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Model for the boring of ultraintense lasers into overdense plasmas
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A simple piston model for the boring of ultraintense lasers into overdense plasmas is proposed. The hydro-
dynamic behavior of the laser-irradiated plasma is then determined in a self-consistent manner. Scaling laws
for the parameters characterizing the laser penetration, shock propagation, and shock-compressed plasma are
presented.@S1063-651X~98!13511-0#

PACS number~s!: 52.40.Nk, 52.35.Mw, 52.60.1h, 52.35.Tc
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I. INTRODUCTION

In the initial stage of laser interaction with solid targets
supersonic thermal wave propagates inward with ever
creasing speed. When the thermal wave slows to the orde
the ion sound speed, hydrodynamic motion develops an
quasistationary state is rapidly reached@1,2#. The hydrody-
namic behavior of a laser-irradiated plasma depends on
ponderomotive and thermal pressures. For lasers of inter
diate intensity, the thermal pressure is dominant, the he
plasma ablates backwards into the vacuum along the the
pressure gradient, while the reacting momentum pushes
plasma inwards and gives rise to a shock@3,4#. Such a pic-
ture seems to be consistent with the results†see, for example
Wilks @5#, Fig. 4~b!, Denavit @6#, Fig. 3, and Pukhov and
Meyer-ter-Vehn@15#, Fig. 1~a!‡ of numerical simulations
where shock and compression regions are seen. Shock
eration by plasma ablation has been studied using the ro
model @1,7–10#. With ultraintense lasers, it is possible fo
the ponderomotive pressure to dominate over the ther
pressure. Instead of flowing outward, the plasma is pus
inward by the light pressure directly. This process, refer
to as plasma boring, was first demonstrated in numer
simulations@5,11#. It has attracted much attention@6,12–18#
because of its possible application for fast ignition in la
fusion. In the experiments, the propagation speed and d
tion of the vacuum-plasma interface can easily be meas
from the Doppler shift in the spectrum of the reflected lig
blueshift for an expanding plasma and redshift for plas
boring @5,14,16,17#.

The penetration of laser light into overdense plasma
confined to a very thin layer of the order of the skin dep
For ultraintense lasers, the light pressure dominates ove
thermal pressure, the penetration layer recedes into the ta
against the light pressure gradient. The recession speedg can
be estimated@5,11,14# by balancing the light pressure wit
the momentum flux of the inward-streaming plasma. O
obtainsK[g/c5qA(Zm/mi)(nc /n)50.012qAnc /n, where
m andmi are the electron and ion masses,Z is the ion charge
number,nc and n are the critical and electron densities,q
5euELu/mvc50.8531029lAI is the laser strength param
eter,I 5(c/8p)uELu2 is the laser intensity in units of W/cm2,
andl is the laser wavelength inmm. However, this estimate
yields no information on the inward-streaming plasma flo
PRE 581063-651X/98/58~5!/6553~4!/$15.00
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which determines@3,4# the properties of the shock. Neve
theless, using available measured parameter values, u
information about the shock can be obtained. According
Denavit @6# associated the shock and soliton structures
served in the simulations with the well-known electrosta
ion acoustic solitons and ‘‘collisionless’’ Sagdeev shoc
@4#. The measured soliton and shock speed ranges for t
structures seem to agree with that from theory@4,6#. On the
other hand, a self-consistent theory including the relation
tween the laser-plasma interaction parameters and the
stream flow speed would be of practical interest.

Physically, one may imagine that the ultraintense la
pushes into the plasma like a piston@12,13,18#. The plasma
in the penetration layer is then set into motion, its mome
tum passes inward and gives rise to a shock when the
becomes locally supersonic. Here we propose a modified
ton model to describe the interaction region. The model c
sists of an undisturbed plasma in front of the shock an
shock-compressed platform of uniform density and tempe
ture behind it. The penetration layer is attached to the ou
edge of the platform. With this model, the behavior of t
plasma and the laser can be determined self-consistently.
results for the parameters characterizing the laser pen
tion, the shock propagation, and the shock-compres
plasma can be useful in the design and diagnostics of exp
ments involving ultraintense laser interaction with overden
plasmas.

II. FORMULATION

For simplicity, we shall assume that the dimension of
ser focus spot is larger than that of the compressed plas
so that the plasma motion can be taken as one dimensio
In a frame moving with the penetration layer, the conser
tion equations can be written in normalized units as

dj~NV8!50, ~1!

