
VOLUME 76, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 MARCH 1996

e

the
pon
odel
ements
tron

2278
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 intensity of5 3 1017 Wycm2

was investigated experimentally. Second-harmonic (SH) radiation was found to be emitted only in
specular direction. Both SH intensity and hard x-ray yield were found to be strongly dependent u
the laser polarization. The main features of SH emission are in agreement with a theoretical m
which assumes resonance absorption as the source mechanism of electron plasma waves. Measur
suggest that, in conditions of maximum energy absorption, wave breaking of resonantly excited elec
plasma waves takes place.

PACS numbers: 52.50.Jm, 52.25.Nr
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The interaction of high power femtosecond laser lig
with matter is now recognized as a promising way
generating short intense x-ray pulses with photon en
gies extending beyond 1 MeV [1]. Intense subpicose
ond terahertz radiation can also be generated in th
conditions [2].

Detailed analytical studies and numerical simulatio
show that collisionless processes including resonan
absorption [3], vacuum heating [4], and anomalous sk
layer heating [5] are the key factors in the laser-targ
coupling. A fundamental role is expected to be playe
by the polarization and the angle of incidence of th
laser light [6]. The effect of polarization has indeed bee
observed in fs interactions by studying either x-ray
second-harmonic (SH) emission processes. The temp
evolution of SH emission was investigated in a pum
probe experiment [7]. In the case of ap-polarized probe,
SH clearly showed the effect of resonant enhancemen
the electric field at the critical density typical of resonan
absorption.

On the other hand, recent experimental investigatio
[8,9] have established the link between polarization
laser light and x-ray emission. These experiments prov
striking evidence of enhanced coupling ofP-polarized
light with the plasma, showing that collisionless absor
tion processes are of crucial importance in fs interactio
However, it has been pointed out [10] that, on the ba
of the experimental results presently available, it is im
possible to discriminate between the various collisionle
processes named above.

In this Letter we report on the results of a study o
both SH and x-ray emission from high intensity fs lase
matter interaction. To our knowledge, these are the fi
simultaneous measurements of SH and hard x-ray emiss
as a function of laser polarization. Our measureme
clearly show the dramatic dependence of plasma emiss
properties upon polarization. We strongly believe th
0031-9007y96y76(13)y2278(4)$10.00
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the observed behavior of SH and x-ray emission is
convincing evidence of the key role played by the classic
resonance absorption in the interaction processes un
investigation.

A Ti:sapphire laser at Laboratoire d’Optique Appliqué
operated at a wavelength of 0.8mm and delivered up
to 30 mJ on target in a 150 fs FWHM pulse [11
The linearly polarized beam was focused on an 800
thick plastic (Formvar) foil target by using anfy4
reflective optics in an off-axis configuration, at an ang
of incidence of 20±. The intensity on target was typically
5 3 1017 Wycm2. The polarization of the laser light was
varied gradually fromS to P by rotating a half-wave plate
on the incident beam, before the focusing optics.

The laser pulse was characterized by a nanosec
pedestal originating from amplified spontaneous em
sion (ASE) that resulted in an intensity on target of a
proximately5 3 109 Wycm2. The effect of this prepulse
was investigated experimentally by firing the laser sy
tem without injecting the fs pulse in the amplifier chai
and focusing the ASE pulse on the target. Our me
surements clearly showed that no damage was indu
on the target, even when a sequence of 20 ASE pul
was fired on the same position of the target. This res
is consistent with previous measurements in the nanos
ond regime performed using thin plastic targets ([12] a
references therein) that showed a damage threshold in
sity for nanosecond pulses of the order of1010 Wycm2.
Therefore we have experimental evidence that the las
target interaction was free from preformed plasma.

The second-harmonic radiation was collected by anfy5
optics, selected by using narrow band filters and detec
by a photodiode. The x-ray radiation emitted by th
plasma was studied by using an x-ray charge-coup
device (CCD) array set to work in a single photon detecti
mode. In fact, the x-ray flux incident on the device wa
low enough to ensure that the average number of x-
© 1996 The American Physical Society
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FIG. 1. A typical spectrum of the x-ray emission obtaine
by the x-ray CCD in single photon detection operation,
conditions of mixed laser polarizationsSyPd. The spectrum
was corrected for the quantum efficiency of the detector, a
plotted in the same graph.

