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Fokker—Planck simulations of hot electron transport
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Abstract

The transport of hot electrons in solid density plasma created by a high-intensity subpicosecond laser pulse and the
resulting heating and ionization of the bulk of plasma are simulated with the electron kinetic code “FPI.” Both the hot
and the thermal electrons are treated kinetically. An analysis of the results in terms of a two Maxwellians fit to the
numerically obtained distribution function is made.
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When an ultraintens@, > 10" W/cm?) and ultrashort¢<1  on the heating and ionization of the bulk plasma by numer-
ps) high-contrast laser beam interacts with a solid target, thécally solving the electron kinetic equation. The generation
density as well as the temperature gradients in the plasmaf these electrons is not the subject of the present work;
are very steep because the energy deposition occurs almaestead, we assume a source velocity distribution of hot
instantaneously and within the skin depBrunel, 1987.At  electrons, partly based df), measurementKieffer et al,,
the highest intensities, the dominant processes of energyQ96; Dorichie®t al,, 2001 and we simulate their transport
absorption are collisionless, and the energy is given to and their interaction with the bulk material.
minority population of high energy electrons. These colli- The physical situation considered here can be summa-
sionless mechanisms are particularly important at obliqueized as follows: Due to the anomalous absorption mecha-
incidence and with P-polarization. The contrast is crucial:nism during the laser beam interaction with the solid target,
Even a modest-intensity nanosecond prepulse can createaaninority population of high energy electrons is created in
plasma with which the main pulse would interact, and thea region of about one skin deptrunel, 1987, which leave
deposition would then occur at critical instead of at solidthe target under the effect of the laser field component that
density(Kruer, 1988; Zhidkoet al., 2000. Here, we assume oscillates in the direction normal to the target surface.
that energy is deposited at solid density. Afterward, these electrons are pulled back to the target by

The present study has been motivated by the Instituthe effect of electric field due to the less mobile target ions.
National de la Recherche ScientifiqU&RS) experiments  For alarge focal spot, this effectis immediate, so that the hot
(Kieffer et al., 1996; Dorichie®t al., 200]) to create a short electron flux into the target has the same diameter and
duration, pointlike hard X-ray source, generated by the interduration as the incident laser beam. But, for small spot sizes
action of hot and thermal electrons with bound electrons i(<10um), as in the INRS experiments, the electrons can do
the solid material for medical purposes as well as for invesmore lengthy excursions in the vacuum before being pulled
tigating molecular dynamics. Another reason forthe greatinterback, as evidenced by the fact that the X-ray emission size is
estin hot electron transportin dense matter has arisen duririgrger than the laser spot and lasts longer than the incident
the last few years because of the fast ignitor scheéfabak laser pulsdKieffer et al., 1996; Dorichiest al,, 200J).
et al,, 1994 for inertial confinement fusioflCF). Our goal Because of the relevance of such studies for ICF, there
then is to quantify theoretically the transport of hot electronshave been several investigations in this subject by fully
or suprathermals into solid density plasmas, and their effedtinetic codes, especially particle-in-c€PIC) ones(Gib-

bon & Bell, 1992; Shengt al, 2000. However, the numer-

. I ical constraints inherent to such codes did not allow
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higher. Also, the initial temperature had to be fairly high At the beginning of the calculations, we consider a uni-
(one to several kiloelectron vo)tsso that the initial ioniza- form and homogeneous aluminum plasma at solid density
tion physics could not be investigated. There is also anothei\; = 6 X 10?2 cm™3). The initial electron distribution
approach to investigating the hot electron transport in solidunction is assumed to be an isotropic Maxwellian at a
density plasmas, called “Hybrid,” in which hot electrons aretemperature of 10 €V, and the degree of ionizatiofZis=
simulated by the PIC approach while the cold or thermals3.15, which corresponds to local thermal equilibrilfhE)

are considered as a fluidavieset al., 1999. The reason for this density and temperature. As the process of hot
for this is the fact that one needs to have a more accuratelectron generation is not treated here, we account for them
description of the transport of hot electrons in plasma, ass a source term in the following manner: At each time step,
they are mainly responsible for different anomalies andn the first four spatial cells, we reduce the electron distri-
heating, and also, because of their relatively low densityoution function by a factoiF,(t) that will be explained
compared to the cold electrons, a kinetic treatment by théelow and replace the removed particles by a hot Maxwell-
PI1C method, which has a statistical limitation is then possidan. The amount of generated hot electrons is deduced from
ble and valid. The thermal electrons are only responsible fothe assumption that the energy deposition, which is equal to
return currents and the slowing down of the hot electron sdhe difference between the thermal energy of hot electrons
they can be seen as a fluid component. Another alternativand the energy of the electrons of the bulk in the first four
to the hybrid codes that is adopted in the present work is theells (lengthLy) per unit time is a fixed proportion of the
Fokker—Planck approach, which consists of solving theabsorbed laser energy, that is,

