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Both particle-in-cell and Vlasov simulations of the collective absorptiop-pblarized intense laser

light incident on a plasma with a steep density profile show the fractional absorption decreasing with
intensity for large angles of incidence. Here an analytical model is developed that indicates that this
effect for a high-temperature plasm@ & 2.5 keV) is connected with the conversion of a large
fraction of the incident energy into harmonic emission. Good agreement between the results of
Vlasov simulations and those of the nonlinear analytical model are obtained.99@ American
Institute of Physicg.S1070-664X97)01206-9

I. INTRODUCTION This force acts inward and, when integrated through the

skin layer, gives a total force greater than the electrostatic

Terrawatt laser systems have created novel experimentahmnonent, so the total radiation pressure on the plasma is

conditions in which it is possible to produce near solid deny,yarq, as would be expected. One of the crucial features of

sity plasmas, with density scale lengths at the boundary ge piasma response for our present work is that there are
fract|on. of th_e vacuum wavelength. Exper_lme.nts vettand two separate skin lengths and that the longitudinal electric
p-polarized light have shown that absorption is enhanced fOfig|y produced by charge separation at the surface decays
the latter, indicating _thatza substantial fraction of the absorpp,gre rapidly than the electromagnetic field. This means that
tion is purely collectlyé.' Recent experiments and _thei‘)éf‘y the outward component of the force described above is domi-
S>up(|c))1(3rt thls_czonclgsmn and suggest that at iradiaf@€s  ant near the surface, while the force on the electrons farther
=10"" W em™* um” pulses with no prepulse enter a univer- i, the plasma is negative. This explains the surface layer of
sal regime of an ideal plasma Interacting with laser light.enhanced electron density seen in simulatfhalso, the
Simulations performed by Gibbaet al>~"and by Rutff pre- large electron density perturbation in the longitudinal skin
dict that fractional absorption of ultrashort laser pulses b>1ayer produces the dominant term in the second-order current
purely collective effects decreases with growing irradiance. ¢, the steep density profiles considered.

In this paper we aim to explain this effect by a self- |5 gec || we will give a detailed derivation of the ana-
consistent analytic kinetic approach. We will link it to en- \vtic4| plasma model and describe the approximations made.
hanced emission of the second harmonic in the limit of high, sec. 111 we will give an approximate solution of the equa-
temperatures. We will see that dominant terms involve thgjyns of Sec. II. Ultimately, in Sec. V we will compare the

electric field perpenéjicular to the interface as was found regegyits of the analytical model with fully nonlinear Viasov
cently by Yanget al® and previously by the authof. calculations.

The reason for the electric field perpendicular to the in-
terface playing the dominant role for harmonic emission ha?
a simple physical explanation as follows. If the normal to the
interface is in thex direction, the electrostatic component of We now give an analytic estimate of the plasma re-
the force normal to the interface is to leading order, sponse that will justify the above remarks. The analytical

solution given in Sec. Il will provide an estimate of the

(pE)= €0 p <E2> 1) seco_nd harmonic emission over a Iarge range _of par_ameters.

P = 5 O Use is made of the well-known boosting technidtighich
yields an additional constant of motion. The boosted frame

Taking the positive direction to be from the medium to will be used throughout this paper. For the initial electron
the vacuum, this force acts toward the vacuum. There is als@jistribution a Maxwellian is taken. A step-like density profile
of course, thejxB force. If we neglect the displacement for the electrons witn(x)=n, for x>0 is assumed. We
current the magnetic force {ghe incident wave being taken then obtain for the electron distribution at arbitrary times,
to be polarized with its electric field in they plane

I. MODEL EQUATIONS
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where E>';= Ex—Bc d,Ay. We would like to note that Egs.
Py(7)=py+e[Ay(X(7),7) = Ay(X,t)], (5), (6), and(7) are of nonlocal nature. The term proportional

to E- describes the zeroth-order coupling of the transverse

field A, to the electrostatic field. This coupling leads to
P 7)=P;. (4 Fresnel-type formulas for fractional absorption, as given by
Andreev et al®® In addition, we have a second-order cou-
pling term, Ay(t) E)L(, which describes the coupling of the
transverse field to longitudinal plasma oscillations. These
surfacE: oscillations show up as the oscillating electrostatic
. ' field E; . The oscillation amplitude is of the order of a Debye
:|X._UX(.t_ 7. W? WOUId. like to note that different ap- Iength).( The relevance of this effect for harmonic generation
proan_atlons for th|§ equations n_aturally I_ead to the various, - <'peen suggested by Erokleinal 14 and recently by Lich-
collective absorption mechanisms discussed in thefers et a5 The other second-order term given By oA,

