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Flat silicon samples were irradiated with 40 fs, 800 nm laser pulses at an intensity at the best focus of

2�1018 Wcm�2, in the presence of a pre-plasma on the sample surface. X-ray emission in the spectral

range from 2 to 30 keV was detected inside and outside the plane of incidence, while varying

pre-plasma scale length, laser intensity, and polarization. The simultaneous detection of 2x and 3x/2

emission allowed the contributions to the X-ray yield to be identified as originating from laser

interaction with either the near-critical density (nc) region or with the nc/4 region. In the presence of a

moderate pre-plasma, our measurements reveal that, provided the pre-plasma reaches a scale-length

of a few laser wavelengths, X-ray emission is dominated by the contribution from the interaction with

the under dense plasma, where electron plasma waves can grow, via laser stimulated instabilities,

and, in turn, accelerate free electrons to high energies. This mechanism leads also to a clear

anisotropy in the angular distribution of the X-ray emission. Our findings can lead to an enhancement

of the conversion efficiency of ultra short laser pulses into X-rays. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4886977]

I. INTRODUCTION

Irradiation of solid samples with ultra-short (<100 fs)

intense (>1016 W/cm2) laser pulses is an efficient way to con-

vert laser light into X-rays.1 Various physical processes are

involved in the overall conversion: their comprehension, still

not complete, needs a detailed knowledge of the interaction pa-

rameters. In particular, it is well known that the laser pulse con-

trast (ratio between the main pulse peak power and the power

delivered by the “pre-pulse” emission) plays a decisive role in

setting the regime of interaction, via interplay between several

phenomena. In fact, the early action of the pre-pulse on the

sample produces a “pre-plasma” which screens the solid sur-

face and prevents it from direct laser irradiation. This kind of

effect is almost unavoidable but its actual relevance on the

processes involved in the laser conversion into X-rays depends

on pre-plasma parameters. If the pre-plasma thickness above

the solid surface is very small, the X-ray conversion is mostly

due to phenomena starting from laser absorption close to the

critical density nc (nc¼ 1.1�1021/k0
2, where k0 is the laser

wavelength expressed in lm), including generation of

supra-thermal electrons. Such energetic electrons can in turn

transport energy into the overcritical region and deliver it to

the solid. When the density scale length becomes much shorter

than k0, the absorption occurs properly at or very close to the

solid surface, within a skin depth.2 This extreme condition is

not the subject of our measurements. If, instead, the pre-plasma

extension, namely the scale-length of the under-dense region,

becomes important (a few laser wavelength or more) the

laser-plasma coupling can trigger a series of processes includ-

ing laser-driven plasma instabilities. These processes compete

with the laser-plasma interaction near the critical density layer

and can change the balance between the various contributions

to the X-ray conversion. Particularly relevant to this scenario is

the influence of laser polarization on the possibility that laser

light could excite electron plasma waves (EPW) of large ampli-

tude which, in turn, can accelerate a fraction of the available

free electron population to high kinetic energies, leading to

X-ray emission via Bremsstrahlung. In the case of

P-polarization, laser light couples more efficiently with the crit-

ical density region. So, even small scale-lengths can support

laser energy absorption via Resonance Absorption or Brunel

process.3,4 In contrast, S-polarized light is highly reflected by

the plasma region near nc, with reduced energy deposition near

the critical density, but enhanced possibility of exciting plasma

instabilities also with the contribution of the reflected light,

provided the plasma has a suitable scale-lengths in the

under-dense region.5,6

Historically, all the nonlinear effects related to the laser-

plasma coupling, in particular all the parametric stimulated

instabilities, including SRS (Stimulated Raman Scattering)

and TPD (Two Plasmon decay), were investigated in detail

in the long pulse regime (pulse duration longer than 100

ps),7–9 during the 1980s and 1990s, in the framework of the

Inertial Confinement Fusion (ICF).10 In some cases, these

studies were aimed at characterizing X-ray sources11 and

study hot electron generation.12,13 However, little informa-

tion on the role of polarization emerged from these studies,

due to the long pre-plasma, which prevented significant

interaction at the critical density. Moreover, with ultra-short

pulses, the pre-plasma scale length and the conditions for the

growing of the instabilities are very different.

In the case of short pulse, at sub-relativistic intensities

and in the presence of a significant pre-pulse, as in Ref. 14, a

strong 2x emission and strong backscattering radiation were

observed for I> 1015 W/cm2. Soom et al.15 found a strong

Ka emission, mainly induced by hot electrons, at the inten-

sity of 4�1015 W/cm2, with a laser of 1 lm wavelength and 1a)federica.baffigi@ino.it. URL: www.ino.it.
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ps pulse, like in the experiment of Ref. 13. Moreover, they

found that the strong dependence of the Ka emission on the

angle of the incidence and polarization of laser light was

consistent with hot electrons generated by resonance absorp-

tion. In fact, the X-ray signal was found to be maximum

with P-polarized laser light and that was a clear indication of

Resonance Absorption (RA) at near-critical plasma density.

