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The effect of strong thermal radiation on the structure of quasi-stationary laser ablation fronts is

investigated under the assumption that all the laser flux is absorbed at the critical surface. Special

attention is paid to adequate formulation of the boundary-value problem for a steady-state planar

ablation flow. The dependence of the laser-to-x-ray conversion efficiency /r on the laser intensity

IL and wavelength kL is analyzed within the non-equilibrium diffusion approximation for radiation

transfer. The scaling of the main ablation parameters with IL and kL in the strongly radiative regime

1� /r � 1 is derived. It is demonstrated that strongly radiating ablation fronts develop a charac-

teristic extended cushion of “radiation-soaked” plasma between the condensed ablated material and

the critical surface, which can efficiently suppress perturbations from the instabilities at the critical

surface. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921334]

I. INTRODUCTION

There are a number of important research and applica-

tion areas—such as inertial confinement fusion1 and

extreme ultraviolet (EUV) lithography2—where condensed-

matter targets are irradiated by relatively long (multi-

nanosecond) laser pulses in the ablation regime. If the laser

pulse length tL is large compared to the hydrodynamic time-

scale th of the ablation flow, a quasi-stationary regime sets

in, where the structure of the ablation front only slowly

varies in time. The structure of such quasi-stationary abla-

tion fronts has been extensively studied under various sim-

plifying assumptions for more than 40 years.3–7 However,

in all the previous publications (at least to our knowledge),

the authors always assumed that the key processes, defining

the structure of the ablation front, were the electron thermal

conduction and the absorption of laser light combined with

an appropriate version of the hydrodynamics model.

Possible role of energy transport by thermal radiation has

mostly been ignored.

In this paper, we investigate how the structure of a

quasi-stationary ablation front changes when the energy flux

Sr, carried away by the thermal radiation, becomes compara-

ble to the incident laser energy flux IL. Because one always

has Sr< IL, we can somewhat loosely define the radiation-

dominated ablation regime by the condition Sr=IL � 0:1–0.2.

We identify the key dimensionless parameters, governing

this regime, and analyze the relevant scaling laws for the

main parameters of the ablation flow. And although the pres-

ent analysis is based on a simplified one-dimensional (1D)

steady-state model, where radiation transport is treated in the

approximation of non-equilibrium diffusion, we want to

stress that our principal conclusions have actually been

inferred from, and corroborated by, many two-dimensional

(2D) simulations of various laser-plasma problems with the

RALEF-2D code,8–10 where the 2D hydrodynamics equa-

tions are solved numerically together with the equation of

spectral radiation transfer, and where a more detailed physics

is included than in the present model.

The parameter range where the results of this work

would be applicable can be evaluated as follows. When a

solid (liquid) sample is irradiated by a focused laser beam,

the ensuing plasma flow has a certain characteristic spatial

scale R. In the steady-state limit, R is determined either by

the radius of the focal spot, or by the target size, whichever

is smaller (more precisely, R is the characteristic radius

of the sonic surface). One of the main target options in

EUV lithography (which we choose to be the principal

illustrative example for our analysis) is tin (Sn) droplets of

diameter 20–50 lm,11,12 which implies a flow scale of

R � 10 lm; of the same order of magnitude are also the

smallest radii of laser focal spots. The typical flow velocity

is given by the sound speed in the laser corona, cs

� ð5� 10Þ � 106 T
1=2
heV cm/s, which implies th ’ 0:1–0.2 ns;

here, TheV is the corona temperature in 100 eV. Thus, in

many cases, the ablation flow may relax to a steady-state re-

gime with laser pulses as short as tL � 1 ns.

Realization of the ablation regime (as contrasted with

the regime of low-temperature evaporation from the surface

of a liquid) requires certain minimum laser intensity IL,

which would mark a lower bound for the applicability of our

results. It is difficult to point out a universal value for this

limit (which may strongly vary between different combina-

tions of target materials and irradiation conditions) but as a

rough estimate one could assume3 IL � 106 � 108 W=cm2.

And it should be emphasized that, as is confirmed by

our present analysis, a steady-state radiation-dominated abla-

tion regime often sets in at laser intensities as low as

IL ’ 109 W=cm2—especially for long-wavelength lasers

like CO2.a)Electronic mail: mmbasko@gmail.com; URL: http://www.basko.net
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II. BOUNDARY-VALUE PROBLEM FOR THE 1D
STEADY-STATE ABLATION FLOW

The simplest way to analyze the structure of a stationary

ablation front would be to solve a boundary-value problem for

a steady-state 1D planar flow in the region�1 < x < þ1—

by analogy with the theory of shock, detonation, and deflagra-

tion fronts.13,14 However, for the laser driven ablation, such

formulation is not possible3 because physically appropriate

boundary conditions cannot be satisfied at the laser entrance

end x¼þ 1 (throughout this paper, we assume that the laser

beam propagates in the negative x direction, while the veloc-

ity of the outflowing plasma is positive). The reason is the

divergence at x! þ1 of the integral for the optical thick-

ness for the incoming laser light for any value of the boundary

pressure. Then, a proper clue to formulation of the boundary-

value problem can only be inferred from inspection of realis-

tic ablation flows in two and three dimensions.

As a rule, any three-dimensional (3D) steady expansion

into vacuum is accompanied by transition through a sonic

point, which comes about as a natural property of diverging

(i.e., non-planar) hydrodynamic flows. A notable example is

the theory of the solar wind, which was placed on a firm

ground only after this fact had been recognized by Parker15

for the spherically expanding solar corona. A similar transi-

tion occurs in the laser ablated plasma once its flow begins to

diverge at some distance ’ R from the focal spot. Figures 1

and 2 illustrate the corresponding flow patterns around a

30–lm diameter droplet of tin, irradiated from one side (from

the right) by the Nd:YAG (Fig. 1) and the CO2 (Fig. 2) laser

pulses with fixed intensity IL values, typical for the EUV-

lithography sources. The sonic surface, marked as a solid

contour line, lies at a distance of �10 lm from the ablated

surface in the Nd:YAG case, and at a distance of �28 lm in

the CO2 case. These two examples were calculated with the

2D radiation-hydrodynamics code RALEF,8,9 where radiative

transfer was simulated by using the S8 angular quadrature

combined with the short-characteristic method, and with real-

istic spectral opacities16 in 28 spectral groups. Laser energy

deposition was treated in a simplified manner without refrac-

tion, with the inverse-bremsstrahlung absorption in the under-

dense plasma and full absorption at the critical surface.

