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Transmission through Highly Overdense Plasma Slabs with a Subpicosecond
Relativistic Laser Pulse
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Transmission of a subpicosecond relativistic laser pulse is observed through solid foils and preformed
overcritical plasmas. Transmission rates near 10% for densities above10 3 nc are measured. A
moderately relativistic strong threshold in intensity is found in order to observe this effect. The
experimental results as well as preliminary particle-in-cell simulations suggest that for thin solid foils
the observed transmission is explicable by rapid heating and expansion to transmissive conditions
during the pulse. Self-induced transparency and hole boring processes apply to thicker preformed
plasmas. These results have important implications in fast ignition for inertial confinement fusion.
[S0031-9007(98)05546-X]
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For more than twenty years, overdense plasma inter
tion with laser pulses so intense that the oscillatory electr
motion becomes relativistic has been a subject of mu
theoretical interest [1]. This interest has been conside
ably intensified, both theoretically [2,3] and experimentall
[4,5], due partly to the availability of lasers capable of de
livering intensities above1019 W cm22 [6] and partly to
the advent of the fast ignitor concept [7] in the context o
inertial confinement fusion. This scheme requires that
channeling [8] intense laser pulse penetrates as close
possible to the compressed core of the target. Classica
at low intensity, the normally incident light can propa
gate up to the critical density:nc ­ 1.1 3 1021yl2

m cm23,
wherelm is the laser wavelength in microns. However
at high intensity, two mechanisms have been consider
to allow wave propagation abovenc: (i) hole boring due
to the ponderomotive pressure and (ii) self-induced tran
parency (SIT) due to the relativistic increase of the electro
mass and the associated decrease of the effective pla
frequency, as observed both in 1D and 2D particle-in-ce
(PIC) and fluid simulations [9,10].

In this context it is particularly important to study
the currently unexplored propagation through moderate
and very overdense layers. This is the object of th
present Letter. We have explored a large set of plasm
conditions: preformed overdense layers as well as so
foils. The experimental results, using a very high contra
beam, show that, at sufficiently high intensities, hig
transmission rates are attained for very overdense plasm
(with nmaxync $ 10). These transmissions decrease as t
peak density or the overdense plasma thickness increa
The transmitted light is seen to originate from a small sp
at the rear of the target. Moreover, the absorption appe
to be relatively highs$50%d in the transmission regime.
To our knowledge, this is the first time such results a
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reported. The preformed plasmas transmission resu
could possibly be interpreted in terms of the SIT an
hole boring processes enhanced by self-focusing in t
underdense corona. The thin solid foil results suggest t
importance of target heating by fast electrons that lea
to rapid expansion and density decrease to transmiss
conditions during the pulse.

The experiments are performed with the 80 TW P10
laser system [6] at CEA/LV. A plasma-creating lase
beam is focused by afy6 lens through a random phase
plate onto a CH or Al flat target, at 35± above the target
normal. This1.058 mm 750 ps FWHM laser pulse has
an average intensity of3 5 3 1012 Wycm2 (90% of
5 J contained in a400 mm focal spot). After a time
delay Dt, the subpicosecond high-intensity interactio
beam is focused by afy3 off-axis parabola at normal
incidence onto the plasma with an energy up to 10
(,20% of the energy being in the intense focal spot)
By varying the delay between the creation pulse and t
interaction pulse as well as the thickness of the targ
and the creation beam energy, it is possible to adjust t
peak overdense densitysnmaxyncd and the thickness at
critical density slcd. Two main configurations (referred
systematically in the following as2v and 1v) are
used for the intense interaction beam: either the laser
frequency doubled at 529 nm and focused in the sam
direction as the creation beam, or it remains at1.058 mm
and is focused in the opposite direction. In both case
the beam is linearly polarized, the pulse duration is 300
600 fs (FWHM), and the elliptical focal spots are rathe
close: either (2v) 4 3 5 or (1v) 5 3 10 mm2. This
leads to a maximum productIl2 of (2v) 5 and (1v)
15 3 1018 W cm22 mm2.

