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INTRODUCTION

It is a well known fact that success of laser drivam fusion even-
tually depends on successful isentropic compressien (~ 1000 felcl of spnesical
fusion largets. The high pressure required for compression is derivad “rom
laser induced ablation of target surface. Most of the lacoratory expe-iments,
to study ablative acceleratign utilize planar foil targets because of diagno-
sl simplicity. Physics-wise also such a geometry offers manr advanteges.
However, & trye planar ablation is an ideatization and in practice it can
be only reached when the laser spot radius at the target surface s suffizieqtly
large. If Lhe spot radius is small, the plasma flow quickly diverges and the

situalion becames nearer Lo g spherical expansion,

As an intense laser radiation strikes the solid p anar larget,
e laroet  sorface evaporates and is converted into an expamding zlasma
cloud due Lo furlher heating. The density of the plasma falls from nearly

solid 1o sero along the target normal. It is a well known fact that the iaser

radiation can not proceed heyond & plastna eleetron density r_ - 11'12'}&
2 -3 ‘ <

>‘j“\n clectrons Cye, where A M ois the laser waweler gth

in microns, Correspending mass density is given by P‘ = 3% % 1o 3

=L 3 -
7‘(\4»— 3/0“ for a fully ienized plasma [2 x Atomic number (Z} = atomic
mass (A)],

The plasma densily and temperature profiles rhus  ostained
are shown in Fig.ol. At shorl laser wavelenagth, small intensity nd lony pulse
duration the laser radiation is ahsorbed via classical collisional process ocer
“n extended region in the sub-dense corona (at densities lower _han ‘P‘. Je
However, for longer wavelength, high intensities and short pulze diration,
the dominant absorption is via resonant process or highly localized cel isional

process near the critical density Pc, .

The energy absorbed in the subdense region or at the critical
density is carried awdy Lo the colder solid interior of the target ~ia classical
conduction or free streaming electron transport (when the ele-tron mean
free path becomes comparahle to the !gcal temperaturz scale lenglh Lhe
classical conduction breaks down} and ablates it. The hlow cff mass, whle
passing through the hotter part of the eonduction and absorption zene is

dcceterated down the density gradient(Fig.1) producing an ablaticn pressure.

In this talk, we shall first discuss a simple case of planar ablation
with localized abscrption at the eritical density and derive scaling laws
for ablation parameters like mass ablation rate (M), ablation pressure (Pg)
anc Coronal temperature (Te). We shall later discuss consequences of non-loca-
ized absorption in planar as well as non-planar geometry, A brief sttention
~il. also be aiven to energy transport in the conduction zone and consequences
of its inhibition. We shall also briefly discuss hot electron assisted ablation

at higher iaser intensities and longer wavelenaths.
RASIC EQUATIONS:

The pressure created due to laser irradiation comprises  of
the fellowing:
1. Thermal pressure (PT)

2. Ablation pressure (PA, due to momentum transfer)

The-mal Pressure : The pressure is defined as

pT :YI.kTg +'“£kTi - -PLE_%%*_'?}:PCI — Q)a

whee C is the isothermal velocity of sound, Z and Amp are mean ionic
charge and mass respectively, Te=Te = T is the plasma temperature,
£bletion pressure: It is defined as .Pu.n y where P and (4 are mass

density and flow veloeity respectively,

Assuming a steady sta_t_gghlation, in the reference frame cf
the dJeflagration, the situation can be treated as a flow across a discontinuity,

Fic.Z. Applying equations of conservation of mass, mamenturn and eneray

PuU = Conrtant Mass (1} b
P+ 'F"‘-1= Comshant” Momentum (i) e

Pu(-&+£‘i1)+1= T.

Ereray i) o

—z=re f and (L are mass density and velocity, P is the pressure., The ahsorbed

laser intensity is | g is the heat flux from the laser absorption reginn.
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Presently we shall consider classical conduction only, Thus, 9 = —k,,'\'q‘gf
¥

where T is the electron temperature and Ke 2 $2 !
= 20( 2% !
2005 e 81k /y fag

the usual spitzer conductivity formula1.