Thus, one obvious way to construct a self-consistent 1D

steady solution is to consider a spherically symmetric abla-

tion flow in the region R0 � r <1, where R0 is the radius

of the ablated surface, and apply the boundary condition of

zero pressure at r !1. This approach has, for example,

been explored in Refs. 4, 17, and 18 for a plasma with the

Spitzer thermal conductivity. A serious disadvantage of this

formulation is the appearance of an extra (compared to the

planar geometry) dimensional parameter R0, which signifi-

cantly complicates a comprehensive analysis of the problem.

Also, the assumption of a perfect spherical symmetry may in

fact be a not particularly good approximation to non-

spherical configurations, like those shown in Figs. 1 and 2.

Another possibility—which we adopt here—is to

assume a planar flow geometry over only a limited segment

x0 � x � x2 of the ablation flow between the ablated liquid

surface at x¼ x0 and the sonic point x¼ x2, to which we

apply the term “ablation front.” This approach has an appeal-

ing property of being rather universal in the sense that it can

be applied locally to any flow geometry, provided that the

width of the ablation front x2 � x0 � R, where R is the char-

acteristic radius of the sonic surface; in such a limit the struc-

ture and key parameters of the ablation front become

independent of the global flow parameter R. In Refs. 4 and

18, the range of parameters, where this approximation

becomes valid in spherical flows, has been calculated

explicitly.

A conceptual difficulty for planar ablation fronts, which

caused much controversy in the past19,20 and appears not to

have been finally resolved,7 is an appropriate boundary

FIG. 1. Plasma density map and velocity pattern around a 30-lm diameter

droplet of tin, irradiated from the right by a Nd:YAG laser pulse with a con-

stant absorbed flux IL ¼ 2� 1011 W/cm2, at t¼ 10 ns. The sonic surface is

shown as a blue solid contour line. The dashed contour marks the position of

the critical surface. Arrows indicate the magnitude and direction of the flow

velocity.

FIG. 2. Same as Fig. 1 but for a CO2 laser pulse with a constant absorbed

flux IL ¼ 4� 109 W/cm2 for the moment t¼ 10 ns. The sonic and the critical

surfaces are shown, respectively, as the solid and the dashed white contours.
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condition at the exhaust end x¼ x2. The boundary conditions

that we use in this work are based on the following three ba-

sic assumptions:

(i) all the laser absorption takes place in an infinitely thin

layer at the critical surface, where the number density

of free electrons is

ne ¼ nc �
mex2

L

4pe2
; (1)

here xL is the laser frequency, me and –e are the elec-

tron mass and charge;

(ii) the plasma escapes the ablation front at x¼ x2 with

the local adiabatic speed of sound u2 ¼ cs2 (the

Chapman-Jouget condition13);

(iii) the net energy flux due to thermal conduction through

this boundary is zero.

Having been extensively discussed and used in many previ-

ous publications, condition (i) hardly needs any comment.

Assumptions (ii) and (iii) are, in contrast, not generally

accepted and deserve additional justification. Clearly, isola-

tion and separate treatment of a limited (subsonic) segment

of a global ablation flow will be justified when this segment

becomes physically decoupled from (or only weakly coupled

to) the discarded supersonic part. Hydrodynamic decoupling

means that sonic perturbations from the discarded part cease

to reach the interior of the ablation front—hence the

Chapman-Jouget condition with the adiabatic sound speed.

Thermal decoupling is attained when the thermal conductive

flux between the two flow parts becomes zero.

Another argument in favor of our least obvious assump-

tion (iii) can be formulated by invoking the theory of defla-

gration fronts.13,21 If the gas enters a burn (i.e., laser

deposition) front subsonically, it can exit this front either

subsonically or with exactly the sonic speed (the Chapman-

Jouget deflagration). If the exhaust of a cylindrical tube

(representing our planar flow segment at x � x2) with a def-

lagration front opens into vacuum, the flow in the tube

relaxes to the Chapman-Jouget regime, where the mass flux

through the exhaust cross-section is maximum. Then, if there

exists another local mechanism of energy transfer (i.e., ther-

mal conduction) between different parts of the flow, it would

be logical to expect that an initially unsteady flow finally

relaxes to a maximum possible mass flux as well—which is

achieved for the zero thermal flux through the exhaust cross-

section. Note that negative (i.e., incoming from the super-

sonic region) thermal fluxes are not possible whenever (i) is

fulfilled and the critical surface lies inside the front region

x0 � x � x2.

Here, it should be mentioned that, in what concerns con-

dition (iii), our formulation of the boundary-value problem

differs from that proposed in Ref. 22 and widely used there-

after,6,23,24 where it was assumed that the outward bound

thermal flux was exactly 1/4 of the incoming laser flux—a

value that is difficult to justify in a general case, where the

supersonic part of the flow differs from the self-similar pla-

nar isothermal rarefaction wave.19 Our numerical lineout

temperature profiles in Figs. 3 and 4 for the simulated 2D

cases (Figs. 1 and 2) do corroborate (at least to the accuracy

of the simulation) our surmise of the zero thermal flux at the

sonic point. In addition, the authors of Ref. 22 assumed that

the stationary subsonic (with respect to the isothermal sound

speed) ablation front is matched to a planar non-steady iso-

thermal rarefaction wave. In our case, if one would like to

match the stationary ablation front to a non-steady planar

flow (instead of a divergent steady one), one could imagine a

combination of a constant isothermal flow of arbitrary

length, followed by a non-steady planar adiabatic rarefaction

wave.

One more condition that has to be fulfilled to justify the

above assumptions is that the absorption of both the incom-

ing laser light and the outgoing thermal radiation should be

negligible in the discarded supersonic region. We assume

that this is ensured by a sufficiently strong (often stronger

than spherical) geometrical divergence of the flow (for more

details see discussion in Sec. V below). In the above illustra-

tive examples at chosen laser intensities, the condition of

weak coronal absorption is roughly fulfilled for the CO2 laser

(about 20% absorption in the corona), and violated (more

than 80% absorption in the corona) for the Nd:YAG laser.

FIG. 3. Profiles of the density q, velocity u, matter temperature T, and radia-

tion temperature Tr along the laser axis from the 2D simulation shown in

Fig. 1. Positions of the critical and the sonic points are indicated by vertical

dashed and solid lines. Black dots along the density profile mark individual

mesh cells.