On the contrary, Chaker et al.14 did not observe any depend-

ence of the Ka emission on the laser light polarization and

attributed this finding to surface rippling in the preformed

plasma. Numerical simulations, carried out with and without

a pre-pulse, supported this conclusion. On the other hand,

parametric instabilities were also found to play a role in

X-rays generation by laser irradiation of solid targets with

ultra-short pulses at relativistic intensities16,17 where, in prin-

ciple, laser polarization is expected to play a role. Also in

these conditions, the role of pre-pulse was highlighted, at

similar intensities, for example, in Refs. 18 and 19, as useful

tool for improving X-ray emission.

Interestingly, in the relativistic regime (a0� 1, where

a0¼ 8.53�10�10 (Ik0
2)1/2, with I and k0 expressed, respec-

tively, in W/cm2 and lm, represents the normalized laser

field amplitude), measurements of the X-rays yield and

simultaneously of the second harmonic emission, often

reveal anti-correlation. This is mostly due to the develop-

ment of an optimum density scale length of the plasma near

the critical density20 or, in the case of P polarized laser light,

to the occurrence of matched conditions for the resonance

absorption21 or Brunel mechanism. As for three-halves har-

monic (3x/2) emission, mainly due to (TPD), it requires suit-

able density scale-length in the region around nc/4. This

requirement basically remains valid with ultra-short and

ultra-intense pulses, but the higher laser intensities generally

result in a significant reduction of the scale length needed for

the growth of the TPD instability.22–25

The formation of a pre-plasma can provide, before of the

arrival of the main pulse, a scale length suitable for stimulated

instabilities to grow. Veisz et al.26 reported the first measure-

ments of 3x/2 emission in a long density scale-length plasma

(L� 100/200 k0) in the ultra-short pulse regime (100 fs).

Furthermore, the same group22 carried out a detailed theoreti-

cal study on the TPD instabilities and reported experimental

measurements of the angular distribution of 3x/2 emission

from fs laser pulse at higher intensity (up to 6�1018 W/cm2).

With this intensity, a much shorter density scale length was

enough for observing three-halves harmonic emission. Similar

results were previously achieved by Tarasevitch et al.,23 who

observed 3x/2 emission at extremely short plasma scale

lengths (L� k0) for a peak intensity of 7�1017 W/cm2. In this

case, the excited plasma waves had a very broad spectrum and

the 3x/2 emission was highly collimated. A distinctive feature

of these studies was the directionality of the X-ray emission,

which was found to be strictly correlated to the directionality

of the 3x/2 emission.22,23 The latter was proven to be maxi-

mum in the plane of incidence for P-polarization and in the

perpendicular plane for S-polarization.12,22

Non-isotropic distribution of the X-ray yield was further

investigated by different authors.12,17 In Ref. 12, the hot elec-

tron energy distribution was measured at various angles, with

a CO2 laser beam (k0¼ 10.6 lm, s¼ 20 ns and

I¼ 4�1014 W/cm2), showing that the hot electron emission is

maximum at about 45� with respect to the k vector of the inci-

dent beam, both in the forward and backward directions, in

the plane of polarization of the incident beam. Chen et al.17

reported the angular distribution of the hot electrons, but at

intensities from 1017 to 1019 W/cm2 and pulse duration from

70 to 400 fs. Other authors22,23 reported detailed measure-

ments of the angular distribution of 3x/2 radiation. Soom

et al.15 mentioned a strong polarization dependence of the

X-ray emission. In particular, they found the maximum

X-rays emission for P-polarized light at an angle of incidence

of around 50�, while for S-polarized laser light, the maximum

x-ray emission is observed at perpendicular incidence.

Our aim is to investigate the role of laser-driven instabil-

ities in presence of a pre-plasma and to identify the role of

laser polarization, also in view of an efficient X-ray emission

On the other hand, we were not interested at investigating

the absolute performances laser-driven secondary sources of

X-rays with different samples including high Z materials, as

it is the case of Ref. 16. Our experimental campaign, instead,

was devoted at evaluate the laser-to-X-ray conversion effi-

ciency by using silicon samples, with different structures on

their surface, using a flat silicon sample as reference. Since

flat silicon samples gave interesting results by themselves,

this paper is focused on these ones. The results obtained by

using silicon targets with nanostructures on their surface are

reported in Ref. 27.

Here, in particular, we clarify the role of instabilities in

presence of preplasma. In fact, we focus on the balance of

different contributions to the non-thermal X-ray conversion

of the laser energy, either by interaction with the near-

critical region and/or by interaction with the under-dense

region, and for S and P polarizations. To this purpose, ampli-

fied spontaneous emission (ASE) from the laser system is

used to heat the target for a few nanosecond before the ar-

rival of the main pulse. The X-ray yield was measured by

two different detectors placed at different viewing directions.

Second harmonic generation was monitored as a marker of

the laser coupling at the critical density nc. Three half har-

monic generation was instead used as the marker of laser

coupling at nc/4, where Two Plasmons Decay and/or

Stimulated Raman Scattering instabilities5,6 take place. Our

measurements show a clear evidence of the strong correla-

tion between the directionality of X-ray emission and the

behavior of the 3x/2 emission, this latter originating from

the development of suitable pre plasma scale-length.

