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We investigate the hydrodynamic heating regime arising when a solid target is acted upon by a "giant" 
laser pulse with a flux density q0 ~ 10 12 W / cm2 under conditions when nonequilibrium ionization takes 
place. Analytic expressions are obtained for the hydrodynamic parameters, electron temperature, and 
ionization multiplicity of the produced plasma as functions of time, radiation flux density q0 , and the 
properties of the target material. 

AS is well known, when powerful laser-radiation 
fluxes interact with surfaces of condensed bodies, a 
rapidly expanding high-temperature plasma is produced, 
with an ionization multiplicity (for heavy atoms) that 
can reach 15-25,l 1 J The hydrodynamics of such a plas­
ma, assuming thermodynamic equilibrium, was consid­
ered in a number of papers. l 2 - 4 J However, as was 
shown in c 5' 6 J, at high radiation flux densities (q ~ 10 12 -

10 13 W/cm2} the ionization equilibrium in the plasma is 
strongly violated because of the rapid acquisition of en­
ergy by the electrons and the "inertia" of the ionization 
process. Therefore, at such radiation fluxes, the prob­
lem of heating, expansion, and ionization multiplicity of 
a plasma must be investigated on the basis of the hydro­
dynamics equations, the kinetic equation for the electron 
distribution function, and the equation for the ionization 
rate; this makes it possible to determine the nonequilib­
rium state of the plasma. The electron distribution 
function in a strong radiation field was calculated in c5 J, 

where it was shown that it is isotropic and has a quasi­
maxwellian form in a coordinate system in which the 
medium is at rest. This circumstance greatly facilitates 
the calculation of the rates of the various elementary 
processes (ionization, recombination, etc.}, and conse­
quently makes it possible to determine the nonequilib­
rium plasma parameters. 

In the present paper we consider the one-dimension­
al plane problem of formation of a multiply ionized 
plasma by a powerful laser radiation incident on the 
surface of a solid target consisting of heavy elements 
and filling the half-space x :s; 0. 

We also investigate the case of sharp focusing of the 
radiation, the equilibrium hydrodynamics of which was 
considered by N emchinov. c 4 J 

2. The system of hydrodynamic equations with allow­
ance for absorption of laser radiation in the medium 
and the energy lost to ionization of the atoms and of the 
plasma ions by electron impact is 

ap a a a 
at+Tx(pv)= 0, Tt"(pv)+a;-(P+l pv')= 0, 

( 1) 
.!___( pe+~) +.!___[ pv(e+~+L)] = !!.!L-Q,, 
iJt 2 iJx 2 p iJx 

where p = N0 Mi is the density of the medium, 
p = No(zkT e + kTi) the pressure, € the specific thermal 
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energy, v the velocity, N0 the number of ions per unit 
volume, and z the ionization multiplicity (just as in 
c 5 J, z is regarded as a continuous function), Mi the ion 
mass, q = q(x, t) the flux density of the laser radiation, 
Qi the energy lost per unit time and per unit volume to 
ionization, and Te and Ti the temperatures of the elec­
trons and ions, respectively. The quantity q(x, t) rep­
resents the radiation flux density at the point x: 

'fr 

q(x,t) = q,exp{- ~Kdx}; 

q0 = q(oo) = const, xrr(t) is the coordinate of the bound­
ary of the plasma layer with the vacuum, K(p, Te) is 
the radiation-absorption coefficient, which for a plasma 
with ionization multiplicity z is given by 

' Cp' 
K(p,T,)=--, 

11312 

kT. 
TJ=--, C = 4y2;;e• Az' . (2) 

3y'3 m'l•cv'M(FI•('z) I (z) 

Here I(z) is the ionization potential of an ion of multi­
plicity z, for which we use below the approximate ex­
pression I(z) = I0z2 , where I0 is a slowly varying func­
tion of z, which depends on the type of ion (for exam­
ple, for a hydrogen-like ion 10 = IH = 13.6 eV), v is the 
radiation frequency, and A is the Coulomb logarithm. 
In the solution of the system (1) we shall neglect the 
weak dependence of Io on z; therefore C can be re­
garded as constant and can easily be reduced to the 
form 