Transmission rates (through afy1.3 lens) and reflection
rates (in thefy3 focal aperture) of the intense beam ar
© 1998 The American Physical Society
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measured using fast Hamamatsu photodiodes (100 ps
time). We also monitor the outcoming beam by imagin
the rear side of the target with a resolution of,0.5 mm.

Three Pockels cells having each a103:1 contrast ratio
and a rise time,1 ns are used in the laser chain. At1v,
this gives a repeated108:1 contrast ratio for the continuum
level up to 230 ps before the main pulse. On top o
this continuum level two prepulses are measured at2350
and230 ps; they present a contrast ratio of about105 to
104:1. These contrast ratio measurements are done w
a fast integrating diode up to230 ps and with a third
order autocorrelator from235 to 135 ps. At 2v, the
contrast ratio is further squared by frequency doubling.
is thus much higher, better than1012:1 and108:1 for the
continuum and the prepulses, respectively. The resid
energy at1 mm is also reduced by at least a factor of106

due to the2v coating reflective optics. With the2v peak
intensity and contrast ratio, the intensity of the light prio
to the main pulse is below the ionization threshold of sol
targets. We studied the effect of the amplified spontaneo
emission on solid targets by firing, at2v, a full energy shot
without a pulse being injected in the regenerative amplifie
We did not observe any damage on the 700 Å Al foil afte
the shot. Because of the 1 ns rise time of the Pockels c
it is not possible to study the cumulative effects of the pr
pulses without the main pulse.

Nevertheless, in the case of the interaction with pr
formed plasmas we have verified both numerically and e
perimentally that the prepulses do not perturb the plas
produced by the creation beam. Using a Wollaston i
terferometer and a transverse diagnostic beam (0.35 mm,
1 ps), we get, by global Abel inversion, a 2D time-resolve
measurement of the background density,1 ps before
the main pulse and with a spatial resolution better th
5 mm [8]. We do not record any perturbation due t
prepulses. The measured background underdense den
profiles sne # 4 3 1020 cm23d are fitted with a 1D La-
grangian hydrocode Chivas [11]. We can thus infer th
nmaxync and lc parameters. The density evolution of th
target is very sensitive to the heat transport model used
the simulation. The best fit is obtained for a flux limit fac
tor f ­ s6 6 2d%. This variation off gives a,625%
variation on the peak density. Using a delocalized flu
[12] is more relevant for the overdense part of the profil
except when the plasma becomes moderately overdens
few tens ofnc). We chose the values of the peak densi
obtained with this heat transport model as the lower lim
of the error bar [see Fig. 2(a)].

The density evolution given by the hydrocode is su
ported by monitoring the overdense/underdense peak d
sity transition using the transmission of the creation bea
and a time fiducial. The measured time at which the cr
ation beam is transmitted through the plasma agrees w
with the time at which the plasma becomes underdense
the hydrodynamic simulations using the flux limit facto
model.
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To be sure that the intense laser pulse is interacting wi
a high density plasma when using thin solid foils, we hav
used time-resolved x-ray spectroscopy (700 fs time res
lution with the PX1 x-ray streak camera coupled to a con
cal crystal spectrometer viewing the plasma at 45± from
the target normal). As an example a spectrum obtaine
by irradiating a 500 Å Al foil at4.4 3 1018 W cm22 mm2

is shown in Fig. 1. The fit of the time-resolved Li-like
spectrum [13] with line broadening calculations [14] in-
dicates that the electron density, during the first 700 fs o
the Li-like history, is around2 5 3 1023 cm23 (solid den-
sity is 6 3 1023 cm23); this corresponds tos50 125dnc.
For ne , 2 3 1023 cm23 it is not possible to reproduce
the observed spectra. From the extremely short durati
of the Li-like emission (2.5 ps FWHM) and by compar-
ing to the case of thicker foils which display longer dura
tions associated with colder plasmas, we deduce that t
observed emission is coming from the hottest area whic
is produced in the highest laser intensity zone. Moreove
time and spatially integrated spectra show, for thin foils
an absence ofKa emission (no coldKa nor ionized states
Ka) and consequently no lateral heat transport. This ind
cates furthermore that the thermal emission is confined
the hottest region of the interaction area. We also verif
that, in the case of significant laser transmission throug
the foil, the transmitted visible spectra are heavily modu
lated as one expects in the presence of a rapidly decreas
plasma density [5].

