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In a recent paper Manheimer et al.1 attempted to pro-
ceed beyond older analyses2 on the ablative corona ejected 
by planar láser targets. Here we comment on some aspects of 
the analysis of Ref. 1, common to most previous papers on 
the subject. 

(i) Manheimer et al. assumed that the layer (A) between 
the ablation and the critical surfaces is steady, and that it 
links onto an unsteady isothermal rarefaction (B). We agree 
with (B) being unsteady but claim that it will be isentropic if 
the ablation layer (A) is steady. The type of rarefaction af-
fects its density, velocity, and temperature profiles. 

The irradiance / ( / ) considered rises to a valué I0 and 
remains constant threreafter. At some stage the temperature 
at density pc stops growing and the ablation layer becomes 
steady with a constant thickness Ax ce KT2

c/pc ce Kll/i/p1
c
/"i, 

given in Eqs. (12) and (37) of Ref. 1. Obviously, however, the 
overall length of plasma continúes growing so that as (A) 
becomes steady at "large" t, it also becomes shorter than (B) 
[put it this way, to neglect the time derivative d/dt against 
the convective one, v d/dx, in (A) but not in (B), this región 
must be longer than that one]. Now, the conduction term in 
the energy equation [Eq. (7a)]1 determines the structure and 
thickness of (A) and is thus "of order unity" there; it involves 
a second-order derivative d2/dx2, against the convective 
terms [v d/dx). It is then clear that, densities, velocities, and 
temperatures being comparable in both regions, conduction 
will be negligible in the rarefaction (which would be isentro
pic) when it becomes longer than (A), at the time this layer 
reáches steady state. 

Manheimer et al. did notice, in their Eq. (10), that the 
energy equation violates the isothermal rarefaction model. 
They explained this difficulty by making the model corre-
spond to the limit K^-co, when the temperature gradient 
vanishes in Eq. (10). However, they also have Ax ccKso that 
as AT—• oo both Ax and the time A t (ce Ax/Tl/2 ce KI^/p]) for 
(A) to reach steady state blow up to infinity. One cannot have 
it both ways—steady ablation and isothermal rarefaction. 
Notice that the isothermal model is based on dropping the 
temperature gradient in the pressure term of the momentum 
equation. This requives p\dT /dx\4T\dp/dx\. Using Eqs. 

(4a), (5), (10), and (12) of Ref. 1 this condition becomes 
t^KI0/4pl{*}. Henee, the model itself shows that the rarefac
tion (a) cannot be isothermal for large /, and (b) ceases being 
isothermal at about the time ablation reaches a steady state. 

(ii) Condition (*) can be made more definite for an irra
diance I(t)~IQt/r3 lfI0^{4Mi/9Zf/2(K/k7

B
/2)I0/n

2
cT is 

small there exist both an ablation layer and a longer isentro
pic rarefaction; the layer is quasisteady, that is, d /dt is negli
gible, so that steady equations, like Eqs. (1), (2), and (7) of Ref. 
1, may be used (deflagration regime). If 70> 1 [a condition 
equivalent to (*) because KccK,nc ccpc], the rarefaction is 
isothermal, but the overdense flow is not quasisteady. [This 
flow regime is called intermediate in Ref. 3; if J0 > (n0/nc f, 
n0 = solid density, a thermal wave enters the target, the rar
efaction being thin and isothermal.] To discuss an irradiance 
that rises to a constant valué I0, we use / [t )/t for IQ/T in 10 

[f{t )/t =I0/T for the linear pulse]. If the irradiance rise is 
sharp, the flow will be initially in the intermediate (or even 
the thermal wave) regime. As time grows, however, we get 
^o <* IfJti and a transition to the deflagration regime will oc-
cur; for I0 = 1013 W/cm2, A = 1.06 pm, Z, ^ 3.5, 
Zeff = lnyl = 5, we have /0~8.5/í(nsec). The information 
that / (/) has reached a constant valué travels from the abla
tive layer outward so that far away {p4pc) the flow would be 
roughly isothermal for some time after ablation became 
steady. 