,. ( 10" )'( 1 ) '(I. )"' C~10 - - - A, 
v A I, 

where A is the atomic weight of the target material. 
We write down fUrther the equation of the ionization 

kinetics, with allowance for the hydrodynamic motion of 
the plasma: 

i)z az 
-+v-=zv,(z,TJ,p). (3) 

i}t ax 

Here vi(z, 1J, p) = v0 '1>(7J}/z3 7J3 / 2 is the probability of 
ionization of an ion of multiplicity z, 

( I. )"' 1 -1 vo=BP - -2'1•·10-'sec , 
I, M, 

B and x are slowly-varying dimensionless functions 
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of z, which depend on the type of ion, and whose values 
are given in [73 for a large range of z and of the prop­
erties of the corresponding ions (characteristic values 
are B ~ 10 and x ~ 1, and when z ranges from z ~ 2-3 
to z ~ 50 -60, the values of B and x change by not 
more than the factor 1.5-2). In the right-hand side of 
( 3) it is necessary, in principle, to include terms de­
scribing the recombination processes. It is easily seen, 
however (see formula (5) of [7 3), that they are small 
under the conditions in question, since in our case the 
parameter 17 7:. 1 (in the case of ionization equilibrium 
we have 17 ~ %-%a). 

Using the formulas (2) and (3) for the absorption co­
efficient and the ionization frequency, respectively, we 
can represent Qi in the form 

Q, = q,K!D, (4) 

"= 3y310-'m''•cl~'Bv' (~ )'= 2,8·10"B (~ n~ )'w/cm2 
2l'ne'A In In 10" (5) 

The right-hand side in Eq. (1) for the system energy 
can now be rewritten, with the aid of the expression for 
the radiation flux density q (x, t) and ( 4), in the form 

oq oq• 
--Q.=-. 

ox ox 
(6) 

:t:'fr :11: 

q• ='qoexP{- J Kdx}-q,J K!Ddx. 
• 0 

(7) 

The last term in (7) is equal to the energy lost to ioni­
zation per unit time in a plasma layer from zero to x. 
It is necessary to add to the system (1) and (3) there­
lation between the specific thermal energy and the pres­
sure, which at sufficiently large z is given by the ex­
pression 

e = P , p ~ NzkT., zT, ';iJ>.T,, 
p(x-1) (8) 

Recognizing that z3 = pMi I P17 I a, and multiplying both 
sides of (3) by pia /Mi, we obtain 

p [_!__(...!!....) + v~(..L)] = 3K!Dq,. 
ot PTJ ox PTJ 

(9) 

Thus, Eqs. (1) and (9), with account taken of (6) and 
(7), form a system of equations for the functions p(x, t), 
v(x, t), p(x, t), € (x, t), and 17 (x, t), which depend on the 
parameters qa, q 11 and C. 

As a result, as follows from general dimensionality 
considerations, the problem in question is self-similar 
and has defining dimensional parameters q and C and 
a dimension-less parameter 6 = qdqa. The hydrody­
namic regime corresponding to the self-similar solu­
tion of the obtained system of equations is similar to 
the self-consistent regime of evaporation and heating of 
matter without allowance for ionization, which was in­
vestigated in lZ, 3 3• A characteristic feature of the self­
consistent regime is that the optical thickness of the 
plasma layer is independent of the time, i.e., 

'fr 

L= JKdx=canst. 
0 

This circumstance is in essence the physical reason for 
the existence of the self-consistent regime. In our case 

we have conservation of not only the optical thickness L, 
but also of the quantity 

'fr 

q, J K!Ddx, 
0 

which is equal to the energy lost to ionization in the en­
tire plasma layer per unit time. It must be emphasized, 
however, that the self-similar hydrodynamic regime is 
a limiting one, to which the true solution of the problem 
tends asymptotically. 

