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The one-dimensional motion generated 1n a cold, infinite, umform plasma of density n, by the absorption,

m a certain plane, of a linear pulse of energy per umt time and area ¢ = dyt/7, O0< < 7, 15 considered, the
analysts allows for thermal conduction and viscosity of 1ons and electrons, their energy exchange, and an
electron heat flux limiter The resulting motion 1s self-similar and governed by a single nondimenstonal
parameter o « (nd1/$e)*’® Detailed asymptotic results are obtamed for both a<1 and a> 1, the general
behavior of the solution for arbitrary a s discussed The analysis can be extended to the case of a plasma
mttially occupying a half-space, and throws light on how to optimize the hydrodynamics of laser fuston
plasmas Known approximate results corresponding to motion of a plasma submitted to constant irradiation
(¢) are recovered 1n the present work under appropriate limiting processes

i. INTRODUCTION

To achieve break-even conditions in microfusion, a
laser pulse must compress a DT pellet to densities well
above that of the solid state, »r,, and strongly heat its
core.! This starts an outward burn wave that both mini-
mizes the energy requirements and increases the burn
efficiency.z

The cold, dense plasma around the core has a low
specific entropy; consequently, the absorption of laser
radiation must take place outside the dense pellet, since
entropy production is associated with the absorption,
This condition is met if the critical plasma density, »
at the laser frequency, w, is smaller than n,. Then,
the radiation energy is deposited in an expanding corona
of hot and rarefied plasma, that results from ablation of
the pellet.?

cr?

Clearly, hydrodynamics must play an essential part
in microfusion since it affects the attainment of the fol-
lowing goals: (a) the energy lost in the corona outflow
should be held to a minimum; (b) entropy, and therefore
entropy flux and production, should be kept low inside
the pellet (except in its core); (c) both mass and energy
should flow inward efficiently to reach high densities
through compressional work.

The hydrodynamics of laser-plasma interaction has
already been considered, both in the approximate, theo-
retical analysis,*® usually for constant irradiation, and
as part of extensive computer simulations that include
detailed fusion physics.!®~!® Nevertheless, exact results
and clear conclusions for the hydrodynamic behavior of
the plasma are still lacking.

In order to clarify how this behavior depends on the
laser design parameters (maximum power flux ¢,
pulse duration 7, and frequency w) we consider the
quasi-neutral motion of an initially cold and uniform
plasma, allowing for viscosity and heat conduction of
both electrons and ions, their energy exchange, and an
electron heat flux limiter; other effects, like pressure
radiation, nuclear fusion, emission (and re-absorption)
of radiation, and non-Maxwellian distribution functions
(a point discussed later) are not taken into account,
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Then, a uniform power flux, linear in time (anomalous-
ly), absorbed in a certain plane, produces a self-simi-
lar motion. Anisimov!* noticed the existence of self-
similar motion including electron conduction and ion-
electron heating and Marshak'® pointed out self-similar
motion of a gas with radiation heat conduction., We con-
sider an unbounded plasma, as a step prior to the more
difficult analysis of a half-space plasma, the case of in-
terest for laser fusion plasmas, which we carry out in
a forthcoming paper (any gualitative results found there
should be valid for spherical geometries, except at the
core of the pellet).

In Sec. II we discuss the equations and physics of the
problem. Section III introduces both self-similar vari-
ables and nondimensional parameters. The resulting
system of equations is analyzed in Secs. IV and V (Ap-
pendices A and B include some related mathematical de-
tails), Finally, the results obtained are summarized
and discussed in Sec. VI,

Il. STATEMENT OF THE PROBLEM

We consider a fully ionized, single ion-species plas-
ma at rest, with uniform density ny. At ¢=0, energy
per unit time and unit area ¢(t) starts being deposited at
the plane ¥ =0, and the plasma becomes one-dimension-
al. The macroscopic equations of continuity, momen-
tum, and entropy for species j (e, electrons, i, ions)
are

Dny By, (D El a>, 1)

DM\t Uax
Dy } 4 2 ov
mmn, 7)21:*% (njij)+-§ §<“V 3;’) +qmE+R,, (2)

D T3\ 3 aT,\ 4 <81} >"‘
= 1 )= Yy L= it §
"/T:Dt<k1“ 7, > Bx<leI ax>+3“1 o) tH, ®
where m, q, n, v, and T are particle mass and charge,
density, macroscopic velocity, and temperature, re-

spectively, and u and K are the classical coefficients of

viscosity and thermal conduction!®*?
py=p, Ty, K/:I_{folz : )
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Both 71 and K depend weakly on T and # through Coulomb
logarithms.