H 4,9,12 H H H
literature A deta|lfd summary O.f these is _foun_d in the describes the self-coupling of the transverse field in the skin
paper by Rozmust al.” The straight line approximation cer-

tainly becomes invalid as soon as large numbers of electrons
are allowed to penetrate into the vacutmWe will see by
comparison with fully nonlinear Vlasov simulations to what
extent the straight line approximation is justifiésee Sec.
V).

We next expand the electron distribution function and
keep only those terms that are at most quadratic in the ﬁelﬁ

amplitudes. On a formal mathematical basis such an exparky(t)E; and A, d,A, are of different strengths and have

sion is valid 'fwPU"S/wcvt.h< L Iq deriving this condition we very different characteristics versus angle of incidence. In
assumed that field amplitudes in the plasma are of the ord%e next section we will give an approximate but self-

of the vacuum amplitudes. This assumption overestimateg : : .
: . onsistent solution of our model equatiofas, (6), and (7).
the field strengths. We shall see later by comparing the re- quaticlss, (6) @

sults of the analytical model with VIasov simulations to what

extent_ this restriction can be rele_lxed._The pa_rameter indicatqﬁ_ APPROXIMATE SOLUTION OF THE MODEL
that high temperatures tend to linearize the interaction of th%QUATIONS

laser pulse with the plasma.

In a second step the charge and current densitigs, An approximate solution of the equatiofs), (6), and
and j, are calculated, with the help of the approximation (7) is found by first neglecting the terms quadratic in the field
obtained forf and introduced into Maxwell's equations, giv- A,. We then obtain self-consistent first-order solutidi}s
ing andA,;. In a second step we reintroduce the first-order ap-

proximations into Eqs(5), (6), and(7) and calculate the dc
fields Exo and Ay, and the second harmoni€s, andA,.

The quantities andy are given byg=sin@ and y
=1/\/1— B2, where# denotes the angle of incidence.
We will approximate the first of the Eq$4) by x(7)

The quadratic terms in Eq$5), (6), and(7) lead to a
cascade of coupled equations for the secular fields and higher
harmonics. We will see in Sec. lll thaAy(t)E§ and

A, d,A, will generate higher harmonics. We will concentrate
on the second harmonic and show that it can decrease ab-
orption for the parameters considered in this paper or to put
differently increase reflectivity. We will find that

S E~ wpY j“’ dp Px e—P§/2m2vt2h As we can see from Fig. 1, obtained with the help of relativ-
X 27y J - X mzvtzh istic Vlasov simulations, the intensity of higher harmonics
falls of rapidly in the high-temperature limit, so it is suffi-
« fth EL+ eAy dxAy (5) cient to consider only the second for the parameters investi-
0 X my3 ' gated in this paper. In addition, to save effort we shall not
renormalize the first-order solutions. With an incident
p-polarized wave, we first obtain fcﬁs)';l andA,; inside the
Wiy (= Pz 2, 22 plasmat®13
HEx=——== f dp, —5 =& P ’ . .
27Tvth — M vy E';l(x,t)~9%{E';1(6)e_""‘[®(x)e‘x"E—@(—x)ex“e]},
t eA dA A Cie _
x f dr( Ex+ %) (6) A= R{Ay()e O (e s+ 0 (—x)es],
0 my (€)
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FIG. 1. Higher harmonics of the reflected light fér=60° and I\?
=10 W cm™2 um? (upper plo}. AB (fractional absorptionand CE(frac-
tional conversion efficiengyversus angle of incidencgower ploj. Both

plots have been obtained by a Vlasov simulation foin,=25, T,
=10 keV, andL/\=0.01.
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and
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X(g,w)= (12

Yo 2= w+iv
Vaoie? |7 \2vga?)
The functionZ denotes the plasma dispersion functtfn.