In the energy equation enthalpy h can be expressed as

¥ v, 2
h= ( h"')%’ = ké_\) c , where P and £ are pressute end

mass density respectively. C s the isothermal sound speed, {For an ideal
monoatomic gas ¥ = 5/3.

There are two main velocities we must consider

1. H i Ta
eat wave velocity, U‘H [ /f’.\

I
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2. Shock (driven by ablation) velocity Uy ~ ( P/F ) where
P and P are = pressure and mass dersity: respecivaly.

We can classify different situations as under:

1. U-S > \-"\1 ¢ This situation is defined as subsonic deflagra-

Lian. Here the shock front is ahead of the heat front.

2, Loz Uy + This is known as Chapman-Jouget deflagration. Here

the pressure and heat front move together. A situation usuatly found in dhemi-

cal explosions or laser induced sparks in gases.

3. U-s L : No pressure step is formed in this sitjation, as the

heal wave takes over the acoustic disturbance.
ISOTHERMAL VS ADIABATIC FLOW:

In isathermal flow approximation, constant temperzture in
the corona is assumed. To keep the corona warm and comperisate far tne
thermal losses due to plasma expansion, adequate therma  f.ux from t-e
laser absorption location is reguired. The required heat fluxZi is given v

pct o, P is the density at the low density side of the absorpiion size

4
and C sothermal sound speed. The isothermal expansion would be apprapriate
for hig1 laser irradiances and low atomic mass targets. The heat capacity
of the corona also has to be small to hold the approximation valid. When
the lasar intensity is low and target atomic mass is high (targeis like gold,
he et capacity of the outer corona is high and the plasma is collisional.
Under these conditions, adiabatic approximation is rore approriate. The
appropriate plasma flow velocity at the low density side of the absorption
regicn is then given by  JT ¢ for an ideal monoata-

mic gas and c is the isothermal sound speed.

The zone between the ablation and critical surface is characte-
rizec by the electron thermal conduction Fig.1. At higher laser intensities
the -eat conduction is inhibited due to reasons not yet fully clear. However,.

presently we shall not consider the inhibition.

For steady state:

T
'3 e .—1— C‘L o % =0 (7-)
PG ey
integrating the eguation for x L Ke
o N L.ln" - 3)
& e + =
Tn[ s <t ] q = &

consian: Q represents the difference between the outward flux of kinetic
energy plus enthalpy and the inward heat flux due to thermal cenduction.
To evaliate it, we look at the cold side of the ablation front Fig.1. Neglecting
preh=2gt ionization energy, energy invested in plasma production and target

motion, and the velacity at the ablation front. Thus we find Q = 0.

21 O e T A Y4t
‘Yh[T‘C.'f'-iu'-J—KoT ?3';.:0 -



Now, assuming that the conducticn region containing a sonic
point. { €, ; Wz ¢ ) » with density €, and flow veloeity Co =
isothermal velocity of sound under steady state

. X
Pu= fu, = m -— 5
L T
P+ puwt - ﬁc:'-rﬂ_,c., = 2f,¢€,
*
Pu(ch+u) = 26,G WL

vl = 2¢, 4 -~ %)

Solution of equation 6 having velocity nearly zerc. at the ablation -mant is

)
W= Cgq- ((o"— r_l) i C&L G —=-77)

Thus the flow has maximum temperature at the sonic point. If the ccrona

is isuthermal, the sonic point would also lie in the corona. This requirzment
tan only become consistant if the localized absorption region is a boundary
between the isothermal corena and the conduction zome. This situat on is
also consistant from the energy flow consideration (inward f.ow for ablaticn

and outward flow for keeping Lhe Corona warm, from the absorption lacation)