We have assumed a collision-dominated plasma,; that
is, at each time ¢ the mean free path A and the time be-
tween collisions, for each species, are assumed to be
much less than the length of plusma disturbed, xf(t) and
¢, respectively; the conditions implied by this hypothe-
sis will be discussed in Sec. III. Nonetheless, a flux
limiter'® 18

-1
| )

8mm \ Y2 K,
><e=[1+<i;;2‘) w, Lo
(-3

is included in the electron heat conduction to approxi-
mately deal with situations where these conditions are
not entirely met (viscous effects, for electrons, are
much less important than thermal conduction even
though viscous and thermal diffusivities are comparable,
because, as will be shown, v,~v, and therefore, m,?
<« kT,). On the other hand, since Ay T? and X, is only
needed when 7, <« T, (see Sec. IV), we set

aT
ox

X{ﬁl;

ion diffusivities, moreover, are smaller than electron
diffusivities by a factor of the order of (me/m,)uz.

If the motion is quasi-neutral (a point to be discussed
in Sec. 1II), n,~n,= n for singly charged ions, and thus
(®/8x) (v, ~v,Jn~0. Since v, vanishes in the undisturbed
plasma, we have y,~v,=v everywhere. Then, Eqs. (1)
become just

9n/0t+0 (nw)/9x=0. (6)

Also, adding Eqs. (2) for j=e¢,4, neglecting m, against
my, and making use of quasi-neutrality we find

Dy 9 4 38 9y
myn E_—a[nk(T“ T’)]+§ﬂ[(“"+ “')8_9;] 7
since obviously the jon-electron friction satisfies R, + R,
=0. Thus, the electric field F, set up by a slight
charge separation, is dropped from the analysis.

Neither emission or absorption of radiation, nor nu-
clear fusion are considered here. The energy deposi-
tion at ¥ =0 simulates the anomalous absorption of laser
radiation, its pressure being neglected. Then,

Hy=$nk[(T, - T,)/ty] (8a)
and H,=— H, + ¢(t)6(x), t,, being the relaxation time for
ion-electron energy excha,nge16

toy =B T3/ %™ 9)
where 7,, involves a Coulomb logarithm.

If the laser absorption results in an energy per parti-
cle of the order of 0.1 keV or larger, the present analy-
sis would retain its validity even if we have a condensed
substance, instead of a plasma, at #=0.* For such en-
ergies we may, therefore, neglect the initial tempera-
tures and have

Te(x,O)=T,(x,0)=v(x,0)=0, n(xyo):nov (10)
On the other hand, because of the symmetry of the prob-
lem with respect to the plane x=0, we need only consid-
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er the x >0 half-space; then, the boundary conditions
become

Ty, ) =Ty (>, 1) =v(=,t)=0,
v(0,8)=0, 8T,/8x|,,=0.

Finally, integrating the electron entropy equation be-
tween 0~ and 0* we get

XK, T T, /05 o+ $()=0. (12)

Use of the boundary condition (12) allows one to drop the
term ¢(#)6(x) in H, and leads to

Hy=~H, . (8b)

n(oo’ t) =No,
1y

Now, if ¢ is linear

b= dot/T ,
the solution of the system (6), (7), and (3), with Eqgs.
(8) and conditions (10)-(12), while the pulse is on, is
self-similar (as shown in the next section) as long as
the Coulomb logarithms in Eqs. (4), (5), and (9) can be
approximated by constants,

O<tsrT,

IN. SELF-SIMILAR VARIABLES AND EQUATIONS
Let

o) = polt/7)

and define

t=x/[wtt/7)Y],
vlx, ) =vot/T)ulf),

0<¢t<sT (13)

n(x’ t) = 72073(5) )
(14)

Tj(x’ t) = To(t/T)sej(g) .

Introducing (13) and (14) into the equations of the last
section, the powers of ¢ are found to drop out when

of=
weo

p=1, q=%, = (15)

y SF

Now, since w, vy, and T, may be chosen arbitrarily,
we set

w i LI ETEE
w 3  knowt ' ppwT

in order to simplify the continuity equation in the usual
way, and take into account the fact that both energy de-
position and electron heat conduction lie at the root of
the phenomenon studied. Then, defining

a=3kTo/mupew ,

we can compute all nondimensional coefficients in the
equations in terms of & and A, (the ion mass number)
from the known values of K,, [i,, and 7,,.'%!T

We thus arrive at the following system:

.‘%:gfug%, (16a)

u+4(u~§)%=—%3%[ﬁ(93+9,)]

