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Experimental observations are reported on the interaction of 1-um laser light with under-
dense plasmas (n < 0.25 n.) from thin foil plastic targets. Nominal laser intensity on
target was up to 3 X 10'* W/cm? in a 3-ns pulse, but much higher intensity was reached
due to spiky laser pulses. We studied forward-emitted second harmonic light as a diag-
nostic of the interaction and in particular of the occurrence of filamentation. Measure-
ments included: energy monitoring of 2w forward emission vs. target position and laser
energy; time resolved (120-ps gate) imaging of the interaction region cross section. The
second harmonic energy level was found to be sensitive to target position. In addition,
the images obtained with the target in position of maximum second harmonic genera-
tion showed unstable structures whose scale length is comparable with the expected one
for maximum filamentation growth. These results are shortly discussed in the framework
of stationary filamentation theory and second harmonic generation in inhomogeneous
media.

1. Introduction

The relevance of filamentation instability (FI) for laser fusion is well established due to
its role in the interaction of laser light with coronal plasmas. FI, in fact, makes the e.m. ra-
diation propagate into low density regions with reduced absorption. Moreover, it gives rise
to strong density gradients that spoil the uniformity of the coronal plasma that surrounds
the pellet. In addition, FI produces higher local intensity, which can drive several other in-
stabilities. It is important to diagnose this instability and possibly reduce its effects.

Our group is involved in an experimental campaign in this field. Experiments are pres-
ently in progress at IFAM, Pisa, and in a larger scale in collaboration with LULI in Paris
to systematically study the reliability of second harmonic (SH) emission as a diagnostic tool.
At the same time, experiments have been performed at the SERC Central Laser Facility in
collaboration with the Plasma Physics Group of the Imperial College, London. These lat-
ter experiments have been devoted to investigate the influence of FI on stimulated Brillouin
and Raman scattering, as well as the possibility of suppressing those instabilities using beam
smoothing techniques (Willi ez a/. 1990). In this article, we report on recent measurements
performed in Pisa on forward-emitted SH during mteractlon of a 1-um laser light with an
underdense plasma.
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Some experiments have already used SH to characterize filaments in underdense plasmas.
Emission at 90° to the laser beam axis (Stamper ef al. 1985; A. Giulietti ef al. 1989, 1991)
and in the forward direction (Meyer & Zhu 1987; D. Giulietti et al. 1988) has been detected
in the past and related to filaments. An experiment by Young ef a/. (1989) studied SH emit-
ted from preformed filaments and observed that only a part of the filament length contrib-
uted to the emission.

The aim of our experiment was to study the variation of SH on the position of the
plasma relative to the laser beam waist and record the distribution of the SH sources. SH
radiation was collected by f/4 optics and detected by means of a photomultiplier. In ad-
dition, we used a gated optical imager with a 120-ps gate time to obtain time-resolved im-
ages of the SH sources.

Details of the experimental conditions are given in Section 3. Experimental data on SH
emission vs. target position and laser power, as well as time-resolved images of the inter-
action region in SH light, are presented in Section 4. A discussion of these results is reported
in Section 5 together with some proposals for further studies on the diagnostic use of SH.
The next section is devoted to some prominent features of FI and SH theory.

2. Theoretical background

Filamentation instability typically occurs when laser beam inhomogeneity causes a local
depletion of plasma density in regions where laser field is higher. The consequent increase
of the refractive index enhances hot-spot intensity. Diffraction and plasma internal pres-
sure limit the growth of the instability.

Consider the electric field

E = E, cos(k, -r)ef1zei (koz=et)

where the two wavevectors kyek, , which rule spatially longitudinal growth and transverse
modulation, respectively, obey the law (Sodha et al. 1976; A. Giulietti ef al. 1986)
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B and +y describe ponderomotive and thermal filamentation, respectively. This latter
comes out to be negligible at high temperature and small filament scale length. Recently,
Epperlein (1990, 1991) used a Fokker-Plank transport model showing that thermal filamen-
tation can be active also at a little scale modulations. According to his scheme, the constant
~ should be replaced by v’ = v[1 + (30k, \.)*?] with \, = ((kgT)*/4wne*).

SH emission from filaments and, in general, due to density and intensity gradients, fol-
lows the law

3
sz =i i <2ikwn(E0'E0) + nV(Eo‘Eo) +4Eoﬂl.—E0>eZik“"r,
4m3w3 €
which gives the 2w component in the current density spectrum and is obtained from Max-
well, charge continuity, and electron motion equations with negligible electronic pressure.
From SH source distribution and in infinite distance approximation one can obtain the
Poynting vector
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where x = [2k,, — k,, cos(¥)]L/2 and ¢ is a factor independent from the physical param-
eters we shall study in the following. '

In this formula, R is the vector from the filament to the observer, L the filament length,
¥ the azimuthal angle referred to the filament axis, and 5 the polar angle referred to the
polarization axis of the laser incident wave (see also figure 1). Further, € is the dielectric
constant at w and k,, the wavenumber of SH wave.