FIG. 4. Same as Fig. 3 but for the 2D simulation shown in Fig. 2.
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III. ASSUMPTIONS ABOUT THE EQUATION OF STATE,
THERMAL CONDUCTIVITY AND OPACITIES

We adopt a thermodynamically consistent power-law

approximation to the equation of state (EOS) in the form

pðq; TÞ ¼ p	q
aTb ¼ ðc� 1Þq�; (2)

where p is the pressure, � the specific energy, and p	, a and b
are material-specific constants. With the focus of this work

being on the plasmas of high-Z elements, we identify the sin-

gle matter temperature T with the temperature of free elec-

trons. Thermodynamic consistency is ensured by setting the

adiabat index c equal to

c ¼
1þ 1� a

b� 1
; a < 1; b > 1;

arbitrary > 1; a ¼ b ¼ 1:

8><
>: (3)

The specific entropy s, the adiabatic speed of sound cs, and

the specific enthalpy w are given by

s q; Tð Þ ¼
p	

b
1� a

qa�1Tb�1; a < 1; b > 1;

p	ln q�1T1= c�1ð Þ
� �

; a ¼ b ¼ 1;

8><
>: (4)

cs ¼ c
p

q

� �1=2

; w ¼ c� ¼ c
c� 1

p

q
: (5)

The number density ne of free electrons is

ne ¼
qzi

mi
; (6)

where mi is the ion mass, and zi is the mean ionization degree

(the mean charge of ions in atomic units), for which we

assume a power-law dependence

zi ¼ z	T
bz (7)

on temperature T only. In practice one usually observes

bz � b� 1.

All numerical examples throughout this paper

(Tables I–IV) are given for two different cases, namely, for a

low-Z (carbon) plasma with constant ionization—case C,

and for a high-Z (tin) plasma with temperature-dependent

ionization degree—case Sn. Table I lists the corresponding

values of the EOS parameters, adjusted for the domain

10�4 g/cc �q�10�2 g/cc, 10 eV �T�100 eV.

With the ionization degree given by Eq. (7), the coeffi-

cient of thermal conduction j in a plasma can also to a rea-

sonable accuracy be approximated as a power dependence of

temperature only

jðTÞ ¼ j	T
n; (8)

where n> 0. To describe the energy transport by thermal

radiation, we need the spectral-averaged mean free path of

photons lr, which we also take in the form of a power law

lr ¼ l	q
�ar Tbr : (9)

Values of constants appropriate for the C and Sn plasmas at

temperatures T ’ 10–100 eV are listed in Table II; for lr we

assume the Planck mean.

IV. GOVERNING EQUATIONS

For a steady-state planar flow, the three hydrodynamic

equations of mass, momentum, and energy balance take the

form of algebraic relations14

qu ¼ j ¼ constant; (10)

pþ qu2 ¼ pa ¼ constant; (11)

wþ u2

2
þ S

j
¼ 0; (12)

where u 
 0 is the flow velocity, pa is the ablation pressure,

and

S ¼ Se þ Sr þ SL (13)

is the sum of the conductive, radiant and laser energy fluxes.

All the calculations in this paper are done in the reference

frame, comoving with the ablation front.

As in a number of previous works,4,18,25 we can, by vir-

tue of the polytropic EOS (2), assume singular boundary

conditions

TABLE I. EOS parameters for the carbon and tin plasmas. The values of p	
and z	 correspond to q in g/cc, p in Mbar and T in heV (100 eV).

p	 a b c z	 bz

Case C 56 1 1 5/3 6 0

Case Sn 8.5 0.9 1.6 1.167 22.5 0.6

TABLE II. Parameters for the thermal conduction and radiation transport

coefficients. The values of j	 and l	 correspond to j in 1011 W cm�1 heV�1,

lr in cm, q in g/cc, and T in heV (100 eV).

j	 n l	 ar br

Case C 3:3� 10�3 2.5 5� 10�4 2 3.5

Case Sn 1:2� 10�3 1.9 3� 10�4 1 1

TABLE III. Scaling exponents.

dj �j dp �p dT �T

Case I-C 1/3 2/3 2/3 1/3 2/3 �2/3

Case I-Sn 0.12 0.85 0.56 0.42 0.53 �0.45

Case II-C 5/9 2/9 7/9 1/9 4/9 �2/9

Case II-Sn 0.29 0.35 0.64 0.18 0.44 �0.19

TABLE IV. Numerical values of some key dimensionless parameters for

two exemplary cases.

g1 q0 q1 m r dk �k

Case I-C 0.60 0.75 0.84 5.5 3 0 2

Case I-Sn 0.76 0.847 0.943 2.78 1.66 0.69 0.42

053111-4 Basko, Novikov, and Grushin Phys. Plasmas 22, 053111 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

140.181.64.226 On: Fri, 22 May 2015 06:48:01



uðx0Þ ¼ wðx0Þ ¼ Tðx0Þ ¼ 0; qðx0Þ ¼ 1; (14)

SLðx0Þ ¼ Seðx0Þ ¼ Srðx0Þ ¼ 0; (15)

at the ablation surface x¼ x0, which save us the treatment of

the unablated material and lead to the zero value of the con-

stant in Eq. (12). The finite values of j and pa are the eigen-

values of the boundary-value problem. With the non-linear

conduction (i.e., with n> 0) and radiation transport, the left

boundary x¼ x0 of the ablation front corresponds to a finite

value of x0 > �1.

According to assumption (i) of the previous section, the

laser flux SL must be discontinuous. Conditions (ii) and (iii)

imply that this discontinuity necessarily occurs at the sonic

point, i.e., at the right boundary x¼ x2. The discontinuity in

SL entails a discontinuity in Se, density q, velocity u, pressure

p, and enthalpy w—but not in temperature T once the ther-

mal conduction is included. A detailed argumentation can be

found in Ref. 14 in the paragraphs on the structure of shock

fronts, where the corresponding processes are taken into

account. Thus, at the right boundary we have

SL ¼
0; x � x2 � 0;

�IL; x ¼ x2 þ 0;

(
(16)

Se ¼
�j	Tn dT

dx
; x � x2 � 0;

0; x ¼ x2 þ 0;

8<
: (17)

u2 ¼ cs2 � c
p2

q2

� �1=2

; q2zi2 ¼ minc; (18)

where u2, cs2, q2, p2, and zi2 refer to the downstream side of

the discontinuity x2 þ 0. Everywhere in this paper, we

assume that IL is the net laser flux absorbed at the critical

surface, with the reflected part subtracted from the incident

flux.

For the energy transport by thermal radiation, we

employ the approximation of non-equilibrium diffusion14

lr
dSr

dx
¼ 4rSBT4 � Jr; (19)

lr
dJr

dx
¼ �3Sr; (20)

where Jr is the 4p-integrated radiation intensity, lr ¼ lrðq; TÞ
is the spectrally averaged mean free path of photons, and rSB

is the Stefan-Boltzmann constant; the energy density of ther-

mal radiation per unit volume is given by Jr=c, where c is

the speed of light. Both radiation characteristics Sr and Jr

remain continuous across the discontinuity at x¼ x2. The

boundary conditions for Eqs. (19) and (20) are

Srðx0Þ ¼ Jrðx0Þ ¼ 0; (21)

Sr2 � Srðx2Þ ¼ 3�1=2Jrðx2Þ: (22)

Equation (22) is the Hopf-Bronstein relation,26 which is

exact in a grey planar atmosphere with a constant radiative

flux. Note that, by its physical meaning, the outgoing

radiation flux Sr2 
 0, and it is to be found as the eigenvalue

of the boundary-value problem (19)–(22).

