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Simultaneous Measurements of Hard X Rays and Second-Harmonic Emission
in fs Laser-Target Interactions
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The interaction of 150 fs laser pulses with very thin plastic targets at an intensitykof0'” W/cm?
was investigated experimentally. Second-harmonic (SH) radiation was found to be emitted only in the
specular direction. Both SH intensity and hard x-ray yield were found to be strongly dependent upon
the laser polarization. The main features of SH emission are in agreement with a theoretical model
which assumes resonance absorption as the source mechanism of electron plasma waves. Measurements
suggest that, in conditions of maximum energy absorption, wave breaking of resonantly excited electron
plasma waves takes place.

PACS numbers: 52.50.Jm, 52.25.Nr

The interaction of high power femtosecond laser lightthe observed behavior of SH and x-ray emission is a
with matter is now recognized as a promising way ofconvincing evidence of the key role played by the classical
generating short intense x-ray pulses with photon enemresonance absorption in the interaction processes under
gies extending beyond 1 MeV [1]. Intense subpicosecinvestigation.
ond terahertz radiation can also be generated in these A Ti:sapphire laser at Laboratoire d’'Optique Appliquée
conditions [2]. operated at a wavelength of Ou8n and delivered up

Detailed analytical studies and numerical simulationdo 30 mJ on target in a 150 fs FWHM pulse [11].
show that collisionless processes including resonancghe linearly polarized beam was focused on an 800 A
absorption [3], vacuum heating [4], and anomalous skinthick plastic (Formvar) foil target by using ani/4
layer heating [5] are the key factors in the laser-targeteflective optics in an off-axis configuration, at an angle
coupling. A fundamental role is expected to be playedof incidence of 20. The intensity on target was typically
by the polarization and the angle of incidence of the5 X 10'7 W/cn?. The polarization of the laser light was
laser light [6]. The effect of polarization has indeed beenvaried gradually fron§ to P by rotating a half-wave plate
observed in fs interactions by studying either x-ray oron the incident beam, before the focusing optics.
second-harmonic (SH) emission processes. The temporal The laser pulse was characterized by a nanosecond
evolution of SH emission was investigated in a pump-pedestal originating from amplified spontaneous emis-
probe experiment [7]. In the case opapolarized probe, sion (ASE) that resulted in an intensity on target of ap-
SH clearly showed the effect of resonant enhancement gfroximately5 X 10° W/cn?. The effect of this prepulse
the electric field at the critical density typical of resonancewas investigated experimentally by firing the laser sys-
absorption. tem without injecting the fs pulse in the amplifier chain

On the other hand, recent experimental investigationand focusing the ASE pulse on the target. Our mea-
[8,9] have established the link between polarization ofsurements clearly showed that no damage was induced
laser light and x-ray emission. These experiments providen the target, even when a sequence of 20 ASE pulses
striking evidence of enhanced coupling Bfpolarized was fired on the same position of the target. This result
light with the plasma, showing that collisionless absorp-4s consistent with previous measurements in the nanosec-
tion processes are of crucial importance in fs interactionsond regime performed using thin plastic targets ([12] and
However, it has been pointed out [10] that, on the basiseferences therein) that showed a damage threshold inten-
of the experimental results presently available, it is im-sity for nanosecond pulses of the order 16f° W/cn?.
possible to discriminate between the various collisionlesIherefore we have experimental evidence that the laser-
processes named above. target interaction was free from preformed plasma.

