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Plasma density determination by transmission of laser-generated surface harmonics
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A diagnostic is proposed for determining the density of laser-generated plasmas. The scheme exploits
surface harmonics generated by short, intense laser pulses reflected from an overdense plasma layer. At
sufficiently high intensities A 2> 10" W cm™2), the reflected spectrum contains harmonics well above the
plasma frequency, corresponding to the maximum plasma densitytrahemittedspectrum, on the other
hand, exhibits a low-frequency cutoff fes<w,, offering a simple means of deducing the plasma density.
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Knowledge of the plasma density is a prerequisite for A high-frequency cutoff in theeflectedharmonic spec-
much basic and applied research using laser-produced plasum was originally proposed as a density diagnostic by Car-
mas. Conventional techniques for obtaining the density relynan, Forslund, and Kindgll3], who argued that only har-
on spectroscopyl], in which the plasma line radiation is monics resonant with some point in the density profile could
compared to synthesized density-dependent spectra; or intdve generated. In fact, the presence or absence of a cutoff in
ferometric[2] and scattering techniqug8,4], in which an  the reflected harmonics was never unequivocally demon-
electromagnetic probe beam is sent through the plasma. Ttdrated in the early long-pulsenanosecond experiments.
higher the density, however, the harder it becomes to find glowever, evidence from the current series of experiments
coherent light source of suitably short wavelength for thisWith short-pulse(femtosecongllasers[8—10] supports more
type of diagnostic. recent simulations and semi-analytic moddlsl,14,19

Recently, an elegant scheme has been demonstrat¥gich do not predict a cutoff — at least for steplike profiles

which uses harmonics generated in a gas jet to probe %nd relativistic intensities.

preformed plasmé#5]. While this method offers significant
improvements in time-resolution and density range ove

spectroscopic techniquewhich generally collect radiation be produced with sufficiently intense, high-contrast lasers —

e_m'“?d _from a large region of p_'asm_f" still relies on pre- it begs the question of whether one can still exploit harmon-
cise timing control between the ionizing pulse and the probgcs to extract information on the plasma properties. The pur-
harmonics. In this Rapid Communication we propose

) . X o “pose of this Rapid Communication is to address this point in
single-pulse version of the harmonic transmission scheme ifeail and to illustrate the use of self-generated transmitted
which the harmonics are generated by nonlinear plasma Ogj3ymonics in various scenarios of laser-solid interaction
cillations on the surface of the target. The removal of theynich are easily realized experimentally. To do this, we use
timing requirement makes this scheme particularly apt fory combination of hydrodynamic and particle-in-céR1C)
basic physics studies of femtosecond laser interactions withimulation to model the plasma properties and harmonic gen-
solids[6,7]. eration, respectively.

Physically, the mechanism responsible for the transmitted For the PIC simulations, we consider a preformed plasma
harmonics is the same as that which generates harmonics iarget whose thicknesd> 8, the collisionless skin depth
the specularly reflected ligHt8—10]. At intensities above clwy, wherew§=41-re2Ne/me. The geometry is depicted in
IN?~10" W cm™?, the power spectrum of the latter shows aFig. 1: the laser is incident on the target at #5normal, and
smooth fall-off with harmonic numbar, whereas the trans- s p polarized for efficient coupling. For simplicity we as-
mitted spectrum exhibits a low-frequency cutoff at thesume that the target is perfectly smooth and the laser spot
plasma frequency corresponding to the highest electron derjze ¢ is large compared to a wavelength, thatds; \, so
sity Ne [11]. Thus only harmonics witm>+N¢/N; are  that we may neglect two-dimensional effects. Light is then
transmitted — albeit with reduced efficiency — whégis  either reflected specularly or transmitted along the laser axis.
the critical density for the incident light with frequenay,,  This configuration can be reduced to one spatial dimension
given by w3=47e’N./m,. This feature has also been using the boosted-frame-of-reference techniiié, thereby
pointed out by Lichters and Meyer-ter-Vehi2]. permitting calculations to be performed economically with

While this result is very encouraging for the application
f harmonics as a high-power, coherent vacuum-ultraviolet
(vuv) light source — since harmonic orders>N./N; may
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FIG. 1. Geometry of the density diagnostic scheme using sur- wh,
face harmonics.
-5 .
the high spatial and temporal resolution necessary to resolve 10 !
the high harmonics. In the simulations that follow, the laser 6l ! ©) ]
is modeled by an electromagnetic wave of the form: ;flo
1 (t) =1o|sin/t,)sin(wot)[?, launched from the left boundary 3 |
of a simulation box with length (2—3), divided into 4000 10 :
grid points. The plasma is typically represented by 70 000 5 !
10 '

electrons in a slab3-3)\ thick, situated at the end of the
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simulation box.
In the first set of runs, the laser intensity=(5-16)

X 10 W cm™ 2 for 0.8-um light; the pulse length is 80 fs,
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FIG. 3. Transmitted spectra for fixed electron densibkgN,

and the foil thickness is fixed at 250 nm. The ions are kepbf (a) 110, (b) 210, and(c) 400. The dashed line shows the position

fixed to avoid changes in the upper shelf density— for

of w,. The intensities used in each case were18'S, 7.8x 10'¢,

example, due to shock formation — which might result fromand 1.6< 10'®* W cm™2, respectively.
pressure imbalance while the pulse is incident. The density

gradientL‘lz(Ne_ldNe/dx)c is also fixed at a value
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FIG. 2. (a) Reflected andb) transmitted light spectrum for

L/N=0.05, taken from density profiles near the pulse maxi-
mum predicted by theiLm hydrocode[17] for similar laser
parameters. Although this is not completely realistic, it
serves to demonstrate the principle of the diagnostic tech-
nigue without ambiguity in the density. The reflected
and transmitted light spectra are shown in Fig. 2 for an elec-
tron density of 58l,. The reflected spectrum shows an
intensity-dependent fall-off similar to the scaling determined
in Ref.[11], with no discernible change between frequencies
below and abovew,=7.4w,, the plasma frequency of the
upper density shelf. By contrast, the transmission spectrum
[Fig. 2b)] exhibits alow-frequency roll-off foro < wy .

