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Subpicosecond pulse laser absorption by an overdense plasma with variable ionization
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Transient ionization of an overdense plasma produced by a subpicosgepaoldrized obliquely incident
pulse laser of moderate intensity (#9010 W/cn?) changes the plasma heat transfer via processes dominated
by the return current and the absorption rate via ion acceleration. To explore the effect of variable ionization,
a hybrid one-dimensional electro-magnetic particle-in-cell method that conforms to a direct solution of the
Fokker-Planck-Landau equation is applied. A method that includes the Langevin equation to account for
Coulomb collisions and the average ion model to calculate the nonlocal thermodynamic equilibrium ionization
balance provides good agreement between the computed absorption and the measured results.
[S1063-651%99)03906-9

PACS numbds): 52.40.Nk, 52.25.Jm, 52.65.Rr

[. INTRODUCTION turn curren{ 16], which strongly depends on the plasma con-
ductivity. The transient plasma ionization obviously plays a
An overdense plasma irradiated by a subpicosecond puldeey role in both cases. Moreover, a recent experingidt
laser of moderate intensity € 10*—10*¥W/cn¥) is consid-  has displayed the strong dependence of the plasma reflectiv-
ered as an efficient, high brightness, tabletop 1-10 keV x-rajty on the prepulse delay. In the experiment the plasma
source[1-5]. Although the x-ray emission should be well reflectivity for the same T=120fs, A\=800nm, 45°
characterized for optimization in any application, the presenp-polarized laser pulse changed from 35% to more than
experimental diagnostics have limited temporal and spectréd0% with the prepulse delay increased from 4 to 18 ps. A
resolution. Therefore, the self-consistent simulation of theletailed analysis of the variable ionization effect is crucial to
laser absorption and heat flow combined with atomic kineticdind ways to increase the x-ray brightness and/or to repro-
inside the plasma, which can predict the time-dependerduce the spectroscopy measurements.
x-ray intensity and spectrum, is extremely desirable. For moderate laser intensities, an x-ray source simulation
The complexity of the subpicosecond pulse laser interacis supposed to start from an initially cold solid-density
tion with a solid-density plasma has been shown in a numbeplasma that is rapidly heated to some hundred eV. To foresee
of paperg[6—17]. The energy of an ultrashort pulse laser isthe plasma x-ray emission we have to know the absorption,
absorbed by the plasma with a steep density gradient throudieat flow, and ionization dynamics in plasmas. But these
collisional and collisionless processes including the resoprocesses cannot be described in the framework of classical
nance absorption, anomalous skin effect, and vacuum heaEresnel and Spitzer-Harm theories and local thermodynamic
ing. When an intense laser pulse irradiates the target, higequilibrium (LTE) ionization balance during laser-plasma in-
energy electrons can be produced from a variety of interacteraction[13,15. In the present work, we carry out self-
tions such as direct acceleration by the laser electric field oconsistent modeling of the absorption op-golarized short-
by the resonant excitation of plasma waves. In high densitpulse laser by such a plasma which is the basic component of
plasmas collisions may dominate the temporal and spatian x-ray emission simulation. Our main goal is to understand
evolution of the energy distribution of electrons, and theirthe effect of elastic and inelastic collisions on the absorption
relaxation and transport, eventually resulting in thermalizaefficiency and heat transfer when the collisionless absorption
tion of electrons and heating of the plasma. In this caseis not negligible. To overcome the problem of self-consistent
absorption of the laser also strongly depends on the atomisolution of the Fokker-Planck-Landa@rPL) equation for
kinetics inside the plasma. In the case of ultrashort puls@lasma electrons along with ionization dynamics and the
laser irradiation, the time required to ionize significantly theMaxwellian curl equations for laser fields we suggest one-
target material is comparable to the pulse duration. Subseadimensional in the conventional space and three-dimensional
guent increases of electron density and ion charges during the velocity spac€1D3V) electromagnetic particle-in-cell
the laser pulse modify the rate of absorption and the penetrdPIC) simulation[18] with the Langevin equation that con-
tion depth of the heat front into the target. forms to a direct solution of the FP equatiftf]. The laser
The strong effect of variable ionization on heat transfer inprepulse[17] is supposed to produce an initial plasma den-
a solid-density carbon plasma has been showfl§j; the sity distribution and to preheat the plasma.
collisional absorption has been used assuming a normal in- To include atomic physics processes a new method is de-
cidence laser and the laser absorption has not been calculateeloped by adding a “kinetics™ grid for macroscopic param-
self-consistently. When an obliquely incideptpolarized eters of plasma such as the density, temperature, average
pulse laser irradiates the target, the principal process responharge, and level population, and by allowing a superpatrticle
sible for the high absorption efficiency is the resonance ab¢particles used in numerical simulatiorcharge to be
sorption. The absorption efficiency is changed by the iorchanged according to the average ion model. To provide the
acceleratior{12], and the heat flow is dominated by the re- statistics, a “kinetics” cell includes many PIC cells.
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The paper consists of three parts. In the first part the dpy Pk
method employed is described. In the second part the heat gt~ Gk E(ro+ 22 XH(r) |+ Pu(vid, (29
flow and ionization balance in a carbon plasma irradiated by Yk

ans-polarized pulse are presented. A good agreement of thgere p is the momentumr, is the positionqg,, M, are
results with those of the direct solution of the FPL equationcharge and mass of a partice,= —e, q;=Z,e, Z, is the

([15]) is shown. In the third part, the absorption efficiency ofjon charge, andE andH are the electric and magnetic fields.
a p-polarized pulse laser and the heat flow in a Si plasma
with variable ionization, taking into account the effect of Y= VM ZcH+c2p?
) . k k Pk-
laser prepulse, are discussed. The strong effect of elastic col-
lisions and variable ionization on the heat transfer is demOﬂHere Pk(vk) is the collisional term of the equation inc|uding
strated. The role of the return current in energy depositiore|astic collisiong18] such that
and ionization dynamics is revealed.