3. We reduce the system (1), (7), and (9) to a self­
similar form. It follows from dimensionality consider­
ations that the only dimensionless combination of the 
coordinate x, the time t, and the defining parameters 
C and qa is in this case the variable 

(10) 

Since the coordinate of the boundary between the plasma 
and the vacuum Xfr(t) depends only on the time and on 
the parameters C and qa, it can be uniquely represented 
in the form 

where Aa is the value of the self-similar variable A 
corresponding to the boundary in question. 

(11) 

The functions v, p, p, and 17 can be represented as 
follows: 

'I p=C-'I•q0 't-'I•P(f.), TJ=TJ(A), AE[O,t,,], 
(12) 

where V(A), R(A), P(A), and 17(A) are dimensionless 
functions of A and of the parameter 0, and characterize 
at each instant of time (at a fixed value of 0) the spatial 
distribution of the corresponding quantities. Substituting 
(12) in the system (1), (7), and (9), we obtain equations 
for the self-similar functions: 

d 6 dR 3 
-[RV]--A---R=O 
dt, 5 d'!. 5 ' 

1 dP ( 6 ) dV 1 --+ V--J. -+-V=O 
R dJ. 5 dJ. 5 ' 

~[V-~J.]_!__(!:__)+~ dV +~~ 
2 5 dJ. R R dJ. 5 R 

R { ""R' } --exp - J-,-dA-El!D(TJ) =0 
'flah }. 11/2 

x[v -~"]_!_._(_!_) +~~ = 3!l>(TJ) Re. (13) 
5 d'!. RTJ 5 PTJ TJ'" 

The boundary conditions for the system (13) on the vac­
uum side are 

P(t,,) = R ("-o) = 0, V(J.,) = '/,Ao. (14) 

The solution of the system (13) together with (14) will 
obviously contain the unknown parameter Aa· To deter­
mine this parameter it is necessary to use the law of 
energy conservation on the boundary between the plasma 
and the surface of the condensed body, namely that the 
radiation flux q(O) be equal to the gasdynamic flux from 
the surface, with allowance for the energy lost to ioniza­
tion. In self-similar form, this condition is 

{ ""R'd"-} [ 1 V' 5 P(O) P(O) ] 
exp - J~ =R(O)V(O) 2 (0)+2R(O) +R(O)T](O) (15) 
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The system (13) together with(14) and (15) can be solved 
only numerically, and to find the numerical solution it is 
necessary to investigate the obtained system of equa­
tions at the singular point A = Ao· An analysis similar to 
that given in r 2 l indicates that as A - A0 a physically 
meaningful solution can be represented in the form 

V(l..) = 0,31.., (1-~) +~1.., 
"'· 5 

R(I..)=Ao(1- :,)• P(1..)=0,121..,'A,(1-~,.~ )'. (16) 

The values of the coefficient Ao and the function T/ (A) 
as A - Ao are determined by the equations 

1- 8 CII[TJ(I..o)] =31.5, A8CII[TJ(I..ol] =00041..,'. (17) 
8TJ(f..o)CII[TJ(i.o)] 0 TJ(J...) '1• ' 

4. The asymptotic solution (16) and (17) enables us 
to get away from the singular point A = Ao in numerical 
integration. We note that this solution satisfies the 
physically-natural condition K- 0 and E - 0 as 
A - Ao· and all terms of the equation ( 13) for the energy 
of the system turn out to be of the same order of small­
ness when A - Ao· This means that the plasma region 
bordering with the vacuum moves non-adiabatically, 
i.e., its motion is strongly influenced by the influx of 
energy due to the absorption of the radiation. 