1 d[({0.039 5, 0.00049 5,2)@] 6b

*nd&[(ﬁ?ﬂ‘ T4, % jaEl o)
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_ 4au d (. sradds
"[9 <1+3d5> 2lu~8) dé’] d£<x”9e dE)

O 00065 5/2(du) -} Ge—ei
———Aa 0 pT: 4.3a7% oT > (16¢)
— 4 g u) del 0.041 d( 5/2 d9 )
142 20— £) 24
”[ (“‘3 at) +20=8) d&] Az ZE\%
0.052 du _20,-8
W95/2<d§> 4,30m 2—2—372-‘-, (16d)
e
0.059 6,]d6.|\*
x= (1 e 2 1
with boundary conditions
8,(w) =8, () =u(e) = Ale)=1, (18)
u(0)=0, d,/dk|;0=0, 2X,0)%d0,/dt|;9=~1.

We have taken all the Coulomb logarithms equal to a
constant of arbitrary value. The relative importance

of electron heat conduction, ion viscosity and heat con-
duction, and electron viscosity is clear from the numer-
ical coefficients in system (16),

It proves convenient to write Eqs. (16) as conserva-
tion laws:

ﬁ:d— g -u)], (19a)
57U =—— d (& —u) — am(8,+96,)
dk
0.039 55 du 0.00049 5/ du]
+‘—AT/f 8; T ——-—A; 6, 2 (19b)

2
37 (9 +9,+§Z;> dé[Zn(&—u)(B +0,+ %—)—éﬁu(GGJFBf)

db, 0 041 d8; 0.026 du
g5z Le 52 491 5/2
R TaRy L R T T
9._00033 572 _di}
+ *——Ai 8, 7€ | (19¢)

the last equations being a combination of Eqs. (16¢) and

(16d), 1f £, is the length of plasma disturbed, we also
get
b
f ndt§= gf s (zoa)
4]
t
f 57 dé = an(0,+0,) | a0 » (20b)
0
fe 37 (9 o, 2 >gzg~l (20¢)
0 n 1t oo 3a =2 [

It is of interest to refer the parameters ng, ¢y and 7
to values typical of laser fusion plasmas. Choosing

n,=ny(DT)~4.7%x10% cm=®, 4 =10" Wem™?,

21

7,=10" sec 1)
defining

ﬁ=n0/i’l,,, ($:¢0/¢1" :P:T/Tr; (22)

and setting the Coulomb logarithms equal to 8, we then
obtain
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EPnET\® 12,9 (7% \°
“Tnilak) “a () e
M\ ok, ¢

5772 \179 5 \1/9
_4 _2 oK, ~ 7<¢
Vo 3w—3<-’;%l}r7) ~1,73x10 T cm/sec, (23b)
¢gT 2/9 <¢ >z/9
To={ =— o .
0 <Kekﬂ0 1.05 keV

The energy deposited in the plasma per unit area is

(23c)

LT dolt/T)dt =504 T kI /cm?

For a sphere of radius 500 p, that energy per area
leads to a total energy

E~1.57¢$7 kJ.

The self-similar variables make a discussion of the
approximations used in Sec, Il easy, First, Eq. (17)
shows that x, =1 if

( )"2@ doe
am, 7| dE

From the results in the following sections it may be
shown that (24) is only violated for « comparable to m,/
m, or less; thus, x,~1, if &> m,/m,(~5hg for DT)., A
similar condition results from the requirement A<<x,

= gfwt(t/'r)m; since 2, ~KJT;/a(mj/ij)“z(kn)'l, we ob-
tain, for electrons,

(am,/m 2> 6./nk, .

Likewise, the time between electron collisions is much
smaller than ¢ if

am,/my,>>0%/7 .

<1, (24)

The corresponding inequalities for ions are found to be
less restrictive.

Finally, the quasi-neutrality condition, Ap=(RT,/
47mez)1’2<<xJe , written in self-similar variables becomes

(B,0) 2 < (wyy Tt /7 (25)

where w,, is the ion plasma frequency. It is thus clear
that charge separation is not self~similar. Using ex-
pressions (21)-(23a), we obtain, from (25),

eélzallﬂ A1/8

4
g <108 L,
ﬁIFE‘gf 1_3l4¢l/4 T

The results for 8,, 7, and &, to be found later show that
this inequality is easily satisfied for all reasonable val-
ues of @, A;, 7, and ¢.
V. ASYMPTOTIC SOLUTION FOR o<1
Expanding all variables in powers of o

=T+ Qg+,

U=UL+ QUUg+* v 0,

0,=0,+ab,+ -,
Egs. (16) yield, to lowest order,

=1, u1=9,1=0

A. Barrero and J. R. Sanmartin 1157
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© NUMERICAL SOLUTION
«2 =] == INTEGRAL METHOD SOLUTION

5 K E 2 3

FIG. 1, Dimensionless electron temperature, 0, , vs dimen-
gionless distance, #, for o <1,

and, assuming 1> o >»m,/m, (X,~1 except in a narrow
neighborhood of &),

d0gy _ d [ 52 A1
981"' Zg dg —'d§<981 dE ) (26)

with the boundary conditions
0o1(®)=0,  851%d051/dE | puo= 1% .