P(vi) =fi+ (dyé+9km). (2b)

The term in the brackets is the fluctuating acceleratiom
Nonideality and degeneracy of plasma electrons are thdescribe the normal random processes with the same charac-
main problems in the simulation of solid-density plasma anderistics,
laser interactions at moderate laser intensities. These prob-
lems arise because the plasma is initially cold. The parameter (&())Y=0, (&) E(t+AL))= 6 S8(AL),
of ideality, (20

t+At
Ti=e2(4mNy/3) V3T, (&) m(t+At)) =0, ft &t =pV/At,

1. GENERAL EQUATIONS

is equal to unity afT,=er, where the Fermi energy is al- wherep, is the normally distributed random number.
ready about 5-10 eV. At lower temperatures, plasma elec- T4 determine functiong d,g in Eq. (2b), Eq. (28 should
tron.s degenerate and cannot be considered as particles. 'B@ integrated in timét,t+At] with E=H=0. Then by us-
avoid such problems we have to assume that a plasma jgq the solutions of Eq(2a), the velocity correlation func-
heated by a laser prepulse to a temperature Whea'1 and  tiong(Ay,) and(Av;Av;) can be calculated. In the problem
electrons can be treated as particles, but the temperature isqer consideration only non-relativistic particle collisions
still small enough(10-20 eV, se¢13,15)) to simulate the 50 important. So the representation of the collisional term is
plasma ionization dynamics and the transient x-ray emissionyien in the nonrelativistic form, although the equation can
The self-consistent simulation of a nondegenerate, solidpg easily transformed to a relativistic form by using Budker's
density plasma should be based on the FPL equation with thg,jisional integral. In the limitAt—0 the nonrelativistic
collisional integral in the Balescu-Lennard fofi20,21], correlation functions must give the Fokker-Planck coeffi-
cients, that are expressed through well-known Rosenbluth

of, J f ( of 4 ofp ) - ; ; it i,
Tal  _ dpew22(v., v £ £ 1, potentialg[22] for a plasma with a Maxwellian velocity dis
L P &pai% PuWij (Va, Vo) IPaj ° Ippj ° tribution,
2 @ 1
dk [4me,e,)\ “kikio(k-va—Kk-Vvp) — i _ ap
ab_ a~b| MRy a b Aios(V)= Iim —(Av;,5) =N ff (Vg)w*dvy,
WIJ v (277)3 k2 |8(k'Va,k)|2 ' iaB AtHOAt iaB B BB I B

(2d)
wheref,(p,) is the distribution function of particlea and 1 B
e(k-v,k) is the plasma permittivity. Foe=1 Eq.(1) is the ~ Bikep(V)= lim E<AviaﬁAviaﬁ>:Nﬂf fa(vp)wij"dvg,
well-known Landau collisional integral. To avoid the com- Ao
plexity of calculation in Eqg.(1) we also assume that the
effect of permittivity is only in the value of Coulomb loga-
rithm A, in the FPL equatioi22]—the effective collision (

where

approximation. Hence the Coulomb logarithinis the pa- Wi“B=— ll\LAa’B
rameter of plasma collisionality. Then following the TKN
approximation 23] we setA ;=2 for an overdense plasma. 2 (2¢)
We should also note that the method presented below allows, ;a5 — “aﬁ)

in principle, a numerical solution of Eq1), but such a so- M,
lution is difficult.

)(Uia_Uiﬁ)lva_vﬂ|al(|va_vﬁ|)a

[e3

|Va'_v,8|3

3

0y (Via=Vig)(Vja—Vjp) (
20'1_ 50'2

X| §i—=
"2 |Va_v,8|2

1}

A. Langevin equation

In the frame of an effective collision approximation for are the velocity correlation functions inherent to elastic col-
the PIC plasma simulation, that conforms to the modelindisions with the transport cross sections
based on the FPL equation, we must use the Langevin equa-
tion for the motion of charged particles. The equation has the

form 01=f (1—cosh)da, 02=J (1—co¢ #)do.
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The differential cross sectiodo depends on a collisional W
process. The reduced masg, is determined in the conven- ‘b(W):ZJO dx e ¥/,
tional way.
The normalized matricekd,g can be present in the fol- _ . , 2
lowing form [18]: G(w)=[(w)=wd’(w)]/(2w").
fizAi—N(d.kﬁ_g‘k)M' The plasma parameters are determined on the “kinetics”
. . v grid. The procesg describes plasma electron scattering by