The symmetry of the fields in Eq$8) is such as to repro-
duce, for straight line orbits, the effect of specular electron
reflection. The different skin lengtig and |, for the trans-
verse and longitudinal fields give rise to the effects discussed

earlier. Requiring continuity at the vacuum plasma interface
yields forB,;,(0™"),

2E0 1+|(2w/c)Fy1(O)
—i(2w/c)Fy1(0)°

We now insert Eq9(8) into Egs.(5) and(7) to obtain for
ExO ’

zl(0+)_

(13

|Ay1 (0)|? ei)‘i[A 0)E l(0)]
1Yl

XH1(X1s,N\p),

YEL(X)=

2xlg__ e—X/AD], (14)

Hi(X,ls,Ap)= 20D [e”
where A p=vy/wp=(wvi/w,c?)|s. Equation(14) demon-
strates the effect of a force on the electrons in the direction of
growing field strength of the oscillating fields due to the
nonlocal  light pressure term  proportional  to
ER[A 1(49)E 1(0)]. This force acts on the length scdlg
<lq and leads to a negative charge accumulation close to the
vacuum—plasma boundat{The next step consists of calcu-
lating the second harmonics from the first-order solution of
Egs.(8). We obtain by introducing Eq$8) into Egs.(5), (6),
and (7) and Fourier transforming

(= odk
&tEXZ_lwze 2|wtf_OC Ee ikx

= e%@l(e) k |27
2t imy3ls k2+(412)] vik?
X[ 14 X(k,20)] (15)
and
1
(‘93(_?‘95 Ayz
2
9% i [T 9K il 1 -~
=i Te i f_w Se 'X7X(k,2w)|Ay2
BYc ~ eRy0) Kk )
+ [1+X(k,20)]| EL+
2k x2 il K2+ (402)
pYA eA,(9)EL (6 k
+ 2 [14X(k )] A”F )_3“( )~2 —,
Uk imy ke+(11%)

(16)

wherek= k+illg. The quantmed\ andEL denote the Fou-
rier transforms of the fieldd, and EL The amplitude of the
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second harmonic is now determined by requiring continuou$V. VLASOV SIMULATION OF FRACTIONAL

solutions at the vacuum plasma boundary exactly in the sam@BSORPTION

fashion as for the fundamental mode. As a consequence, the . .

reflected light will contain the second harmonic in addition, We cc_)nsu_jer a plasma slab that is mhomoggneous only

to the fundamental. The result for the amplitude of the sec! the_x direction and complgtely homogeneous in all other

ond harmonic of the transverse fie}, is directions. F_or_ agreement with the analytlt;al model we as-
sume a static ion background. The extension to account for

ion motion is straightforward. A-polarized laser pulse ap-

proximated by a plane wave is assumed to impinge the

—4inzz(0*)Fy2(x)], a7 plasma under an arbitrary angle of incidengeA simple

Lorentz transformation is then applied to reduce the two-

Eyo(x,t) =€ 2! [Tya(x) +Lya(X)

= dq | dimensional(2-D) spatial geometry for oblique incidence to
FyZ(X):f Ze_'qx a one-dimensional1-D) geometry for normal incidence
o (boost techniqué! see Sec. )l The distribution functiorf
Oyx(0,20) is a Lorentz scalar. Then, in the boosted frame the electron

distribution functionf o(x, py,py ,t) obeys the following rela-
tivistic Vlasov equatiorfin the following the indexe(i) re-
fers to the electronéons)],

9 0,20)9yy(9,20) — 97,(0,20)

29P| © dq .
Lyz(X)=—57—= [ —e & I+ U oxdy— E(Ex+veyBy)dp —€(Ey—vexB,)dp 1fe=0
y imwy® J_« 27 [dr+vexdx—€(Ey Uey 2) Pex e( y~ VUex 2) pey] e— U,
2 272 (20)
q [9xx(d, @) + (@°/c%) ]9xx(q,20)
5 5 > , where
q°+ 11 9xx(d,20)9yy(4,20) — g5,(9,20)
Cpexly
4ew’P; (* dq q Uex/y:\/ 22, .2 2 (22)
_ 99 igx mzce+ps,+p
Ty2(¥)= ez Lo 27 % Al _ e T T -
is the x(y) electron velocity component. The longitudinal
Oxy(0,20) and transverse electromagnetic fieHg, E,, and B, are
Xgxx(q,Zw)gyy(q,Zw)—giy(q,Zw)’ given by Maxwell's equations,
1
1 Lyp(0)+Tyy(0 HKEx=—p, (22)
Bzz(o+):_ y2( ) y2( ) . (18) X=X €
c 1-i(4wl/c)Fy,(0) L
" ~ - ~ s ) HEx=——Jxs (23
The quantitiesP;=Ay;(0)Ex;(0) and P=Aj,(6) describe €
the self-coupling strengths of the transverse fidto lon- 4B, =~ 3B, (24