Equation (26) represents a self-similar thermal wave.!
It may be shown that there exists a value, &,, such that
81=0 for £>£,, Then, 6,(£,)=0, £ being given by

9

i
L Beld‘E:% 5

this condition results from integrating (26) between 0

and 5, and making the heat flux vanish at ‘g‘,. Figure 1
shows 8,4(£) as given both by a numerical computation
and by an approximate, integral method solution®

0,=0.76(1-£/0.31)%%  £<0,31;
actually, 6,, behaves as (&; - £)°+* near £

The equations for %, us, and 8;,, neglecting viscosi-
ties and ion conduction, are

d7iz/dE=E du/dt ,
wz — 48 dug/dE = - db,,/dt | 27)
8,2 26 dbyp/dE=4.360;1%

1 1.
uz Seo

'9'“(0) Bkl T O
X 5
uy /l
6524 P
7 \°\5 =YL
4 4—
. %/ —
00 A . 2 .3\

FIG. 2, Dimensionless velocity, u,, vs dimensionless dis-
tance, §, for @ «<1, [The insert represents u, vs ¢ in the in-
ner layer, t=0 (a1/9)],
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FIG, 3. Dimensionless density perturbation, #,, and ion tem-~
perature, 6,5, vs dimensionless distance, £, for a«1,

with boundary conditions

72(5;)=uz(§f)=9£z(§f)=0 » (28a)
#z(0)=0, db;p/dE|,.0=0. (28Db)
We then have
4
wr=— €V {7 (@ ,0/a8) ar, /e (292)
¢
_ %
w7 (el ds) ata/ £y, (29b)
3
b
00=2.156" [/ at /ol 6% (29¢)
¢
these solutions are represented in Figs. 2 and 3.
For small ¢
ug™ - 65,(0) - C£*, (30a)
0;2~4.3[6,,(0)]"V% = C,£ "2, (30b)
T Ct™ (30c)

where 8.,=d0,,/d¢ and C, C;, C; are constants; thus,
expressions (29a, ¢) do not satisfy conditions (28b), while
7iz becomes singular at £=0. Clearly, a thin, inner
layer must exist around £=0, in which some terms ne-
glected in (27) should be retained.
A. lnner layer
Defining new, stretched variables

E=t/a"0,40)]2,  ft=-us/014(0),
Eq. (16b) becomes

1~ 1=k - E"an/at
whose solution is

a=1-A]1-488|v8, (31)

Boundary condition #(0) =0 leads to A=1; on the other
hand, matching (31) for large £ to (30a), we get

A=~[a6,,(0)/4]°C/8;,(0) .
Thus, # presents a cusp at £=1/2 (see Fig. 2).

The £=% plane is, therefore, a weak discontinuity
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surface.?! Such surfaces move relative to the fluid with
the speed of propagation of small disturbances, c,
which, due to heat conduction, is given here by c?

=m; (dP/dn)p = kT,/m, (T, < T,); now, at £=3 we have

(£ - u)*~4£"= ag,(0),
or
(dxg/dt = v)=kT,/my ,
x, being the position of the discontinuity surface.

Obviously, thereAmust exist a very thin, viscous sub-
layer, centered at £=3; a detailed analysis of this sub-
layer is given in Appendix A.

We notice that 7,, as given by (29b) and (31), is no
longer singular at £=0, On the other hand, to satisfy
condition d8,,/df =0 at £=0, heat conduction should be
retained in the ion energy equation, within a very thin,
thermal, boundary layer around £=0.

