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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-(

PACS numbsgs): 52.40.Nk, 52.35.Mw, 52.66-h, 52.35.Tc

I. INTRODUCTION which determineg$3,4] the properties of the shock. Never-
theless, using available measured parameter values, useful

In the initial stage of laser interaction with solid targets, ainformation about the shock can be obtained. Accordingly,
supersonic thermal wave propagates inward with ever deDenavit[6] associated the shock and soliton structures ob-
creasing speed. When the thermal wave slows to the order skrved in the simulations with the well-known electrostatic
the ion sound speed, hydrodynamic motion develops and @n acoustic solitons and “collisionless” Sagdeev shocks
quasistationary state is rapidly reachdq?]. The hydrody- [4]. The measured soliton and shock speed ranges for these
namic behavior of a laser-irradiated plasma depends on th&ructures seem to agree with that from thefghyp]. On the
ponderomotive and thermal pressures. For lasers of interm@ther hand, a self-consistent theory including the relation be-
diate intensity, the thermal pressure is dominant, the heateveen the laser-plasma interaction parameters and the up-
plasma ablates backwards into the vacuum along the thermatream flow speed would be of practical interest.
pressure gradient, while the reacting momentum pushes the Physically, one may imagine that the ultraintense laser
plasma inwards and gives rise to a sh¢8ld]. Such a pic- pushes into the plasma like a pistft®,13,18. The plasma
ture seems to be consistent with the resides, for example, in the penetration layer is then set into motion, its momen-
Wilks [5], Fig. 4b), Denavit[6], Fig. 3, and Pukhov and tum passes inward and gives rise to a shock when the flow
Meyer-ter-Vehn[15], Fig. 1(a)] of numerical simulations becomes locally supersonic. Here we propose a modified pis-
where shock and compression regions are seen. Shock geten model to describe the interaction region. The model con-
eration by plasma ablation has been studied using the rocksists of an undisturbed plasma in front of the shock and a
model[1,7-10. With ultraintense lasers, it is possible for shock-compressed platform of uniform density and tempera-
the ponderomotive pressure to dominate over the thermdlre behind it. The penetration layer is attached to the outer
pressure. Instead of flowing outward, the plasma is pusheeddge of the platform. With this model, the behavior of the
inward by the light pressure directly. This process, referrecplasma and the laser can be determined self-consistently. The
to as plasma boring, was first demonstrated in numericalesults for the parameters characterizing the laser penetra-
simulationg[5,11]. It has attracted much attentip@,12—1§  tion, the shock propagation, and the shock-compressed
because of its possible application for fast ignition in lasemplasma can be useful in the design and diagnostics of experi-
fusion. In the experiments, the propagation speed and direenents involving ultraintense laser interaction with overdense
tion of the vacuum-plasma interface can easily be measurgalasmas.
from the Doppler shift in the spectrum of the reflected light:
blueshift for an expanding plasma and redshift for plasma Il. FEORMULATION
boring[5,14,16,17.

The penetration of laser light into overdense plasmas is For simplicity, we shall assume that the dimension of la-
confined to a very thin layer of the order of the skin depth.ser focus spot is larger than that of the compressed plasma,
For ultraintense lasers, the light pressure dominates over tH® that the plasma motion can be taken as one dimensional.
thermal pressure, the penetration layer recedes into the targét @ frame moving with the penetration layer, the conserva-
against the light pressure gradient. The recession spead  tion equations can be written in normalized units as
be estimated5,11,14 by balancing the light pressure with

the momentum flux of the inward-streaming plasma. One d:(NV’)=0, @)
obtainsK=g/c=q+/(Zm/m;)(n./n)=0.01Z3yn./n, where
m andm; are the electron and ion massgss the ion charge Nd§y0=T(V/2— 1)d;N, (2)
number,n, andn are the critical and electron densitieg,
=e|E,|/mwc=0.85x10 °\ /I is the laser strength param- dZa+(1-N/ypa=0, ®))

eter,| = (c/8m)|E,|? is the laser intensity in units of W/cin
and\ is the laser wavelength inm. However, this estimate where é=wz/c, N=n/n,, V'=v'ls, yo=(1+a%2)*? a
yields no information on the inward-streaming plasma flow,= e|E|/mwc, E is the electric field strengtl,’ =v —g is the

1063-651X/98/565)/65534)/$15.00 PRE 58 6553 © 1998 The American Physical Society



6554

100

10'1 E

-

-~ 10'2 E

103 }

104
0

( rs'l) /T

FIG. 1. The densityNs/N; at the sonic point as a function of
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which simply says that in the moving frame the light and
thermal pressures are in balance.

