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Abstract

Collective absorption, so far determined by numerical simulations, is explained in physical terms for cold and warm
plasma. After deducing a few general relations for flat targets, interface phase mixing and nonadiabatic electron
acceleration in the skin layer are identified as the main physical processes leading to irreversibility, that is, to absorption.

1. THE PROBLEM Eq). The secular fielcg, gives rise to the ponderomotive
force, whereas the time-dependent compoigmirivesj in
Collisional absorption very soon becomes inefficient whenyhe direction of the incident beam and does work on it per
a superintense laser pulse impinges on condensed matighit time of magnitudgE 4, which when cycle-averaged in a
owing to the inverse third power dependence of the electrornkyed volume element, was supposed to yield a positive
ion collision frequency on the quiver velocitys ~ vos. contribution,jE4 > 0. Subsequentlyj X B heating was
Further light conversion has to rely on collective, that iS,frequenﬂy addressed to explain collective absorption in
collisionless absorption. Hence, collective absorption is darticle-in-cell (PIC) simulations(Denavit, 1992; Wilks
key issue in superintense laser—solid interaction. At presertt 5| 1992; Wilks, 1993 Currentlyj X B heating is well
there essentially exist four models, independent of eacBstaplished as a valuable absorption mechanism among theo-
other, which in chronological order are the so-called B reticians and experimentalists. However, so far no attempt
heating(Kruer & Estabrook, 1985 Brunel effect(Brunel,  has been made to clarify by which physical effectvers-
1987, 1988, nonlinear skin layer absorptidMulseretal,  ipijlity, needed to produce absorption, comes into play, nei-
1989, and vacuum heatin@ibbon & Bell, 1992. They are  ther inj x B nor in vacuum heating. The occurrence of an
distinct from each other and each of them is commonlyjrreversible element in thgx B heating model was rather
viewed as contributing to collective absorption of super-taken for granted by the appearance of about 10% absorp-
intense laser beams. tion in 1-D PIC simulations at normal inciden¢iruer &

Depending on target density and interaction geometry=staprook, 1985 It was confirmed, meanwhile, by Vlasov
(e.g., oblique incidengeand on personal preference, often ang piC simulations, that the Brunel mechanism contributes
a single one out of the four models is favored. No generahy 5 small faction only to collective absorption. Finally, we
analysis exists up to now of their real relevance in specificshg)| see that skin layer absorption is significant. The basic
interaction experiments. On the other hand, understandingjes of how irreversibility in this mechanism comes into
the underlying physics of the collective absorption procesg|ay was outlined correctly for the first time by Mulseatral.
may be vital for optimizing a desired interaction pI‘OCGSS,fOI’(lggg_ However, in detail the mechanism is more subtle,
example, energetic electron production and efficient hargyying to the conservation of canonical momentum in the
X-ray generation. laser field direction at normal incidence.

The idea ofj X B heating, as originally proposed, is the 1o make the basic physics clear, we treat the problem in
following. A laser beam impinging perpendicularly onto a the most symmetric, that is, 1-D, configuration. First we
target in positivex direction drives a current densifyof  gerive a few very useful general relations. Then we show by
periodicity 2w by the Lorentz force-ev,s X B = —e(Eo +  \hich kind of symmetry breaking irreversibility is intro-
duced in a cold plasma and give an estimate of the upper
_ Address correspon(_jence and reprint req_uest_s to: Peter Mulser, Theorq}mit of Brunel absorption. In Section 4 we show the route
ical Quantum Electroni€T QE), Darmstadt University of Technology, Hoch- into irreversibility originating from the skin layer in the hot
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2. GENERAL RELATIONS IN 1-D
CONFIGURATION

We assume a plane wag(x, t) normally incident onto a
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the relevant Maxwell and Lorentz equations read

—8002 _ BZ

X 4)

d .
:Sany"rJy

plane plasma surface. The ions are held fixed with a discon-

tinuous transition from vacuum to a highly supercritical
(e.g., solid-statedensityn, > n.. Oblique incidence of a
plane waveE under the angle is reduced to perpendicular
incidence by applying a Lorentz boagt= csin« in they
direction of the wave vector componekt= ksina. With
the Lorentz factory = (1 — v&/c?)"¥2 = (cosa) %, the
following relations for the field quantities in the moving
frame(primes are easily confirmed for p-polarization:

E
B=§=_. B=_. B=B=0 E=IE, @
and for s-polarization:
E,=0, E,=—, E,=E, B)=B,=—,
Y
k
B,=0, B=|B|=|—XE| 2
w

by making use of the self-evident transformations

E/l=E, El=y(E+wv,XB),,

Bl = <B vaE)
L_Y C2 J_'

B/ =By,

The transformation law oB;, for instance, follows from
that ofE| by performing the identity boost first with, and
then with —v,y. Of course, Eqs(2) immediately follow in
the four-vector notation from the electromagnetic field
tensors.

In addition

kx: ;! ' n(’):’ynO! JO:’ye(noi ne)UO

)

follows. No ambiguity arises if the prime sidh is omitted
from here on for simplicity. To treat p- and s-polarization in

a unified way, in s-polarization the boosted frame is rotated

around thex’ axis by +/2 andvg = csina = —zis used.
Introducing the vector and scalar potentiaj$x, t), ¢(x, t)
in the boosted frame, with

4
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e (No — ne) (6)
X €o
E nm, = e E A (7)
dt 7 dt Y
d o A,
at T € Yoox ®

All equations are relativistically correaty= ym,. For sim-
plicity, the ion charge number is assumed to be unity.

Now assume thdtl) a steady state is reached and 2t
E, is periodic, with periodicitynw, n =1, or combinations of
it. Poynting’s theorem states

d . .
i S+ jxEc+jyE =0.
From Eq.(5) follows

g9 0
ijx: 7_0_Ex2

2 ot &

Cycle-averaging leads to the conclusion

ixEx=10. (10
Under the above assumptions, it is of general validity re-
gardless of whether the electron temperaflyé zero or
finite. In particular, it holds in steady-state resonance ab-
sorption in flat density gradients. The relation may serve as
a test for the accuracy of a numerical simulation. In wake-
field acceleration it was shown explicitly by PIC simula-
tions that, E, is much larger thap E, (Gahnet al,, 1999.
This is not surprising since the configuration is close to 1-D
and a quasistationary state builds up. Assumptigis well
fulfilled in 1-D Vlasov simulations and Eq10) holds(e.g.,
Ruhl & Mulser, 1995, Figure P The fieldE, is the sum of
the driver fieldEy = v, B, and the induced fiel&;, obeying
JE;,/0x = JE, /ox of Eq.(6), E, = E;, + E4. Hence, Eq(10)
implies

jx Ed = _jx Ein-

With zero electron temperature and immobile ions, energy
convection is absent in ideal fluid dynamics. Thyss,
vanishes. On the other hapgdE, is the cycle-averaged ir-
reversible work done by thigx B-force density. Therefore,

in the absence of discontinuities, one concludes from fluid
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(14

dynamics that under conditio%) and(2) noj X B heating  The total absorption is obtained by spatial integration over
occurs atT, = 0. This conclusion is still valid when, in a the interaction region,
steep continuous transition from vacuum to high density, a
plasma oscillation is resonantly excited. At finite electron _ e Py
temperaturd, E, = O still holds undef1) and(2); however, nyEde = f (H A+ 900) o OX
ixEq = 0 can no longer be inferred since now, for example, ‘
the high harmonics of the electron plasma wave carry enat first glance, the somewhat surprising consequence is that
ergy into the dense target. In casengf> n., the energy (T, =0, the ternj, E, does not lead to absorption. Together
transported away is expected to be very small. The conclugith Eq. (10), this seems to contradict all PIC simulations
sion is that if collisionless abSOI’ption is h|gh, which is the performed until recent]y and, to aminor extent, Correspond_
case at large angle of incidenag(Ruhl & Mulser, 1995,
thatisuois large, it cannot originate frojpE, in the boosted
frame. High collisionless absorptidop to 70% is proved
experimentallyFeureret al.,, 1997).