In this Letter we report on the results of a study on The second-harmonic radiation was collected by AR
both SH and x-ray emission from high intensity fs laser-optics, selected by using narrow band filters and detected
matter interaction. To our knowledge, these are the firsby a photodiode. The x-ray radiation emitted by the
simultaneous measurements of SH and hard x-ray emissigrlasma was studied by using an x-ray charge-coupled
as a function of laser polarization. Our measurementsglevice (CCD) array set to work in a single photon detection
clearly show the dramatic dependence of plasma emissianode. In fact, the x-ray flux incident on the device was
properties upon polarization. We strongly believe thalow enough to ensure that the average number of x-ray
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detected per energy interval is plotted as function of
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§ g 45 photon energy. This spectrum was recorded with the
%10 1°<_ incident laser light set in a mixefl/P polarization, that
Eqg 0 e ety | 10°2 is, with the half-wave plate rotated by 2®ith respect to
£10° 1022 the P—polarlza_tlon configuration. _
2 < The behavior of the total x-ray energy as a function
g10°* 10'> of the angle of the half-wave plate is shown in Fig. 2,
G0 1005 where the zero angle corresponds to the conditiorP of

10° 'Pho't('m Igl?“erg)./ V) 10° polarization of the incident laser light. Each data point
was obtained by integrating the charge induced by x
FIG. 1. A typical spectrum of the x-ray emission obtainedrays on the CCD array over the whole active area of
by the x-ray CCD in single photon detection operation, inthe detector. Provided that the spectrum of the x-ray
C%gdggr‘zcg dr?zet‘a]e'a;egnF;O'ma”gg_tl‘?g/c P )6f tThhee d?aegg;[g;mals éadiation does not change, this value is proportional to
W ; uantu iciency ' he total energy of the x-ray photons detected by the
plotted in the same graph. CCD array. We observe that our detector enabled us
Jo measure simultaneously the spectrum and the intensity
the x-ray radiation. Therefore, spectral features were
ccounted for in the evaluation of the total x-ray energy
when unfolding the data by using the quantum efficiency
reported in Fig. 1.

photons per pixel was much smaller than 1, so that th
charge induced in each pixel could be related to the energ
of the incident photon.

The spectral distribution of the x-ray radiation could be
immediately obtained from the charge distribution func- A ding 1o th its. the hard x- -
tion, provided that charge diffusion to neighboring pixels ccording 1o these Tesuls, the hard x-ray emission

was taken into account. The CCD detector was filtered)bserved in our experiment is characterized by a strong

by a 25 um Be foil in order to cut off photons at energies s;p6e0ctkra{/ Comp(;ﬂem (ie'rtw)tet_red ?It photon enerr]gltes of
lower than 1 keV. A careful calibration of the detector in , €V, while the contribution of lower energy photons

the 1-10 keV spectral range was carried out and a detaildd the tptal x-fay spectrum in the observed spectral
description of this study can be found elsewhere [13]. Th indow increases rapidly as the energy d_epreases. In
main properties of the detector including energy respons ct, most O.f thethermal x-ray emission arising from
linearity, spectral resolution, and quantum efficiency Werelfvle plasma is expected' to peak at several hundred ev.
found to be in good agreement with the predictions of nu- loreovet, the plot of F'g: 2 shows that the tota! x-ray
merical models based on the x-ray absorption properti leld |s'found' to be maximum Whef‘ the laser light is
of the detector elements. The behavior of the detector i pol_arlzed,. its value _bemg approxmat_ely 2. orders of
the high energy rangé v > 10 keV) was therefore calcu- magnitude higher than in the C§s¢$bolar|zed l.'g.ht'

lated taking into account the Si mass absorption coefficien Qn the othe_r hand, SH emission also .eXh'b'tS a well
and the depth of the active region in which x-ray photons efined behavior as shown in the plot of Fig. 3 where the

are absorbed with consequent production of photoelectrori tensity of the SH light is reported versus the angle of

[13]. The overall detector quantum efficiency as a func- € half-wave plate, as in the case of Fig. 2. The ma!n
tion of incident photon energy is presented in Fig. 1. features of SH emission can be outlined as follows: (i)