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

The spectral distribution of the x-ray radiation could b
immediately obtained from the charge distribution fun
tion, provided that charge diffusion to neighboring pixe
was taken into account. The CCD detector was filter
by a 25mm Be foil in order to cut off photons at energie
lower than 1 keV. A careful calibration of the detector i
the 1–10 keV spectral range was carried out and a deta
description of this study can be found elsewhere [13]. T
main properties of the detector including energy respon
linearity, spectral resolution, and quantum efficiency we
found to be in good agreement with the predictions of n
merical models based on the x-ray absorption propert
of the detector elements. The behavior of the detector
the high energy rangeshn . 10 keVd was therefore calcu-
lated taking into account the Si mass absorption coeffici
and the depth of the active region in which x-ray photo
are absorbed with consequent production of photoelectr
[13]. The overall detector quantum efficiency as a fun
tion of incident photon energy is presented in Fig. 1.

A typical spectrum of the x-ray emission, correcte
for the quantum efficiency of the detector, is shown b
the histogram of Fig. 1 where the number of photo

FIG. 2. Dependence of the x-ray energy detected by the C
detector as a function of the polarization of the incident las
light. The polarization was varied continuously fromS to P
and back toS again by means of a half-wave plate place
on the incident beam. The zero angle of the wave pla
corresponds toP-polarized incident laser light while645±

correspond toS-polarized laser light.
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detected per energy interval is plotted as function
photon energy. This spectrum was recorded with
incident laser light set in a mixedSyP polarization, that
is, with the half-wave plate rotated by 20± with respect to
theP-polarization configuration.

The behavior of the total x-ray energy as a functi
of the angle of the half-wave plate is shown in Fig.
where the zero angle corresponds to the condition oP
polarization of the incident laser light. Each data po
was obtained by integrating the charge induced by
rays on the CCD array over the whole active area
the detector. Provided that the spectrum of the x-
radiation does not change, this value is proportional
the total energy of the x-ray photons detected by
CCD array. We observe that our detector enabled
to measure simultaneously the spectrum and the inten
of the x-ray radiation. Therefore, spectral features w
accounted for in the evaluation of the total x-ray ener
when unfolding the data by using the quantum efficien
reported in Fig. 1.

According to these results, the hard x-ray emiss
observed in our experiment is characterized by a stro
spectral component centered at photon energies
ø60 keV, while the contribution of lower energy photon
to the total x-ray spectrum in the observed spect
window increases rapidly as the energy decreases.
fact, most of thethermal x-ray emission arising from
the plasma is expected to peak at several hundred
Moreover, the plot of Fig. 2 shows that the total x-ra
yield is found to be maximum when the laser light
P polarized, its value being approximately 2 orders
magnitude higher than in the case ofS-polarized light.

On the other hand, SH emission also exhibits a w
defined behavior as shown in the plot of Fig. 3 where
intensity of the SH light is reported versus the angle
the half-wave plate, as in the case of Fig. 2. The m
features of SH emission can be outlined as follows:
SH emission was found only in the specular directio
(ii) its intensity was found to be strongly dependent up
the polarization of the laser light; (iii) regardless of th
laser polarization, SH emission was found to be alwa
predominantlyP polarized, though with different degree
of polarization; (iv) SH intensity shows an absolu

FIG. 3. Specularly reflected second-harmonic radiation a
function of polarization of the incident laser light. Th
polarization was varied by means of a half-wave plate plac
on the incident beam as in the case of Fig. 2.
2279
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minimum in condition of S polarization and increase
with increasingP component of the laser light; (v) a
close-to-P-polarization conditions, however, SH emissio
suffers a depletion and shows a relative minimum
exactP polarization.