Thus, as was already indicated, the presence of the 
asymptotic solution (16) and (17) makes it possible, in 
principle, to solve our problem numerically. It is de­
sirable, however, to obtain approximate analytic ex­
pressions for the plasma parameters at the point A = 0, 
i.e., on the boundazy with the surface of the condensed 
body. In this case, the problem reduces to a calculation 
of the quantities V(O), P(O), R(O), and T/ (O), which are 
functions of the parameters e and X· To this end we 
use the exact integral relations that can be obtained 
from the system (1) and (9) under the assumption that 
the plasma motion is self-similar and which express 
the laws of conservation of mass, momentum, and en­
ergy (including also the ionization energy ~z2). Inte­
grating (1) and (9) with respect to x from x = 0 to 
x = Xfr• and taking (12) into account, we obtain 

• 
0,61..0 J R(y)dy = R(O) V(O), (18) 

0 

• 
O,St..,J R(y) V(y)dy = P(O)+ R(O) V'(O), 

0 

[J'( R(y)V'(y)) ] 1.., 'l,5P(y)+ --2-- dy = 1-
o 

_ 8, s' R"(ylCII(TJ) d _ P(O) V(O) 
0 0 TJ''• y TJ (0) ' 

1.. s'P(y) d - P(O)V(O) = 38 s'R'CII(TJ) d 
( ) y (O) Ao '/, y, 

0 TJ y TJ 0 TJ 

To determine V(O), R(O), P(O), T/(0) and q(O) we can, 
in first approximation, substitute in the integral rela­
tions (18) and (15) functions of the form 

V(y) ~ V(O) (1 -y) + 1,2i.,y, R(y) ~ R(O) (1-y), 
P(y) ~ P(O) (1-y)', TJ(Y) ~ T)o = const, 

(19) 

the dependence of which on y = A/Ao is the same as in 
the exact asymptotic functions (16). As a result, (15) 
and (18) reduce to a system of algebraic equations, the 
solution of which is 

5·10-' TJ~ • 
¥(0)=0.31..,, R(0)=-8-CII(TJo), P(0)=0.15R(O)i.o, (20) 

with Ao, T/o• and q(O) determined from the transcenden­
tal equations 

{ 1.7·10-• } 0.13TJ0 +4.5-to-• 
exp - 8T)0CII(TJ0)(0.185+6·10-"/TJ0) = 0,185TJo+6-10 1 ' 

;. • - 8<ll (TJo) 
• - TJo'l-5 .w-• (0.185 + 6 -10-'!TJo) 

q(O) = q,(0,13TJo+4.5·10-')/(0,185TJo+6·10-'). (21) 

The optical thickness of the plasma layer (0, Xfr) is 
•rr 

1,7 ·10-' 
(22) 

We now proceed to analyze the results. The solution 
of the system of equations (20) and (21) with T/o > 1 can 
be represented in analytic form. In this case, taking 
(12) into account, we obtain expressions for the plasma 
parameters at the surface of the condensed body: 

v (0, t) = 0.39C'I•q:1• ( : ) "'' t'l• = 0.39C'I'X-'!.'q~' q:1"' t'l•, 

p (0, t) = 2.36C-'I•q,;-'l• ( : ) -•J., t-'1. = 2.36C-'I'X''"q'/• q,-'l• t-'1•, 

• ' 'I ( 8 ) ''" • 'I "' 'I kT,(O,t)=0.23M, 1'I,1'C'"'q•" X t'"'=0,23M/'I,'C'"'q, x-'l•q,"'t''"• 

. ( 8) -'/,, 'I ' 
p (0, t) = o.59C-''•q.'' x t-''• = o.59C-''•x''"q, • q,- 1"' t-'1•, 

1/ If .• , ( a )4/11 1/ 1/ "/ 
z = 1.07M, 'I, 'C'J,.q," X flu= 1.07M, 'I, 'C''"·x-''"·q, "t'"•• 

•rr 

vfr =4v(O,t), q(0)=0.73q,, J Kdz=0,.3L (23) 

With the aid of the expression obtained for T/o it is 
easy to find the range of variation of the parameter e 
for which formulas (23) are valid. From the condition 
T/o > 1 we get e < 10-2 x, corresponding to a radiation 
flux density !lo > 25q1 /x R~ 1014 W/cm2 • A comparison 
of formulas (23) with the results given in r 2, 33 shows 
that the dependence of the hydrodynamic plasma param­
eters on the radiation flux density !lo is exactly the 
same in our case in the case of L2' 3 J. However, the 
time dependences of the hydrodynamic quantities in 
r 2 • 3 l differ somewhat from the corresponding relations 
(23), this being due to the slight difference in the optical 
thickness of the plasma layer in this case. From (23) it 
follows also that in the indicated region of radiation-flux 
densities !lo the value of z does not depend on ~. and 
then T/o ""'kTe ""'~1 2, which agrees with the results 
of rsJ. 