Ill. RESULTS

We now evaluate the parameters of interest. The param-
eters in the upper shelf of the density jump are related to
those of the shock-compressed platform. To study the shock
front, we stay in the frame moving with the penetration layer
and express the Hugoniot relatiofis3] as

n(Vi—F")=(Vo—F’), (10)
1+ (Vi—F")2]=To/T+(Vy—F")? (12)
5+(V1—F')?=5(To/T)+(Vo—F')?, (12)

(I's—1)/T. Here [s—1)/T is the ratio of the electron quiver en- Where 7=N3/Ng is the compression ratidNo=no/nc, Vo

ergy to thermal energy.

plasma flow speed in the moving fram®c=ZTm/m; is
the normalizedby the light speed) ion sound speed, and
is the plasma temperature normalizedryg?. For the time

scale under consideration, thermal conduction, which is of

=vyls, F'=1'ls, ny is the electron density in the undis-
turbed plasma, antl andv are the speedén the moving
frame of the shock and the undisturbed plasma, respec-
tively. From Egs.(10)—(12) we obtain

the order of the electron thermal speed, readily smoothes out

any local temperature difference. Thus the plasma behind the

shock front can be taken as isothermal. In the nonrelativistic

limit, Egs. (1)—(3) reduce to that for treating plasma ablation

[1,7,9,1Q associated with less intense lasers.

F'=V,+\5/(45—1), (13)
Vo=V~ (n-1)\Bl(47-1), (14)
To/T=n(4=n)(4n—-1) (15

The density profile in the penetration layer is characterfor the normalized shock speed, the flow speed, and the tem-
ized by a very steep gradient connecting the upper and lowdgerature.

density shelves. We see from HE) that the laser radiation

peaks at the sonic point, whel' =1, N=Ng, and y,
:FESduations(l)—(3) can easily be solved to yield

V' =Ng/N, (4)

(T's— )/ T=(N2/N?>—1)/2—In(Ng/N), (5)

Yo(devo)?= (75— DI(IE— 7)) —2NT(Ns/N=1)%] (6)

for the penetration layer. The laser field decdys., a and
d.a tend to zerpat the upper density shelf whele=N,; and
V’'=V]. From Eqs.(4)—(6) one obtains
(Ts—1)/T=(N2/N3—1)/2—In(Ns/N,), 7)
(T'2—1)/T=2N;(Ng/N;—1)? (8)

for the upper density shelf.
In Fig. 1, Ng/N; is plotted as a function of the ratid’(

From Egs.(13)—(15) the well-known relation & <4
for planar shocks can be recovered. The speeds can be trans-
formed to the laboratory frame through the relatidhs V'
+G andF=F'+G. In the laboratory frame where the un-
disturbed plasma is at rest the recession speéai=ig/s=
-Vy.

Equation (9) gives T=q%Ny7n and s/c=K/ /7 for the
temperature of the shock-compressed plasma and the corre-
sponding ion sound speed, aKd=0.012y/\/N,. Equations
(13) and(14) yield

g/c=(n—1)Vy5/n(4n—1)K, (16)
flc=\57/(4p—1)K 17)

for the recession and shock speeds.

Since the compression ratig is confined to a limited
range, the above equations yield rather good scalings even
when the exact value of the compression ratio is unknown. In
Fig. 2 the temperaturén units of keV) of the compressed
plasma is plotted as a function @f/N,. The solid and

—1)/T of electron quiver energy to the thermal energy. Fordashed curves correspond tp=1 and 4, respectively. In
ultraintense lasers the quiver energy is much higher than thgeneral, all speeds involved in the hydrodynamic process are
thermal energy, and that makils/N; very close to zero. As of the order of the ion sound spe¢d]. In fact, both the

a result, the density jump can be treated as a vacuum-plasnsiiock speed and the ion sound speed scale Kuitkurther-
interface and in this approximation the sonic point is actuallymore, the shock Mach numbét = f/s= 55/(4n—1) de-
located on the vacuum side. From the boundary condition weends only orny and has the range 1.29-2.31, which is con-

then havel'2—1=2q?, and Eqs(8) becomes

N;T=qg%=2l/n,mc3, 9)

sistent with that from the simulatiofi§] for low-Z ions. This
range is relevant to the “collisionless” Sagdep4,6] and
envelopg 7] shocks.
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FIG. 2. The temperaturéin keV) of the shock-compressed F'?- 3. l’he grofile of the laser-iradiated plasma fior?
plasma as a function af?/N,. The two curves correspond tp =10 W um cm =1 psec,No=ngy/n.=10, andn=3. Here,
=1 (solid) and 4(dotted, respectively. k=2m/\, where\ is the laser wavelength.

The depth of the penetration layer can be represented byhoton number, is absorbed by the plasma. In terms of the
the scale length at the critical density wheke=1, V' piston model, noting that the work done by the light pressure
=Ng, and y,=I.. From Eq. (2) we have KL, is 2l/c per unit time, one also obtaing,—=2(g/c)! for the

=|N/dN|,, or absorption. Although the absorption rate is not large, the
eNlg,
absorbed energy is more than sufficient to account for the
KLe=(0?T¢/Ny)(T2—1)(I'2-T?), (18)  heating of the compressed plasma.