By virtue of the boundary conditions (16)–(18), the

hydrodynamic equations (10)–(12) yield

qu ¼ j ¼ ffiffiffiffiffiffiffiffiffiffiffi
cp2q2

p
; (23)

pþ qu2 ¼ pa ¼ ðcþ 1Þp2; (24)

w2 þ
u2

2

2
¼ c cþ 1ð Þ

2 c� 1ð Þ
p2

q2

¼ 1� /rð Þ IL

j
; (25)

where

/r ¼
Sr2

IL
(26)

is the fraction of the incident laser flux carried away to

x¼þ1 by thermal radiation.

V. MAIN ABLATION PARAMETERS AND SCALING
LAWS

Under the assumption that the fraction /r of radiative

losses is known, Eqs. (23)–(25) allow the ablation rate j, the

ablation pressure pa, and the corona temperature T2 be calcu-

lated without knowing the detailed structure of the ablation

front—provided that the relation between q2 and T2 is fixed

by the condition ne¼ nc. The latter is justified insofar as the

laser absorption in the underdense corona is negligible.

To evaluate the coronal absorption, we make use of the

Kramers formula27

kL ¼
16p

ffiffiffiffiffiffi
2p
p

3

e6n2
ezi

c meTð Þ3=2x2
L

ln KL

¼ 108
ziln KL

T
3=2
heVk2

L;lm

ne

nc

� �2

cm�1 (27)

for the absorption coefficient of the laser light, written in the

limit of �hxL � T and with the Gaunt factor calculated in the

Born approximation, which implies the Coulomb logarithm

in the form

lnKL ¼ ln
4T

cE�hxL

� �
: (28)

In the above formulae, TheV is the electron temperature in

100 eV, kL;lm is the laser wavelength in lm, and lncE

¼ 0:577… is Euler’s constant.

Equation (27) tells us that in a steady spherically diverg-

ing flow beyond the sonic point, i.e., at r>R, the absorption

coefficient would drop roughly as kL / q2 / ðr=RÞ�4
,

implying an effective absorption length of ’ 1
3

R. Therefore,

the condition of negligible laser absorption in the underdense

corona can be written as

kLcR�3; (29)

where kLc is the value of kL at the critical surface. For the

two selected material cases, Eq. (29) is equivalent to
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R�
9k2

L;lmT
3=2
heV lm; case C;

2:5k2
L;lmT0:9

heV lm; case Sn;

8<
: (30)

where we used the value ln KL ¼ 5. One sees that, from the

two illustrative examples in Figs. 1 and 2, condition (29) is

only fulfilled for the case of CO2 laser with kL � 10 lm.

From Eqs. (23)–(25), one can calculate how the main

ablation parameters j, pa, and T2 scale with the laser wave-

length kL and intensity IL. In doing so, one has to distinguish

between the following two qualitatively different cases5

• case I, where conditions (29) and (18) are fulfilled, all the

laser deposition occurs at the critical surface, and the den-

sity at the sonic point is given by

q2 ¼
Aq	

z	k
2
L;lm

 !
T
�bz

2 ; (31)

• case II, where the laser absorption in the undercritical co-

rona dominates and the position of the sonic surface,

shifted outward from the critical surface, is determined by

the condition3,5

kLR ’ 3; (32)

which provides an alternative relation

ðRk2
LÞq2

2z3
i2T
�3=2
2 ¼ constant (33)

between q2 and T2.

In Eq. (31), A ¼ mi=mu is the ion mass in atomic units,

q	 ¼
memu

4pe2
x2

LjkL¼1lm ¼ 1:851� 10�3g=cc (34)

is the critical density of a fully ionized hydrogen for the laser

wavelength kL ¼ 1 lm. In this section, we present the scal-

ings of the main ablation parameters with kL and IL for both

cases I and II, but calculate the structure of the ablation front

in Secs. VI and VII for the case I only. As already mentioned

in Sec. II, the characteristics of the ablation front in case II

can only be found when the global flow parameter R is

known.

Thus, in case I, Eqs. (23)–(25) yield

j ¼ Kj
Aq	

z	k
2
L;lm

 !�j

IL 1� /rð Þ½ �dj ; (35)

pa ¼ Kp
Aq	

z	k
2
L;lm

 !�p

IL 1� /rð Þ½ �dp ; (36)

T2 ¼ KT
Aq	

z	k
2
L;lm

 !�T

IL 1� /rð Þ½ �dT ; (37)

where

Kj ¼ c1=2 2 c� 1ð Þ
c3=2 cþ 1ð Þ

� �dj

p2bz=D
	 ; (38)

Kp ¼ cþ 1ð Þ 2 c� 1ð Þ
c3=2 cþ 1ð Þ

� �dp

pbz=D
	 ; (39)

KT ¼
2 c� 1ð Þ

cp	ð Þ3=2 cþ 1ð Þ

" #dT

; (40)

dj ¼ ½b� ð1þ aÞbz�D�1; �j ¼ 2bD�1; (41)

dp ¼ 2ðb� abzÞD�1; �p ¼ bD�1; (42)

dT ¼ 2D�1; �T ¼ ð1� 3aÞD�1; D ¼ 3bþ ð1� 3aÞbz:

(43)

Condition (33) in case II leads to the same power-law

dependences (35)–(37) but with undetermined K-factors, the

k2
L;lm replaced by the product Rk2

L;lm, and the values of expo-

nents given by

dj ¼
2bþ 3 1þ að Þ 1

2
� bz

� �
D

; �j ¼ 2bD�1; (44)

dp ¼ ½4bþ 3að1� 2bzÞ�D�1; �p ¼ bD�1; (45)

dT¼4D�1; �T¼ 1�3að ÞD�1;

D¼6bþ3 3a�1ð Þ 1

2
�bz

� �
: (46)

Table III lists the numerical values of the above exponents

for the four subcases, corresponding to two materials (C and

Sn) for each of the cases I and II. Note that Eqs. (35)–(37)

should be used with a consistent choice of units for j, p, q,

and IL: either the CGS units for all, or, for example, j in 106 g

cm�2 s�1, p in Mbar, q in g/cc, IL in 1011 W/cm2; tempera-

ture T is assumed to be in 100 eV.

The above scaling laws for the cases I-C and II-C are

well known and have been extensively discussed in litera-

ture.3,5,22 One reason for presenting them here is a different

from the previous authors formulation of the boundary-value

problem, which alters the values of the K-factors in Eqs.