A, B, and C are functions given by the following integrals:

A =f° S (mE?)J,(ryrdr
0 al'

ro
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C= f nE%Jy(7)rdr,
0

with Bessel functions J, and J; calculated at 7 = k,,r sin V.

Starting from these equations and for given electron density and intensity distribution
of the w light, one can study the angular emission of SH from a filament. The result de-
pends upon the model chosen to describe filamentation and upon several parameters and
we will show some calculations in Section 5. Nevertheless, some features can be pointed out
here without making any assumption.

FiGure 1. Geometry of symbols used in the Poynting vector formula. L is the length of the cylin-
drical filament; z is the forward direction.
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Let us consider the three terms in the expression for the current density. The first is in
the k,, direction, that is, parallel to the z-axis. Because this term oscillates in the direction
of observation (¥ = 0), no SH emission is expected on the axis. The second term has a cy-
lindrical symmetry and points toward radial direction. Therefore, every element of the dis-
tribution has a symmetrical one with the same magnitude but phase pointing to the opposite
direction. At ¥ = 0, these elements cancel each other so that the whole term cannot con-
tribute to emission in the exact forward direction. The same argument applies to the third
term, once again giving no SH emission in the exact forward direction.

Simple theoretical consideration can help us locate the ¥ angle of emission from an
infinite length filament. From the current density equation, we know that current has a
spatial phase given by the exponential factor e?*«*, Because k,, is in the z-direction, this
factor modulates the current along the z-axis and the emitted SH has to match with
this condition. This means that the angle of emission is given by the equation 2k, —
ky,cos ¥ =0, i.e.,

¥ = arc cos
n

1 —_
4n,

The same condition is expressed in the Poynting vector formula by the factor L sin? x/x2,
which tends to 2« 6(2k, — k5, cos ¥) as L goes to infinity. For finite filament length, the
function L sin? x/x? contributes to SH emission at smaller angles as far as L becomes
shorter.

Finally, we have to take into account the term in braces in the Poynting vector expres-
sion, which depends upon electron density and local laser intensity. This can make, for cer-
tain choices of parameters and distributions, emission predominant at angles other than the
maximum of the function L sin? x/x2.

3. Experimental conditions

The 3-ns, 2.51-J laser pulse generated by a neodymium laser (A = 1.064 um) was made
up of approximately half a dozen intense spikes of =50-ps duration.

A small fraction of the laser beam was used to control pulse energy and shape. An /8
lens focused the beam on target in a vacuum chamber. The focal spot was 60 um in diam-
eter and the nominal intensity was up to 3 X 10'> W/cm?. The peak intensity for each
spike can be roughly estimated 10 times higher than the nominal intensity so that a maxi-
mum intensity up to 3 X 10'* W/cm? has to be considered when dealing with effects devel-
oping in a short time scale.

The plasma was produced by irradiating 1-um thick plastic foils (Z = 3.2, A = 5.7) placed
in the beam waist. In this condition, at the peak of the pulse a plasma density of n < 0.25
n. and a temperature of 7 = 500 eV has been measured in previous experiments (D.
Giulietti ef al. 1991). The forward-emitted light was collected by an f/4 lens. Multilayer in-
terference mirrors and filters were used as sketched in figure 2 to select a 30-A spectral win-
dow around 5,320 A.

SH energy measurements were performed using a photomultiplier whose signal was re-
corded by a storage oscilloscope. Time-resolved images of the SH sources emitting forward
were obtained by means of a gated optical imager (GOI) used alternatively to the photo-
multiplier to avoid possible optical disturbances introduced by the beam splitter (item 7 in
figure 2). The GOI output was recorded on HP5 films. GOI is an optoelectronic device
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FiGUre 2. Experimental setup. A small fraction of the laser beam is sent to beam diagnosis line 1.
The laser beam is focused by lens 2 on a thin plastic foil. Lens 3 collects the outcoming light. The
interference mirror 4 reflects laser light away to a dumper; then, the interference mirror 5 selects SH.
The narrow band (30 A) interference filter 6 completes spectral selection. Energy measurements were
obtained with photomultiplier 8, and lens 9 imaged out the plasma on the photocathode of the gated
optical imager 10.

based upon an 18-mm wide S25 photocathode coupled to a microchannel plate. The opti-
cal magnification at the input plane of the GOI was 80, which, taking into account the 10
lines/mm resolution of the GOI, allows =1-um details to be resolved in the plasma, com-
parable with the 2-um diffraction limit. The optical intensifier was electronically gated with
a 120-ps pulse synchronized approximately at the peak of the 3-ns laser pulse.