V. ASYMPTOTIC SOLUTION FOR o>>>1

Condition @ << 1 implies either n,, and thus, heat ca-
pacity per unit volume, small, for given ¢o/7, or ¢o/7
large for given ng; either way 7T, must grow very fast
with time, Heat conduction is then dominant, leading
to a rapid equalization of both temperature and pres-
sure; consequently, the plasma is unable to begin mov-
ing, and convection is negligible, as found in last sec-
tion. In the opposite limit @ > 1, on the contrary, con-
vective energy flow must be dominant and give rise
{neglecting viscosity) to a shock bounding the disturbed
plasma.!® However, since convection must vanish at
£=0, there must exist a region where heat conduction
is important, lying between the origin and the (isen-
tropic) region where convection is dominant,

A. Isentropic region

'

The flow behind the shock is isentropic, ion and elec-
tron temperatures being equal and viscosity and conduc-
tion, negligible. The jump conditions across the shock,
which may be directly obtained from system (19), are

_ﬁf(gf - uf) = gf ’

dnpu (L, —u,) - 2079,=0,

47, (0, + 2u%/3a) (&, ~ uy) - 87u,0,/3=0,
where the subscript f labels the conditions just behind
the shock; then,

h.f=4, uf=35f/4; 9;=3§?/8C¥.
Defining the normalized variables
n=t/t,, v=n/m;, y=ulu;, 2z,=0,/6,,

Eq. (20c) becomes

1
J; 3u(z,+ 2, +29%) dn=a/3E};

since 1, v, y, and z; are of order unity behind the shock,

& =ya'?, where y is an unknown constant of order of

unity, determining the shock position.

Then, system (16) becomes
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% ) 4773—V3y %727 ’ (82a)
Vy+v(3y—4n)%:—%%’[V(z“z,)ho(a*’z), (32b)
v [z, (1 +%’%)+% 8y —4n) %zn—’]

=:F75a;3/2u2 %75_‘+ 0la=1?) , (32¢)
the upper sign corresponding to electrons, The viscos-

ity and conduction terms are O(a™*?), as indicated, and
may be neglected to lowest order. Similarly, we get

X, =1 up to order «=*/%, On the other hand, the energy
exchange term is dominant, so that z,~2,=z. Thus,
Eq. (32b) will read

vy +v(B8y — An)dy/dn =~ d{vz)/dn , (32d)

while adding the (32¢) equations for ions and electrons,
we obtain

2z(1+dy/dn)+ (3y — 4n)dz/dn=0. (32e)

Equations (32a), (32d), and (32e) must be solved subject
to boundary conditions

v(1)=9(1)=2(1).

Having neglected second-order derivatives, that system
will clearly not be uniformly valid in the whole interval
0<ns 1,

A first integral of the system can be obtained by com-
bining Egs. (32a, e),
v3(4n-3y)/2=1;
this is the usual adiabatic integral of self-similar isen-

tropic flow.?* Furthermore, Eq. (32d) may be rewritten
as

dy_ y(n-3y)+2z
dn " 5z - (dn-3y)F"

This equation, together with Eq. (32e), may now be
easily solved defining
Y=y/n, Z=z/1%;
this leads to a (Y, Z) phase-space equation
dZ 2Z Z(171-15Y)+(4-3Y)[Y+3(Y-1){4-3Y)]

dY 4-3Y Z@+57)+37(Y-1)(4-3Y)
together with
day _ Y4-37)+2Z
™ Y " 5Z-(@-3v¢"

It may be shown analytically, that Y increases, starting
from unity, as 7 decreases and that for Y~4/3, Z~ (4
~3Y)*1%; then, defining 7 by Y(7)=4/3, we obtain

v By(n - )%,

Numerical results for v, y, and z versus 7 are given in
Fig, 4; we also find n=0.82, B;~1.70, B,~0.78,

2=Bim-T", y=237-30-7),

This solution corresponds to the classical problem of
a gas at rest, compressed by a plane piston moving with
a velocity Ucxc¢”, For certain values of n, the density

A. Barrero and J. R. Sanmartin 1159
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FIG. 4. Normalized dimensionless density, v, velocity, y,
and ion and electron temperatures, z, vs normalized dimen~
sionless distance, 7; isentropic region, a>>1,

becomes infinite at the piston, while the temperature
goes to zero, as in the present case (n=1/3),2%~%

B. Conduction region

The isentropic solution ceases to be valid in the neigh-
borhood of 7. Moreover, in a region containing the ori-
gin, conduction must be taken into account. To deter-
mine the order of magnitude of the variables in this re-
gion we first notice that the last boundary condition in
(18), may be rewritten

(3/8)""2 a2, 23 Az, /AN |y o= ~%

thus, z,=0(c®"), and it is easy to show that z,~z, =z,
X,~1, On the other hand, y=0(1), since y(n*) is of the
order of unity. Finally, Eq. (20a) gives [Svdn=1/4,
while the isentropic solution is such that [1van=1/4;
thus, v must be much less than unity to the left of 7.
Then, from (20b) we get [15yydn=v(0)z(0), implying
v= 0(014/7)_