The paper is organized as follows. After the introduc-

tion, in Sec. II, the experiment is described in detail. In Sec.

III, the results are presented, together with data from hydro-

dynamic simulations of the pre-formed plasma. Section IV is

devoted to a general discussion of the physical scenario

revealed by our experiment. Finally, the main conclusions

are summarized in Sec. V.

II. THE EXPERIMENT

The experiment was carried out using the multi-TW,

Ti:Sapphire laser at ILIL lab, CNR Campus, Pisa (Italy). The

072108-2 Baffigi et al. Phys. Plasmas 21, 072108 (2014)
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laser, based on the CPA (Chirped Pulse Amplification) tech-

nique, operates at a fundamental frequency of 792 nm and

for this experiment delivered 2-TW, 40 fs pulses. The meas-

ured beam quality parameter M2 was �1.7 and the contrast

at 1 ns before the main peak was 2.5�107. The nanosecond

pre-pulse was due to Amplified Spontaneous Emission

(ASE), whose duration was about 3 ns (FWHM). A focal

spot of 7 lm (FWHM) was produced by a f/5 off axis parab-

ola (OAP). Laser intensity at best focus was then I� 2.5�1018

Wcm�2.

The normalized laser field amplitude a0 was �1, corre-

sponding to a moderately relativistic laser intensity. The

laser was focused on a flat silicon target, mounted on a

motorized three-axis translational stage, to ensure that fresh

target portions were exposed to each laser irradiation. The

target was irradiated at an angle of incidence of 15� (Fig. 1)

in a vacuum chamber, whose residual pressure was 10�4

mbar. X-rays emitted by the plasma were collected by two

detectors, looking from two different directions, to investi-

gate non-isotropic effects in X-ray emission. A PIN diode

was placed at an angle of 45� with respect to the horizontal

plane of incidence (Fig. 1). A back-illuminated cooled CCD

camera (Princeton Instruments), working in single-photon re-

gime,28 was located in the plane of incidence at a large angle

(�80�) with respect to the target normal. In front of the CCD

aluminum and Mylar foils were used as attenuators, in order

to keep the single-photon regime of detection. The peak of

sensitivity of the PIN and of the CCD is located around 6

and 5 keV, respectively. For both detectors, the sensitivity

drops down to about 10% of the maximum at 2 keV towards

low energy and 30 keV towards high energy, respectively.

Both soft and hard components of the emitted X-ray spec-

trum were partially included in this range. The visible light

emitted in the specular direction to the incident laser light

was collected by an optical system in a cone with the open-

ing angle of 20� and injected into a fiber spectrometer.

Optical spectra thus obtained ranged from 210 nm to 850 nm

and included both the 2x and 3x = 2 harmonics of the laser

light, with a spectral resolution of around 1 nm (see Fig.

3(b)). Two different series of measurements were performed.

In one series, measurements were carried out (either with P-

or S-polarized laser light) by moving the target along the

axis of the laser propagation, with steps of 50 lm. This

allowed us to vary simultaneously the laser intensity and

pre-plasma scale-length. In the other series, a motorized half

wave plate (suitable for the 0.792 lm wavelength at high in-

tensity) was placed before the entrance of the vacuum cham-

ber (Fig. 1), in order to gradually vary the polarization of the

laser light from P to S.

III. EXPERIMENTAL AND NUMERICAL RESULTS

The set-up shown in Fig. 1 was used to measure the

X-ray yield in different conditions of laser light (intensity

and polarization) and pre-formed plasma parameters. Sets of

measurements were taken varying the polarization of the

laser light by rotating a half wave-plate, step by step, from P

to S. Preliminarily, a set of measurements was taken per-

forming a focal scan. This resulted in the variation of the in-

tensity of both main pulse and ASE onto the target. The

change of ASE irradiance, in turn, results in the variation of

pre-plasma parameters (in particular of its density scale

length).

A. 2x, 3x/2, and X-rays vs. sample position (focal
scan) with P-polarized laser light

Figs. 2 and 3 show the results of the focal scan in

P-polarization. The plot in Fig. 2 compares the intensity of

X-rays, detected both by PIN diode and CCD, vs. position,

while the plot in Fig. 3(a) compares the intensity of 2x and

3x/2 vs. position. Data were obtained by moving the target

along the laser axis (z axis) with steps of 50 lm. Intensity is

expressed in arbitrary units for each of the four quantities

The points indicated as “X-PIN” represent the peak values of

the signal of the PIN diode, whereas the points indicated as

“X-CCD” give the X-ray flux values obtained by integrating

the active area of CCD camera, after the subtraction of the

background signal.28 We performed a focal scan in both

FIG. 1. Geometry of irradiation and

detection.
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direction, Z> 0 and Z< 0, finding a strong symmetry in the

trends of “X_PIN,” “X_CCD” 2x and 3x/2 signals. Thanks

to this symmetry, we opted for representing these two trends

just as a single direction Z> 0, starting from Z¼ 0, which

corresponds to the best focal position. Actually, we consid-

ered the absolute value of Z. So, each point corresponding

to a given z in the graph of Fig. 2 is the average value

between the values obtained at Z¼ z and Z¼2z. In this

way, each point in the plot is obtained from eight single

measurements and is reported with its variance bar. We choose

this representation also for the focal scan in p-polarization with

the measurements of 2x and 3x/2 in (Fig. 3), and the focal

scan in s-polarization (Fig. 7).