4. Experimental results

We measured forward-emitted SH energy vs. target position, which revealed an interest-
ing behavior as evidenced in figure 3.

In this plot, a strong variation of SH emission is shown for relatively small target dis-
placements. At the maximum level of laser energy, an increase of more than two orders of
magnitude in SH emission resulted from target displacements of 0.2 mm (small if we con-
sider that the measured focal depth is about 0.6 mm).

At 10 times lower incident laser energy, the effect is still evident, while it disappears when
the energy is reduced below 0.1 J. Actually, the low emission detected when the target is
definitely out of focus or at low laser energy levels is not to be attributed to SH but to
bremsstrahlung emission. This was simply verified by tilting the interferential filter (item
6 in figure 2), so shifting the allowed spectral region of several tens of A. In this condition,
signals obtained with the target out of focus or at low laser energy remained unchanged de-
spite what one should expect if they were second harmonic. On the contrary, the filter tilt
strongly reduced signals obtained with the target near the focus and at higher laser energy.

A scan of SH energy vs. incident laser energy at three target positions was also performed
and results are shown in figure 4. Different slopes can be attributed to the three target po-
sitions. At the position of maximum SH emission, a nearly cubic (power 2.8) law resulted.
A 1-mm defocusing produced a nearly quadratical behavior (power 1.8). A sublinear de-
pendence is obtained 1.5 mm away from the position of maximum emission. Notice that
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FiGURE 3. SH energy as a function of target position at three different levels of incident energy. SH
emission varied more than two orders of magnitude by displacing the target of 0.2 mm. The laser
beam comes from negative values of z.

at energy below 0.1 J, where the three curves converge, the signal is simply due to brems-
strahlung self-emission of the plasma.

A first attempt to know the angular distribution of the forward-emitted SH was done by
putting diaphragms of different apertures in front of the collecting lens 3 (see figure 2). We
observed that most of the SH collected by the lens was included in a cone of total aper-
ture =10°.

The structure of SH sources at the peak of the pulse was investigated by taking time-
resolved images with the GOI. The light was spectrally selected in a 30-A bandwidth as for
energy measurements. The images were taken at two different target positions and maxi-
mum laser energy. An experimental problem was the shot by shot intensity variation on the
GOI photocathode due to the timing of the electronic gate relative to SH spikes. A fluc-
tuation in intensity of about one order of magnitude was observed, resulting in some cases
in saturated or weak images.

Most of the images taken with the target in the position of maximum SH emission were
characterized by a bright 30-um nucleus broken in several structures less than 10 um in size.
Moreover, weak fringes were visible around this central region. The detailed pattern of the
SH sources varied shot by shot. A typical image obtained with target in the maximum SH
emission is shown in figure 5.

With the target 1 mm before the focus, a dramatic decrease in SH intensity reaching the
GOI photocathode was observed, in agreement with data plotted in figure 4. Nevertheless,
several good-quality images were obtained, showing a completely different distribution of
the SH sources, as shown in figure 6. The main structure was stable shot by shot and con-
sisted of two 15-um sources at a distance of 30-40 um along a given axis. Some fringes were
on occasion visible around the separated nuclei.
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FIGURE 4. SH vs. incident laser energy. Measurements were performed with three target positions
ranging within 1.75 mm.

50 pm

FiGURE 5. Image of SH sources taken with the target in the maximum SH power position: 120-ps gate
at the peak of the laser pulse. Nominal intensity on target: 3 X 10'* W/cm?.
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50 um

FIGURE 6. Image taken with target 1 mm away from the position of maximum SH production to-
ward the laser. Other conditions as for Figure 5. The SH intensity reaching the GOI cathode was
about 500 less than in the case of Figure 5.

5. Discussion

Energy measurements clearly show that forward-emitted SH is extremely sensitive to
changes in the interaction condition. This is in particular evident for the “geometry” of the
interaction, i.e., the relative position of beam waist and plasma density profile of the ex-
ploding foil. At full laser power, SH experiences variations in energy of three orders of mag-
nitude above the continuum background for target displacements of the order of the depth
of focus. Reciprocally, in the position of maximum emission SH depends definitely more
than quadratically upon the laser pulse energy. This behavior smooths out progressively
when the target is moved away form the focus and/or laser energy is reduced.

If we exclude data obtained at laser energy below 0.1 J, for which plasma self-emission
dominates, SH vs. laser energy data are surprisingly well fitted by power laws, the expo-
nent changing regularly with target position. However, it is difficult to model this behav-
ior because plasma parameters change with laser pulse energy.