Figure 2(a) shows the transmission rates throug
3000 Å of preheated CH targets obtained in the2v con-
figuration (Il2 , 3 3 1018 W cm22 mm2). The creation
beam has 0.5–5 J of energy and the delay between
creation beam and the interaction beam varies from 0
200 ps. As the critical density at this wavelengths,4 3

1021 cm23d is in the region of steep profile,lc remains
small s,2 mmd over the range of creation beam energ
and delay used. The main parameter for the transmissi
is then the peak overdense density inferred from th
fitted hydrodynamic simulations. These results clearl
indicate high transmission through very overdense laye
Moreover, there is a high threshold in the interaction bea
intensity in order to observe transmission, as illustrated
Fig. 2(b). Two different preformed plasmas are used: (i) a

FIG. 1. Al Li-like spectrum produced by a 4.4 3
1018 W cm22 mm2 2v shot focused on a 500 Å solid Al
foil. The dotted curve is the corresponding calculation for a
electron density of2 5 3 1023 cm23.
2327
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FIG. 2. Transmission rates of the short beam through p
formed plasmas of (a) CH withlc , 2 mm and a variable peak
density (2v, Il2 , 3 3 1018 W cm22 mm2), (b) CH (1v,
circles) with nmaxync $ 100 and lc , 4 mm and Al and CH
(2v, triangles) withnmaxync , 45 andlc , 1.5 mm.

1v, we use a 3000 Å CH target, a 1–2 J creation bea
and Dt ­ 1100 ps, leading tonmaxync above 100 and
lc , 4 mm and (ii) at 2v, we use a 1100 Å Al target
coated on a 5800 Å CH film, a 2–5 J creation beam, a
Dt ­ 11 ns, leading tonmaxync , 45 andlc , 1.5 mm.
The threshold intensity is below1018 W cm22 mm2 [mod-
erately relativistic,a ­ sposcymcd ­ sIW cm22 l2

my1.37 3

1018d1y2 , 0.85].
The 2v high-contrast beam interaction with initially

solid Al foils (no creation beam) ranging from 500 Å
to 2 mm gives essentially the same results (transmissi
through highly overdense slabs and high intensity thres
old). For all these foils, the inferred overdense peak de
sity remains high (see Fig. 1) and quite constant. Th
the main control parameter is the thickness of the fo
Figure 3(a) shows the decrease of the transmission
the foil thickness increases. In the transmission regim
the absorption (estimated as the complement of the s
of reflection and transmission) is highs.50%d, in good
agreement with absorption measurements made using
tegrating spheres in the same2v configuration and with
similar targets [15]. Through solid0.15 0.3 mm of CH
targets, we measure transmission rates,2% at full beam
intensity. Through solid foils, a high threshold in the in
teraction beam intensity is also found in order to obser
transmission, as illustrated in Fig. 3(b) for 700 and 1000

FIG. 3. Transmission-reflection rates of the2v beam through
solid-density foils: (a) Al solid foils of variable thickness
(Il2 , 4 3 1018 W cm22 mm2) and (b) 700 and 1000 Å
of Al.
2328
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Al foils. The intensity threshold clearly increases as th
foil thickness increases. This transition from opacity
transmission is also seen in the reflection rates. They
low [a (15–20)% plateau] when the transmission is hig
and conversely highs.90%d when there is no transmis-
sion. This latter result implies very low absorption at
steep interface [2].