The only alternative is absorption ByE,. Multiplying
Eq.(4) by E, = —d;A, and substitutindd, by d, A, yields

S R
2 9t\ at /)’

ing Vlasov modeling of collective absorption. However, one
must bear in mind that whenever there is a spread in the
electron energy distribution, the pressure tergpand the
kinetic temperaturd, do not vanish.

3. INTERFACE PHASE MIXING

At the beginning of laser incidenc&, = 0 is assumed for
clarity. Such a simplification is made also in standard PIC
simulations, although, in the real experiment, there is some

Inthe cycle-averaging process, the second term on the righkinetic temperature already introduced by the field ioniza-

hand side vanishes under conditiqdsand(2). Hence,

— oAy 92A,
M=% SOCZE W (11
A third important relation results from E7),
My, = eA, + 0Mvg, Mo = YoMe, 7Yo=COS ‘. 12

For p-polarizationd = 1; for s-polarizationd = 0. It ex-
presses the conservation of the canonical momergtum
mvy, — eA, owing to translational invariance alorygn the

tion process itselfRuhl, 1994; Mulseet al,, 1998 and by
inverse bremsstrahlung absorption. According to the fore-
going section, an effectis needed for absorption, which adds
an irreversible element to the ideal collective cold fluid
dynamics. Afl, = 0 there exist only two such elements: cold
wavebreakingMulseret al,, 1982; Koch & Albritton, 1974

and symmetry breaking of ttjex B force-driven oscillatory
motion. Wavebreaking in a cold fluid is well understood as
overlapping and subsequentinterpenetration of different fluid
elements. A simple estimate below will reveal that this phe-
nomenon occurs only at very high intensities and does gen-
erally not come into play in our context. Irreversibility rather
starts from the vacuum plasma interface where a fluid ele-

boosted frame. In other words, in a stationary 1-D plasmament, when crossing this boundary, is subject to different
thermal electrongv, # 0) cannot carry transverse oscilla- kinds of motion. To make this clear, normal incidence of the
tion energy out of the skin layer regardless of how thin itis.laser beam onto the plasma surface &t 0 in the boosted

A salient signature of intense laser—matter interaction igrame is considered. Under the influence of the driégn
the generation of energetic electrons. To establish a linland the induced field;,, a fluid element at its original

between this phenomenon and absorption, @4), the

momentum balance may be usétkre nonrelativistic for

simplicity),
Jpe , 0 d
— = v+ — peviv; + — pj = —Nee[E + (v X B), ];
at 2 ax PeY axjp’ e€lE + (v xB)]

P = pel(Ui — i) (U — v))).

Hence, under conditiond)and(2)

IPxx

JxEx =

— 2
Ux Pelx T Uy

ax ax + enpug Ey =0, pe=MeNe;

. 19 e 2 e IPyy
]yEy=§&pevx EAY-FOUO + HAXJ’_HUO K

e
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positionx, > 0 undergoes a displacemefi(txg,t). Multi-
plying Eq.(6) by the electron velocity, = 4 and adding to
Eq. (5) yields

d d
a (egEx — Oenyd) = a (ggEx+60P)=0, P=—end. (15

Inside the plasma, that igy + 6 = 0, is6 = 1; for xo +
6 < 0 holds# = 0. Combining this with the total time
derivative of Eq(8) in nonrelativistic form leads to

d35+0 2 da—
ded ® TP gt T T dit

(16)
The equation is strictly valid as long as no electron fluid
elements interchange, that is, when frgg < X, follows
X1 < X, for the actual positiong = Xg + 8(Xp,t). If Eq. (16)
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is integrated once, fat = 1 the displacemerdtis governed
by
Xo+6=0.

« e
5+w§05 = T Eq; a7

e

For 6 = 0, the integration yields

N e
8fG(xo)=fHEd, G = w2 Xo; Xo + 8 < 0.

e

In analogy in Eq(17), this can be cast into the form

5+w25=—3E wE= —wi,—. (18)
p m d» p p05

e

The beauty of Eq.17) is that, although itis highly nonlinear

in (x,t), it becomes linear with constant plasma frequency

in the Lagrangean variabléx,, t). Equation(18) contains
instead the free fall terr®. In oscillating across the bound-

ary, an electron fluid element switches from the constant

eigenfrequencyw,, to the continuously varying one,,.