(2f) ions, { describes the moment rotation as a result of electron-

L2 1 ., electron collision,n describes energy redistribution between
( ik » gik:E(Bf ik » electrons after collision, providing the system ergodicity
even if there is no electromagnetic field in the plasma. Equa-
where BY2 and BY2 are the roots of the matriB. The tion (3) conserves the energy of the systerm\oglectrons in

contrast to the Monte Carlo methods that conserve energy of
two particles. We should note also that a modification of Eq.
(3) for electron-ion collisions by including the lowest limit of
drift velocity like the Fermi velocityv provides the TKN
approximation[23] down to a few eV for solid-density

parameteX in Eq. (2f) equals zero for collision of same-
mass particles and equajsfor collision of light particles
with infinite-mass particles. By substituting the Coulomb
cross sections

1 Ame?e@ A plasma of Al.
or(lv=v'])= 502(|V_V,|): a_ﬁr . ~ By using the fifth momentum Grad aEproxm{:mon for the
Ma,3|V V| ion distribution function[Eq. (38 with g=0] the ion colli-

sional term can be obtained in the following form when elec-
into Eqg. (2d) and by assuming further that the distribution tron temperaturd ., exceeds the ion temperatufe:
function of scatterers in the-e collision term has the eighth
momentum Grad approximation form

Z 2\ 2
N (V_ U)Z Pi= —47TA/(( Me) ) N yG(Y)
0 e -] ey
Ze’> [4mwAN, 8
qv—u) [ 2 (v-u)? + —_>
X1 vy (1_5 vg ) (33 Mi %\ or, 3y

where the thermal velocityt and the heat flovg are

3
(za 47A'N y
+ ( ) d(y)— (HY%ﬁr—yﬂmgﬂ)

2
vimg{vmud as(vowiv-w), ' 2G(Y)lz(y,§2)},
y

with u the mean velocity, and for electron-electron and
electron-ion collisional terms we get the equatjds]

y=(vi—ujlvr, (30)
7e?\2 {1,¢» describe the random processesifeti collisions, and
P.= —47TA(—) {5 describes ones fdr—e collisions with energy exchange.
Me u; is the ion mean(fluid) velocity, Z is the average ion
Me V 4 w , 4(q-w) _charge. All macroscopic value_s are determine_d ir_1 the “kinet-
T Ni—3+ 5 Ne—G(W) =Ne®' (W) —7—Ww ics” cell. The Coulomb logarithms\, A’ for i—i ande
M v® v tw S5v7 L . .
c —e collisions, respectively, may be different.
2 [ 4w AZ2N;\ 12 The dimensionless units used even for an (_)bll_qu_ely inci-
+ e_(w—) ( V(Vf)) dent wave have the following forfiv—15: velocity is inc,
Me v v energy is inm,c?, electromagnetic fields ia/(mcw), time

e? (477ANe u in ™1, the coordinate is irt/w. In such units the charge

w
) Z[\/CD(W)—G(W)< - W(w,g)) density and current are measured mp.(/w)? Here w and

vt W wp are the laser and plasma frequencies.

w
G(W)W (w, 7])} . (3b) B. Two-wave approximation

Since a two-dimensional simulation needed to take into
In Eq.(3) w=(v—u)/vt, n, & ¢ describe the normal random account all possible absorption processes is still impractical
processes, each of the vectors has three independent compo-+eproduce the x-ray emission of multiple charged ions in a
nents with the mean equal to zero, and the dispersion equadasma irradiated by @=0.1-10ps pulse laser, we try to
(2)"12 simplify calculations by reducing the problem to one dimen-
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sion. For that we suggest a two-wave approximatibiwA), ¢, =txsinOx+cosdy= . (X,7=t+cosdy), (4)

in the following[9]. In this way we expect to treat correctly

the collision absorption, vacuum heating, anomalous skin efef both waves are parallel to the plasma surface. The TWA

fect, and resonance absorption. assumes that there is no distortion of such a wave front dur-
According to the TWA there are two plane waves in theing laser-plasma interaction, no backward scattering, and im-

plasma. The first wave is the incoming laser field propagatplicitly uses the assumption thaflT>1, wherew is the laser

ing inward in the plasma in th&¥—Y plane at an arbitrary frequency and is the laser pulse duration. The last assump-

angle 8 with respect to the axis, and the second one repre- tion is valid even for subpicosecond pulse lasers.

sents the reflected portion of the laser field propagating out- The TWA equations are derived from the two-

ward through the plasma at the angld¢o its surface. Both dimensional Maxwellian curl equations written in the follow-

waves are coupled by the plasma current. The wave frontsng form:

gH, JE x [  0Esrx dH, OBy [,  0Esty
gy ot ( XT o ) TTax ot (JY+ ot )
. . 5)
ELy 0ELx_ Mz  Esix sty dix div_ o
X ay at o ay P oax Tay T at

whereL marks a laser field an8Tdenotes the plasma electrostatic field. In the frame of the TWA the following equations are
obvious:

dy AL AL
ay
whereA =Hz,E, . Then, by excludinds, x and by introducingd,=sin#Hz, Eq. (5) can be reduced to the one-dimensional
form,