gitudinal and transverse plasma oscillatignsupling terms
Ay(t)E'X' and A, d,A,]. It is interesting to note that,
dominatesT,,. Next we will give the analytical formula for HE,=—c? 9,B,— - Iy (25
fractional absorptionfAB) that consists of the normalized 0
incoming energy flux represented by 1 minus the emittedvhere the charge and current densipeg, , andj, are given
energy flux for the fundamental mode minus the emitted enby
ergy flux for the second harmonic. It is given by . . . .
- p=—e| dpe| dneyterze| dp. | dpy 1.

1-(4w/c)ZF1(0)+ (4w/c?) © * * ©

1+ (4w/C)TF1(0) + (4w?/c?)|Fy1(0)|?

~ (YIEDILy2(0)+Ty5(0)|?
1+ (8w/c)TF,(0) + (16w’/c?)|F 2(0)[?

T=1

ix= _efoc dpexﬁo dpey Vexfe

(19

+Zef dpixf dpiy vix fi,
This formula has been obtained formally by demanding * ”
continuous solutions at the boundary and shows the additive o w
property of fractional absorption in the high-temperature jy=—ef dpexf dpey Veyfe

case considered here. We define the fractional conversion ” ”

efficiency for the second harmoni{€E) as the ratio of the % %

emitted intensity of the second harmonic to the irradiated +ZeL dpixfoo dpy viyfi. (26)
intensity. It is given by the third term of Ed19). Since

Ly, andT,, scale like intensity CE scales like intensity while Here Z is the charge state of the ions. Equatid@8)—(25)

the absolute conversion scales like intensity squared. This isan be rewritten in a conservational form more suitable for
in agreement with measurements by Norreysl® our numerical purposes,
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= ] = meC Pext P
& ooms] & Xex;{—ke_r ( \/1+6)(T;y—1”. (32
et ] g B'le mec
2 1oZE 4089
& 00804 "7 & Equation(30) is obtained assuming thét(0) is Max-
= ] [ 50 & wellian and requiring thaf, transforms like a scalar. The
- 0'025'; - details of an efficient fully relativistic numerical scheme for
0.000 ] 00 integrating Eqs(20), (22)—(25) are beyond the scope of this
"7 00 150 300 450 60.0 750 90.0 paper.
go The size of the simulation box is\6for Xx(0<x=6\),

where \ is the vacuum wavelength of the laser light and
FIG. 2. AB versus angle of incidence. Coupling to longitudinal plasma80muy, for p, and Py . The componenp, is not needed for
oscillations turned off fot,=0.0 and turned on far,.=1.0 (upper ploj. CE  the purep-polarization casésee Sec. )l Since it is neces-
versus angle of incidence due Ry and P, (lower plod. Both plots have sy to resolve scale lengths of the order of a thermal Debye
been obtained analytically forza step-like dfensny profile. The parameters arfeength(see Sec. I}, the spatial resolution has been chosen to
n/n,=25, T,=10 keV, andIA?=10" W cm™2 um?. '
be 0.5p=0.%pn/wp. In momentum space we choose
0.2mvy,. The position of the vacuum plasma interface is
located atx=2\. Those electrons that reach the boundaries
ix B are allowed to escape. No electrons enter at the vacuum
iC Ix“x=0, (27 poundary located at=0. At x=6\ thermal electrons with