This effect can be seen more clearly if we vary the upper
shelf density—as shown in Fig. 3 for a range of densities
from 100N, to 40(N,.. In each case, we find either a maxi-
mum or an “onset” in the harmonic transmission at the
plasma frequency. In principle, one would expect this tech-
nigue to work best with low densities and “thick” foils to
inhibit the tunneling of evanescent waves at frequencies
below w, — an effect which can be seen in Figgbpand
3(a). Note that we have used intensities well below the
threshold for induced transparency18,19, namely,
IN2<2.3x 10'(No/N.)2. Above this value, we might expect
additional effects such as surface oscillations on the rear side
of the target, which could compromise the effectiveness of

I=5x10" Wcm~2 and N./N.=55. The dashed line shows the the diagnostic.

plasma frequencw, corresponding to the upper shelf density.

High densities present a different problem because the
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10 field in a process analogous to two-plasmon decay. The ef-
] fect appears to be most pronounced when the plasma fre-
10 a) quency is an exact multiple ab,, so for the simulations in
=10 3 Figs. 2 and 3 we have attempted to suppress the emission by
% 10 choosingw, to lie at half-integer multiples otv,. Further
= simulations with mobile ions, however, show that the emis-
10 sion is sensitive to changes in the maximum density due to
10 shock formation.
10° : L . : : : In summary, we demonstrated that transmitted surface
0 5 10 15 wzlgo 25 30 35 40 harmonics can in principle be used to determine the maxi-

mum electron density of plasmas created by intense laser
interaction with thin(submicron foil targets. The technique
appears to work best with moderately overdense plasmas
(Ne/Ng=10-50, but should also be applicable for near-
solid densities N./N.=400-600 at wavelengths of 0.8—-1.0
pm) as long as the laser intensity is high enough to produce
(transmittedl harmonic efficiencies well above the detection
threshold of the diagnostic system and background noise lev-
els. Strong emission at multiples of the plasma frequency are
s ; . . . . ‘ also observed in both reflection and transmission, providing
0 5 10 15 w2/0 25 30 35 40 an independent, complementary means of deducing the den-
“o sity.
A potentially important issue which has not been ad-

FIG. 4. (a) Reflected andb) transmitted light spectrum for dressed here is target opacity, which may ultimately limit the
I=1.6x 10" W cm~2 andNo/N,= 200. usefulness of both this technique and the pump-probe ver-
sion in Ref.[5] at extreme densities and target thickness.
Harmonics in the vuv to soft-x-ray range can be strongly
absorbed by the plasma — especially in the vicinitykef
and L-shell transition wavelengths, or for high-materials.
§n an experiment, therefore, some selective attenuation of
3 . X N . e transmitted harmonic efficiency might be expected, depend-
(Nc/N)* scaling predicted by the “moving mirror” model ', o the target. On the other hand, provided the harmonics
[14,19. This is partly because we have used a finite density, o ot completely absorbed, this limitation might actually be
gradient, which fop-polarized light results in @ more elastic ;e around and exploited to determine the plasma opacity.
motion of the charge sheets at the vacuum-plasma interfac@ gecond limitation of the present study is that profile steep-

Nonetheless, progressively higher intensities were needed ghing hagdeliberately not been included. Preliminary simu-
each case to compensate for the reduced efficiency and [gqns with mobile ions indicate that the low-frequency roll-
ensure that the transmitted harmonics were above the bacz point is shifted to higher values corresponding to the

g_round_noise_ level. The_ latter is pur_ely numerical in thesetime—averagednaximum density over the period when the
simulations: in an experiment the noise level would be dej;ger puise is incident. This indicates that in practice, ion

termined by stray laser and plasma light, as well as line ang,qtion will introduce a small uncertainty into the inferred
bremsstrahlung radiation produced by fast electrons. density depending on the pulse length.

To illustrate the effect of reducing the harmonic intensi-  note added in proofThe density diagnostic described

Ejeesntki)ce;?v:u;h?odfrfgftggnlrlieve@lé) Ssjftﬁt;r?;nz fr;-o??thveeriSq]ere has been demonstrated in a recent experiment with the
0y ) " g. - W - Jena Ti: Sapphire TW-laser systgg0].
cm™ < um< andL/A=0 are shown in Fig. 4. The reflected

spectrum is now reminiscent of those obtained from the two- One of us(P. G) is indebted to R. Lichters and J. Meyer-
dimensional simulations in Reff13], and appears to exhibit ter-Vehn for discussions concerning the origin of the,2

a cutoff atw,. Note, however the broad additional peaks atemission. The Laboratoire d’Utilisation des, Lasers Intenses
wp and 2w,, also seen in the transmitted spectrum and in(LULI) and the Laboratoire d’Optique Appliga¢LOA) are

Fig. 3. This effect was recently studied in detail by Lichtersfunded by the Centre National de la Recherche Scientifique.
and Meyer-ter-Vehr{12], who attributed it to a nonlinear This work was also supported by INTAS Contract No. 94-
coupling of fast-electron-generated plasma waves to the las@934 and TMR Network Grant No. ERB4061PL95-1313.

harmonic efficiencies decrease with density — although wi
find a much weaker dependence dw./N. than the
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