Boltzmann equation with a Fokker—Planck collision opera-
tor. This equation gives the time dependence of the electron
distribution function in phase spa€e,v,,v, ). The electron

transport characteristics are then deduced from the different

moments of this distribution function. This has the advan-

() =1(t)F, =

Fa(t)Ly

AL (aNe(Ty —T)),

tage that the “hot” as well as "cold” electrons are both\yhereF, is the fraction of the laser intensityt) absorbed
treated kmetlclally. The Fokker—Planck eq_uatlon is numeriyy the plasma, which is chosen according to the experimen-
cally solved with our code “FPITMatte & Virmont, 1982; 5| gata(Kieffer et al, 1996, T, is the temperature of hot
Matteet al, 1988. This code is one dimensional in space gectrons, which is a free parameter assumed to be between
(along the plasma inhomogeneitand two dimensional in - 20 and 40 keWN, is the electron densitf, is the portion of
velocity spacv, u = cosf = v,/v); the u dependence is  gjectrons that is replaced by hot electrons as the pulse

expanded in Legendre polynomials to order 3:

interacts with the targefT is the average temperature of

electrons in the depthy, which corresponds in our case

3
f00, .0 = 3 2O (). to 4ax

The Vlasov part includes advectigtransport termuv,df/
0x), as well as the electric field for quasi-neutrality and the
resulting acceleratiof—eE/mdf/dv,). For Coulomb colli-
sions there are the Fokker—Planck terms édr and e-e

Z#mef v (X, v, t)dv.
0

collisions. For the atomic physics we use the average iofror the hot electron source in the region, we considered
model with the following processes: ionization, three-bodyWO types of energy distributions, O or “3D.” These
recombination, excitation, collisional and radiative deexci-notations are related to velocity dimensions; their meaning

tation, and pressure ionization. The implementation of thigs Simply

model in FPI is described by Ethier and Mat&901). The
code is nonrelativistic, which can be considered as a limita-
tion that can be avoided by assuming a truncation of the
electron distribution function below the speed of light, but
this precludes very high hot electron temperatures. The ions
are considered as a cold and immobile neutralizing back-
ground. The collisional heating mechanism is not taken into
account for such short and high intensity pulses, as it was
shown not to be important in such a situatiofanget al,,
1995. The boundary conditions were: reflecting on the left
or hot side; fixed temperature on the right or cold side, that
is, incoming particles are absorbed and an equivalent flux
half-Maxwellian at the cold temperatufg0 eV initially) is
emitted.
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3
D=Ty=T,=T,; 01:5;

C 2
S—iO(U) = W e(meU )/(ZTH);
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where To make the calculation relevant for intense femtolaser
science as well as fast ignitor studies, we considered the
T 27m, fw a5 () — }f q following sets of parameters: solid density plasma of alumi-

L 3 J, " olv) = ¢ f2(v) | dv, numN, = 6 X 10?2 cm™2, Initially we haveT, = 10 eV and

(Z) = 3.15. The laser beam characteristics are: single pulse

. 27me fw ot +gf o 37 with intensity into hot electronig, = F, |, from 10*¢to 108
=75 ), Vel T 5 fa(v) v W/cm?2; full width at half maximum(FWHM) of 600 fs to
1.2 ps. Below we present results concerning principally
2mme [* :
3 773m v3f,(0)db. three cases
0]

1. Isotropic, 1D hot electron distributiohy, = 5 x 10'®
T., T,, andJ are the perpendicular and parallel temperatures ~ W/cm?, Tyor = 20 keV, FWHM= 1.2 ps.

and the plasma current, respectively. Due to quasi-neutrality, 2. Beamlike, 1D hot electron distributioky, = 5 X 10*°
we have J 0. W/cm?, Ty = 20 keV, FWHM= 1.2 ps.

Two alternative hot electron source angulardi\'%tributionsl_hiS is a variation of case 1. to assess the effect of the

were used(l_) isotropic, which means t_hat _the.only nonzero angular distribution of the source. This is the case that we
componentis the angle averaged distributipgy; (2) beam- believe is more relevant to the INRS experimefiKgeffer
like, where the hot electrons have only two possible orien-

tations, backward and forward through the cold target; inet al, 1996; Dorichiest al, 2001.
such a case the hot electron source is represented not only by
foron DUt also with the set of even angular harmoiggv) =