EST,Y: 0,

Ho By JELy [.  IEsTx . dHg
—_—_— = _’+ ! + ! —_— — —_—
X sing ot Jysiné, X I x at cosé sin@ ot
t JE JE oH JE (63
_ oo ST.X L,X: z ST,X:
EL,X—HZcos¢9+J’Odt ix+ FY ) I X cosé, X p.
Equation(6a) can also be rewritten in the form of two plane waves,
D A tsingA.=— 1], sinoT=coss| j ot CoSX
& +SIN E i——ijsm +§COS Jx ot 1
HZ=(A++A,)/SIH 0, EL,Y:A+_A* y
: (6b)
EXZEL,X+EST,X1 EL')(:(A_*_'FA_)COSG/S”’]G,
(7(1+X)EST,x:
dx p:

where A, andA_ are the fields of incoming and outgoing the fields, current components, and charge density deter-
waves moving with the velocity-sii ! and sind %, respec- mined in the laboratory reference frame to the Maxwellian
tively, in thex direction, with y as the implicit susceptibility equations in the relativistic reference frame,

[17,23. The absorption efficiency; is determined by the

following equation: EX=(ER—HY cos)/sine,

n:l_fthz(t,X)/J’thi(t,X)_ Hlez(Hg’—E'Qcosﬁ)/sinﬁ, E§}=EI$.

rl__ i lb H rl__ b
Equation(6) exactly corresponds to the one-dimensional ap- Jy=(y*pcost)ising, j=ix,

proximation[9] which used a relativistic frame of reference 1 b b )
moving withu, = —cosé. This can be shown by substituting p"=(p”+]jycosd)/sing,
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where the Ib marks the values in the laboratory frame and the R,= CZSITg’Z, C=6x%x10"2" cmfeV?¥?¥s
rl in the relativistic frame. But the laboratory reference frame
is much preferable for nonrelativistic plasmas by letting us,

avoid the noise due to appearance of the plasma charge dé _the threg—body r_ecqmbjnation rate. Field ionization, in-
sity in the Maxwellian curl equations. Equatidfb) is the cluding optical field ionizatioOFI) is included by introduc-

. . . . . . -y _1
well-known normally incident-wave equatiofil5] at ¢ N9 the optical field ionization probability;“(Iz,Ey) [24],
— /2. 4 d (] whereE, is the effective electric field in thkth “kinetics”

cell. In Eqg.(8) « is a normalization constant. The effective
current approximatiof25] is used to include the energy loss.
Excited states are not presented in the model. The ionization
energyl , is continuously changed with average ion charge,
Z, and is fitted to be equal to a realistic energy at an integer
Z. The charge change by E(Ba) is determined after every
Even during a short laser pulse there is essential collitime step and redistributed over all ion and electron super-
sional ionization of plasma because of high plasma densitparticles belonging to a “kinetics” cell. The charges of the
[13,15. For example, by using the Lotz formula for the col- superparticles are changed by adding
lisional ionization cross section,

In(e/l) AQek=AQek/Nke, Adik=—AQek/Nyi, (8b)
c

o,~4x 10" % ——cn?, (7)
SIZ

The boundary conditions for E5) are trivial. The in-
coming field is equal to the laser at the right side of the
plasma, and the outgoing field is zero at the left side.

C. Average ion approximation

whereN,. andN,; are the number of the electron and ion
wherel; is the ionization energy in e\ is the number of superparticles, respectively, in the cell. The energy of the
equivalent electrons in an ion shedljs the electron energy particle producing the new charge is decreased on
in eV, and assuming that the plasma densityis equal to
5X 1.022.cm_‘3 an_d electron energies are about 100 eV, we get As,=Ngu,05(0v))] ,At.
the ionization timer; equal to7(1,=100eV)=5fs. This
time is much shorter than the pulse duration, but already for )
|,=500eV, r,>100fs and can be longer than the laserThe plasma parameters like the electron temperature, den-
pulse. sity, and average ion charge in a “kinetics” cell are recalcu-
In the PIC simulation any ionization process can be in-lated after every time step. _
cluded by allowing the change of superparticle charges. TWO species of charge are attached for every ion super-
First, we introduce the “kinetics” grid along with the grid Particle. The first oneQj, is the charge of an ion superpar-
for the PIC. Many PIC cell$>20) are enclosed into a “ki- ticle which is changed according to B). The secondQy,
netics” cell to provide good statistics for the electron den-is a constant which is equivalent to a unit ion charge and is
sity, temperature, and average ion charge. For an ideaised for calculation of the ion charge to be included in the
plasma the sense of the “kinetics” cell is obvious. The den-motion equation(2). The electron density is obtained by
sity and temperature can be really determined within theveighting the superparticle charge density in the “kinetics”
length that includes, at least, several free paths of plasmeell. A similar procedure withQY, is used to get the ion
electrons and much exceeds the length of the PIC cell whichensity. The temperature and the mean velocity of the
approximately equals the Debye radius. The “kinetics” grid plasma electrons are determined by simple averaging that
simply represents the scale for macroscopic plasma paramses the charge of the superparticle as its weight.
eters, as the PIC grid presents the electromagnetic field scale.
Any process with a typical length that is less than the Debye
radius or the size of the PIC cell has to be included in the
Langevin equation. If the PIC cell excessively exceeds the To solve Egs(2), (3), and(6) the 1D3V relativistic elec-
Debye radius the Langevin equation has to be modified téromagnetic code[17] with square current and charge
the LB equation(1) to describe the particle scattering by weighting is used. Both the direct-implici€l) schemég26]
plasma short wave fields. and the leapfrog schenid8] are employed. We could not
The change in the electron charge in every “kinetics” completely use the advantage of the direct-implicit scheme
cell is calculated by the standard balance equations fobecause of the high laser frequency. Collisions are computed
plasma electrons in the frame of the average ion approximaas an effective force after calculation of the velocity and
tion, position of particles. The kinetic parameters such as the tem-
4o perature and densities are determined on the “kinetics” grid
ek for every calculation step.
dt NZ[ ~Qell RZNe)+£;z dv12(v)) The boundary conditions for superparticles in the system
under consideration are not trivial. In the present calculation
8 a superparticle accelerated over the system boundary in the
' (8a) laser side is kept at the boundary. The charge of such a
superpatrticle is involved in the electrostatic field calculation.
whereQgy is the total electron charge in theh “kinetics” The velocity of a superparticle accelerated over the system
cell, g, is the charge of théth electron superparticle, the boundary in the plasma side is redistributed within the Max-
ionization cross sectiony is used in the forn(7). wellian velocity distribution with the plasma temperature.