We can now write

l — — - el (% :'
—ab s rhed = Id. = q’z T,
where 3
v, = £C
% 3
% :‘_Kquxi‘r = namocb =_3FCc° ‘—(qj
i
R P
- T = 4¢ 9 - — - e
- S < C°
Thus one quarter of the absorhed intensity is invested in keeping the zarona

warm and three guarter spent for ablation (via conduction) of te cold maerial

Mass ablation rate (n"?J. temperature(TeJ and ablation pressure (Pa) now cal

be written from the equation & , for an isothermal expansion case,

2 ”3 _
™= f,C = (Icl Pr./q. ) - doe
2y
To = —__““AMP J(Eﬁ') - - - o)k
K(2+1) *fe

f
Sine Cs = [_(iﬂ_kl] &
Amy

~2

1_72 F
and P = PT+PA= 29, ¢ =(42./3) 'L‘“

£°3 . Uac

For an adiabatic expansion, cutward heat flux $; .Y . The
sonic velocity at the critical surface P{_ is F Cs and mass ablatior

rate m = J¥ F.Co
Lz fulh+t']= g

T veT Ly . Y et
= Pc.c" v (_"f-lai - -;J 5 Simee h"(r—l)Q
= 438¢ o ¥:2F3 --- w0

Corresponding ablation pressure,

2
(H—Y)f'cc.
2-¢¢ €, C.’i

1 1
P = 'PcC,_,“l'ff’cC,

A ¥

It

v V= 573
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Thus the scalings of ablation variables for an adiahatic case

re i 1
ermain similar te those obtained for an isothermal case. However, te Tnaghi-

tudes vary a little,

NON L OCALIZED ABSORPTION:

As  discussed earlier at low laser intensity, wavelengtn &-d
larger pulse durationy the absorption dominantly takes place aver an ex:end=d

reqi i j
gion in the sub-dense corona. Under the circumstances critica! density

ablation model becomes inapplicable. The maximum temperature pcint s

now siluated at a far away point in space from the critica. density. The

denstty  at which the maximum temperature occurs, and also hzapens to

be sonic point is given I:)y3 4

Tine .
?Mm 2 c( lo?q ) ( }‘fm..) ('Z' ) g (A }s]“ — {13
2z

- . g
Tine = lases mfeus.l-). i le ch..,"" M lager Lu\vleusih T= puhc dovadiud(ug)

mauss ablation rate and pressure scale as following and T = ave row d\“’e

g ~\ig FHue

P-.ch "‘-’7( I"h‘)e?'fuu. (tD (1 l Mbqr; =y

. 3 4 T 1/2 -\ -
m= Gz o (2 ) (A (Fe) ‘(’z) 2*) 3/5"‘

Ore can easily see that the dependence of the ablatisn para-

melers is not critical swn the laser wavelength, This is because the abscrption

region is siluated far away from the ablation surface.

). 1 H H H H
Planar ablation is only an idealization. In fact, no laser-target
experiment s truly planar. Plasma flow from the flat targets irraciated

by Tinite laser spots, for example expands laterally, Flow bercorres: nearly
spherteal, when the plasma reaches a littie beyond a distance egLa. ta the

laser u
rospot oradius [l at the target surface. However, if the aslation 1o

critical surface distar i ‘ i
e 1s much smaller than Eo or the laser pulse duration

={is)

T, is < ;& ', where CS is the appropriate sound speed
5

tren a plenar theory may still be applicable. In general a spherical theory

ts more appropriate to describe an experiment.

When a flow diverges: at a distance Rs from the target
sLrfacs is (:tmsidtared!"’5 as described earlier, the laser absorption principally
tckes pace in the region of one dimensional (-l flow, only a fraction

{ ~ 3(%) of the incident laser radiation is absorbed in the three dimensional

{3 D e«pansion region. The density at the 1D - 30 transition region is given

¢ 2 i
) ek ) e

Hzre Amp and Z one ion mass and ion charge respectively. KT is the plasma
-5 .
N . ‘ ‘ =2 A
tempe-eture, Ro is laser spot radius, CAIS a constant[.Ca s MoQ‘T:-‘)c.g.s.

by

H

_— (%)

units] and )L is the laser wavelength is microns, The flow self regulates
itself ir the 1-D region such that the laser radiation is fully absorbed before
reachinc the critical density and reaches a steady state in a time -~ R"/cs
w th censity gradient Ln ~ Qg . Mass ablation rate (n%) and pressure

(@ are agiven by:

le s74 L -
wm = s-smog()\ I (I“/Io"‘) %-%a'...) et sec

7/ -1
= lg(}‘qu) ( AO ) 1 2 Ro /gﬁbiv.{ — Uy

Im ™
A2z Atsumed ol fully (owiged plaswq
This model is applicable only till .ﬂ , is less than PL