A typical spectrum of the x-ray emission correctedS.H. emission was found only in the specular direction;

for the quantum efficiency of the detector is’ shown by(”) Its intensity was found to b_e stro.rlgly dependent upon

the histogram of Fig. 1 where the numbér of photon the polarization of the laser light; (iii) regardless of the
' ﬁaser polarization, SH emission was found to be always

predominantlyP polarized, though with different degrees
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FIG. 2. Dependence of the x-ray energy detected by the CCD 10 40 20 0 20 20
detector as a function of the polarization of the incident laser Angle (deg)

light. The polarization was varied continuously frasnto P

and back toS again by means of a half-wave plate placedFIG. 3. Specularly reflected second-harmonic radiation as a
on the incident beam. The zero angle of the wave platdunction of polarization of the incident laser light. The
corresponds toP-polarized incident laser light whilet45° polarization was varied by means of a half-wave plate placed
correspond t&s-polarized laser light. on the incident beam as in the case of Fig. 2.
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minimum in condition of S polarization and increases whereE is the local electric field oscillating at the laser
with increasingP component of the laser light; (v) at frequency,n'? is the unperturbed electron densify;©
close-toP-polarization conditions, however, SH emissionis the longitudinal electron density gradienb, is the
suffers a depletion and shows a relative minimum forlaser angular frequency, and, is the plasma angular
exactP polarization. frequency. According to this model, and following simple
The polarization of SH light was analyzed for the considerations [7] on the conservation of the component
two cases ofS- and P-polarized laser lights. A weak of the wave vector parallel to the target, SH radiation is
S component of SH light was always present and itsemitted in the form of a coherent beam collinear with the
intensity was found to be basically independent from thespecularly reflected fundamental beam.
polarization of the laser light. In the case ®fpolarized According to Eg. (1) there are two main source terms
laser light, the ratio between tte and theS components  which give rise to a current density oscillating at the SH
of SH was approximately 100, while in the case &f frequency. The first term originates from the gradient
polarized laser light such a ratio was approximately 2.  of the intensity of the electric field. The second teBm
The experimental results presented here clearly shogives a component of the SH current parallel to the local

that laser polarization is a key factor in the interactionelectric field and proportional t§n - E. The intensity
regime under investigation. A strong enhancement in theatio between the terms and B of the SH current given
production of SH radiation and hard x rays is observed irby Eq. (1) can be simply written as
the case ofP-polarized laser light, indicative of a more
efficient laser-plasma coupling. In addition, we note that
- : . A €
the total energy emitted in the hard x-ray region, from Z = ,
1 to =100 keV, in the case of? polarization, is of the B 4coxx
order of 107 of the total laser energy. Indeed, according
to Fig. 1, most of this x-ray energy is concentrated in awheree = 1 — wf,/w2 is the plasma dielectric constant
narrower spectral region around 60 keV. Therefore, wand « is the angle between the density gradient and
believe that the energy coupling mechanism responsibléhe electric field. Since in our experimental conditions
for such an intense hard x-ray emission process is oBH is generated in the proximity of the critical density
primary importance in the dynamics of the interactionregion where the dielectric function— 0, provided that
process under investigation. a # 7 /2, that is, provided that laser radiation is not
As already pointed out above, SH radiation was foundS polarized, the ratio given by Eq. (2) also vanishes,
to be emitted only in the specular direction. This is aindicating that the ternB is expected to give a dominant
distinctive feature of SH emission generated by electrorcontribution to SH emission. Therefore, when the laser
plasma waves produced by a linear conversion mechanisrs P polarized, strong enhancement of the local electric
In fact, it is well known [7] that electron plasma waves field occurs due to resonance absorption and the f&rm
arising from nonlinear processes, i.e., parametric decagf Eq. (1) accounts for intense-polarized SH emission.
instability, would lead to a distribution of directions of The small fraction, approximately 1%, Sfpolarized SH
the SH emission which was not observed experimentallyradiation observed experimentally can be easily explained
In addition, the occurrence of a nonlinear mechanism inn terms of contribution to SH emission given by the first
the generation of electron plasma waves would also implyerm of Eq. (1) as a consequence of transverse gradients
the existence of a threshold value of the incident laseof the electric field. Such gradients are expected in the
intensity for the production of SH radiation. Indeed, weinteraction region due either to the finite spot size or to
found no experimental evidence for the existence of sucimtensity nonuniformities in the focal spot.
a thresholdlike behavior in the SH emission process. In the case ofS-polarized laser light, the electric field
According to the model described below, energy ab-4s no longer enhanced by the resonance process and, in
sorption is mostly accounted for by resonance absorpagreement with experimental observatio#®spolarized
tion. Electron plasma waves generated by the resonan@&H emission is no longer largely dominant over the
process account for SH emission as well as for the proS-polarized one. As in the previous casepolarized SH
duction of very energetic electrons from which hard x raysemission is again accounted for by the first term of Eq. (1)
originate. due to transverse gradients of the local electric field while
It can be shown that by combining Maxwell equations,P-polarized SH emission occurs as a consequence of the
the continuity equation, and the plasma equation ofesidualP-polarized laser light due to the spreading in the
motion and applying a perturbative method, the SHangle of incidence introduced by the focusing optics.
current density is related to the local electric field by the The validity of the model presented here is further cor-