As expected, the X-ray intensity (Fig. 2) depends

strongly on the target position and exhibits a maximum

around the best-focus position, the same position where 3x/2

also has a maximum and 2x has a minimum (Fig. 3(a)). The

3/2 harmonic emission vanishes for target positions approxi-

mately 300 lm away from the best focus. Figures 3(b) and

3(c) show the optical spectra in a spectral region including

the second and the three half harmonic. The spectrum in Fig.

3(b) is taken at Z¼ 0. Conversely, the spectrum in Fig. 3(c)

is referred to Z¼ 300 lm where the 3x/2 is below detection

and the 2x reaches its peak intensity. The two spectra are

integrated over four shots. Interestingly, in spite of the inte-

gration over many shots, the multi-peaked modulations of

both 2x and 3x/2 are visible. This confirms that the spectral

FIG. 2. Focal scan in P-polarization, showing the intensity of X-rays,

detected by the PIN and CCD, vs. target position (z axis). The plasma scale

length L at quarter-critical density, calculated from numerical simulations, is

also indicated at two positions, Z¼ 0 and Z¼ 250 lm, respectively.

FIG. 3. (a) Focal scan in P-polarization, showing the intensity of 2x and 3x/2 vs. target position (z axis). The plasma scale length L at quarter-critical density,

calculated from numerical simulations, is also indicated at two positions, Z¼ 0 and Z¼ 250 lm, respectively.(b) Optical spectrum at Z¼ 0. (c) Optical spec-

trum at Z¼ 300 lm.
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features observed here are reproducible from shot to shot. In

fact, the spectral modulations were observed in all the spec-

tra independently from the sample position together with a

broadening around the nominal values of k¼ 396 nm for 2x
and k¼ 528 nm for 3x/2, respectively.

Indeed, the occurrence of 3x/2 emission in the proxim-

ity of the best focus, as from Fig. 3(a) is a clear evidence of a

pre-plasma whose scale-length, at the arrival of the main

pulse, allows some instabilities to grow, including Two-

Plasmon Decay and maybe Stimulated Raman Scattering

around the nc/4 region. In fact, at the best focus position the

ASE intensity is also maximum and pre-plasma formation

occurs early during the interaction. Moving the target away

from this best position makes the ASE intensity on target

decrease progressively until the pre-plasma scale-length, at

the arrival of the main pulse, becomes too short to activate

any instability.

The pre-plasma scale length region at nc/4 density was

estimated using the 2D Eulerian hydrodynamic code

POLLUX (see Ref. 29, for more details), which includes

laser absorption via inverse Bremsstrahlung and thermal

electron transport via flux-limited Spitzer-Harm conductiv-

ity. A 3 ns FWHM Gaussian ASE pedestal, at different inten-

sities onto the target, was considered. The simulation time

was 6 ns, with 4 ns between the run starting point and the

pedestal peak (which corresponds also to the arrival of the

main pulse). Assuming a constant ratio between the ASE and

the main pulse peak intensity, we calculated the values of the

intensities of the ASE pulse for each Z position. In this way,

we find that the ASE intensity ranges from 1�1011 W/cm2

(Z¼ 0) to 1.3�1010 W/cm2 (Z¼ 300 lm, which correspond to

the first focal position where the 3x/2 disappears in

P-polarization). From simulation data, we find that the ASE

at the best focus position produces a plasma, whose density

scale-length at nc/4 is about L(nc/4)� 4k0 at the arrival of the

main pulse. Differently, in the plasma produced by the ASE

when target is around 250 lm away from best focus, L(nc/4) is

approximately equal to k0. The Rayleigh length of the pulse

was around 100 lm. Data shown in Fig. 3(a) show that this is

the smaller possible scale length to observe 3x/2 in our con-

ditions. It has to be noticed22–24 that the intensity of the main

pulse at that target position, namely I� 4.5�1017 Wcm�2

would be still enough to excite TPD provided a suitable

plasma scale-length exists. Therefore, while the maximum

X-ray yield appears to be a combined effect of both maxi-

mum intensities of main pulse and ASE, the vanishing of

3x/2 emission is mostly likely due to the lower plasma scale

length. In other words, the maximum X-ray conversion

occurs when the intense pulse propagates through a

well-developed plasma in front of the solid target. During

the laser propagation through the nc/4 region.8,9,22 TPD

occurs with the generation of plasma waves at x/2, that sub-

sequently can combine with x photons and generate the

3x/2 emission. As presented below, vectorial calculations in

the wave vector space show that, in our experimental setup,

the TPD plasmons can easily mix with laser photons and

generate 3x/2 emission.22 The process also appears to be

favored by the fact that no propagation of the plasmon is

needed to allow the phase matching between plasmon and

laser photon. Conversely, calculations show that SRS can

also contribute to 3x/2, but the phase matching requires

plasma waves produced at densities ne< 0.19nc and is fav-

oured by plasmon propagation in the under-dense plasma.