Ndjg05T~V8221!djN, ~2!

dj
2a1~12N/g0!a50, ~3!

where j5vz/c, N5n/nc , V85v8/s, g05(11a2/2)1/2, a
5euEu/mvc, E is the electric field strength,v85v2g is the
6553 © 1998 The American Physical Society
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plasma flow speed in the moving frame,s/c5AZTm/mi is
the normalized~by the light speedc) ion sound speed, andT
is the plasma temperature normalized bymc2. For the time
scale under consideration, thermal conduction, which is
the order of the electron thermal speed, readily smoothes
any local temperature difference. Thus the plasma behind
shock front can be taken as isothermal. In the nonrelativi
limit, Eqs. ~1!–~3! reduce to that for treating plasma ablatio
@1,7,9,10# associated with less intense lasers.

The density profile in the penetration layer is charact
ized by a very steep gradient connecting the upper and lo
density shelves. We see from Eq.~2! that the laser radiation
peaks at the sonic point, whereV851, N5Ns , and g0
5Gs .

Equations~1!–~3! can easily be solved to yield

V85Ns /N, ~4!

~Gs2g0!/T5~Ns
2/N221!/22 ln~Ns /N!, ~5!

g0
2~djg0!25~g0

221!@~Gs
22g0

2!22NT~Ns /N21!2# ~6!

for the penetration layer. The laser field decays~i.e., a and
dja tend to zero! at the upper density shelf whereN5N1 and
V85V18 . From Eqs.~4!–~6! one obtains

~Gs21!/T5~Ns
2/N1

221!/22 ln~Ns /N1!, ~7!

~Gs
221!/T52N1~Ns /N121!2 ~8!

for the upper density shelf.
In Fig. 1, Ns /N1 is plotted as a function of the ratio (Gs

21)/T of electron quiver energy to the thermal energy. F
ultraintense lasers the quiver energy is much higher than
thermal energy, and that makesNs /N1 very close to zero. As
a result, the density jump can be treated as a vacuum-pla
interface and in this approximation the sonic point is actua
located on the vacuum side. From the boundary condition
then haveGs

22152q2, and Eqs.~8! becomes

N1T5q252I /ncmc3, ~9!

FIG. 1. The densityNs /N1 at the sonic point as a function o
(Gs21)/T. Here (Gs21)/T is the ratio of the electron quiver en
ergy to thermal energy.
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which simply says that in the moving frame the light a
thermal pressures are in balance.

III. RESULTS

We now evaluate the parameters of interest. The par
eters in the upper shelf of the density jump are related
those of the shock-compressed platform. To study the sh
front, we stay in the frame moving with the penetration lay
and express the Hugoniot relations@1,3# as

h~V182F8!5~V082F8!, ~10!

h@11~V182F8!2#5T0 /T1~V082F8!2, ~11!

51~V182F8!255~T0 /T!1~V082F8!2, ~12!

whereh5N1 /N0 is the compression ratio,N05n0 /nc , V08
5v08/s, F85 f 8/s, n0 is the electron density in the undis
turbed plasma, andf 8 andv08 are the speeds~in the moving
frame! of the shock and the undisturbed plasma, resp
tively. From Eqs.~10!–~12! we obtain

F85V181A5/~4h21!, ~13!

V085V182~h21!A5/~4h21!, ~14!

T0 /T5h~42h!/~4h21! ~15!

for the normalized shock speed, the flow speed, and the t
perature.

From Eqs.~13!–~15! the well-known relation 1<h,4
for planar shocks can be recovered. The speeds can be t
formed to the laboratory frame through the relationsV5V8
1G andF5F81G. In the laboratory frame where the un
disturbed plasma is at rest the recession speed isG5g/s5
2V08 .

Equation ~9! gives T5q2/N0h and s/c5K/Ah for the
temperature of the shock-compressed plasma and the c
sponding ion sound speed, andK50.012q/AN0. Equations
~13! and ~14! yield

g/c5~h21!A5/h~4h21!K, ~16!

f /c5A5h/~4h21!K ~17!

for the recession and shock speeds.
Since the compression ratioh is confined to a limited

range, the above equations yield rather good scalings e
when the exact value of the compression ratio is unknown
Fig. 2 the temperature~in units of keV! of the compressed
plasma is plotted as a function ofq2/N0 . The solid and
dashed curves correspond toh51 and 4, respectively. In
general, all speeds involved in the hydrodynamic process
of the order of the ion sound speed@3#. In fact, both the
shock speed and the ion sound speed scale withK. Further-
more, the shock Mach numberMs5 f /s5hA5/(4h21) de-
pends only onh and has the range 1.29–2.31, which is co
sistent with that from the simulations@6# for low-Z ions. This
range is relevant to the ‘‘collisionless’’ Sagdeev@4,6# and
envelope@7# shocks.
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The depth of the penetration layer can be represente
the scale length at the critical density whereN51, V8
5Ns , and g05Gc . From Eq. ~2! we have kLc
5uN/djNujc

, or

kLc5~q2Gc /N1!A~Gc
221!~Gs

22Gc
2!, ~18!