Now defining D=0, 2=a"%"z, system (18) to lowest
order in o becomes

a__ 3y dy
dn 4n-3ydn’ (33a)
Ay 2)/dn=0, (33b)

~a dy - d%_gslzfd As/zdg .
2vz<1+%>—v(4ﬂ—3y)%—<8) i E—)(z ET—]>’ a30)
Eq. (33c) results from adding (16c,d). We have ne-
glected viscosities and ion conduction, System (33)
must be solved subject to five boundary conditions,
since vy is unknown: three conditions for matching with
the isentropic solution, and

72 s
3(0)=0, <§) ')’625’2@5

8 dn 64)

-1
=-3.

=0
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Integrating (33b) and matching to the isentropic solu-
tion, we obtain

vz~ B By~1,32,

Then, using (33a) and (34), Eq. (33c) may be integrated
once, giving

1.32(2n+5y) = (3/8)¥2(°/4)2% a2 /an+ 1/37° .
Also, Eqg. (33a) becomes
3zdy/dn=- (4n - 3y)dz/dn.

The last two equations are to be solved with boundary
conditions

y©@=0, ym=3n , z@m=0.

In the neighborhood of 7, the solution is found to be-
have in the form \

2=Din-m, 3= -Du(T-)*° .
Then, 3*/%dz/dn—~0 as n~7, and from Eq. (35)
v=0.33,

(35)

(36)

. -~ ~ 0 s
Numerical results for v, y, and z versus 7 are given in
Fig. 5.

It is important to notice that expression v (4n— 3y)
must increase monotonically with 7, for all 7 {see Eq,
(19a)], and that the solution in this section violates this
condition at 7

v(dn-3y)~n-7)¥8~0 as n-7",
v(dn = 3y)~ (G- )25~ )P~ a ¥ as n-7",

and therefore, (47— 3y) (mass flow relative to the sur-
face 77) presents a negative jump at 7, of order a7, A
detailed analysis of the solution in the neighborhood of
7, carried out in Appendix B, shows that v(4n— 3y) is
continuous at this point, and that z and y present a mini-
mum (=0, 77a"%") and a maximum (=1,720%%), re-
spectively, at 7+0.032a¢°%", Naturally, the solution
given in Figs. 4 and 5, will not be modified by this cor-
rection, except in a narrow layer around n=1.

VI. DISCUSSION OF RESULTS

We have studied the one-dimensional motion generated
in a cold, unbounded plasma of density ny, when a pulse
of energy per unit time and area, ¢= ¢, t/7, is (anoma-
lously) absorbed in a given plane, The analysis, includ-

2)

18
| -
12 e~
T
18
6
o ]
. = —
0 o .2 .3 4 .5 .6 7

FIG. 5. Normalized dimensionless density, v, velocity, v,
and ion and electron temperatures, z, vs normalized dimen-
sionless distance, 7; conduction region, a>1,
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ing heat conduction, viscosity, ion-electron energy ex-
change, and an electron flux limiter, shows that the mo-
tion is self-similar and governed by a single parameter
ac 7/ pg)*’®. For all reasonable values of ng, 7, and
¢g, the motion is quasi-neutral, and for > m,/m, the
plasma is collision dominated (no flux limiter).

For a« 1, a thermal wave carries the energy, con-
vection and ion temperature being negligible., The order
of magnitude of the self-similar variables defined in
Sec. III is

£f~9e=0(1) ’

Both 7 and u present a maximum for ¢=0(x

6;~7~1~u=0(x).
vz,

For a>1, ion and electron temperatures are prac-
tically equal to each other. Close to the origin, there
is a region where conduction and thermal energy convec-
tion are comparable; a thin layer of cold and very dense
plasma separates it from an isentropic region further
ahead, where thermal and kinetic energies are of the
same order, and which is bounded by a shock from the
undisturbed plasma. The order of magnitude of the
self-similar variables is

Conduction region:
7=0(@¥"), 6,20,
Isentropic region:

n=0(1), 6,=0(a"?),

Ag=0(a'?);

AE=0(a);
Intermediate layer:

%=O(a9/70), ej:O(a-W/Zl())’ Agzo(a-47/210);

where A is the thickness of the region considered;
u=0(a®) everywhere, There is also a shock precyr-
sor'® of thickness A ¢ = O(a~%%).