(35)–(37). Another reason is to demonstrate significant varia-

tion of the scaling exponents with the EOS parameters of the

ablated material (cf. cases I-C and I-Sn)—the fact that has

not always been properly recognized by the experimentalists

as they employed these scalings to fit the measured parame-

ters of the ablation flows.

VI. DIMENSIONLESS REPRESENTATION

A. Hydrodynamics with thermal conduction

For further analysis, it is convenient to normalize the

principal dependent variables to their values at the sonic

point x ¼ x2 þ 0. Introducing the dimensionless expansion

degree g and the dimensionless temperature H,

g ¼ u

u2

¼ q2

q
; H ¼ T

T2

; (47)

we eliminate the mass flux j between Eqs. (10)–(12) and, af-

ter some algebra, transform the equations (11), (12) of mo-

mentum and energy balance to
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Hb ¼ gað1þ c� cgÞ; (48)

��Se ¼ �Sr � Hðx� x2Þ þ ð1� /rÞgð2� gÞ; (49)

where

�Se ¼
Se

IL
¼ �l2eH

n dH
dx

; �Sr ¼
Sr

IL
(50)

are the normalized conductive and radiative energy fluxes,

l2e ¼
j	Tnþ1

2

IL
(51)

is the length scale for thermal heat wave, and H(x) is the

Heaviside step function; in Eq. (48), we made use of the

power-law EOS (2).

Equations (48) and (49) imply that in general, for c > 1,

there must be a density jump at the sonic surface x¼ x2.

Indeed, the degree of expansion g is expected to be a monot-

onously increasing function of x due to monotonously

decreasing pressure by outflow in vacuum. Because the

radiation flux �Sr is continuous and non-negative at x2,

Eqs. (49) and (50) imply dH=dx > 0 (hence dH=dg > 0) at

x ¼ x2 � 0. To exclude infinite thermal flux, temperature

must be continuous at x2, i.e., Hðx0 � 0Þ ¼ Hðx0 þ 0Þ ¼ 1.

At the same time, relation (48), considered as an equation for

g at H¼ 1, has two positive roots: g¼ 1 and g ¼ g1 < 1.

Condition dH=dg > 0 is satisfied only for the smaller root

g1, defined by the equation

ga
1ð1þ c� cg1Þ ¼ 1; 0 < g1 < 1; (52)

in particular, for a¼ 1 we have g1 ¼ c�1.

Thus, the general structure of the ablation front is as fol-

lows (Fig. 5). The normalized temperature HðxÞ and specific

volume (or, equivalently, the flow velocity) gðxÞ, related to

one another by Eq. (48), both monotonously grow from

Hðx0Þ ¼ gðx0Þ ¼ 0 at the ablated surface to Hðx2 � 0Þ ¼ 1;
gðx2 � 0Þ ¼ g1 < 1 at the entrance into the sonic front,

where the density and flow velocity experience an isothermal

jump by the factor

u2

u1

¼ q1

q2

¼ g�1
1 > 1: (53)

Discontinuous is also the thermal flux �Se. In this respect, the

structure of the ablation front is similar to that of a shock

front in a thermally conducting gas.14 It appears that the

presence of an isothermal flow discontinuity in ablation

fronts, where all the laser deposition is assumed to occur at

the critical surface, has been overlooked in general discus-

sions of this topic in Refs. 6 and 7.

Finally, from Eqs. (48) to (50), we obtain the following

equation for calculation of the temperature profile HðxÞ
across the ablation front

Hn dH
d�x
¼ �Sr þ 1� /rð Þq Hb=a � �Sr þ �Sh; (54)

where we have introduced a dimensionless coordinate

�x ¼ x=l2e: (55)

The dimensionless function q ¼ qðHÞ is defined as

q ¼ q Hð Þ ¼ g 2� gð Þ
Hb=a

¼ 2� g

1þ c� cgð Þ1=a
; (56)

where gðHÞ 2 ½0; g1� is defined by Eq. (48). One of the con-

venient properties of representation (54) is that the function

qðHÞ varies over only a narrow range

2

cþ 1ð Þ1=a
¼ q0 � q Hð Þ � q1 ¼

2� g1

1þ c� cg1ð Þ1=a
< 1 (57)

(numerical examples are given in Table IV). The latter

means that, with a practically acceptable accuracy of a few

percent, the differential equations can be analyzed and

solved by simply fixing the value of q somewhere between

q0 and q1. Parameter q1 has a transparent physical meaning:

1� q1 is the fraction of the incident laser flux (when Sr¼ 0)

spent on the shock-like plasma acceleration from u1 to u2

inside the sonic discontinuity. The first-order differential

equation (54) must be solved with the boundary conditions

Hð�x0Þ ¼ 0; Hð�x2Þ ¼ 1; (58)

which allow determination of the width x2 � x0 of the abla-

tion front. Note that the second term �Sh ¼ ð1� /rÞq Hb=a on

the right-hand side of Eq. (54) is in fact the hydrodynamic

(convective) energy flux jðwþ u2=2Þ, normalized to IL. The

sum �Sr þ �Sh must be positive across the ablation front

because Hð�xÞ (together with gð�xÞ) must be a monotonously

growing function of �x.

B. Radiation transport

Equations of radiation diffusion (19), (20) contain the

photon mean free path lr, whose dependence on q and T we

simplify to

lr ¼ l2rg
arHbr � l2rH

m; (59)

where

FIG. 5. Profiles of density q and temperature T (in arbitrary units) across an

ablation front in case I-C in the limit of negligible radiative flux �Sr � �Sh.

For better visualization, a short segment of constant flow, hydrodynamically

consistent with the depicted ablation front, is attached at x > x2.
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m ¼ br þ bðar=aÞ; l2r ¼ l	q
�ar
2 T

br
2 ; (60)

by assuming in Eq. (9) that the pressure is constant across

the ablation front. Then, in terms of the dimensionless fluxes
�Sr ¼ Sr=IL; �Jr ¼ Jr=IL, Eqs. (19) and (20) become

Hm d �Sr

d�x
¼ kr CrH

4 � �Jr

� �
; (61)

Hm d �Jr

d�x
¼ �3kr

�Sr; (62)

where

kr ¼
l2e

l2r
; Cr ¼

4rSBT4
2

IL
(63)

are two mutually independent dimensionless parameters of

our boundary-value problem.

