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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 alibwen, 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]

PACS numbers: 52.40.Nk, 52.35.Mw, 52.60.+h, 52.70.Kz

For more than twenty years, overdense plasma interaceported. The preformed plasmas transmission results
tion with laser pulses so intense that the oscillatory electrooould possibly be interpreted in terms of the SIT and
motion becomes relativistic has been a subject of muchole boring processes enhanced by self-focusing in the
theoretical interest [1]. This interest has been consideminderdense corona. The thin solid foil results suggest the
ably intensified, both theoretically [2,3] and experimentallyimportance of target heating by fast electrons that leads
[4,5], due partly to the availability of lasers capable of de-to rapid expansion and density decrease to transmissive
livering intensities above0'” W cm™2 [6] and partly to  conditions during the pulse.
the advent of the fast ignitor concept [7] in the context of The experiments are performed with the 80 TW P102
inertial confinement fusion. This scheme requires that daser system [6] at CEA/LV. A plasma-creating laser
channeling [8] intense laser pulse penetrates as close Beam is focused by #/6 lens through a random phase
possible to the compressed core of the target. Classicallplate onto a CH or Al flat target, at 3&bove the target
at low intensity, the normally incident light can propa- normal. This1.058 um-750 ps FWHM laser pulse has
gate up to the critical density,, = 1.1 X 10*'/A% cm™,  an average intensity o8-5 X 10'* W/cn? (90% of
where A, is the laser wavelength in microns. However,5 J contained in a00 um focal spot). After a time
at high intensity, two mechanisms have been consideredelay Az, the subpicosecond high-intensity interaction
to allow wave propagation above.: (i) hole boring due beam is focused by &/3 off-axis parabola at normal
to the ponderomotive pressure and (ii) self-induced transincidence onto the plasma with an energy up to 10 J
parency (SIT) due to the relativistic increase of the electrorf~20% of the energy being in the intense focal spot).
mass and the associated decrease of the effective plasig varying the delay between the creation pulse and the
frequency, as observed both in 1D and 2D particle-in-celinteraction pulse as well as the thickness of the target
(PIC) and fluid simulations [9,10]. and the creation beam energy, it is possible to adjust the