Qualitative information on the solution for a =0(1)
may be obtained from the results for ¢ <1 and a>1,
For « large and decreasing, the density maximum and
temperature minimum become less sharp, while A¢, for
all zones, approaches O(1). Thus for a=0(1), a shock
will stand in the middle of a thermal wave; in other
words, the precursor thickness and the distance of the
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shock to the origin are comparable and of order of unity.
Then, convection and conduction of energy are compara-
ble everywhere; moreover, 8,, 8;, #, and « are of
order unity, and 6,#6,. As « decreases further the
shock collapses toward the origin until, at a certain o,
becomes a weak discontinuity surface, where # and »
present a maximum (o <1 case),

The dimensional variables x;, v, and T, (j=e,i), at
t=7, depend on ¢ in the way

/7 a8 (@)% ()58 ()12
v (ng7) Puler, E)a~® o (po7)Voula, £)a~"12,
Ty oc (nom)?%8, (@, ) o< (¢47) %8, (at, £)a™®

These expressions are schematically represented in
Figs. 6 and 7; for large w, T, presents different behav-
ior depending on the value of &,

We next point out some qualitative conclusions of in-
terest for laser fusion plasmas:

(a) Both velocity (and therefore kinetic energy) and
ion temperature, as function of o, present a maximum
for a value of o of order unity.

(b) Both production and flux of entropy depend critical-
ly on a since, first, T,~T; for a>1 and T,+ T, for
a<0(1), and second, for a>1 the motion of the plas-
ma in the front is isentropic, while for @ < 0O(1) heat
conduction is important everywhere.

We notice here that these conclusions will remain valid
for spherical geometries and for nonlinear pulses (if
appropriate values of d¢/dt are used instead of ¢o/7).

Finally, some approximate results by previous au-
thors may be recovered as certain limits of our solu-
tion:

(1) For given ¢ and t =T~ (p =y, ¢/t~0), a—,
and therefore

%/ T v~ (bo/m) ', Te=Ty~ (po/nel?” .

This behavior has been previously obtained in Refs. 6
and 7, for constant irradiation ¢ =¢,, and long times
(neglecting any transient) so that ¢/f- 0.
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(2) For given ¢q and t=7—0 (¢ =2 ¢g, ¢p/t~%), a0,
and therefore,

2~ (@577 /mb)"?

This behavior has been previously obtained in Refs. 8
and 9, for constant irradiation ¢ =¢g, and short times
(neglecting motion) so that ¢o/#~*. One may also con-
sider the instantaneous deposition of energy per unit
area W=¢yT; this leads to

%~ (WOTR /)Mo, Ty~ (WP Tg)?°

TQN ((b%T/no)a/Q .
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APPENDIX A

To study the viscous sublayer around .§=1/2, for
a1, we define

t* = (E - 1/2)[ 6, (0)/]*
where

o=0.039[6,,(0)al?2/A}% +0.00049[6,,(0)|*2/4, .
t i i

w¥=1~4q,

Then, the momentum equation becomes

d Py du*
d—gff?+8[€*+;%§ 951(0)(%—14*)]$—u*=0; (A1)

it is easy to show that, @o™? has a maximum value of
1.76, for A;=2.5, at a=0.039.
For £* -+, we find
X =gt (e EF)VE (A2)

Matching to the solution of the inner layer for 2 -1/2
-~ 0% yields, from Eq. (31),

a* ==[acb,;(0)]/18C /62,(0)
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a =[160/a6,,(0)]H'1¢ . (A3)
Equation (Al) together with the boundary conditions (A2),
(A3) may now be solved numerically for any given a.

APPENDIX B

_ To study the cold, highly dense, narrow layer around
1, for > 1, we define

z=z, J=vldn-3y), P=vz.

Then, system (19), to lowest order but retaining elec-
tron conduction, becomes

A dJ

4P =z E?; s (Bla)
ab_. . d(Pz )

3 dﬂ _lo‘f—dn(_ﬁ_"’n‘] ) (Blb)
13/3 £54/3 5/2 3

g d(JP ") (V™" v d snd2

P73 dn( z1°’3> _(8) 2% an % an” (Blc)

In the isentropic solution (n>7),
T8 Byl — P

which is 0(a™") for 1 ~77=0(a"*¥"). Defining a point
7 and a new variable 7

-39/70, (1/> 39/70) R

the isentropic solution, near 7;, behaves as
22 By () - 7)1 = OB, p¥13(1 1+ o 1114035 /18) 4 e e s
J = a5, 28,1 13(1 + ~ 1140107 /13p) 4+ - -

A~

PQB].BZ'F"‘ ,

N =n+ba n=arly—n)

where we have set » =39/28 to retain heat conduction in
(B1) to lowest order.