Our attention here is mainly focused on the TPD process,

whose occurrence is suggested by the X-ray emission results.

However, a possible occurrence of SRS does not change the

argument we use for explaining the X-ray correlation with

3x/2. Such correlation suggests that plasma waves growth

and subsequent wave breaking lead to the ejection of

supra-thermal electrons, and consequently, via

Bremsstrahlung, to the emission of hard X-rays.

Figure 3(a) also shows that second harmonics is mini-

mum at “best focus for X-rays” (Z¼ 0). This could be caused

by the relatively long scale-length plasma in front of the tar-

get, which results in the absorption of part of the laser energy

by TPD and SRS instabilities and prevents a significant por-

tion of the laser light from reaching regions close to the criti-

cal density nc, where the 2x generation occurs. Differently,

2nd harmonic generation exhibits a broad maximum for tar-

get positions between Z¼ 100 lm and Z¼ 300 lm, in spite

of the decreased intensity of the main pulse at those posi-

tions. This maximum occurs at a position where a trade-off

exists between a sufficiently steep density profile and a suffi-

ciently high laser intensity. Indeed, the steepness of the den-

sity gradient is a dominant factor in the 2x generation

because of the non-linearity of the process. As further dis-

cussed below, this feature is enhanced with P-polarized laser

light as observed in a previous experiment.21

B. 2x, 3x/2, and X-rays vs. polarization at maximum
laser intensity

A polarization scan was carried out with the target

placed in the best focus position for P-polarization (Z¼ 0),

and the polarization of laser radiation was progressively

rotated from P to S, by means of a motorized half-wave

plate. Figure 4 shows the variations of 2x and 3x/2, while

Figure 6 shows the variation of X-ray intensity (collected by

PIN diode and CCD, respectively), versus polarization of the

laser pulse. The dotted lines in each figures represent the

detection threshold. Each point in Figures 4 and 6 is the

FIG. 4. 2x and 3x/2 yield vs. the half wave plate angular position, changing

the laser polarization from S to P.
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average value of the peak intensity, while the points indi-

cated as “X_CCD” in Fig. 6 represent the X-rays detected by

the CCD, namely flux values, obtained integrating the

images taken with the CCD. Both are calculated over a num-

ber of shots, typically 8, which correspond to four shots for

each position both for Z> 0 and Z< 0, and reported with

their variance bar, as explained in the previous Section.

As expected, 2x generation (Fig. 4) decreases consid-

erably (about one order of magnitude) by changing laser

light polarization from P to S, because of the weaker cou-

pling of S-polarized laser light with the layers near nc. An

opposite behavior is shown for 3x/2 generation (Fig. 4),

showing an increased coupling of S-polarized light with

the under-dense plasma and, in particular, around nc/4. In

fact, a stronger reflected beam occurs in S-polarization, due

to the less efficient absorption at the critical density. Since

the 3x/2 emission can be produced both by the incident

and reflected beam, the S-polarized light is expected to

generate a stronger 3x/2 emission (about a factor 5 com-

pared to P polarization), due to the significantly larger in-

tensity of the reflected beam.

According to theory, angular distribution of 3x/2 emis-

sion depends upon phase matching conditions. These condi-

tions in some cases are not satisfied directly in the region

where the plasmons are produced, but after the propagation

of the plasmons in the underdense plasma region.

Considering the non isotropic behavior of plasmon genera-

tion by TPD, different directions of 3/2x wave vectors k3/2

are expected for different laser beam polarizations. Finally,

it is worth taking into account that the plasma wave can cou-

ple both with the incoming laser photons (direct coupling)

and with the photons reflected by the critical surface (reflec-

tion coupling). Fig. 5(a) represents schematically the geome-

try of laser propagation in the y-z plane. Figure 5(b) reports

the calculated wave vectors of 3/2x0 emission normalized to

the laser photon wave vector k0, i.e., ~k3=2 ¼ k3=2c=x0. In the

figure only 3/2x0 wave vectors produced by plasmons propa-

gating downward the density gradient are considered, since

they are preferentially detected by the apparatus. Plasmons

propagating toward the target produce forward emitted

3/2x0 photons, which are reflected at their critical surface

FIG. 5. (a) Geometry of laser propaga-

tion in the x-y plane; (b) Wave vectors

of 3/2x photons (normalized to c/x0)

produced by a TPD-induced plasmon

in case of p and s polarized laser

beams. PR and PI indicate the wave

vectors produced in p-beam irradiation

by coupling of TPD plasmons with

reflected and incident laser photons.

Similarly, SR indicates the wave vector

produced in s-beam irradiation by the

coupling of a TPD plasmon with a

reflected photons. The dashed arrow

indicates the direction of the reflected

beam, forming an angle # of 15� with

respect to the target normal.

FIG. 6. X-ray yield detected by the PIN diode and CCD vs. the half wave

plate angular, changing the laser polarization from S to P.