D. Particle-in-cell portion

a

7(1241,E0)
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3 r T v A. Heat flow and ionization dynamics in plasmas irradiated
by normally incident pulse

The heat flow and the ionization dynamics in a plasma
with elastic collisions irradiated by a normally incident sub-
picosecond laser pulse is a good check for the method due to
) its ability to quantitatively compare the results of the PIC
and Langevin simulation with those [A5] obtained by di-

4 rect solution of the FP equation.

In the following [15] we consider a solid-density carbon

. plasma irradiated by a normally incident pulse of a KrF laser
(AN=248nm). The initial temperature of the plasma is cho-
sen to be 20 eV and initial ion average charge is seZ to
=1.5. In contrast t¢15], instead of assuming the amount of
energy deposited on the plasma surface, the laser intensity

FIG. 1. Plasma density profiles. The curve represents a typicdlor the deposited energy is chosen to be equal to that used for
density distribution obtained from a hydrodynamic simulation of FP  calculation (750 TW/cix 300fs). We chose |
the steep-like density plasma expansion. The open circles and filleet 10'®W/cn?. The steep density gradient at the plasma sur-

Solid Density
GaOm

p(arb. units)

ny . .
® Critical Density

Position [Mm]

squares represent profiles used for PIC simulation. face, L=0, is considered. Both electron-electron and
electron-ion collisions are involved in the simulation in the
Ill. RESULTS OF SIMULATION frame of the Langevin equatio), (3).

Th t calculati ied out f i The evolution of the absorption efficiency is determined
€ present caiculations are carried oul Tor silicon andoy the transient ionization and plasma heating. In this case,

. - _ 2 73
;‘zsr?]r; 2:22T§ia$€eZOLL%-r?1e82§S€£d_5>cj :;?Zn((:jri?]g -o-r|1—ht?1e the absorption is dominated by collisions, and the efficiency
) . 0.25 10 /m i ing the followi
laser intensity and angle of incidence. The two plasma den(—:aln be estimated by using the following equato

sity profiles at the rightlasey side of plasmax>0, are 2yei [ Z)\%?
chosen for the simulation. The first is a linear profile, o EAEE Yei<®
p e
1= o[y \12 [ 7\ 14 (10
Ner X — E ~| =3 Yei= @
N(X):Nl 1- N_]_E ) Ncr<N1<Nsolid (93) Wp| \ Wy Tg ' e

wherey,; is the collision frequency and is the ion charge.
Because the ion charge is increased from 1.5 to 5, &Bnd
B L rises by more than ten times, the absorption efficiency
N(X)=Nsai® ™" (9b) slightly decreases during the laser pulse from 10% to 8%.
Finally, the absorbed energy is very close to that used in
wherelL is the density gradient in the vicinity of the critical [15]. At the beginning of the heating process the ionization
density. N(x<0)=Ng,q. The presentation(9) for the takes a large portion of the absorbed laser energy. After the
plasma density is a good approximation for density profileaverage ion charge exceedsl4-like carbon the energy of
formed after plasma expansion due to laser prep(dse, the plasma electron is not enough for efficient ionization of
Fig. 1. The value ofL determined by the prepulse delay is He- and H-like ions. Then the deposited laser energy is
varied from 0.0 to 0.6um. The initial electron temperature is mainly utilized by plasma electrons through heat transfer.
chosen equal to 10 and 20 eV for silicon and carbon plasmagjitially the heating occurs only in the skin layer determined
respectively. The initial velocity distribution of plasma elec- by electron-ion collisions. The energy of the quiver in this
trons is the Maxwellian. The fluid velocity linearly increas- case is not high, it is approximately 50 eV, and a certain
ing toward the plasma surface is suggested. Initially the ioramount of time is needed for plasma heating. As the average
charge is uniform over the plasma, and the ion and electroion charge in the skin layer is increased due to the electron
densities are equal. The wavelength and intensity of lasegollisional ionization the heating in the skin layer also in-
pulse duration, incident angle, and als@re parameters. creases so that the collisional time is almost constant.