Equations (61) and (62) must be solved together with

Eq. (54) and the boundary conditions (58), (21), (22), which,

among other things, allow determination of the radiation loss

fraction /r. Since the two parameters kr and Cr in Eqs. (61)

and (62) depend on the unknown eigenvalue /r, one would

prefer to factor this dependence out by applying the scaling

laws (35)–(37), with the result being

kr ¼ ð1� /rÞdk k; Cr ¼ ð1� /rÞ4dT C; (64)

where

k ¼ j	
l	

Kjk
T

Aq	
z	k

2
L;lm

 !�k

Idk�1
L ; (65)

C ¼ 4rSBK4
T

Aq	
z	k

2
L;lm

 !4�T

I4dT�1
L ; (66)

are now determined exclusively by the laser irradiation con-

ditions, and

dk ¼ 2jkD
�1; jk ¼ nþ 1� br � arbz; (67)

�k ¼ ar þ jkð1� 3aÞD�1: (68)

Numerical values of the exponents dk and �k for our two ex-

emplary cases are given in Table IV.

Because Hð�xÞ grows monotonically with �x, one can

choose it as the independent variable and reduce the system

of three equations (54), (61), (62) to two equations

Hrþ1 d �Sr

dH
¼ kr CrH

4 � �Jr

� �
1� /rð Þqþ �SrH

�b=a
; (69)

Hrþ1 d �Jr

dH
¼ � 3kr

�Sr

1� /rð Þqþ �SrH
�b=a

; (70)

where

r ¼ m� nþ b=a� 1: (71)

For two equations (69) and (70), we have three boundary

conditions

�Srð0Þ ¼ �Jrð0Þ ¼ 0; �Jrð1Þ ¼
ffiffiffi
3
p

�Srð1Þ �
ffiffiffi
3
p

/r; (72)

which allow calculation of the unknown functions �SrðHÞ and
�JrðHÞ together with the eigenvalue /r. For analysis of phase

trajectories of Eqs. (69) and (70), a further reduction to a sin-

gle differential equation

d �Sr

d �Jr
¼

�Jr � CrH
4

3�Sr
(73)

might be helpful.

Equations (69) and (70) explicitly demonstrate that the

dependence of /r on the laser irradiation conditions is ren-

dered via the two dimensionless parameters k and C, defined

by Eqs. (65) and (66), and our task will be to analyze the

functional dependence /rðk;CÞ:

VII. STRUCTURE OF STRONGLY RADIATING LASER
ABLATION FRONTS

A. General analysis

For general analysis, it is convenient to rewrite the radi-

ation diffusion equations (61) and (62) in the form

d �Sr

ds
¼ CrH

4 � �Jr; (74)

d �Jr

ds
¼ �3�Sr; (75)

with respect to the optical depth s 2 ð�1; 0� as the inde-

pendent variable, defined by

ds ¼ l�1
r dx ¼ krH

�m d�x; sðx2Þ ¼ 0: (76)

If HðsÞ is assumed to be a known function of s, then the for-

mal solution to Eqs. (74) and (75), which satisfies the bound-

ary condition �Sr ¼ /r; �Jr ¼
ffiffiffi
3
p

/r at s¼ 0, is given by

�SrðsÞ ¼ /re
�
ffiffi
3
p

s � Cr

ð0
s

H4ðtÞcosh½
ffiffiffi
3
p
ðs� tÞ�dt; (77)

�JrðsÞ ¼
ffiffiffi
3
p

/re
�
ffiffi
3
p

sþ
ffiffiffi
3
p

Cr

ð0
s

H4ðtÞsinh½
ffiffiffi
3
p
ðs� tÞ�dt: (78)

The boundary condition �Srð�1Þ ¼ �Jrð�1Þ ¼ 0 at the abla-

tion surface means that the terms, proportional to the grow-

ing exponent e�
ffiffi
3
p

s, must vanish in the limit of s! �1;

this yields the equation

/r ¼
1

2
Cr

ð0
�1

H4 tð Þe
ffiffi
3
p

t dt (79)

for calculation of the eigenvalue /r .

The first thing that one learns from Eqs. (77) and (78) is

that the zero boundary condition �Srðs0Þ ¼ �Jrðs0Þ ¼ 0 cannot

be satisfied at any finite value s0 < 0, i.e., the total optical
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thickness of the ablation front must diverge near the ablation

surface as x! x0 þ 0 and H! 0.

Second, one readily ascertains that the radiation flux
�SrðsÞ changes sign at a certain value s ¼ sm and becomes

negative for s < sm because �Srð0Þ ¼ /r > 0, whileð0

�1
�SrðsÞ ds ¼ ��Jrð0Þ=3 ¼ �/r=

ffiffiffi
3
p

< 0:

The point s ¼ sm is the position of maximum of �JrðsÞ, i.e.,

where the radiation energy density is maximum. And

because �Srð�1Þ ¼ 0, somewhat deeper towards the ablation

surface there is a point s ¼ sae < sm of zero energy exchange

rate between matter and radiation, where d �Sr=ds ¼ d �Sr=dH
¼ 0 (see Fig. 6 below). Thus, the upper part sae < s < 0 of

the ablation front, where d �Sr=ds > 0 and matter emits radia-

tion, may be called the emission layer, whereas its lower part

�1 < s < sae, where matter absorbs radiation, may be

called the absorption layer. Note that in Figs. 3 and 4, the

emission and the absorption layers can be clearly identified

by the sign of the difference T � Tr between the matter and

radiation temperatures.

In the emission layer, the temperature rises despite the

fact that matter gives its energy away to radiation: the

required energy supply is provided by thermal conduction

from the critical surface; the radiative energy flux �Sr rises

from its minimum negative value �Sr;min ¼ �SrðsaeÞ < 0 to the

escape value �Sr ¼ /r > 0. In the absorption layer, the radia-

tive flux �Sr is negative and decreases from �Sr ¼ 0 at

s ¼ �1 to �Sr;min < 0 at s ¼ sae.

For numerical integration of Eqs. (69) and (70), it is im-

portant to know the asymptotic behavior of �Sr and �Jr near the

singular point �Sr ¼ �Jr ¼ H ¼ 0. As it turns out, this behavior

is controlled by the value of the exponent r defined in (71),

namely, depending on whether r > 0 or r < 0, we have two

different regimes of the energy transport in the immediate vi-

cinity of the ablation surface in the limit of H! 0:

Case r > 0, evaporation by thermal conduction: in this

case, of the three terms in the energy equation (54), the term
�Sr becomes negligibly small compared with the other two,

i.e., in the limit of H! 0, we have a situation with j�Srj
� j�Sej, where the convective energy flux �Sh is balanced by

the conductive flux �Se; as a result, we get an asymptotic

expansion

�Sr ¼ �4
1� /rð Þq0Cr

3kr
H4þr þ � � � ; (80)

�Jr ¼ CrH
4 þ 4 4þ rð Þ 1� /rð Þ2q2

0Cr

3k2
r

H4þ2r þ � � � ; (81)

and from Eq. (54) find the leading term for s as a function

of H,

s! � kr

1� /rð Þq0r
H�r; (82)

and the asymptotic temperature profile near the ablation sur-

face �x ! �x0 þ 0,

Hð�xÞ ! ½ðn� b=aþ 1Þð1� /rÞq0ð�x � �x0Þ�1=ðn�b=aþ1Þ:

(83)

One sees that the divergence of the optical depth s in the

limit of H! 0 is guaranteed only for r > 0.