On the other hand, the dramatic effect of target position on SH emission cannot be rea-
sonably attributed to the variation of the average laser intensity on target, which would be
small in the absence of nonlinear phenomena. Figure 3 evidences that starting from some
target positions a displacement of 0.2 mm causes SH energy to jump up by two orders of
magnitude. Such a displacement is definitely smaller than the focal depth (0.6 mm) we mea-
sured for the focused beam. This fact proves that a nonlinear part of the refraction index
is induced in the plasma by self-focusing and filamentation in such a way that an “extra
lens” is activated.
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Self-focusing and filamentation are directly shown by time-resolved images obtained in
SH light. With the target in position of maximum SH emission, there is evidence that the
beam diameter collapses from 60 to about 30 um. At the same time, unstable structures ap-
pear of less than 10 um in size. We studied separately several different planes inside and
outside the depth of focus by the equivalent plane method and were not able to find simi-
lar structures in the laser beam cross section. Moreover, we found that the beam profile
remains stable shot by shot, while SH sources do not.

With the target 1 mm away from the position of maximum emission, SH sources are dis-
tributed differently and their distribution is highly reproducible shot by shot. This fact, as
well as a comparison with the beam spot shape slightly out of the best focus, suggests that
in this case the SH emitting gradients are heavily influenced by the original intensity dis-
tribution in the beam rather than by filamentation instability. On the contrary, this latter
seems to dominate the interaction when high SH emission occurs.

In this respect, it is interesting to compare the size of the observed SH small spots, as
in figure 5, with the ordinary theory of FI. The transverse modulation for maximum growth
of the instability referred to our experimental condition has been calculated for two den-
sities, n./4 and n./8. The first is expected to be the maximum intensity of the exploding
foil plasma at the peak of the pulse, as also observed from 3w/2 measurements (D. Giulietti
et al. 1991). If we simply assume that the transverse modulation wavelength is twice the fil-
ament diameter d, we find d = 7 um at n./4 and d = 11 ym at n./8. Comparing these ap-
proximate values with diameters we measured in time-resolved images (<10 um), we could
infer that FI occurred in a plasma region whose density was between those two limits.

Let us now briefly calculate the angular distribution of SH energy starting from the
Poynting vector as given in Section 2. We put for electron density and field distributions

n = nyeol1-ro)?

2
EZ:E3<1 - 1),
ro

which provide mechanical equilibrium between ponderomotive and plasma pressure when

_ 4me’E;
" 2mkgTe?’
For the internal field E,, we took the average value along the filament
kL __ 1
Ey=E;, <

k||L

The intensity at the filament “entrance” was equated to the peak value for a single spike
in the pulse, namely, 3 x 10'* W/cm?. Electron plasma temperature was put equal to
500 eV. The result of the calculation gives the SH power collected in a solid angle of half
aperture V. In figure 7, curve (a) refers to filaments generated at n./8, 150 ym in length,
11 pm in diameter. The filament diameter is the one of maximum growth and the filament
length is the corresponding growth length. Similarly, curve (b) refers to filaments gener-
ated at n./4, 60 um in length, 7 um in diameter. The dotted vertical line in the diagram of
figure 7 shows the aperture of our collecting optics. The most relevant features of both
curves are: (1) the lack of SH emission close to the forward direction up to 2 and 5° in cases
(a) and (b), respectively; (2) a virtual lack of SH emission at angles larger than 8 and 12°,
respectively; (3) a definite step of SH emission for each curve at ¥; and ¥,, respectively.
¥, and ¥, are the angles of best-phase matching, where x = 0 in the factor L sin? x/x? of
the Poynting vector from Section 2. These features can be used as complementary diagnos-
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FiGure 7. Collected SH power vs. ¥: Theoretical plot for two filaments. Curve (a) corresponds to
the best-growing filament at n = n./8 with 150-um length and curve (b) to the best-growing filament
at n = n./4 with 60-um length.

tics of filamentary plasmas if SH angular distribution is known. In particular, if the large
angle step is evidenced this should mean that filaments are preferentially generated at a
given density. Unfortunately, in our measurements the aperture of our collecting optics was
not large enough to scan over these values of ¥. The preliminary rough measurements of
the angular distribution up to ¥ = 7° suggest that filament parameters are closer to those
of curve (a) rather than (b). Of course, better angular distribution measurements are
needed, as well as a more accurate modeling of the process.

6. Conclusion

Forward-emitted second harmonic provides a powerful diagnostic tool for the study of
gradients induced by nonlinear interaction of laser light with underdense plasmas. Both en-
ergy measurements and time-resolved imaging are suitable to this purpose. Our second har-
monic measurements gave information on filamentation instability that would be difficult
to achieve otherwise. Variations of orders of magnitude have been observed in the second
harmonic level for small displacements of the plasma with respect to the beam waist. Fila-
ments have been evidenced whose size is comparable with the one expected for the maxi-
mum growth of filamentation instability.
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