Plasma boring can occur in the interaction of an intense
whereI';=1+(g%N;)In N; andk=w/c. The depth of the laser pulse with preplasmas as well as solid targets. In the

plasma platform is approximately experiments, preplasmas can be produced by a separate laser
pulse, a prepulse ahead of the main peak, or the rise front of
d=(f-g)r=c7y5/n(47—1)K, (19 a not-so-clean laser pulse. Typically, the size of a preplasma

h is th Ise durati is a few laser wavelengths or more. In this cé&gis the

w lereg Is t ?. pu sed'uratlon. hock ion by bl average preplasma density, which is well below the solid-
n the earlier studie$8] on shock generation by plasma 1,46t density but still overcritical. The laser can easily push

ablation, the temperature ahead of the shock is assumed to o the preplasma and results in a larger redshift in the re-

ok (us.ually a s_ufﬁmently low temperatL)rand -then the flected light than that for a clean pulse-solid target interac-

compression ratio is determined. This approach is clearly N%on. For IN2=10%° W um?em2, 7=1 psec,No=10, and

suitable for the present problem. For normal incidence of a__ - ! - '

' . o ; n=3, the plasma density profile is shown in Fig. 3. The
linearly polarized laser, thex B heating is the main mecha- temperatures behind and ahead the shock are 120 keV and 33

nism of laser absorption, which produces energetic electror‘1§ev respectively. The recession and shock speeds are
directed into the targdtll]. With ranges much larger than 0.068: and 0.012 (corresponding toM.=2.02), respec-

the depth of the shock-compressed plasma, these electro ; _
travel ahead of the shock and deposit most of their energy bg\zzltyh' ;rlﬁedfsr;hprzgsl’zzegl;seg;tgiog ML:; 0.3, and

preheating the initially cold materigB,11]. The preheating One can also apply the present model to the boring of

|n\ﬁ)Itves ?va?et% of [ljhysmaltptrocehssej, :?r:g It 'ﬁ thlgsg'ff;]solid targets by a “clean” laser pulse, i.e., a pulse with a
cult to estimate the plasma state anead of the snock. ©n ry sharp rising front. Such a pulse can push into the solid-

other h?‘”d’ the compression ratpcan be determined by density plasma directly if its intensity is sufficiently high. In
measuring the recession velocity or the surface temperaturﬁm caseN, is the normalized electron density of the target.

Equation(14) then gives The spatial structure is similar to that of Fig. 3 for interaction

To=02(4— 7)/Na(47—1 20 with a preformed plasma dispussed above, but the scales for
0= (4= m/No(47—1) 20 both the temperature and distance are much reduced here.
for the temperature ahead of the shock. For IN=10" W um® cm™2, 7=1 psec,No=300 (or mass
density p~1gcm ), and =3, the temperature of the
IV. DISCUSSION compressed plasma is merely 4 keV. WKk~ 0.0019, the

recession and shock speeds are of the orderd0The
The boring of an ultraintense laser into a plasma is assodepthL . of laser penetration is 0.@1and the deptld of the
ciated with a new mechanism of laser absorpfib8]. Here  compressed plasma is 0.2an.
the radiation reflected from the receding plasma interface is To summarize, we have presented in this paper a simple
Doppler redshifted bySw/w=2g/c. Thus, even if all the one dimensional model for the boring into overdense plas-
incident photons are reflected, a finite amount of laser enmas by ultraintense lasers. The model is based on the obser-
ergy, |l = (I w)h Sw=2(g/c)l, wherel/fiw is the flux  vation that the plasma in the laser penetration layer is pushed
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inward by the light pressurgb,6]. A shock is then formed region of interest. On the other hand, the model is one di-
when the flow becomes sufficiently high locally. The presentmensional, so that several related important phenorieha
situation differs from thaf1,7—1Q for weaker lasers in that 18,20,2], such as self-focusing of the laser light, channel
here the light pressure greatly dominates over the thermdbrmation in the plasma, and magnetic field generation, are
pressure. Parameters of physical interest are then obtaingdecluded.
self-consistently. The results may be useful in predicting the
penetration depth, the shock Mach number, the temperature

and size of the compressed plasma, etc. The model, which is

based on quasi-stationary hydrodynamic conservation laws, This work was partially supported by the Sonderfors-
does not describe the details of the process. In particular, thungsbereich 191 Niedertemperatur Plasmen. One of the
does not account for the ultrafast electrons observed in thauthors(W.Y.) thanks the K. C. Wong Education Foundation
simulations and experimenf§,12,19. These electrons are, (Hong Kong, the Deutscher Akademischer Austauschdienst,
however, few in number and have very long stopping dis-and the National High-Technology Program of Chii@on-
tances, and are therefore not expected to directly affect thigact No. 863-416-3-1¥for financial support.
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