Case r < 0, evaporation by radiation: here the opposite

limit of dominating radiative flux j�Srj  j�Sej takes place,

which leads to the expansion

�Sr ¼ � 1� /rð Þq0H
b=a þ

ffiffiffi
3
p akr

b
Hb=a�r þ � � � ; (84)

�Jr ¼
ffiffiffi
3
p
ð1� /rÞq0H

b=a þ � � � ; (85)

the asymptotic profiles of the optical depth s and temperature

H become

s! bffiffiffi
3
p

a
ln H; (86)

Hð�xÞ ! ½
ffiffiffi
3
p

makrb
�1ð�x � �x0Þ�1=m: (87)

B. Solution for a weakly radiating case

As a starting point, we consider a situation where ther-

mal radiation makes only a weak contribution and may be

treated as a small perturbation, i.e., a situation where the

condition

j�Srj � ð1� /rÞqHb=a (88)

is fulfilled over the entire range 0 � H � 1, implying /r � 1

and r 
 0. As it turns out, in the instructive particular case of

r¼ 0 the perturbation solution can be obtained analytically—

provided that q ¼ qðHÞ is treated as a fixed factor. Indeed,

ignoring �Sr in Eq. (54) and combining it with Eq. (76), we find

H4ðsÞ ¼ e
ffiffi
3
p

s=lr ; �1 < s < 0; (89)

where

FIG. 6. Profiles of the dimensionless radiation flux �Sr and energy density �Jr

(normalized to Cr) along the optical depth s [defined by Eq. (76)] as given

by Eqs. (91) and (92) in the limit of lr ¼ 1.
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lr ¼
ffiffiffi
3
p

kr

4 1� /rð Þq : (90)

Substitution of Eq. (89) into Eqs. (77)–(79) yields

�Sr sð Þ ¼ Crlrffiffiffi
3
p

1� l2
r

� � e
ffiffi
3
p

s=lr � 1þ lr

2
e
ffiffi
3
p

s

� �
; (91)

�Jr sð Þ ¼ Crlr

1� l2
r

1þ lr

2
e
ffiffi
3
p

s � lre
ffiffi
3
p

s=lr

� �
; (92)

/r ¼
krCr

8qþ 2
ffiffiffi
3
p

kr

: (93)

Figure 6 shows the plots of �SrðsÞ and �JrðsÞ (normalized to

Cr) for a particularly simple special case of lr ¼ 1 (for any

fixed s, the transition to the limit of lr ! 1 in Eqs. (91) and

(92) is straightforward).

Formally, the perturbation solution (91)–(93) is applica-

ble only when the two conditions

/r � 1 and kr >
bffiffiffi
3
p

a
1� /rð Þq (94)

are fulfilled; the second one follows from the requirement

that, in order to satisfy (88), both exponents in Eqs. (91)

and (92) must decay faster than Hb=a as s! �1. Then,

one might justly observe that the right-hand part of Eq. (93)

should be written in the zero approximation with respect

to the small quantity /r, i.e., with Cr and kr replaced by

C and k. However, it turns out that Eq. (93) in its given

form, combined with expressions (64) and considered as an

equation for determination of /r, provides a qualitatively

correct and reasonably accurate approximation to the gen-

eral dependence /rðk;CÞ over the entire variation range of

k and C (Fig. 7).

C. Strongly radiative regime

In a strongly radiative regime, where the laser-to-x-ray

conversion fraction /r becomes comparable to 1, its value

must be calculated by solving Eqs. (69) and (70)

numerically. The results of such calculation for the case I-Sn

are shown in Fig. 7. In case I-C, the results look similar.

In practice, one usually has k� 1, with typical values

falling in the range k ’ 10�3–10�2. Equation (93) tells us

that in this limit the conversion fraction /r becomes a func-

tion of a single parameter only, namely, of the product kC—

which is manifestly confirmed by the plots in Fig. 7. The fact

that for kr � 1 and krCr�1 we have /r / krCr can be

explained by the following simple argument. When kr is

much smaller than one, the optical thickness of the emission

layer, jsaej � kr � 1, is also small. Then, the one-sided radi-

ation flux, generated by this layer, can be evaluated as

Sr � 1
2
rSBT4jsaej, which yields /r ¼ Sr=IL � 1

8
krCr—in full

agreement with Eq. (93).

One more important conclusion, inferred from Fig. 7, is

that the scaling of 1� /r with the laser parameters in the

strongly radiative regime, when 1� /r � 1, can also to a

good accuracy be obtained from Eq. (93). In particular, for

the practically important case of k� 1, we find

1� /r / ðkCÞ�1=ð4dTþdkÞ: (95)

Upon substitution of this relation together with (65) and (66)

into Eqs. (35)–(37), we obtain the following scalings

j / k�1:81
L I0:09

L ; pa / k�1:4
L I0:4

L ; T2 / k0:38
L I0:38

L (96)

for the main ablation parameters in the strongly radiative re-

gime of case I-Sn.

Figure 8 illustrates how thermal radiation affects the

spatial structure of the ablation front. As the role of radiation

increases with the increasing product kC, the temperature

profile develops an extended low-temperature shelf with

Hð�xÞ � Hae < 1, which is a spatial manifestation of the

absorption layer. Appearance of this additional step (a radia-

tive “tongue”) on the spatial temperature profile is a hall-

mark of radiation-dominated laser ablation fronts. In this

respect, the present simplified model demonstrates good

qualitative agreement with the temperature profiles from 2D

radiation-hydrodynamics simulations in Figs. 3 and 4.

FIG. 7. Solid: plots of /rð1� /rÞ�1
as a function of the product kC for

three different values of parameter k, calculated by numerically integrating

Eqs. (69) and (70). Dashed: the approximate solution, obtained from

Eq. (93) for k ¼ 10�2.

FIG. 8. Spatial profiles of the normalized temperature Hð�xÞ across the abla-

tion front for k ¼ 10�2 and three different values of the product kC ¼ 10�4,

1 and 2 in case I-Sn. The position of the sonic surface is fixed at x ¼ x2 ¼ 0.
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The sudden shallowing of the temperature gradient at

around H ¼ Hae is explained by the fact that below this tem-

perature the powerful radiation flux from the emission layer

overtakes the role of the principal energy supplier for heating

up and accelerating the freshly ablated material. As a result,

unlike by the thermal conduction, a high value of the inward

bound non-hydrodynamic energy flux does not require a

steep temperature gradient anymore [as would have been

dictated by Fourier’s law (17)], which is now determined by

the spatial scale for the coupling mechanism between the

radiation and matter, i.e., by the mean free path of photons.