To provide stability the number of superparticles used is Good agreement between the results of the present calcu-
around 70000 per &m of plasma. The number of PIC cells lation of the temperature and electron density distribution
is varied from 8000 to 16 000 and that of “kinetics” cells inside the plasma after laser pulse and those in [Ré&l.are
from 200 to 600. The time step grows from the initial value shown in Figs. 2a) and 2b). Because the heat flow and
of 0.1 to 0.36 of the plasma oscillation period due to theionization, due to heating, are dominated by collisions, the
ionization. The plasma bulk in the simulations is divided intoresult proves the correctness of using the Langevin equation.
two parts, in accordance with E(Q), and two different spe- The discrepancy of the results on the plasma surface is due to
cies of superparticles are used for the simulation. Thdhe effect of fast electrons and ion motion which have not
charges of the superparticles which represent electrons argen included in the FP calculatiph5]. Also, good agree-
ions for each kinetics cell are changed following the rulement of the PIC and Langevin equation simulation for a
described in the preceding section. The intensity of the lasesteep temperature gradient decay with that of FP can be
pulse is constant. found in[27].

and the second is an exponential profile,



PRE 59 SUBPICOSECOND PULSE LASER ABSORPTION BYM. .. 7091

30 Y T v T v 1.0
surface L
- a > 0.8
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- o
20 = £ 06
= 7] =
~ } < S
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. < 9.2
M [ s 1 N 1 N
(a) 1 % 100 200 300 400
Position [c/®] FIG. 3. Absorption efficiency of a Si plasma irradiated by a
=800-nm, (1)—(4) 1=4x10"Wi/cn? and (5) 1=4X 10" W/cn?,
p-polarized pulse lasdil7] with the prepulsel,=10eV, N;=1.2
6 X10P2em™3. (1)—(2) L=0.22um; (3)—(5) L=0 at incident
N ! y ! d angles,#/2—6: (1), (4), (5) 45°; (2) 20°; (3) 0°.
o -
i - for example,[9,12]) and is dominated by vacuum heating
i and resonance absorption. Due to resonance absorption the
4 component of the electric field is compressed in the vicinity
Zc’ ] of the critical density and accelerates a part of the plasma
s I N § electrons outward. The locking electrostatic field then grows
= ¢ - and low energy electrons cannot leave the plasma. With the
2 ) increase of the ion chargé the plasma conductivity de-
N, creases due to electron-ion collisions and the electrostatic
n field in the plasma increases to prevent the charge separation
1 (b) A that leads to increase in the energy of fast electrons. Even for
Y FRTTRITITI | \VPTIY FITTT TN a steep density gradierit=_0, plasma electrons are acceler-
0 10 20 30 ated by thex component of the laser electric field which
Position [c/®] produces the electrostatic field near the plasma surface.

The absorption efficiency due to anomalous skin effect,
vacuum heating, and collisions can be estimated for the steep
density gradient plasmésee[6] and references thereSo,
efficiency due to the anomalous skin effect is

FIG. 2. Spatial distribution of the electron temperat(aeand
density (b) in a solid C plasma irradiated by a normally incident
pulse of a KrF laser with the intensity df=10%W/cn? at t
=0.3ps. The initial temperature iB,=20eV. The circles repre-
sent the electron temperature and ion charge distribution from the ( 2) 1/3

n= )

. . . VT W
direct Fokker-Plank simulatiofL5]. e 5

pl

Cw

We should point out that electron-electron collisions do ] o
not notably affect the absorption efficiency and ionizationand, for the parameters (7], is about 10%. The efficiency
balance because of the high average ion chaZge4) in the  ©Of the vacuum heating,
heated skin layer, but they do until the effect of the fast

- cos 6
electrons becomes negligible. Uos

sind ¢

7~3

B. Absorption of p-polarized obliquely incident pulse laser wherev .. is the quiver velocity, is small, about a few percent

Self-consistent simulation of the absorption of afor §= /4. The efficiency of the collisional absorption, Eq.
p-polarized, obliquely incident pulse laser by solid-density(10), is about 10%. This means the total efficiency due to
plasmas along with ionization dynamics has not been carriethese processes is hardly higher than 20%. The result of the
out, although it is obvious that the ionization process mayimulation of the normally and obliquely incident
affect not only the heat flow but also the plasma reflectivity.p-polarized pulse absorption by a plasma with very steep
In the present work, the hybrid particle-in-cell method with density gradient without ion motion is in good agreement
the TWA is applied to model the absorption opgolarized  with the estimations.
pulse laser with the parameters of the experinjdf, the Some of the results obtained are presented in Figs. 3 and
wavelengthh =800 nm and intensity=4x 10'**W/cnm? by a 4. The temporal evolution of the absorption efficiency for a
silicon plasma. The calculations are carried out for variouplasma with different density gradient in the vicinity of the
density gradients and incident angles. critical point, and different laser polarization and intensity is

The temporal evolution of the electric and magnetic fieldsshown in Fig. 3. For a plasma with density gradient, which is
in the presence of p-polarized laser pulse is not trivigdee, formed by the laser prepulse, that is optimal for the reso-
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0.7 T T T T T cause the collisions dominate the absorption process for
: moderate laser intensity, the efficiency is small, less than
10%, and is in accordance with EG.0).