(iii) The assumptions by Manheimer et al. that the un
steady rarefaction begins atpc, and with isothermal sound 
speed, are invalíd, like the isothermal model. In Ref. 3 we 
studied ablation layer and rarefaction as inner and outer 
problems of a singular asymptotic expansión in the small 
ratio of their characteristic lengths. There is no definite sur-
face separating both regions; the characteristic length of the 
underdense part of the ablation layer is several times the 
distance between ablation and critical surfaces. 

Since our ablation was quasisteady, its structure is uni
versal and thus valid for the case of Ref. 1. DifFerent ion and 
electrón temperatures were allowed for. The ablation layer 
ends at isentropic sound speed, with density belowpc (0.62 
pc for Z = 1, 0.80 pc for Z-^oo). The underdense fall in 



temperature is 28% for Z = 1,1% for Z—•<». The isother-
mal Mach n u m b e r ^ atpc is 0.75 for Z = 1, 1 for Z-*oo. 
ForZ—>oo, the síructure is reasonabiy simple.4 

Our results for Pa improve the agreement at high / in 
Fig. 4 of Ref. 1: forZ, = 3.5, ourPD is 25% higher than that 
given in Ref, 1. For low I, inverse bremsstrahlung should 
count. We aíso improve the agreement in Fig. 5 of Ref. 1. 
The speed measured is about twice vc (the only characteristic 
velocity of the isothermal model); for the isentropic rarefac-
tion, the speed begins at about 1.4 uc and remains finite 
throughout, independently of geometry and time effects. Ta-
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In our previous work "Steady-state Planar Ablative 
Flow,"1 we used a steady-state model to calcúlate planar 
ablative flow under both uniform and nonuniform illumína-
tion. The model assumed an underdense isothermal rarefac
tion linking up to a steady-state overdense plasma. Aíso, 
Ref. 1 stated that the isothermal rarefaction must ultimately 
be powered by outward heat flow from the critical surface, so 
some temperature drop in the underdense plasma must oc-
cur. 

In their comment, Sanmartín, Montañés, and Barrero 
maintain that the underdense plasma cannot be in steady 
state if the rarefaction is isothermal. To reach this conclu
sión, they cite their own work in which they calcúlate simi-
larity solutions for the case where the absorbed irradiance 
increases linearly ín time.2 Needless to say, both this and our 
steady-state model are approximations to the actual fluid 
behavior. 

The fírst question is whether steady flow profiles do in 
fact occur if the absorbed láser irradiance is uniform in time. 
Reference 1 gave sketchy details of five fluid simulations. 
Here we give additional details concerning the achievement 
of steady flow. 

To proceed we consider the fourth ro w in Table I of Ref. 
1, that of a plástic target accelerated by an absorbed irra
diance of 1013 W/cm2 deposited at «e = 1021 cm~3. This 
corresponds most closely to the Naval Research Laboratory 
experiments. In the simulations, the absorbed irradiance in-
creased linearly from 0 to 1013 W/cm2 o ver a time of 2 nsec. 
For longer times, the absorbed irradiance was held constant. 
The time dependence of the separation between critical and 
ablation surface is shown in Fig. 1. Cíearly, for times longer 
than about 4 nsec, a steady state has been achieved- At steady 
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state, the time for the fluid to flow through the ablation layer 
is about 1.2 nsec, so once the irradiance is held constant, the 
steady state forms in just under two transit times. This result 
is characteristic of all of the simulations reported in Ref. 1. 

The next question is whether the rarefaction is isother
mal. To get the condition for this, we perform the calculation 
alluded to in Ref. 1, namely we calcúlate the drop in tem
perature necessary to power the assumed isothermal rarefac
tion. As discussed in Ref. 1, the outward thermal flux at the 
critical surface is pc vc Tc (temperature has dimensión of ve
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FIG. 1. The separation between critical and ablation surface as a function of 
t imefor/ l= l / / m , / = 1013 W/cm. Note the unmistakable achievement of 
steady state. 
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FIG. 2. Steady-state plots of density and temperature at three different 
times (observe the scale change ai~X = 1000/zm(. 

locity squared) which ispc T\n/Mxl% if the isothermal Mach 
number is unity. 