We next expand the variables in the neighborhood of
M

2=a-¥T0p p¥8 L g 2T, L
J=a"5, ZBab1°/13+ 01-177/140J1 4o, (BZ)
P=BByt+ee,

so that (B1) becomes
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4B, =0¥qJ /an , dP/dj=0,

52]3 pl0/13 Clﬁ

3V2v® s/a1506 4221

(8) 2B1 b 457 =4B; B, - a5

then

Jy=4B, 7/b¥P +F (B3a)

ﬁ=B1 Bz » (ng)
52/8V/% 20°%°B, .| 3B

zl~G+Hexp[ 3 <3> yng/z} 13b110713 s (B3C)

where F, G, H are constants. Clearly, the expansion
(B2) ceases to be valid for -7 =0 (Ina).

Defining
£~
z=a¥M03

Eq. (Ble), to lowest order, becomes

3 5/2 ?,3 d2§7/2 52 torta dg_
<8) 7ot et g0
Integrating once, we get

3(3/8)5/2')’ 325/2 dé/d’?] + 104sz10/13(2 _ B1b3/13) =0

whose solution is

R 3 5/2 3 ,),3 < 5/ s/13 Z/
‘”“(8) 52 Byb 0\ 5 +Bo*H =3

2 B§/2b15/26 21/2 Bl/2b3/26>

# B B In S s

(B4)
Then, for fj——

9/ o 0170 (g)(@ Ba_b“”i>2’5 CAprs

2= 3/\'3

J= o375, 2B,p'%% | P=BB,.

Matching to the solution of the conduction region gives

1163 Phys. Fluids, Vol. 20, No. 7, July 1977

b =(15D,B,/26D,)'¥1%~0,032 ,
2 in™ a‘9’7°B p¥13 e g, 777 om0 ,

v 9/70B /b3/13N1 720[9/70 .

max

13, Nuckolls, L, Wood, A, Thiessen, and G, Zimmerman,
Nature 239, 139 (1972)

i, G, Lmhart Nuel, Fusion 10, 211 (1970),

3K, A, Brueckner and S, Jorna, Rev. Mod. Phys. 46, 325
(1974).

4A, Caruso and R, Gratton, Plasma Phys, 10, 867 (1968),

SyYu, V, Afanasyev, O, N, Krokhin, and G, V, Sklizkov, IEEE
J. Quantum Electron, QE-2, 483 (1966).

8C, Fauquignon and F, Floux, Phys, Fluids 13, 386 (1970).

'3, L, Bobin, Phys, Fluids 14, 2341 (1971).

8A, Caruso and R, Gratton, Plasma Phys, 11, 839 (1969),

%3, P. Babuel-Peyrissac, C. Fauquignon, and F, Floux, Phys.
Lett, A 80, 290 (1969),

103, Nuckolls, in Laser Intevaction and Related Plasma Phe-
nomeng (Plenum, New York, 1974), Vol, 3B, p. 399,

Y3, 8, Clarke, H, N, Figher, and R, J, Mason, Phys. Rev,
Lett, 30, 89 (1973),

2R, J. Mason and R, L., Morse, Phys, Fluids 18, 814 (1975).

83p, Mulser, Z, Naturforsch, A26, 282 (1970).

14g, 1, Anisimov, Zh, Eksp. Teor. Fiz, Pis'ma Red, 12, 414
(1970) DETP Lett, 12, 287 (1970)],

5%, Marshak, Phys. Fluids 1, 24 (1958),

181,, Spitzer, Physics of Fully Ionized Gases (Interscience,
New York, 1962),

1%s, Braginskii, in Reviews of Plasma Physics (Consultants
Bureau, New York, 1965), Vol, 1, p, 205.

18R, L, Morse and C, W, Nielson, Phys, Fluids 16, 909
(1973).

19ya, B, Zel’dovich and Yu, P, Raizer, Physics of Shock
Waves and High~Tempervature Hydvodynamic Phenomena
(Academic, New York, 1966), Vol, II, Chaps. VII and X.

R, C. Mjolsness and H, M. Ruppel, Phys. Fluids 15, 1620
(1972).

21, D, Landau and E, M, Lifshitz, Fluid Mechanics (Perga-
mon, London, 1959), Chap. IX,

227, 1, Sedov, Similavity and Dimensional Methods in Mechan-
ics (Academic, New York, 1959), Chap. IV,

BK, C, Wang, J. Fluid Mech, 20, 447 (1964),

243, B, Helliwell, J. Fluid Mech, 87, 497 (1969).

A. Barrero and J. R. Sanmartin 1163