We obtained the maximum absorption efficiency (
=67%) atN;=1.2x10%?cm 3, L=0.22um, and incident
angle of 45°. If initially the plasma boundary being heated by
a laser prepulse has the velocity{2) X 10’ cm/s, it passes
the distanceS=N;L/N¢, in the time 7=4-8 ps. Hydrody-
namics calculation for a solid-density Si plasma with a steep
temperature distribution gives the same time delay for the
optimal density gradient. Figuresa} and 4b) represent the
dependence of the measurgd’] and computed reflectivity
0.0 0.2 0.4 0.6 of a silicon plasma on the density gradient in the vicinity of

Density Gradient Scale Length[A] the critical point(a) and the prepulse delafp). The latter
was plotted by using the measured dependence of the density
gradient on the prepulse delfd/7] which coincides with one
from hydrodynamics calculation. The numerical results are
in a good agreement with the experimental ones when the
resonance absorption occurs. For the very steep density gra-
dient the numerical absorption efficien30%) is less than
the one measure(@5%) in [17].

Absorption Efficiency

Reflectivity

C. Heat flow in plasmas irradiated by p-polarized pulse

The heat in the case of an intense, obliquely incident
p-polarized pulse laser is carried inward by fast electrons
produced by collisionless absorption processes. In this case,
the return current plays an important role in the heat transfer
[16]. To estimate the penetration of fast electrons we assume

FIG. 4. Absorption efficiency versus the initial density gradient that all deposited poweklV= 5l, is taken by fast electrons
in the vicinity of the critical point(a). Filled circles, the linear with energy(g),
profile; triangles, the exponential profile; squares, the results of
[17]. The vertical line is the maximal density gradient measured in W=7l =(&)]ast/ &, (113

[17]. Efficiency versus the prepulse delayb). The squares repre- . . . ) )
sent the reflectivity of the-polarized pulsg459), the crosses are Where 7 is the efficiency,l is the laser pulse intensity, and
the results of17]. itastiS the density of the fast electron current. To provide the

plasma neutrality the fast electron current must be compen-

nance absorptiofcurve 1), the absorption efficiency is high, sated by the return currerjty
about 70%, and is almost constant during the laser pulse.
This means that the ion motion, during laser pulse, does not
affect the efficiency of the resonance absorption. Due to the
resonance character of the absorption, its efficiency de-
creases with the laser incidence angarve 2. In the case WhereE is the electric field in the plasmay is the plasma

of the steep density gradieht=0, the temporal evolution of ~conductivity, andye; is the electron-ion collision frequency.
absorption efficiency(curves 3, 4 is dependent on the According to Eq.(11b) the density of the deposition energy
plasma ionization. For the intensity under consideration, th€an be found by the equation

collisional ionization of the plasma is dominant and, because dW May

of high density of the plasma, produces multiple charged o E_ w2 elei _

ions during the laser pulse. Heavy plasma ions are acceler- ax ~ JETTW NSO )2 W@)=nl. (12

ated by the electrostatic field, because of the high ratio of - _ ) )
Z/M;<1/3my (my is the hydrogen magshat results in the The deposition depth can be easily estimated by solving Eq.
resonance absorption process. The absorption efficiency 612,

the plasma increases with the laser intensity both due to solid) 2 3, \2

faster ionization and due to higher electrostatic field near the NPy ey (e)

plasma surface. The effects of the OFI and ionization by the D pl(Meye) 4AmA nle*(Z)

compressed electrostatic field are much less efficient than the

collisional ionization for intensity which is less than For T,=100eV, (Z)=1, (e)=3keV, | =4x10"°Wi/cn?,
10'8W/cnm?. We have to note that according to our calcula-and »=0.3 the depth is 0.Jum. Because the rati¢e)?/I

tion the time of optimal absorption is as much as two timeswveakly depends on the intensity the value of the depth is
longer than the time given ifl2] due to transient plasma mainly determined by the temperature of a solid-density
ionization. Curve 5 in Fig. 3 shows the temporal evolution ofplasma. An increase in the average ion charge leads to a
the absorption efficiency for the normally incident pulse. Be-decrease of the deposition depth.

o 10 20 30
Prepulse Delay [ps]

eZENzolid ( b)
Jtast ]pl MeYei
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FIG. 5. Electron temperatu@) and densityb) distributions in
the Séi“COH plasma,L=0, irradiated by ai=800-nm, |=4 FIG. 6. Typical electron temperatufe) and density(b) distri-
X 10" \_N_/sz, p-polarized pulse lasel7]. To=10eV, t=200.  butions in a silicon plasma irradiated by Ja=800-nm, | =4
(2) collisional; (2) collisionless plasmas. X 10" Wi/cn?, p-polarized pulse laséd 7] with density distribution