(2n + 1)S40(v), wheren is a positive integer. The hot
electrons emitted in the backward direction are reflected aSuch a distribution corresponds to a very narrow cone in
soon as they reach tHeeflecting boundary on the left or velocity space. In all cases, the time dependence of the laser
laser side, so that in practice, this is equivalent to a bearintensity is assumed to be Gaussian, and the source temper-
injection, butit helped to stabilize the code. These variationsture is assumed to vary with intensity @s(t)/Ton =

on the energy and angle distribution of hot electrons concerfil (t)/15)Y3.

only the source term. The evolution in space and time of the In Figures 1-3, we have plotted the electron density,
hot electrons(and of the thermal)sis calculated self- temperature, and heat flux at or near the peak of the pulse for
consistently by the code. each of these cases. These diagnostics include all electrons,

3. Beamlike, 3D hot electron distributiotly, = 108
W/cm?, Tt = 40 keV, FWHM= 0.6 ps.
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OE+0 Fig. 1. Density, temperature and energy flugpo: =

) 25 5% 10" W/cm? Touet = 20 keV, isotropic, temporal
X (microns) FWHM = 1.2 ps,t = pulse maximumt 100 fs.
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Fig. 2. Density, temperature and energy flugno =
. 25 5% 10 W/cm? Touo = 20 keV, Beamlike, temporal
X (microns) FWHM = 1.2 pst = pulse maximumt 100 fs.

and thus the temperature is two-thirds of the average eledN, = 1.89x 10?° cm 2 (3.15X 6 X 10?2 cm™2) is entirely
tron energy, including both hots and thermals. As the ionglue to ionization. The plot§Figs. 1-3 show a stronger
are held fixed in this simulation, the density increase abovgenetration of the heat and ionization fronts with a beamlike
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Fig. 3. Density, temperature and energy fllggor =
0 5 1(;( . 15 20 25 s W/em?, Topor = 40 keV, Beamlike, temporal
(microns) FWHM = 0.6 ps,t = pulse maximum.
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hot electron sourcgrig. 2) compared to the isotropic assump- Forn = 1 andn = 2 this means that the fit must match the
tion (Fig. 1). This can be intuitiviey understood as the hot particle number and total energyax 1 is the Maxwell-
electrons stream directly inward for the beamlike casejan distribution function that fits the hot or superthermal
whereas for an isotropic source, there is more energy dep@omponent of the plasma whifg,., ¢ represents the bulk
sition closer to the surface by those hot electrons whoser cold part. The fitting of the hot or cold Maxwellians is
initial velocity was more oblique. However, for the third equivalent to obtaining “hot” and “cold” temperatures and
case, the penetration is not deeper, although the hot eledensities, which we note, respectivell,, T, Ny, and
trons have a longer mean free pé&lh of 40 keV instead of Nc. An example of these quantities is illustrated in Fig-
20 keV), and the reduction by half of the pulse length is ure 4, obtained by fitting the Fokker—Planck-derived elec-
clearly not enough to explain it. Rather, it is due to thetron distribution function fofcase 2 100 ps after the peak
greatly increased flux of hot electrorisy = 3ly/2Ty), of the pulse. The large value 3t near the left edge seen
which in turn imposes a greatly increadedield to ensure  in Figure 4 is due to the strong resistive heating caused by
quasi-neutrality. This electric field reduces the penetratiorthe need to balance the intense flux of hot electrons.
of the hot electrons, but also implies an enhanced joule Otherimportant aspects of the hot electron transport were
heating of the bulk electrons. investigated as a part of the data processing of the results
By making a two Maxwellian fit of the electron distribu- obtained in this work, among them the ion-acoustic and
tion functions obtained at different time steps, we can anaWeibel instabilitieg Weibel, 1959; Bychenkogt al., 1988.
lyze the behavior of the cold and the hot components offo analyze the first kind of instability, that is, ion-acoustic,
plasma and their interaction with each other. The fit iswe have simply compared the drift velocity of electrons
obtained so that the moments of the approximation coincidén the cold target to the sound speed, defined here as
with four moments of the real distribution function, that is, CZ = (kg T¢*/m; )¥? andkg Tg' = m. /(v ~2), which is actually
equivalent to the phase velocity for higlsound waves, and
fUZn—Zf(V)dsv - fooUZHfo(v)dv is due principally to slow electrons. The traditional sound
0 speed, which is expressed@s= (kg T./m;)¥? andkg T, =
(2/3)mc(v?), is not a good indicator as it takes into account

= f 02" (fuacw 1 (V) + fuaw c () do, both slow and high energy electrons. We have found that, for
0 higher intensitiegcase 3, the drift velocity is higher than
O0=n=3. the sound spee@;, which indicates a likely growth of this
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1E+2 -

1E+1
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Fig. 4. Two Maxwellian fits: cold and hot densities