the initial temperature are allowed to enter. We do not
where #,=E, + Cx, with p+C>0, C>1 being a constant choose a stip-like density profile but a very small fini.te scgle
introduced for numerical reasolwe chooseC~10%). Fur- Ien_gth (lk‘/)‘_O'Olr)]' The Fempe_rature of t:e simulations is
thermore, concerning the transverse part of Maxwell’s equav-rv‘;_ igta?:IaithiDiefszlgi :/Cw_ 2?'5?&53% ggr)ir?zters
. X . ~6. . , le=1. . :
tions, i.e. Eqs(24) and (25), we write and\ p—0.0045.
The first plot of Fig. 1 shows the amplitudes of the
(9,2 Ca)E=— i iy, (29) higher hgrmonics no.rmalized onto the amplitude_ of the inci-
€0 dent radiation obtained by a Vlasov simulation fog
=10 keV andiA?=10"® W cm 2 um?. We observe that the
whereEi=Eyt cB,. To fix the initial and boundary condi- spectrum of the emitted higher harmonics goes up to the
tions for the electromagnetic fields and the electron distribuninth order. The second plot of Fig. 1 gives AB and CE for
tion function f,, we observe that Eq$20), (27), and(28)  the same temperature and fbx?=10'" W cm 2 um? and
preserve their shape for an arbitrary angle of incidefde  IN>=10" W cm 2 um?. It shows a decrease of AB for
E., E* andf, are given, respectively, by growing intensity>® The magnitude of AB ford=60° and
IN2=10¥ W cm 2 um? can be determined from the spec-
trum given in the first plot of Fig. 1. The outgoing energy
E*(0t)==F, sin ot, flux contained in the fundamental mode plus the second har-
Y monic already gives a good approximation for the observed
AB. This result verifies the additive character of AB given

&yt

E"(=,1)=0, (29 by Eq. (19 for the parameters considered here. The maxi-
mum CE forI\2=10" W cm 2 um? is about 3% while it is
E.(x,00=E*(x,0)=0, almost 12% forIA?=10" W cm™2 wm?. In addition, we
2250 Phys. Plasmas, Vol. 4, No. 6, June 1997 H. Ruhl and R. A. Cairns
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FIG. 3. CE for various irradiance@ipper plo} and various temperatures i 4 AB (upper plo and CE(lower plof for various temperatures versus
(lower ploY versus angle of incidence. The parameters rdre.=25 and angle of incidence fon/n,=4.4 andi\2=3.3x 10" W cm 2 um?.

T.=10keV (upper plo} and n/n,=25 andIA?=3.3x10" W cm ™2 um?

(lower plof. .
that low temperatures are necessary for high-order harmon-
ics. For the parameters of Fig. 2 we obtau?,uislwcmh

find that AB is only weakly sensitive to intensity for normal ~18. The results still agree well with the numerical data.

incidence, as expected from the discussion above. Thus, we conclude that the formal restriction given in Sec. Il
is not severe and can be extended up to 18. This is due to the
V. DISCUSSION AND SUMMARY fact that in the overdense plasma the amplitudes are much

smaller than the vacuum amplitudes, which have been as-

As we can see from the second plot of Fig. 1 that wassumed to derive the criterion of Sec. Il. The upper plot of
obtained by a Vlasov simulation AB decreases with growingFig. 4 gives AB forn/n.=4.4. For this density that is close
irradiation. The same result is obtained analyticédlge Fig. to the critical density for the second harmonic, the analytical
2). The upper plot of Fig. 2 gives AB for various coupling model predicts almost no conversion, a result we consider
strengths(indicated byl,) to longitudinal plasma oscilla- being reasonable. In addition, the optimum conversion angle
tions. If we consider the normalized skin lendthas a for-  drops tof~30°.
mal coupling parameter we can turn on and off the coupling  We conclude as follows. The second harmonic emission
of the laser light to the surface oscillations discussed in Seds able to reduce fractional absorption considerably for high
Il (I=0.0 means no coupling,=1.0 means full coupling  temperatures. This process might also play a role for lower
The lower plot of Fig. 2 gives the analytical results of frac- temperatures, where our approximations become question-
tional emission of the second harmonic duétpandP, for ~ able. The coupling of the transverse field to longitudinal
a step-like density profileR,>P,). Figures 3 and 4 show plasma oscillationgcoupling parameteP;) provides the
CE for various irradiancies, temperatures, and densities. Ouwfominant mechanism of harmonics generation for step-like
model predicts that fractional conversion grows linearly withdensity profiles supporting the hypothesis of Lichtersl®
intensity (this means that conversion grows as intensitywhile the coupling to transverse plasma oscillatidoeu-
squared, which is in agreement with experimerfsHow-  pling parameteiP,) is less effective in that case. However,
ever, we note that we did not renormalize the first-order sothis second coupling mechanism may play a role for finite
lution given by Eg.(8). In addition, since electron uphill density gradients.
acceleration provides a shielding process we expect en-
hanced target surface expansion, which should be included HCKNOWLEDGMENTS
future calculations’ From the lower plot of Fig. 3 we see This work was partially supported by the European
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