiria, Phys. Fluids. 31, 440 (1988).

[97] J. Glimm and D. H. Sharp, Phys. Rev. Lett. 64, 2137
(1990).

[98] U. Alon, D. Shvarts and D. Mukamel, Phys. Rev. E
48, 1008 (1993).

[99] D. Ofer et al. Phys. Plasmas 3, 3073 (1996).

(100] 5¥¥w-U7vyy fmkhEe GEENE
1971) %14,

328

19974 3 A

[101] #) %13, ].L. Bobin, Phys. Fluids, 14, 2341 (1971).

[102] F. A. Williams 2, #HiER—ER : REOHE (B
FITsEHE4L, 1988) p. 364.

[103] 3cRk[100]® p. 531, FIRE 1.

[104] V.V. Bychkov, S. M. Golberg and M. A. Liberman,
Phys. Plasmas 1, 2976 (1994).

[105] B.B. Mandelbrot, J. Fluid. Mech. 72, 401 (1975).

[106] K. Nomoto, F. K. Thielemannn and K. Yokoi, Astro-
phys. J. 284, 644 (1984).

[107] F.X. Timmes, Astrophys. J. 423, L131 (1994).

[108] BFARMAR, HARZ— B E1987TAICH D (GEaRAL,
TN—3v 7 A B799, 1989). 5 =,

[109] S.E. Bodner, Phys. Rev. Lett. 33, 761 (1974).

[110] J.D. Lindl and W.C. Mead, Phys. Rev. Lett. 34, 1273
(1975).

[111] R. L. McCrory et al., in Laser Interaction and Re-
lated Plasma Phenomena, 12th Int. Conf. (AIP Cof.
Proc. 369, New York, 1996) p. 71.

[112] H. Takabe, L. Montienth and R. L. Morse, Phys.
Fluids 26, 2299 (1983).

[113] #§ 21X H. Takabe, K. Nishihara and T. Taniuti, J.
Phys. Soc. Jpn 45, 2001 (1978).

[114] M.H. Emery, J.H. Gardner and J.P. Boris, Phys.
Rev. Lett. 48, 677 (1982).

[115] M.H. Emery, J.H. Gardner and J.P. Boris, Phys.
Rev. Lett. 57, 703 (1988).

[116] M.H. Emery, J.P. Dahlburg and J.H. Gardner,
Phys. Fluids 31, 1007 (1986).

[117] J.H. Gardner and S.E. Bodner, Phys. Fluids 26,
2672 (1986).

[118] J.H. Gardner, S. E. Bodner and J. P. Dahlburg, Phys.
Fluids B3, 1070 (1991).

[119] M. Tabak, D. H. Munro and J. D. Lindl, Phys. Fluids
B2, 1007 (1990).

[120] LLE Review, LLE, Univ. Rochester 37, 2 (1988).

[121] E. Livne and D. Arnett, Astrophys. J. 415, L107
(1993).

[122] B.B. Mandelbrot, The Fractal Geometry of Nature
(Freeman Pub., New York, 1993).

[123] S.I. Blinnikov and P.V. Sasorov, Phys. Rev. E53,
4827 (1996).

[124] S.1 Blinnikov, private communication.

[125] Ya.B. Zel'dovich and Yu.P. Raizer, Physics of
Shock Waves and High Temperature Hydrodynamic
Phenomena (Academic Press. New York, 1966)
Chap. X.

[126] H.J. Kull and S.I Anisimov, Phys. Fluids 29, 2067

’ (1986). .

[127] R. Betti, R.L. McCrory and C. P. Verdon, Phys. Rev.
Lett. 71, 3131 (1993).



- ARG & AR (2) Rk

[128] J.G. Wouchuk and A. R. Piriz, Phys. Plasmas 2, 493
(1995).

[129] J. Sanz, Phys. Rev. Lett. 73, 2700 (1994).

[130] H.]. Kull, Phys. Fluids B1, 170 (1989).

[131] WO HHER DK L % EE T 5 BMFRIHZ
Wik, MEORENLES L, Bl g, HE VY
FRENBL LAY KT AL, BERTORK
V/VgL B U Th BB I E 2 5.
ZOERTEHE 7 V— Pl w) [Bik BALZE
frynl. 22T, RAOBBIICHY, TOE%E

%% E-mail takabe@ile.osaka-u.ac.jp

329

TIV—FH Fr L¥5%.

[132] A.B. Bud'ko and M. A. Liberman, Phys. Fluids B4,
3499 (1992).

[133] K.O. Mikaelian, Phys. Rev. E53, 3551 (1996).

[134] R. Betti ef al., Phys. Rev. E50, 3968 (1994).

[135] R. Betti et al, Phys. Plasmas 2, 3844 (1995).

[136] V.N.Goncharov, R. Betti et al, Phys. Plasmas 3,
1402 (1996).

[137] R. Betti, V.N. Goncharov et al, Phys. Plasmas 3,
2122 (1996).