In this context it is particularly important to study peak overdense densityima/n.) and the thickness at
the currently unexplored propagation through moderatelgritical density(l.). Two main configurations (referred
and very overdense layers. This is the object of thesystematically in the following a2w and lw) are
present Letter. We have explored a large set of plasmased for the intense interaction beam: either the laser is
conditions: preformed overdense layers as well as soliffequency doubled at 529 nm and focused in the same
foils. The experimental results, using a very high contrastlirection as the creation beam, or it remaing.868 ywm
beam, show that, at sufficiently high intensities, highand is focused in the opposite direction. In both cases,
transmission rates are attained for very overdense plasm#s beam is linearly polarized, the pulse duration is 300—
(with nmax/n. = 10). These transmissions decrease as thé00 fs (FWHM), and the elliptical focal spots are rather
peak density or the overdense plasma thickness increasetose: either Zw) 4 X 5 or (lw) 5 X 10 um?. This
The transmitted light is seen to originate from a small spoteads to a maximum produdiz? of (2w) 5 and (w)
at the rear of the target. Moreover, the absorption appeais X 10'® Wcm 2 um?.
to be relatively high(=50%) in the transmission regime.  Transmission rates (throughyd1.3 lens) and reflection
To our knowledge, this is the first time such results areates (in thef /3 focal aperture) of the intense beam are
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measured using fast Hamamatsu photodiodes (100 ps riseTo be sure that the intense laser pulse is interacting with
time). We also monitor the outcoming beam by imaginga high density plasma when using thin solid foils, we have
the rear side of the target with a resolution-69.5 um. used time-resolved x-ray spectroscopy (700 fs time reso-
Three Pockels cells having eachi@:1 contrast ratio lution with the PX1 x-ray streak camera coupled to a coni-
and a rise time-1 ns are used in the laser chain. &b,  cal crystal spectrometer viewing the plasma at #6m
this gives a repeater)®:1 contrast ratio for the continuum the target normal). As an example a spectrum obtained
level up to —30 ps before the main pulse. On top of by irradiating a 500 A Al foil a#.4 X 10'® W cm™2 uwm?
this continuum level two prepulses are measured 20  is shown in Fig. 1. The fit of the time-resolved Li-like
and —30 ps; they present a contrast ratio of ab®0t to  spectrum [13] with line broadening calculations [14] in-
10*:1. These contrast ratio measurements are done wittlicates that the electron density, during the first 700 fs of
a fast integrating diode up te-30 ps and with a third the Li-like history, is aroun@-5 X 10?* cm™3 (solid den-
order autocorrelator from-35 to +35 ps. At 2w, the sity is 6 X 10>} cm™3); this corresponds t¢50-125)n,..
contrast ratio is further squared by frequency doubling. IFor n, < 2 X 10?* cm™3 it is not possible to reproduce
is thus much higher, better tha®'?:1 and10%:1 for the  the observed spectra. From the extremely short duration
continuum and the prepulses, respectively. The residuaf the Li-like emission (2.5 ps FWHM) and by compar-
energy atl um is also reduced by at least a factorl®  ing to the case of thicker foils which display longer dura-
due to th&w coating reflective optics. With thaw peak tions associated with colder plasmas, we deduce that the
intensity and contrast ratio, the intensity of the light priorobserved emission is coming from the hottest area which
to the main pulse is below the ionization threshold of solidis produced in the highest laser intensity zone. Moreover,
targets. We studied the effect of the amplified spontaneousme and spatially integrated spectra show, for thin foils,
emission on solid targets by firing,2d, a full energy shot an absence ok, emission (no cold, nor ionized states
without a pulse being injected in the regenerative amplifierk,) and consequently no lateral heat transport. This indi-
We did not observe any damage on the 700 A Al foil aftercates furthermore that the thermal emission is confined to
the shot. Because of the 1 ns rise time of the Pockels celthie hottest region of the interaction area. We also verify
it is not possible to study the cumulative effects of the prethat, in the case of significant laser transmission through
pulses without the main pulse. the foil, the transmitted visible spectra are heavily modu-
Nevertheless, in the case of the interaction with predated as one expects in the presence of a rapidly decreasing
formed plasmas we have verified both numerically and explasma density [5].
perimentally that the prepulses do not perturb the plasma Figure 2(a) shows the transmission rates through
produced by the creation beam. Using a Wollaston in3000 A of preheated CH targets obtained in 2 con-
terferometer and a transverse diagnostic be@as (um,  figuration (A> ~ 3 X 10'® Wem™2 um?). The creation
1 ps), we get, by global Abel inversion, a 2D time-resolvedoeam has 0.5-5 J of energy and the delay between the
measurement of the background density ps before creation beam and the interaction beam varies from 0 to
the main pulse and with a spatial resolution better thar200 ps. As the critical density at this wavelength4 X
5 um [8]. We do not record any perturbation due to 10?! cm™3) is in the region of steep profild. remains
prepulses. The measured background underdense denssiyall (~2 wm) over the range of creation beam energy
profiles (n, = 4 X 10%° cm™3) are fitted with a 1D La- and delay used. The main parameter for the transmission
grangian hydrocode Chivas [11]. We can thus infer thas then the peak overdense density inferred from the
nmax/ne andl. parameters. The density evolution of the fitted hydrodynamic simulations. These results clearly
target is very sensitive to the heat transport model used imdicate high transmission through very overdense layers.
the simulation. The best fit is obtained for a flux limit fac- Moreover, there is a high threshold in the interaction beam
tor f = (6 = 2)%. This variation off gives a~=*25%  intensity in order to observe transmission, as illustrated in
variation on the peak density. Using a delocalized fluxFig. 2(b). Two different preformed plasmas are used: (i) at
[12] is more relevant for the overdense part of the profiles
except when the plasma becomes moderately overdense (a
few tens ofn.). We chose the values of the peak density
obtained with this heat transport model as the lower limit
of the error bar [see Fig. 2(a)].
The density evolution given by the hydrocode is sup- \
ported by monitoring the overdense/underdense peak den g
sity transition using the transmission of the creation beam 2 784 786 758
and a time fiducial. The measured time at which the cre- Wavelength (&)
ation bea_m is trans_mltted through the plasma agrees Wg'ylG_ 1. Al Lidike spectrum produced by add X
with the time at which the plasma becomes underdense ifyis" v o2 um? 20 shot focused on a 500 A solid Al

the hydrodynamic simulations using the flux limit factor fojl. The dotted curve is the corresponding calculation for an
model. electron density o2—5 X 10% cm3.
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40— T T G Al foils. The intensity threshold clearly increases as the
1 10 O i foil thickness increases. This transition from opacity to
30 (@ N v (b) transmission is also seen in the reflection rates. They are

low [a (15—-20)% plateau] when the transmission is high
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ol B 1 Siﬁg{l"ém a_nd conv_ersely higl(1>90_%) \_Nhen there is no tra_nsmis—
- _{F—# i sion. _Thls latter result implies very low absorption at a
0 uRm vl (.1 PR I I T Steep |nterface [2]
1 10 100 0  610° 1510° Another observation that supports propagation through
n/ng I\2 (W.cm2.um?2) the entire foil is the rear imaging of the foil. A typical