(2)

following expression: roborated by the following observation concerning the be-
. . havior of SH emission for close-tB-laser polarization

i20w) = inVe? V(E-E)+ ie? < va - E >a discussed ab_ovg. According to the quel, SH in_tg:‘nsity

dmlw3 miw3\1— wl/w? ’ and x-ray emission is expected to peak in the condition of

(1) maximum coupling between laser radiation and electron
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plasma wave. Indeed, according to Fig. 2, x-ray emis- As a consequence of the collapse of the electron wave,

sion is found to be maximum when the laser lightAs the source current described by Eq. (1), from which SH

polarized. In contrast, Fig. 3 shows a strong depletiorradiation originates, is disrupted. A minimum of the

of SH emission for close-t@ polarization conditions. SH emission intensity is therefore expected in conditions

This effect suggests that the process from which such aof maximum resonance, that is, fd?-polarized laser

emission originates is partly inhibited in this configura-light. On the other hand, since the energy lost by the

tion. However, we observe that SH generation has beewave is efficiently converted into electron kinetic energy,

modeled here by using perturbation theory which requiredremsstrahlung x-ray emission, originating from these

that the charge density fluctuation induced by the resonaiot electrons, is expected to reach its maximum in this

process must be small compared to the critical densitycondition. This result is also in agreement with the plot

The ratio of the induced charge density fluctuation to theof Fig. 2 which shows that the maximum x-ray yield is

critical density can be estimated by using the followingindeed reached in conditions of resonance.

expression [14]: In summary, the interaction of intense femtosecond
sn o x laser light with a highly confined plasma has been studied.
— == (3)  SH radiation was emitted only in the specular direction.
ne L The intensity of SH and hard x-ray emissions was found

wherex,. is the oscillation amplitude of electrons in the to be strongly dependent upon the polarization of the

laser field and. is the electron density scale length. Forincident light. On the basis of the overall agreement

the experimental conditions outlined above the resonantlpetween our experimental observations and the model

induced density fluctuation is expected to be of the ordepresented here, we conclude that, among the various

of the critical density. Therefore, the conditions for themechanisms that can occur under the conditions of the

perturbation theory to be valid can be violated, especiallypresent experiment, resonant absorption plays a key role

early during the laser pulse, before a sizable plasma has the laser-target coupling process. The behavior of

developed. SH emission at maximum resonance conditions strongly

Following these considerations, another mechanisnsuggests that wave breaking of the resonantly produced

must be considered in the analysis presented so far, whigdectron plasma waves occurs in the interaction regime

can strongly influence the evolution of plasma wavesunder investigation.
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