A3 soon as ﬂ—b f"- the mode! turns into what was described a critical density

absorptiobn mode! earlier. The laser intensity at which this transition takes

t >(? z C o [ St q7 (i
Amp A a0

place .s given by5

(ED



LFFECT OF FLUX INHIBITION

i
Classical heat flux is given by q = ’ KT'YIZ%{I whzn

tho mean free path of the electrons becomes significant: comparec to the
temperature scale length of the plasma the classicat heat flux formu a becomes

invalid and flux is described by free streaming madel and is given by

. 3la
9 (fvee Shrec-\ww.j) - _F Hew, ( KTe ) (23
We
=S #ec
T
f= 01 ¢ (20) = =y
Z av2
e [ Mg and Te  are electron density mass anc tampera-

lure respectively, 7 is the charge of the plasma ion and A its atomac mass.

Here flux limit % has been expressed in terms of hydrodynamic variables.

We have seen that the maximum inward classical Feet *lux
oceurs at the critical surface and is equal to g fc c;g » Thus we can

write a condition for flux limited energy flow as
k! 3 [ — 2.2
R A @)
> 4+ < 0.6
In general it is assumed that the density, temperetirz and

Mach number (M) of the flow ( M - #lgw velocity/appropriate local sound
velocity} do not shuwﬁump at the location of laser enerqy idepcsit.or. How-
ever, if there is heat flux inhibition, there is every chance of 3 jump

in these variables. The physical reason is the following. \When flux iz Emited,
the heat flux directed towards the dense matter drops very rap dly than
the flux heating the subdense corona. Consequently mass ablatior rete drops.
As a !mnger mass flux passes through the critical surface, it:is vary srongly
heisted %e outward heat flux. The pressure does not change at the sriticai
surface, thus a temperature and density jump aye produced. One ran ook

at the situation in the following way also. Energy equation {witt imitec

10

heat flow} becomes

e /St )L L “— (22)

A(SCrLd)- s pedta :

o M(StME) - log=o - ew
Here M= u/c_ = Mach number of the flow.

Thus the Mach number is constant throughout the transport inhibition region
and depend only mn ?5 value, This means fJ O aud T must be constant
in the space., This situation is unphysical and can be removed, if a density,
temperature and Mach number jump is introduced at the critical {absorption)

surface,

If the under dense corona ( £ ¢ 'P-;_ f F—L because of
th2 jump) is assumed to be isothermal, the outward heat flux required is
Pz c: » where Cy s the isothermal sound speed in the corona, The outward
AP . 3 3
heat flux may also become inhibited if Pz C‘.'. -2 g‘# 102 c,

Th.s we note following situations:

1. ¢ > 0-6 MNo inhibition, flow behaves exactly
like in the classical case n?, P remain
the same.

2004% (ot Inwerd flow is inhibited P and

become sensitive to CP value. Jump

at the critical surface appear.

3. ¢ <o-2 Inward as well as outward flow s
inhibited, Isothermal condition will
not be met, and expansion may be

nearer to adiabatic case.

SCALING LAWS:

When the discontinuity is introduced due to flux inhibition,

one can write
2

In= 4 f¢ F(Re) — @
FiRg) = /e ~ o
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An  emphirical relation, well satisfied in hydrodynamics aez
s = % - a>
2 = 06

/e, 7

¢lo-6 ¢ <oé
2 -
1:( /fc.)‘ E | $ 306

- ¥)

Now the scaling laws become:

[ '<(2+.)k)( Ve, F(4>)) — e

2 V3 — (2a) b
o= P_‘C_L = %)(I“{C/qFCQ’))
2 IS T. 743_? 3 — (za)c
P = 1f,zc‘t = 2 O‘G)( /4 ch)) <
Thus inhibition ¢ ¢ < ©-6 ) would produce higher coremsal

temperature, lower mass ablation rate and ablation pressure.
HYDRODYNAMIC EFFICIENCY:

One of the most important parameters in ablative imploicn
of a fusion target is hydrodynamic efficiency( "[ )y defined as tbe ratic of
kinetic erergy of the accelerated target to the absorbed laser energy. Yie
useé a simple rocket model to illustrate the case, If the initial rrass far
unit area) of the target is mgand velocity at any mament t is r(t) ard

its mass m(t). The rocket equation is

miLt) ‘i:‘% = Pressure = P — (3ey

Selution of the equation

— {31
Lo = p 'P ('\MLt’J

12

for small mass ablation® lur d};gd1umw;¢ %.q.u‘j

Y= OH Mo - MW - (BEn
W,
a2
b - M) x lv. T xs mu:;
J_d‘ﬂ"‘; = =2 [ % o™ 2I;w-
Fighest value of 1] is attained when 4y (_e);_ w=0-2
Mo
Thus
= oS, -oo- 6
M, g4 Yauien 4
2
Y] - <o-é
h, = Pt - 4.C .‘,Lz.).(er}o_‘

2L 2 RG Rl

Thus - 032

I,Méwfwuw-

Thus highest efficiency {with B0% of the initial mass ablated) is fixed.

However for an adiabatic corona there is no outward heat

flux. Taus, the hydrodynamic efficiency is higher. Here the = 041,

1"“\!
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HOT ELECTRON DRIVEN ABLATION AT HIGH LASER INTENSITIES:

At high laser intensities and long wavelengths, hat electrons
are qenerated near the criticat density due to rescnant |jabscrpt or- (or at
quarter critical density due to 2Whe decay or SRS). These electrons
due to their long range penetrate and heat the dense { > £, )} par: of the
conduction zone and madify the temperature profile. Fig. « Ta= sonic
point in such a case has a density ( f’s ) not fixed at f’c (as in case
critical density ablation) but is located at higher density (| €, » 2 )R
Hara self regulation heating due to hot electrons cad be cansidered. For

hot electron driven ablation, simple maodels in planar geome.ry by Mima

and in spherical geometry by Kidder® have been worked out. In these models
IL is assumed that the hot electron range |{ )H ) determizes the= sonic
point density { ﬁ J, the flow between the ablation frot dnd fc is steacy

stale and isuthermal. Applying S.Yegu'nakwhetween the critical dens ty Jwhere

ot electrons are produced) and the sonic point (determined by the hct = ectran

range) K¢
J‘ 45( - l - (E"’J
o A;‘ ('X,t)
Is estimated as
Ao .
( I+ 1_—2—) 'FC_ C = Bothewat -- G5
s H Sotud :Te-#
If the fractional loss due ta hot ions is -]L’ the energy balance
1 - oo
4P el = (-4>T, 3
Pregsuve ; ¢ <|"‘Fa)Ta/2C‘ P=2¢ Cf'
z
- ! —~ b /3
SCTUTERTS L

using hot electron formula for electron range ( >&., } at the cr:tical density

P T 2R x5
@+ A

- )
L l3£.)+
|\ key ey

(kTW) “M- R 2L E

b4 a8
] AL ] . ~— —- (31
|~06/u-

|
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Mass ablation rate (M) and ablation pressure scalings have been shown as

"I o%S ‘°q _—

o= qexic bt [( 1’-)3 arsee
- F_ 693 052 -

P =934 1[([—-{-}}0 I,_ p Mbay {4

The most serious cbjecticn of this modet is isothermal assumption.
At very high intensities the absorbed energy is given to a small fraction
of hot electrons. Their temperature is typically sevem]times greater than
thet of the background plasma.

In this talk we have discussed scaling laws for parameters
like ablation pressure, mass ablation rate and coronal temperature for a
planar as well as non ideal plasma flow which attains a three dimensional
structure a little away from the térqet surface, We have also found out
that shorter wavelengths are more suited for improved ablation pressure
anc mass ablation rates. Maximum hydrodynamic efficiency is however fixed
anc independent of the laser wavelength. But far a given intensity where
sptimumn  ablation is not achieved shorter laser wave lengths will provide
3 tetteui ‘r;ydrodynamlc efficiency for a given laser intensity. At higher inten-
sity and L laser wavelength hot electrons are princial agents for energy transport

anc cause higher ablation density( P,
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