FIG. 7. 3x/2 and X-ray yield (detected from the PIN diode) vs. target posi-

tion (z axis), with the laser light S-polarized.

072108-6 Baffigi et al. Phys. Plasmas 21, 072108 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

146.48.102.80 On: Thu, 20 Nov 2014 12:56:19



and should be in principle taken into account; however, their

wave vectors, calculated after reflection at nc, have a large

angle with respect to the collecting optics, and are not con-

sidered here. P-polarized beam irradiation results in two

preferential directions of 3/2x0 emission, both located in the

plane of incidence, produced by the coupling of plasmons

with the incoming photons (PI) and with those reflected at

the critical surface (PR). Their wave vectors at the nc/4 sur-

face form angles a0 of 29.4� and 65.6� with respect to the tar-

get normal, which become 25.1� and 52� out of the plasma

due to light refraction. S-polarized beams, conversely, results

in two preferential directions of 3/2x0 emission, produced

by the coupling of plasmons with photons reflected at the

critical surface. Their wave vectors are symmetrical with

respect to the plane x¼ 0 and located at angles c0 ¼6 26.3�

and a0 ¼ 7.3� with respect to the planes x¼ 0 and z¼ 0,

respectively. After propagation into the plasma, 3/2x0 pho-

tons exit at angles c¼6 22.6� and a¼ 6�. After these calcu-

lations, it appears clear that the collecting optics in our set

up, located along the laser beam reflection axis, are not far

from the expected directions of 3/2x0 emission obtained for

both P and S polarizations. The wave vectors PR and SR

shown in the figure, expected for P and S polarized, respec-

tively, form angles of �10� and � 24� with the axis of signal

collection, respectively. According to this analysis, it is also

important to remark that the experimental set up preferen-

tially detects the three-halves harmonics signal produced by

the coupling of plasmons with the reflected light rather than

with incident light. Moreover, the analysis suggests that the

different intensity of the 3x/2 signal in P and S polarizations

is not due to an experimental bias of the gathering optics, but

rather on the fact that S polarized pulses are more strongly

reflected at the critical density surface, thus producing a

higher three-halves harmonic emission.

Figure 6 shows the behavior of the X-ray yield vs. polar-

ization, measured by the PIN diode and by the CCD, respec-

tively. The emission of the X-rays detected by the PIN has

its maximum in S polarization, whereas the CCD reveals the

maximum emission in P polarization. Since the two detectors

have a similar spectral response, the different behavior is

most likely due to the different angle of view of the two

detectors, as shown in Fig. 1, where the PIN diode is outside

the plane of incidence, while the CCD is in the plane of inci-

dence. The TPD instability grows in both directions, but the

laser light polarization influences the fast electrons emission

direction. On one hand, the X-ray emission is correlated to

the 3x/2 emission. In contrast, X-ray emission in the plane

of incidence is well correlated to the 2x signal, indicating

that in this case, X-rays come both from the interaction at

the quarter of the critical density and at the critical density

itself.

C. 3x/2 and X-ray vs. target position with S-polarized
laser light

From the data presented and preliminarily discussed in

the previous paragraphs, it appears quite clearly that in our

experiment laser conversion into X-rays involves plasma

waves originated by laser coupling with the under-dense

region of the pre-plasma. According to the observations

reported in the previous paragraph, the S-polarized pulse is

strongly reflected at the critical surface, leading to a stronger

three halves harmonic emission. In fact a new “focal scan”

for X-rays (detected only with PIN-diode) and 3x/2 with

S-polarization, was performed to be compared with the one

with P-polarization shown in Figs. 2 and 3. The scan was

limited to the focal region of spatial range of non vanishing

3x/2 and the result is shown in Fig. 7. The correlation

between X-rays emitted outside the incidence plane (in the

PIN direction) and 3x/2 emission in the specular direction is

confirmed for S-polarization. The ratio between maximum

and minimum 3x/2 signals is considerably enhanced here

with respect to the P-polarization case. This is a convincing

evidence that the plasma scale length at nc/4 is a decisive pa-

rameter to identify and control this particular regime of

X-ray conversion dominated by the onset of EPW of large

amplitude.

IV. DISCUSSION

The experimental data described in the previous section

show that, in the presence of a pre-formed plasma, electron

plasma waves in the under-dense region, in particular those

produced by the TPD process, have a key role in the genera-

tion of hard X-rays. The correlation between the X-rays and

the 3/2 harmonic emissions and the partial directionality of

X-ray emission, which is maximum in the plane of polariza-

tion, supports this conclusion. Results also show that the

effectiveness of such a mechanism in our conditions lies more

on pre-plasma density scale-length than on the intensity of the

main pulse. This conclusion has been first inferred from the

measurements performed with P-polarized laser light, where

both X-rays and 3/2 harmonic emissions are correlated in the

focal region of around 500lm. This behavior is the combined

result of both maximum laser intensity Imain and maximum

pre-plasma density scale length at nc/4, namely L(nc/4)� 4k0 at

Z¼ 0. However, if we consider the values that laser intensity

Imain and plasma scale length L take at the boundaries of this

range, where 3x/2 emission vanishes, it is clear that the cru-

cial parameter is the scale length of the plasma. In our condi-

tions, L� k0 can be taken as the minimum scale length

necessary to excite TPD, in agreement with the results

reported in Refs. 22–25. At the target position Z¼ 250 lm,

where L� k0, Imain decreases down to 4.5�1017 W/cm2, which

could be still sufficiently intense to excite TPD instability.