Therefore, when oscillating back to the interface, it has
accumulated a phase difference relative to the oscillation
mode in the interior which results in a drift in addition to its
regular oscillation, in perfect analogy to a collision. This is
the underlying physics of irreversibility leading to collision-

less absorptionin 1-D at = 0. Itis nonstationary, therefore
violating condition(1). With E4 = E4sinQt switched on
adiabatically the solutions ¢l.7) and(18) are

e N

b=————E
me(wgo - QZ) ¢

Xo+8=0: 8(Xpt) = —8sinQt;
Xo+ 8 <0: 8=05y(Xo,t) =8y(sinQt — sinOty)
G o N
+ 5 (t—1t9)% — Q(t — to) (by + 6)cosOty;

Sy (X0, 1) = Q8 cosQt + G(t — ty) — Q(Sy + 8)costy;

e

5sinQty = Xg! by=—— 19
0= Xo v moOZ (19

E,.

Thereby the approximatiofy (X, + 8) = Eq(X,) was made,

thatis, harmonics are suppressed. Depending on the starting
position Xy, there are particles which, when falling back

from the vacuum, cross the boundary at high velogityln

the interior they proceed at nearly constant speed because
their motion is neutralized by a slow back current of the bulk
plasma. To give an example, an electron entering the vac-

uum atQt, = 80° crosses the boundary @t = 217.T with

P. Mulser, H. Ruhl, and J. Steinmetz

effects of standards PIC codéSteinmetz, 2000 In Fig-
ure 1, a laser beam of irradiant& = 10*°* Wem™2 um? is
incident from the left-hand side onto a semi-infinite target of
densityn/n. = 10 undera = 0°, 45°, and 60. The interface

is placed ak = 0. The plots show the time history of the first

t [c'1 A

tic' A

tic' A

0.2

0.3

-0.2

Speecﬁ'v/ﬂgv =1.52; it corresponds to a kinetic energy 2.3 Fig. 1. Interface phase mixing. Particle-in-c¢PIC) simulation of cold

times its oscillation energy in vacuum.

To show in detail how interface phase mixing works and

plasma heatingno = 10n.) by a laser of irradiancke\? = 10*° Wem ™2 um?2

The laser beam is turned on over three cycles; its front reaches the target
surface after five cycles. The angle of incidence from top to bottamn=s

how irreversibility originates, a cold 1-D PIC code has beeny, 3¢, 6¢°. The pictures show the dynamics of 20 layggssitivexin units
written just for this purpose which is free from self-heating of laser wavelength) as a function of time (in units of laser cycles

https://doi.org/10.1017/50263034601191032 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034601191032

Routes to irreversibility in collective laser—matter interaction 27
50 layers under the action of the driving fielt} and the ing far out into vacuum because, at a reflecting boundary, a
induced self-consistent field;,. Under normal incidence layer has no chance to undergo a quasiadiabatic phase shift.
(top) the driver oscillates & = 2w owing toEq = v, B,; in For cold wave breaking to occui$/dx, = —1, that is,
the second and third picture§, is a combination of com-  96/0%,| = 1, must hold(Mulser et al,, 1982. At normal
ponentsyB, ~ w andv,sB, ~ 2w. Itis largest forx = 60°. It incidence Eq4 = v, B, is determined from Eq.18) andB, =
is impressive to observe how strong the interface phaseA,/d,,
mixing develops in the last picture: a small phase delay
relative to the regular motion of the skin layer leads to 1 e A?
crossing and subsequently to an unbound motion into the 97 o oax
target. The vacant position at the surface is filled by a slow
return current, establishing in this way the required quasiin the strongly overdense skin Iayég‘,(x) = Age ™ k =
neutrality. In the vacuum, the layers follow Eq9) approx- kwpo/w can be set and hence equatids) yields
imately, because the few layer crossings there do not
substantially alter the backdriving for€&(x,) = wjoXo in 98 e? e’A2
Eq.(18). Itis easily seen that crossing events introduce an ‘ ‘ = 2«? 2 (w2 — de?) Aj=2 2c2’
. . . e pO e
additional irreversible element.
' Some conclusion; extrqcted from the_ numerical'simula-rhiS becomes unity at aboki? = 10! Wem~2 zm? only. In
tion may shed additional light on collective absorption: Figure 1,12 has exceeded this limit already at six laser
) ) periods and no indication of cold wavebreaking can be ob-
1. Only the regiom, < n. contributes to cycle-averaged ggpeq. In another simulatigfig. 3), 200 particle orbits are
absorption, E, (Fig. 2); jxE, = 0 is well satisfied in - gjq\wn with the same laser pulse under 3¢° of incidence