This interpretation is also corroborated by the plots of
�SrðHÞ and �JrðHÞ in Fig. 9, obtained by numerical integration

of Eqs. (69) and (70). One sees that, below the sonic point

H¼ 1, the radiation flux �Sr drops with the decreasing tem-

perature H until it hits the ��ShðHÞ curve—which, however,

cannot be crossed. As a consequence, �Sr passes through a

minimum �Sr;min ¼ �SrðHaeÞ at H ¼ Hae, marking the border

between the absorption and the emission layers. So long as

the gap between �Sr and ��Sh is wide, it has to be bridged by

the conduction flux �Se (because �Sr þ �Se þ �Sh ¼ 0), which

requires a steep temperature gradient. Inside the absorption

layer, at H < Hae, this gap becomes relatively narrow and,

as a consequence, the spatial gradient of H relaxes. At the

same time, radiation comes close to thermal equilibrium

with matter, which manifests itself in the fact that �Jr

approaches the CrH
4 curve. Note that variation of �Jr over

the emission layer Hae < H < 1 is relatively small because

its optical thickness jsaej � kr � 1 is low.

Similar to /r, a simple approximate estimate for the

transition temperature Hae can be derived from the analytical

perturbation solution (91)

Hae ¼
1

2
lr 1þ lrð Þ

� �1=4 1�lrð Þ
; (97)

where lr is defined by Eq. (90). Unlike /r, the relative height

Hae of the radiative shelf on the temperature profile depends

directly on a single parameter k, and only indirectly, via the

conversion fraction /r, on the second parameter C; this fact

is clearly illustrated by the Hð�xÞ profiles in Fig. 8. On the

whole, Hae is a rather weak function of the laser irradiation

parameters. Thus, in case I-Sn in the limit of k� 1;/r � 1,

Eq. (97) yields

Hae � 0:25
kL

1lm

� ��0:2 IL

1011W=cm2

� ��0:08

: (98)

Though the total optical thickness of the absorption

layer is formally infinite, from Eq. (75), one still can evaluate

the characteristic “optical scale”

Dsa �
/rffiffiffi

3
p

1� /rð Þq
H�b=a

ae (99)

of substantial variation of �Jr in this layer by assuming �Sr

� ��Sh and �Jr �
ffiffiffi
3
p

/r (Fig. 9) at the absorption-emission

boundary H ¼ Hae. Accordingly, the characteristic spatial

scale Dxa of the absorption layer is given by

Dxa � l2rH
m
ae Dsa: (100)

In typical practical cases, when /r ’ 0:1–0.6, the values of

Dsa fall in the range Dsa � 1–10.

VIII. CONCLUSION

The above analysis demonstrates that an efficient con-

version of laser energy into thermal radiation (typical for

high-Z plasmas) affects the properties of quasi-stationary

ablation fronts in at least two important aspects. First,

because the energy fraction used to drive the ablation flow is

reduced by a factor 1� /r, where /r is the laser-to-x-ray

conversion efficiency, the overall scaling of the key ablation

parameters with the laser intensity and wavelength is altered.

The present model, based on the non-equilibrium diffusion

approach for thermal radiation, reveals what are the dimen-

sionless parameters which determine the value of /r, and

how the factor 1� /r scales with the laser parameters in the

strongly radiative regime.

Second, the temperature profile across a radiation-

dominated ablation front exhibits a characteristic two-step

shape, with the lower inner step representing a Marshak-type

radiation-diffusion wave,28 driven by the radiative flux gen-

erated in the upper hot zone (the emission layer) near the

critical surface. The main features of this radiation-

dominated “shoulder” of the ablation front are reasonably

well described by the model presented in this work.

A characteristic temperature shoulder at the bottom of a

strongly radiating ablation front represents a relatively

extended (see profiles in Fig. 8) “radiation-soaked” plasma

cushion between the ablated surface and the critical surface.

Within this layer, spatial energy transport in all directions is

dominated by diffusion of thermal radiation, which is locally

in near-equilibrium with matter. At the same time, the char-

acteristic size of this layer is only a few photon mean free

paths. These are exactly the conditions which facilitate a

very efficient smoothing of all sorts of hydrodynamic and

thermal non-uniformities, suppressing the feed-through of

strong perturbations from the unstable critical surface to the

liquid (solid) surface of the irradiated sample. Needless to

say, how important this might be for many experiments and

FIG. 9. Solid: profiles of �SrðHÞ and �JrðHÞ calculated from Eqs. (69) and

(70) for k ¼ 0:01 and kC ¼ 1 in case I-Sn. Dashed: the equilibrium value of
�Jr equal to CrH

4.
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applications, where the integrity of irradiated samples is an

issue.

The detailed quantitative results of Secs. V–VII have

been obtained under several rather restrictive simplifying

assumptions, the most critical one perhaps being that all the

laser absorption occurs within an infinitely thin layer at

ne¼ nc. As in the example of Fig. 1, this assumption is often

not fulfilled in practice. To lift this constraint, one has, strictly

speaking, to reformulate the boundary-value problem for a

steady-state ablation in a more complex fashion, by adding an

appropriate transfer (propagation) equation for the laser light

in a diverging flow geometry (i.e., in the region R0 � r <1).

In combination with the non-equilibrium diffusion equation

for thermal radiation, such a formulation poses a new chal-

lenging problem for future study. As demonstrated by the

case-II scalings in Sec. V, solution of this problem will lead to

a quantitatively different dependence of the main ablation pa-

rameters on the laser intensity IL and wavelength kL.

A similar comment can also be made on a possible role

of other physical effects, not accounted for in the present

work, like, for example, the effect of laser radiation pressure

at sufficiently high intensities IL, leading to the profile steep-

ening near the critical density,7 or non-local energy transport

by hot electrons. Once any such effect becomes physically

important and alters the plasma parameter profiles across the

hot emission layer versus those calculated in Sec. VII, our

quantitative results (including the scaling exponents) are

expected to be modified. At the same time, we expect that

our general analysis and qualitative conclusions, concerning

the impact of thermal radiation on the laser ablation fronts,

give a good idea of what can be expected in this or that par-

ticular case and should apply on a rather broad scale. In par-

ticular, our results show that, depending on other irradiation

parameters, the impact of thermal radiation may become sig-

nificant at laser intensities starting from IL � 109 W/cm2. In

what concerns specific constraints on the values of IL and kL

for literal applicability of the quantitative results from Secs.

V to VII, no universal range can be pointed out: in each par-

ticular case one has to check all the applicability conditions,

discussed throughout the paper.
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