Indeed, according to the growth rate of TPD calculated30 in

inhomogeneous plasmas, with linear density profile and very

long scale length plasma, the threshold of the instability is

given by Refs. 6, 12, and 21:

v2
os

4v2
e

k0L ¼ 0:0504
LlklI14

T
> 3:1; (1)

where v0 and ve are the electron quivering and thermal veloc-

ities, Ll and kl are the plasma scale length and the laser wave-

length, expressed in lm, T is the plasma temperature

expressed in keV. and I14 is equal to Imain/1014 W/cm2. By

considering our experimental parameters and a plasma
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temperature of 1 keV, the threshold of TPD given by Eq. (1)

is approximately 9�1015 W/cm2. In the case of relatively short

scale-length plasma, as in our experiment, the intensity thresh-

old is expected to increase significantly. Veisz et al.22 found

that in experimental conditions similar to ours, the TPD

threshold is an order of magnitude larger than that given by

Eq. (1). In our experiment, even if we consider a factor 10 of

uncertainty, the peak intensity at �300lm from the best focus

is still much higher than the threshold of TPD. We point out

that Stimulated Raman scattering instability may also occur in

our conditions. According to Refs. 6 and 15, the SRS thresh-

old is Ith� (4�1017)/ L(lm) k (lm) W/cm2, that leads to the

value of 6.4 �1017 W/cm2. Tarasevitch et al.23 mentioned the

possibility of a sort of a hybrid TPD-SRS instability, assuming

that if k� k0, a combination of SRS and TPD might be

excited. In fact, in these conditions, the beating of the electron

plasma wave with the pump wave would produce an electro-

magnetic (SRS) as well as the electrostatic (TPD) response.

As TPD, also SRS is expected to generate hot electrons, as

shown, for example, in 2D PIC simulations by Quesnel

et al.31 Their angular distribution is however expected to peak

in the forward direction, since the backscattering SRS growth

rate is larger than the side scattering SRS. The contribution of

this source of hot electrons, and therefore, of X-ray emission,

cannot be separated and quantified by our experimental setup.

However, this source is not expected to produce the X-ray ani-

sotropy shown by our measurements, leading us to the conclu-

sion that in our experimental conditions SRS plays a minor

role compared to TPD.

These considerations lead to the conclusion that TPD

gives a major contribution to the X-ray emission. This bal-

ance well explains both the correlation with the 3x/2 emis-

sion and the anisotropy in the hard X-rays emission. The

growth rate of TPD (c0) can be expressed by:22

c0 ¼
~ke~vos

4

���� ~ke �~k0

� �2
�~k2

e

kej~ke �~k0j

����; (2)

where ke and k0 are the wave vectors of the electron waves

and of the laser light, and vos is the electron quivering

velocity¼ ejEj/me2p�. The scalar product kevos may explain

the behavior reported in Figures 4 and 5. In fact, it is maxi-

mum in the plane set by the beam propagation and the polar-

ization axis. According to Eq. (2), in P-polarization the

direction of maximum growth of TPD, and therefore, the

direction of emission of hot electrons, is close to the CCD

angle of view, so that X-rays emission detected by the cam-

era is maximum in p polarization and minimum in s polariza-

tion (Figure 6). On the contrary, the PIN diode is placed

along the optimal direction of the TPD growth in s polariza-

tion (see the trend in Figure 6), so that, an opposite trend of

the X-rays yields with laser polarization is expected, as

observed. Moreover, we note that the increase of X-ray emis-

sion measured in the incidence plane (by the CCD) when

polarization changes from S to P—approximately a factor

1.6—is much less than the increase, approximately by a fac-

tor 5, measured outside the angle of incidence (by the

PIN-X), when the polarization rotates from P to S. These

observations provide evidence of anisotropy in the X-ray

conversion (in the spectral range we have detected), a clear

proof of the strong contribution of electron plasma waves

generated by instabilities to the laser energy conversion into

X-rays. Previous works already found, separately, a depend-

ence on the laser light polarization of either Ka emission13,14

or parametric instabilities.16,17 Such a separation was due to

the fact that Ka generation was studied in conditions where

the ultrafast laser interaction with the critical density was

dominant, while parametric instabilities were considered in-

dependently from X-ray conversion efficiency. Here, for the

first time, all these phenomena are studied and explained in a

unique context. Our observations allow then a real progress

in both comprehension of basic physics of ultrafast interac-

tion and improvement of secondary sources efficiency.