The temperature equation is 

3 « 9 ^ , 3 dT dv K d T5/2 dT 
— p — T H pv \-pT = A — — i ——. 
2H dt 2H dx H 3x dx dx 

(1) 
A s s u m i n g r ^ r + á r a n d ó r ^ r í t h a t i s á r - A T - ^ w e f i n d 
the equation for ST is 

pTe$L=K-LT?*!¥-. (2) 
dx dx dx 

Using the fact that at x = 0, ST = 0, -KT\nd&T/ 
dx=pTl/2/M1/2,weñnd 
8T= -(pct/KTl/2){\-exp[-x/(T/Mynt]), (3) 

where we have assumed/> and u on the left-hand side have the 
space and time dependence of an isothermal rarefaction 
wave. Thus as*—»-oo, 

¿ r U . - -PcL/KT2^0.\5L/Xc, (4) 

where L is the scale length of the assumed isothermal rar
efaction wave, L = {TC/M)ll2t, and xc is the spacing 
between critical and ablation surface. According to Ref. 1, 
xc = 0.15 KTz

c/p. Thus, as Sanmartín et al state, the scaling 
law shows that the length of the underdense plasma for 
which an isothermal approximation is valid is proportional 
to the length of the steady-state plasma. However the coeffi-
cient of proportionality is large, particularly since L is the e-

folding length of the rarefaction while xc is the total length of 
the steady región. Thus, in practice, the isothermal approxi
mation can be extremely good. Fluid simulations show that 
the underdense plasma is isothermal for lengths in excess of 
ten times the steady-state región, 

Here we present additional details of the fluid simula-
tion mentioned in Fig. 1. In Fig. 2 are shown the spatial plots 
of density and temperature at times t — 6,8, and 10 nsec of 
the simulation of Fig. 1. The graphs are displaced from one 
another in space so that the ablation point is fixed. (During 
the 4 nsec, the ablation surface moves inward about 10/im.) 
Again, it is clear that steady states do form. Furthermore, 
whiíe there is some falloff in temperature, the underdense 
expansión is much closer to being isothermal than adiabatic. 
For instance the temperature falls by less than 30% while the 
density falls by a factor of 5. This drop in temperature ap-
pears to be what is necessary to power the isothermal expan
sión. 

Thus, to summarize, the ablation región is steady state 
for steady-state absorbed irradiance, and the underdense 
plasma, in practice, is often well-described as isothermal. 

Additional points are 
(1) As shown in Fig. 2, the underdense plasma does not 

link directly onto a rarefaction wave, but there is a density 
transition, out to about 0.7 pc. This verifies one aspect of the 
theory of Ref. 2. However there does not appear to be any 
temperature transition región. 

(2) We do not think the explanation for the measured 
electrón velocity has to do with isothermal versus abiabatic 
rarefaction. Once the electrons move from the surface, three-
dimensional effects are a much more likely explanation of 
the velocity limit. 

(3) One great advantage of the steady-state theory is its 
relative simpíicity. Our derivation (in the uniform ilíumina-
tion case) took A\ journal pages and 18 equations. The deri-
vations of Sanmartín et al., took 15 journal pages and 100 
equations. Since accurate solutions are always available via 
fluid simulation, our principal goal was to get simple analyti-
cal solutions which shed light on the basic physics. The sim
píicity of the uniform illumination solutions also allow us to 
calcúlate results for nonuniform illumination. This is a vital 
consideration in láser fusión, and we feel it is important to 
get some sort of analytical result somewhere between the 
simplest "cloudy day" effect and a full fluid simulation. It is 
not clear whether the similarity solutions of Ref. 2 can be 
extended to treat nonuniform illumination. 
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