whereGc511(q2/N1)ln N1 and k5v/c. The depth of the
plasma platform is approximately

d5~ f 2g!t5ctA5/h~4h21!K, ~19!

wheret is the pulse duration.
In the earlier studies@8# on shock generation by plasm

ablation, the temperature ahead of the shock is assumed
known ~usually a sufficiently low temperature! and then the
compression ratio is determined. This approach is clearly
suitable for the present problem. For normal incidence o
linearly polarized laser, theJ3B heating is the main mecha
nism of laser absorption, which produces energetic electr
directed into the target@11#. With ranges much larger tha
the depth of the shock-compressed plasma, these elec
travel ahead of the shock and deposit most of their energ
preheating the initially cold material@8,11#. The preheating
involves a variety of physical processes, and it is thus d
cult to estimate the plasma state ahead of the shock. On
other hand, the compression ratioh can be determined by
measuring the recession velocity or the surface tempera
Equation~14! then gives

T05q2~42h!/N0~4h21! ~20!

for the temperature ahead of the shock.

IV. DISCUSSION

The boring of an ultraintense laser into a plasma is as
ciated with a new mechanism of laser absorption@18#. Here
the radiation reflected from the receding plasma interfac
Doppler redshifted bydv/v52g/c. Thus, even if all the
incident photons are reflected, a finite amount of laser
ergy, I abs5(I /\v)\dv52(g/c)I , where I /\v is the flux

FIG. 2. The temperature~in keV! of the shock-compresse
plasma as a function ofq2/N0 . The two curves correspond toh
51 ~solid! and 4~dotted!, respectively.
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photon number, is absorbed by the plasma. In terms of
piston model, noting that the work done by the light press
is 2I /c per unit time, one also obtainsI abs52(g/c)I for the
absorption. Although the absorption rate is not large,
absorbed energy is more than sufficient to account for
heating of the compressed plasma.

Plasma boring can occur in the interaction of an inten
laser pulse with preplasmas as well as solid targets. In
experiments, preplasmas can be produced by a separate
pulse, a prepulse ahead of the main peak, or the rise fron
a not-so-clean laser pulse. Typically, the size of a preplas
is a few laser wavelengths or more. In this caseN0 is the
average preplasma density, which is well below the so
target density but still overcritical. The laser can easily pu
into the preplasma and results in a larger redshift in the
flected light than that for a clean pulse-solid target inter
tion. For Il251019 W mm2 cm22, t51 psec,N0510, and
h53, the plasma density profile is shown in Fig. 3. T
temperatures behind and ahead the shock are 120 keV an
keV, respectively. The recession and shock speeds
0.008c and 0.012c ~corresponding toMs52.02), respec-
tively. The depth of laser penetration isLc50.37l, and
depth of the compressed plasma isd51.2 mm.

One can also apply the present model to the boring
solid targets by a ‘‘clean’’ laser pulse, i.e., a pulse with
very sharp rising front. Such a pulse can push into the so
density plasma directly if its intensity is sufficiently high. I
this caseN0 is the normalized electron density of the targ
The spatial structure is similar to that of Fig. 3 for interacti
with a preformed plasma discussed above, but the scale
both the temperature and distance are much reduced h
For Il251019 W mm2 cm22, t51 psec,N05300 ~or mass
density r'1 g cm23), and h53, the temperature of the
compressed plasma is merely 4 keV. WithK50.0019, the
recession and shock speeds are of the order 1023c. The
depthLc of laser penetration is 0.01l, and the depthd of the
compressed plasma is 0.22mm.

To summarize, we have presented in this paper a sim
one dimensional model for the boring into overdense pl
mas by ultraintense lasers. The model is based on the ob
vation that the plasma in the laser penetration layer is pus

FIG. 3. The profile of the laser-irradiated plasma forIl2

51019 W mm2 cm22, t51 psec,N05n0 /nc510, andh53. Here,
k52p/l, wherel is the laser wavelength.
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inward by the light pressure@5,6#. A shock is then formed
when the flow becomes sufficiently high locally. The pres
situation differs from that@1,7–10# for weaker lasers in tha
here the light pressure greatly dominates over the ther
pressure. Parameters of physical interest are then obta
self-consistently. The results may be useful in predicting
penetration depth, the shock Mach number, the tempera
and size of the compressed plasma, etc. The model, whic
based on quasi-stationary hydrodynamic conservation la
does not describe the details of the process. In particula
does not account for the ultrafast electrons observed in
simulations and experiments@5,12,19#. These electrons are
however, few in number and have very long stopping d
tances, and are therefore not expected to directly affect
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region of interest. On the other hand, the model is one
mensional, so that several related important phenomena@14–
18,20,21#, such as self-focusing of the laser light, chann
formation in the plasma, and magnetic field generation,
precluded.
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