1E'2 T | T | T
and temperaturesgpo = 5 X 101 W/cm?, Topor =
0 5 1(;( . 15 20 25 20 keV, Beamlike, temporal FWHM= 1.2 ps,
(microns) t = pulse maximumt 100 fs.
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instability, whereas the opposite was true for the low intenBruner, F. (1987. Not-so-resonant, resonant absorpti®hys.
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Bendib and Lucian{1987), and previously used by Matte acoustic turbulence and anomalous transgohiys. Repl64,
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enonis known to be the result of strong anisotropy in the elec®* V'ES: JR-» BELL, AR. & Tatarakis, M. (1999. Magnetic
focusing and trapping of high-intensity laser-generated fast

”0!" distribution function, that |s(,vf)/<v|f) # 2 or _a hlgh. electrons at the rear of solid targehys. Rev. B9, 6032-6036.
ratio | f|/fo, Whereff) andfz_ are, respectively, the isotropic _DoricHIEs, F., FORGET, P., GALLANT, P., JIANG, Z., KIEFFER,
and the second anisotropic components of the electron dis- j.c_ pgpn, H. & Peyrusse, O. (2007). Polarization induced
tribution function, whichis indeed the case whenavery strong  modification of thermal radiative properties of solid density
laser field interacts with a cold solid target, and the instabil- plasmas produced by subpicosecond laBéys. Plasmas,
ity can cause self-generated magnetic fields. In this context, 5239-5243.
if we consider the transport direction as thdirection and  ETHIER, S. & MATTE, J-P.(2001. Electron kinetic simulations of
the transverse one as thirection, then we have fdg < 0 solid density Al plasmas produced by intense subpicsecond
an excitedK, mode, and fof, > 0 theK, mode is excited. laser pulses. I. lonization dynamics in 30 femtosecond pulses.
The results obtained show that only tigmode is excited Gl;gf':'f”};ﬁ'Ll(f%‘lggza Collisionless absorption in
Ighintenaitycase 3,butweaklyfo thelower nionsity case 2 S1P-edged plasmaBtys. Rev. Legs, 1535-1538

DO L Kierrer, J-C., JIANG, Z., IKHLEF, Z. & Cotg, C.Y. (1996.
whereas for an isotropic hot electron distributi@ase 1},

| . Picosecond dynamics of hot solid-density plasthapt. Soc.
theK, mode is weakly excited near the hot electron source, 13 132-137.

because fast electrons with largg| spend less time near Kruer, W.L. (1988. The Physics of Laser Plasma Interactions.
surface than electrons with the samieut with a largew, . Volume 73. Redwood City: Addison-Wesley.

Itis important to note that both instabilities could have anMatte, J-P. & VirmonT, J.(1982. Electron heat transport down
impact on the characteristics of the hot electron transport steep temperature gradien®ys. Rev. Leté9, 1936-1939.
into the target, which includes, in particular, the hot and coldMATTE, J-P., BENDIB, A. & Luciant, J.F.(1987). Amplification of
temperatured,, Tc: As the coupling of the hot and cold magnetic modes in laser-created plasnisys Rev. Letts58,
components of plasma is affected, the heat flux and degreeAigsz_songOUREUx M. MLLER C.. YiN. R.Y. DELETTREZ
of Iomgatlon.c.o.u'd also be changed by the turbulence due ta/[ I, \}IRM(’)NT, I & JOI’{NS”I’"ON, T.W’. (1’988’. Nor’l-MaxweIIia’n
these instabilities.

. . electron distributions and continuum X-ray emission in inverse
Theresults prgsented In t_h's yvork are helpful steps toward Bremsstrahlung heated plasm@&sma Phys. Controlled Fusion
afullunderstanding of the kinetic character of hot electrons’ 30 1665-1689.
dynamics in solid target under high intensity laser radiationgugne, Z.-M., SENTOKU, Y., MiMA, K., ZHANG, 1., YU, W. &
and the interaction with the bulk plasma. Nevertheless, Meyer-TErR-VHEN, J.(2000. Angular distributions of fast elec-
there are many other important characteristics of hot elec- trons, ions, and Brensstrahlung¥rays in intense laser inter-
trons transport such as the electrical resistivity or electrical action with solid targets?hys. Rev. LetB5, 5340-5344.
conductivity, multidimensional effects, relativistic effects, TABAK, M., HAMMER, J., GLINSKY, MLE., KRUER, W.L., WILKS,
and others that are still to be investigated, so that one could S-C., WoOoDWORTH, J., CamPBELL, E.M. & PERRY, M.D.
have a clearer picture of the physics of hot electrons and (1994 Ignition and high gain with ultrapowerful lasefshys.

their transport into solid targets. Some of these will bewEf:sLeraZl’(llgszg_é6i£rl{taneousl rowing transverse waves in
further studied in a future, more detailed article. . 5P g 9

a plasma due to an anisotropic velocity distributiBhys Rev.
Lett. 2, 83-84.
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