FIG. 2. Transmission rates of the short beam through prei-mage of the i_nt_ense Short be_am outcoming from a solid
formed plasmas of (a) CH with. ~ 2 um and a variable peak 0.3 pm CH f0|! is shown in F'g: 4(b). In Fig. .4(-c),.the
density Qw, 1A% ~3 X 10 Wem™2 um?), (b) CH (lw, Plotted mean integrated energies show that it is indeed
circles) with nmax/n. = 100 andl, ~ 4 um and Al and CH the intense part of this focused energy which mostly
(2w, triangles) withnmax/n. ~ 45 andl. ~ 1.5 pm. contributes to the beam transmission. Similar results are
obtained in the case of Al solid foils.
lw, we use a 3000 A CH target, a 1-2 J creation beam, The data presented in this Letter are clear indications of
and At = +100 ps, leading tonma/n. above 100 and Ilght propagation in very qverdense.pla.smas and_ initially
I, ~4 um and (i) at2w, we use a 1100 A Al target Solid foils. However, their interpretation is not straightfor-
coated on a 5800 A CH film, a 2—5 J creation beam, andvard. The mechanisms most commonly associated with
At = +1 ns, leading toima/ne ~ 45 andl, ~ 1.5 um. the electromagnetic penetration in overdense plasma are
The threshold intensity is belo#0'8 W cm™2 um? [mod-  SIT and hole boring. The former occurs above an intensity
erately relativistica = (posc/mo) = (Iwem-242/1.37 X such thata ~ (n./n.) [9]. One-dimensional PIC simu-
1018)1/2 < .85], lations done afA> ~ 10" Wcm 2 um? with a slightly
The 2w high-contrast beam interaction with initially CVerdense slaltn, = 1.5n.) show propagation at a ve-
solid Al foils (no creation beam) ranging from 500 A locity ~0.2¢ through layers having a width 10—-30 times

. . .—_._the vacuum wavelength [9]. The classical description of
to 2 um gives essentially the same results (transmlssmt

through highly overdense slabs and high intensity thresh- @ hole boring allows penetration in '.““Ch denser plas-
mas but at a much lower velocity. It involves the pon-

old). For all these foils, the inferred overdense peak den'eromotive force associated with the high intensity laser
sity remains high (see Fig. 1) and quite constant. Thug 9 y

the main control parameter is the thickness of the foiI.'ght which pushes the plasma ele(it/rzons and ions at ave-
Figure 3(a) shows the decrease of the transmission % city u/c ~ al(ne/2ne) (Zm,/Am;)]''* [10], whereA is
e . S . e atomic massm; and m, are, respectively, the nu-
the foil thickness increases. In the transmission regime | d the elect nds the effect h
the absorption (estimated as the complement of the sur%eon and the electron mass, € efeclive charge
of reflection and transmission) is higk»50%), in good
agreement with absorption measurements made using in-
tegrating spheres in the sa@@ configuration and with
similar targets [15]. Through solil.15-0.3 um of CH
targets, we measure transmission rate$ at full beam
intensity. Through solid foils, a high threshold in the in-
teraction beam intensity is also found in order to observe
transmission, as illustrated in Fig. 3(b) for 700 and 1000 A
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0.1 1 0 210 510 FIG. 4. Image of the focal spot: (a) calibration shot in
Foil thickness (um) 2 (W.cm2.um?) vacuum and (b) on the rear side of &3 um solid CH

foil, the 2w beam (A% ~ 5.6 X 10" Wem™2 um?) is seen
FIG. 3. Transmission-reflection rates of the beam through to emerge from a small spot, and (c) normalized integrated
solid-density foils: (a) Al solid foils of variable thickness energy inside a circular area of increasing radius for both shots
(IA? ~ 4 X 10® Wem™2 um?) and (b) 700 and 1000 A and transmission (CH shot divided by the reference shot in
of Al vacuum).
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state. Two-dimensional PIC and fluid simulations done We are thankful for the technical assistance of the
with a semi-infinite step density=10n. and at/A> ~  P102-Castor staff at CEA Limeil and R. Caland, as well
10" W em™2 um? [10] are in agreement with this simple as D. Sznajderman at IPN-Orsay for providing the targets.
estimate for the penetration velocity. In addition, numeri-We also thank T.W. Johnston, J. Meyer-ter-Vehn, and
cal simulations of the anomalous skin effect that allowsA. Pukhov for fruitful discussions, as well as Z. Jiang and
enhanced penetration of laser fields in very overdense pla®. Peyrusse for discussions and x-ray spectra calculations.
mas due to a nonlocal description of the conductivity pre-The PIC simulations were performed using IDRIS, the
dicts transmissions:0.1% for 500 A of Al targets [16]. CNRS computer facility.
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