We present numerical examples for a laser pulse 
with parameters !loR~ 1014 W/cm2 and T Rj 10-8 em: 

a) Io=6.eV, A=100, TJo=1, kT,=4,7 keV, z=30, 
b) I,= 13,6 eV, A= 50, TJo = 1, kT.=3,7 keV, z = 20. 
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Thus, the presented numerical estimates show that in 
the case of a laser pulse with given parameters, the 
heavy-element atoms up to z r:::; 30 are ionized almost 
completely. 

If 1J :s; 1, i.e., q0 < 1014 W/cm2 , then the solution of 
(20) and (21) cannot be represented in explicit form. In 
this case the algebraic equations (20) and (21) can easily 
be solved numerically for a given value of the param­
eter e. 

We note also that the ionization multiplicity and the 
temperature of a fixed plasma layer that experiences 
strong expansion, i.e., in the region x-Xfr• both tend 
to constant values, just as in the model where a flat 
layer of given mass is used. l 6 J Indeed, changing over 
to the mass coordinate . 

m= J pdx, 
•rr 

we readily obtain with the aid of (16) 

(24) 

i.e., the indicated quantities for a selected particle 
(mass) of the plasma are saturated in practice even 
within the framework of the considered hydrodynamics. 
We present expressions for the parameter 1J (A) as 
A - Ao as a function of the flux density q0 : 

e..;;1 (qo~q,),1]=1.7·10-'x"' (qo/q,)'h; (25) 

e ~1 (qo«;; q,), e ='/ .. e''"r]-'. (26) 

In conclusion, we generalize the results to the case 
of sharp focusing of the radiation. As shown by Mem­
chinov in l 41 , when the radiation is focused on the sur­
face of a condensed body, there exists a stationary re­
gime of evaporation and heating of the substance, where­
in the incident radiation is absorbed only in a region 
whose dimensions are of the order of the focusing spot 
q. This circumstance is a consequence of the rapid de­
crease of the density, and consequently also of the ab­
sorption coefficient, with increasing distance, owing to 
the spherical character of the hydrodynamic motion. 
As a result, the system of hydrodynamic equations (1) 
admits of a solution wherein 

'r . 

J k dx = canst, 
0 

where q = const, and the spatial distribution of the 
hydrodynamic parameters of the plasma does not depend 
on the time. Formally, stationary values of the plasma 
parameters can be obtained in the case of focused radi­
ation, accurate apart from coefficients of the order of 
unity in the region r r:::; rf, if the time is eliminated from 
(12) with the aid of the relation 

' J v(O, t)dt = rr 
0 

In addition, in place of the radiation flux denfitY q0 it is 
convenient to introduce the total flux Q = JTqq0 • As a 
result of the indicated substitution we obtain 

v ~:::! n-'I•C'I•Q''•rr-'t.V(9), p ~:::! C-"'ti'ioR(9), 

p 1:::! n-'I·C-'"Q"'r~'1•P(9), 

zkT ~:::! n-'I•MC'I•Q"'r -• P(S}. 
' ' f R(B) (27) 

Physically, formulas (27) correspond to the limiting 
values of the plasma parameters that can be attained in 
the case of sharp focusing of the radiation. 