A further result, which deserves to be discussed, is the

trend of the second harmonic emission, shown in Figures

3(a) and 4. In this context, SH emission is produced by the

non-linear interaction of the laser light with plasma waves

excited near the critical density and is therefore correlated to

the Resonance Absorption mechanism. Combining Maxwell

equations, the continuity equation, and the plasma equation

of motion, (see Ref. 21 and references therein), the second

harmonic current density, which generates the 2nd harmonic

radiation, is related to the local electric field by the

following:

~J
ð2Þð2xÞ ¼ inð0Þe3

4m2
ex

3
~rð~E � ~EÞ þ ie3

m2
ex

3

~rnð0Þ � ~E
1� x2

p=x
2

 !
~E; (3)

where n(0) is the unperturbed electron density, ~rnð0Þ is the

longitudinal electron density gradient, x is the laser angular

frequency, and xp is the plasma angular frequency. Gizzi

et al.21 showed that in the current oscillating at 2x, the term

depending on the gradient of the electron density is dominant

and can lead to a considerable enhancement of the electro-

magnetic field in the region close to critical density layer,

thus leading to efficient 2x generation. According to Fig. 3,

the 2x emission is maximum for P-polarized laser light,

which is explained by the vanishing of the second term in

Eq. (3) for S-polarized laser light. This can be physically

explained by the absence of RA in case of S-polarized light,

except for possible minor contributions due to the rippling of

the plasma surface, to the aperture of the optics cone. Fig.

3(a) shows that 2x generation becomes less efficient at best

focus, while it exhibits a maximum when the target is shifted

by �300 lm. By looking at the second term in Eq. (3), it is

clear that the generation of 2nd harmonic is proportional to
~rn � ~E. The density gradient and the electric field, however,

have an opposite trend with laser intensity, decreasing and

increasing, respectively. Therefore, the maximum 2x gener-

ation is a trade off between these two trends. This condition

applies in our experiment at an intensity I� 6.4�1017 W/cm2,

which corresponds to the target positions z¼ 200lm. It is

worth comparing our results on SH emission to those found

in Ref. 21, where 0.8 lm thick plastic foil target were irradi-

ated by a 150 fs FWHM pulse, at an angle of incidence of

20� and an intensity of 5�1017 W/cm2. The X-ray radiation
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was measured by a CCD in the plane of incidence, and the

second harmonic radiation was detected in the specular

direction, as in our experiment. In Ref. 21, the effect of the

preformed plasma was experimentally found to be negligi-

ble. The absence of pre-plasma led the authors to consider

the RA as the main mechanism of laser absorption and of

plasma wave generation. Gizzi et al.21 observed that both

X-ray yield and 2x emission decreased by two orders of

magnitude changing the polarization from P to S, although a

dip in the 2x emission was measured for “pure”

P-polarization, which they explained as a consequence of

wave-breaking. The values reported in Ref. 21 should be

compared only with the values reported as “X_CCD” in Fig.

6, because they are referred to a detector in the laser inci-

dence plane. Within this, regarding the correlation between

2x and X-ray emission, our measurements are in agreement

with the measurements of Ref. 21. In addition to that, our

new measurements show an important difference, namely

the reduction of X-ray emission in the incidence plane when

polarization is changed from P to S, with a corresponding

increase of X-ray emission in the perpendicular plane. In

contrast with Ref. 21, where measurements could be

explained invoking RA as the only absorption mechanism,

here the interaction in the under-dense plasma is found to

compete with interaction at the critical density layers in

determining the X-ray emission properties. Given the short

scale-length compared to the laser wavelength, Brunel

absorption (or vacuum heating) effectively describes the re-

gime of absorption that is expected to play a leading role

with our steep density profile and relativistic laser intensity.

However, possible co-existence of classical RA and vacuum

heating with ultra-short laser irradiation of steep critical

layers has been proved in Ref. 32.

V. CONCLUSION

The simultaneous detection of X-ray and optical emis-

sion during ultra-short, high intensity irradiation of silicon

flat samples, by varying pre-plasma scale length and

polarization of the laser light, allowed a deeper compre-

hension of basic physics of ultrafast irradiation of solid

samples. The contribution of electron plasma waves

(EPW) excited by laser light was proved to play a major

role in the X-ray conversion. While with tiny pre-plasma

this contribution is mostly generated at the near-critical

region, when the pre-plasma increases its scale length up

to a few laser wavelength, the contribution of the under-

critical region become important. This latter was observed

to be even dominant with S-polarized laser light. As a

consequence, clear anisotropy in the angular distribution

of X-ray emission was also observed, by varying the laser

polarization.

The detailed analysis of the experimental data shows

for the first time a self-consistent scenario including inter-

action at the critical density, generation of EPW at nc/4

and hard X-ray generation. In particular, the TPD instabil-

ity explains very well the directionality of the hot electrons

produced both with P and S polarized laser light. We show

that this contribution can be optimized by controlling the

generation of 3/2 harmonic of the laser light via laser

polarization.

Our measurements lead to a unique physical context

compared to previous works which studied separately plasma

instabilities stimulated by ultra-short laser pulses and X-ray

conversion on solid samples, while opening new perspec-

tives for improving non-thermal X-ray plasma sources driven

by ultra short laser pulses both in efficiency and

directionality.
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