. . determined by Eq(8a) for L/A=0.22 (4—6 ps prepulse delayT,
It is found that when the absorption due to vacuum heat- 10 ey, t=120fs.(1) e-e ande-i collisions are included?2) only

ing or due to resonance absorption is dominant, the ionizas-j collisions are included.
tion balance and heat transfer into an overdense plasma, and,
as a result, its x-ray emission can be determined by elastigeparation. The ionization in the plasma bulk is dominated
collisions. The results are illustrated by Figga)sand §b) by those fast electrons. Only Siand Si ions are mainly
where the instantaneous electron temperature and density piesented in the plasma bulkurve 2 in Fig. 6b)]. With
collisional (1) and collisionless(2) plasmas are presented. electron-electron collisions the runaway rate increases and
The efficiency of the absorption by a collisionless plasmahe conductivity also increas¢49], and the heat transfer
due to the anomalous skin effect and the vacuum heating ispeeds up. Because the energies of the runaway electrons are
not small, about 10%, and is almost equal to the efficiency ofess than those of the fast electrons, the ionization by the
the collisional absorption. But the electron temperature anglectron from the return current is more efficient. Theé'Si
density distributions in the collisionless plasma are totallyions appear near the plasma surface where the effect of the
different from those of a plasma with elastic collisions. It is electrostatic field is the strongest.
the result of the very small resistivity of collisionless plasma. Figures 7a) and 7b) show the temporal evolution of the
The beamlike fast electrons produced by vacuum heating caglectron temperature and density distribution in a Si plasma
easily penetrate the plasma bulk. In contrast to that, the fastith a steep density gradient irradiated by a laser pulse of
electrons in the collisional plasma, being decelerated by thintensityl =4 x 10" W/cn?. There is not sufficient field ion-
internal electrostatic field which arises because of the plasmiaation yet and the heat transfer and plasma ionization are
resistivity, deposit their energy near the plasma surface. steered by collisions. The plasma temperature does not ex-
The role of the return current in plasma ionization is il- ceed 1 keV during the laser pulse. Upon being heated up to 1
lustrated in Figs. @) and Gb). The electron temperatufe)  keV, the plasma acts collisionless. Because there is no fur-
and density(b) distributions are calculated for plasma pa- ther Ohmic heating by the return current the plasma tempera-
rameters at which the resonance absorption is dominanture distribution is flattened, while the electron density is still
Hence, the absorbed energy is mainly utilized for electromonuniform because of ionization delay.
acceleration. The return current then is determined by the
electron runaway in the electrostatic field produced by the IV. SUMMARY
fast electrons. If only electron-ion collisions ocdaurve 2
in Fig. 6@a)] the plasma conductivity is small and only high  The effect of variable ionization and elastic collisions is
energy electrons can penetrate the plasma because of chafgend to change the heat transfer process by fast electrons
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T in plasma ionization and, hence, in the heat transfer. By in-
creasing ion charges on the irradiated surface, the transient
ionization changes the absorption rate more rapidly. The ab-
sorption efficiency of ap-polarized pulse(wavelength\
=800 nm, durationT=120fs, 6=45°) with intensityl =4
X 10%6-4x 10" W/cn? for Si plasmas with a steep density
gradient is increased from 20% to 30—40 % due to ion accel-
eration.

To examine these processes three approaches are sug-
gested: the one-dimensional particle-in-cell method in con-

(a) junction with the use of the Langevin equation for elastic
R electron collisions to conform to a direct solution of the
12 Fokker-Plank-Landau equation; the two-wave approximation

to allow the obliquely incidenp-polarized laser-plasma in-
teraction simulation in the laboratory reference frame; the
' method of redistribution of variable superparticle charges
into the “kinetics” grid cells to include the atomic physics
processes in PIC simulation. The method is used for simula-
tion of the heat transfer in a carbon plasma, with elastic
collisions and variable ionization, irradiated by a normally
. incident pulse of a KrF laser. The laser absorption is com-
puted self-consistently. The spatial distribution of the elec-
- tron density and temperature after 0.3 ps of laser irradia-
tion agrees well with those obtained by direct FPL
I : simulation[15]. The calculation of the efficiency of the ob-
. , . , L l(b) liquely incident p-polarized laser absorption by a plasma
% P 3 12 with density profile determined by a prepulse shows that the
Position [¢/®)] absorption is mainly determined by vacuum heating and
anomalous skin effect with a steep density gradient and then
is dominated by the resonance absorption as the density scale

FIG. 7. Electron temperatui@) and density(b) distributions in

a 1;'1'70\2/? nleasma,lLfoa J{goadiatfd Tby_ 16‘0)‘?/.803'”:“’1‘:0:]:4_ length near the critical surface increases. The effect of
é)tz?O(f:s » P-polarized(45) pulse.To=10eV; (1) t=1401s; ;0 15e delay is in forming a plasma corona. With the

prepulse delay the density gradient near the critical surface

into the overdense plasma irradiated by an obliquely incidenp@SSes the optimum for the resonance absorption. The results

p-polarized pulse laser by changing the plasma conductivity‘?f calculation of the absorption efficiency are in good agree-

Due to collisions, the penetration depth of fast electrons proMent with experimentg17].
duced by the vacuum heating and resonance absorption is
much smaller than that of collisionless plasmas. The Ohmic
heating due to the return current is responsible for energy
deposition. Having less energy than electrons accelerated by The authors would like to thank Professor T. Tajima, Dr.
laser, electrons in the return current ionize plasma more efy. Kishimoto, Dr. Y. Ueshima, and Dr. K. Moribayashi for
ficiently. Electron-electron collisions dominate the energeticuseful discussions and Dr. H. Ihara and Dr. T. Arisawa for
part of the distribution of return current electrons that resultsencouraging this research.
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