At flux densities ~ ~ 1014 WI cm2 , the coefficients 
v(e), R(e), and P(e) in (27) can be represented with the 
aid of (2 3) in explicit form: 

(e)''· v 1:::! 0,47 X :rr,-'I•C''•Q'Ior"(y' 

( e)-"'· , p 1:::! 0,5 X :rr,-'!.C-'I•Q'I•r( h, 

(27') 

Using (20), (21), and (27) for q0 ~ 1012 W/cm2 , v = 3 
X 1014 sec-\ A= 50, 1 0 = 4.2 eV, and rf r:::; 10-2 em we 
obtain zkTe r:::; 8 keV and v r:::; 107 em/sec. At z = 15 we 
have kTer:::; 0.53 keV and I(z)r:::; 1 keV, which is some­
what higher than the experimental values. l 1 J This dis­
crepancy can be attributed to the fact that the ionization 
is close to equilibrium at q0 r:::; 1012 W /cm2 • 

5. Let us ascertain further the limits of applicability 
of the model in question. The point is that the self­
similar regime is obviously asymptotic, and can there­
fore be observed in reality if the time of its establish­
ment, Ta, is smaller than the duration of the laser 
pulse. The value of Ta can be estimated from the fol­
lowing considerations. At the initial instant of time an 
electronic thermal conductivity wave propagates inside 
the target. With increasing ion temperature, a rarefac­
tion wave is also produced, and overtakes the thermal 
wave after a certain time. This is the time of establish­
ment of the self-consistent regime. Formally, the time 
T a can be determined from the condition 01 = c0 T a/l0 

r:::; 1, where c0 is the speed of sound and l 0 is the length 
heated by the electronic thermal conductivity. It is easy 
to obtain an expression for the parameter 01 by consid­
ering the stage of electronic thermal conductivity and 
using the dimensionality considerations (2): 

a= 10-sA'f3A -'lzq;;'ta'tatt, no2'' ,, 

where q0 is the radiation flux density (erg/cm2 sec) and 
n0 is the target density, i.e., Tar:::;10 15 q0A3 ' 2/n~A. For 
n0 r:::; 2 X 1023 , A =50, A = 10, q r:::;10 14 W/cm2 

= 1021 erg/cm2 sec we have Tar:::; 10-9 sec, i.e., say for 
a giant pulse ( Tp r:::; 10-8 ) the self-consistent regime has 
time to become established under these conditions. In 
addition, for atoms with nuclear charge z0 :;:, 10 we 
have z( Tal < z0 (see (27' )). Let us estimate further the 
loss to radiation of the plasma layer, which we have 
not taken into account. Using the known formulas l 8 J 

for the bremsstrahlung and for the photorecombination 
plasma radiation integrated over the spectrum, we find, 
if kTe r:::; 2 keV, z r:::; 30, Nor:::; 1020 cm-3 , and the plasma 
has a linear dimension l r:::; 10-2 , that the radiation flux 
from the plasma flare, q r:::; 5x 10 10 W/cm2 , is much 
smaller than the flux of interest to us, that of the ab­
sorbed laser radiation (qo ~ 10uo W /cm 2), and can be 
disregarded in the general balance (1). 

Thus, the approach developed in this article makes it 



46 Yu. V. AFANAS'EV et al. 

possible to refine the earlier results r2, 3 l at large radi­
ation-flux densities (q0 > 1012 W/cm2). The most signifi­
cant result lies in the possibility of directly determining 
the nonequilibrium state of the plasma and the nonequi­
librium degree of its ionization. As already noted above, 
at large radiation flux densities the degree of ionization 
of the plasma decreases compared with the equilibrium 
value, and the contribution of the ionization energy to the 
total internal energy of the plasma decrease_s. In ther­
modynamic equilibrium, the ionization energy consti­
tutes the main part of the internal energy in an incom­
pletely ionized plasma. Thus, at high radiation flux 
densities, the absence of equilibrium causes the plasma 
behavior to become more and more similar to that of an 
ideal gas with H =%, the pressure and internal energy 
of which are determined by the electrons, and whose in­
ertial properties are determined by the ions. 

We note also that the presence of the indicated lack 
of equilibrium causes the plasma produced as a result 
of the heating to have a relatively higher temperature. 
This circumstance can be used, apparently, in those 
cases when it is desirable to increase the plasma tem­
perature, but it should be noted that this conclusion is 
valid only until the energy lost to radiation or thermal 
conductivity begins to play an important role. 

In conclusion, the authors consider it their pleasant 
duty to thank N. G. Basov for interest in the work, dis­
cussions, and useful advice. 
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