Another observation that supports propagation throu
the entire foil is the rear imaging of the foil. A typica
image of the intense short beam outcoming from a so
0.3 mm CH foil is shown in Fig. 4(b). In Fig. 4(c), the
plotted mean integrated energies show that it is inde
the intense part of this focused energy which most
contributes to the beam transmission. Similar results a
obtained in the case of Al solid foils.

The data presented in this Letter are clear indications
light propagation in very overdense plasmas and initia
solid foils. However, their interpretation is not straightfor
ward. The mechanisms most commonly associated w
the electromagnetic penetration in overdense plasma
SIT and hole boring. The former occurs above an intens
such thata , sneyncd [9]. One-dimensional PIC simu-
lations done atIl2 , 1019 W cm22 mm2 with a slightly
overdense slabsne ­ 1.5ncd show propagation at a ve-
locity ,0.2c through layers having a width 10–30 time
the vacuum wavelength [9]. The classical description
the hole boring allows penetration in much denser pla
mas but at a much lower velocity. It involves the pon
deromotive force associated with the high intensity las
light which pushes the plasma electrons and ions at a
locity uyc , afsncy2ned sZmeyAmidg1y2 [10], whereA is
the atomic mass,mi and me are, respectively, the nu-
cleon and the electron mass, andZ is the effective charge

FIG. 4. Image of the focal spot: (a) calibration shot i
vacuum and (b) on the rear side of a0.3 mm solid CH
foil, the 2v beam (Il2 , 5.6 3 1018 W cm22 mm2) is seen
to emerge from a small spot, and (c) normalized integrat
energy inside a circular area of increasing radius for both sh
and transmission (CH shot divided by the reference shot
vacuum).
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state. Two-dimensional PIC and fluid simulations don
with a semi-infinite step density#10nc and at Il2 ,
1019 W cm22 mm2 [10] are in agreement with this simple
estimate for the penetration velocity. In addition, numer
cal simulations of the anomalous skin effect that allow
enhanced penetration of laser fields in very overdense pl
mas due to a nonlocal description of the conductivity pre
dicts transmissions,0.1% for 500 Å of Al targets [16].

In order to discuss our results, we have to consid
separately the preformed plasmas and the initially sol
thin foils. The transmission regime with preformed plas
mas could be the result of combined SIT and hole borin
processes enhanced by the occurrence of self-focusing
the underdense corona, that can significantly increase
laser intensity [17]. Relevance of these processes and
requirement of intense pulses to propagate through thi
overdense preformed plasmas (12 mm of H at 50nc us-
ing a 1021 W cm22 pulse) have been demonstrated usin
2D PIC simulations [18]. However, through thin solid
foils where x-ray spectroscopy indicates an initial den
sity of nmaxync . 50, these sole processes cannot describ
our observations. First, we see transmission for valu
of intensities far below the corresponding SIT threshold
Moreover, on the contrary to the case of thick foils, th
classical description of hole boring is inappropriate fo
thin foils. Indeed, as these thin foils are much mor
heated than the thick foils due to the hot electron retu
currents that interact over a long time with the beam [19
an outward ion flow is created that counters the hole bo
ing pressure. Preliminary results from 2D Cartesian PI
simulations made with parameters similar to the expe
mental ones indicate rapid heating of the thin foil by thes
fast electrons crossing the foil back and forth, rapid ex
pansion and density decrease to overcritical values whe
the plasma becomes relativistically transparent to the i
cident pulse. Using a beam with parametersa ­ 2.7,
l ­ 1 mm, 300 fs FWHM duration, a4 mm FWHM fo-
cal spot, and a0.1 mm, ne ­ 100nc initially cold foil,
the simulation shows a 4.5% transmission (which ca
be attributed neither to pure SIT nor to hole boring)
45% reflection (in the focal cone), 30% absorption, and
broadened and modulated transmission spectrum, in go
agreement with the experimental observations. We o
serve an effective densitysneygd lowering belownc that
allows the beam propagation. The simulations were pe
formed on 64 processors of a CrayyT3E.
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