0? < ). (20)

the boosted frame, as expected; with the neat result that wavebreaking is absent; all absorp-
2. From Figure 2, Brunel absorpti¢n < 0) amounts o tjon, s due to phase mixing and, to a much weaker degree,
25% of total absorption; Brunel acceleration.

3. If in the simulation the layers are reflected when they
reach the vacuum boundary= X, + 8(X4,tp) = O,
instead of moving out into the vacuum, the absorption4. NONLINEAR SKIN LAYER ABSORPTION

increases slightly. When the plasma electrons have heated up to a kinetic tem-

These facts are of particular relevance. They tell us thaperature of several kiloelectronvolts, a quasiequilibrium is
interface phase mixing is an important phenomenon anéstablished between its presspyeradiation pressure, and
that the Brunel mechanism does not significantly contributénduced thermoelectric field on the secular, that is, slow,
to total absorption. On the other hand, increased absorptiotime scale. In this environment, the electrons can be as-
under geometrical reflection is understandable because, [sumed to move with their randoffthermal”) velocitiesv,

reflection, dephasing is increased for those layers not movacross the skin layer. At the plasma—-vacuum interface, we
assume that they are geometrically reflected. This is a good

approximation because the Debye layer of thickngskas
' ; ; a much more reduced extension than the skin layerl/«.

!
I
A
o T
5 M »WJ"") \d kwi 10 +
LL|> ,,,,,,, ) ‘ i AN,
> < | 9
— ! I r
N TR
7 éﬁ; i f <
’ § | T 8t
o [3)
o oy
f
L L 1 L 7 B
-0.2 -0.1 0 0.1 0.2 0.3 0.4
x [A] 6l

Fig. 2. Cycle averaged absorptiofij,E,dt = j,E, of a 1A? = 10%
Wem~2 um? laser beam under = 30% of incidence ontag = 10n.. Bold
curveij, E, of the underdense electron regi@arefaction is due to dynam- x [A]
ics); light curve:jyE, in ne > n.. Overall absorption is 23-24% and is

entirely due to underdense electron region. The fraction of Brunel absorpFig. 3. Dynamics of 200 cold plasma layers induced by the laser pulse of
tion (x < 0) amounts toj of total absorption. Figure 1 under = 30° of incidence. No indication of cold wavebreaking.
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An electron starting aty > 85 with a velocityv,, towards  anism can become as high as 40% of the total power incident
the vacuum boundary is subject to the Lorentz foiice under large angles on flat targetg Ruhl, 1994. In light of
—e(ves — vg)B, with B, having the form Section 2, Egs(10) and(14), we conclude on the basis of
Eq.(22) that thev, X B, force in the skin layer introduces an
irreversible element leading to an absorptive dephasing be-
tweenj, andE,, which in terms of a fluid description has its
origin in the pressure tenspy.

A t t,
B,(X,t) = — Ee "™ sinwt, X=X+ vyt +f f f dt”dt’. (21)

K
w
An electron moving at low speed may undergo several 0s-

cillations during crossing the skin layer. In this case theaACKNOWLEDGMENT

particle has almost no energy gained after arriving again at

Xo. However, abg, = ¢, the phase dB,changes only slightly, This work has been supported by the European Commission
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There exists an optimum velocity, for gaining energy. To

see this in detail one may move in such a parameter region
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