The polarization of SH light was analyzed for th
two cases ofS- and P-polarized laser lights. A weak
S component of SH light was always present and
intensity was found to be basically independent from
polarization of the laser light. In the case ofP-polarized
laser light, the ratio between theP and theS components
of SH was approximately 100, while in the case ofS-
polarized laser light such a ratio was approximately 2.

The experimental results presented here clearly sh
that laser polarization is a key factor in the interacti
regime under investigation. A strong enhancement in
production of SH radiation and hard x rays is observed
the case ofP-polarized laser light, indicative of a mor
efficient laser-plasma coupling. In addition, we note th
the total energy emitted in the hard x-ray region, fro
1 to ø100 keV, in the case ofP polarization, is of the
order of 10– 3 of the total laser energy. Indeed, accordi
to Fig. 1, most of this x-ray energy is concentrated in
narrower spectral region around 60 keV. Therefore,
believe that the energy coupling mechanism respons
for such an intense hard x-ray emission process is
primary importance in the dynamics of the interacti
process under investigation.

As already pointed out above, SH radiation was fou
to be emitted only in the specular direction. This is
distinctive feature of SH emission generated by elect
plasma waves produced by a linear conversion mechan
In fact, it is well known [7] that electron plasma wave
arising from nonlinear processes, i.e., parametric de
instability, would lead to a distribution of directions o
the SH emission which was not observed experimenta
In addition, the occurrence of a nonlinear mechanism
the generation of electron plasma waves would also im
the existence of a threshold value of the incident la
intensity for the production of SH radiation. Indeed, w
found no experimental evidence for the existence of s
a thresholdlike behavior in the SH emission process.

According to the model described below, energy a
sorption is mostly accounted for by resonance abso
tion. Electron plasma waves generated by the resona
process account for SH emission as well as for the p
duction of very energetic electrons from which hard x ra
originate.

It can be shown that by combining Maxwell equation
the continuity equation, and the plasma equation
motion and applying a perturbative method, the S
current density is related to the local electric field by t
following expression:

$Js2ds2vd 
ins0de3

4m2
ev3

$=s $E ? $Ed 1
ie3

m2
ev3

µ $=ns0d ? $E
1 2 v2

pyv2

∂
$E ,

(1)
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where $E is the local electric field oscillating at the lase
frequency,ns0d is the unperturbed electron density,=ns0d

is the longitudinal electron density gradient,v is the
laser angular frequency, andvp is the plasma angular
frequency. According to this model, and following simpl
considerations [7] on the conservation of the compone
of the wave vector parallel to the target, SH radiation
emitted in the form of a coherent beam collinear with th
specularly reflected fundamental beam.

According to Eq. (1) there are two main source term
which give rise to a current density oscillating at the S
frequency. The first termA originates from the gradient
of the intensity of the electric field. The second termB
gives a component of the SH current parallel to the loc
electric field and proportional to$=n ? $E. The intensity
ratio between the termsA andB of the SH current given
by Eq. (1) can be simply written as

A
B

ø
´

4 cosa
, (2)

where´  1 2 v2
pyv2 is the plasma dielectric constan

and a is the angle between the density gradient a
the electric field. Since in our experimental condition
SH is generated in the proximity of the critical densit
region where the dielectric functioń! 0, provided that
a fi py2, that is, provided that laser radiation is no
S polarized, the ratio given by Eq. (2) also vanishe
indicating that the termB is expected to give a dominan
contribution to SH emission. Therefore, when the las
is P polarized, strong enhancement of the local elect
field occurs due to resonance absorption and the termB
of Eq. (1) accounts for intenseP-polarized SH emission.
The small fraction, approximately 1%, ofS-polarized SH
radiation observed experimentally can be easily explain
in terms of contribution to SH emission given by the fir
term of Eq. (1) as a consequence of transverse gradie
of the electric field. Such gradients are expected in t
interaction region due either to the finite spot size or
intensity nonuniformities in the focal spot.

In the case ofS-polarized laser light, the electric field
is no longer enhanced by the resonance process and
agreement with experimental observations,P-polarized
SH emission is no longer largely dominant over th
S-polarized one. As in the previous case,S-polarized SH
emission is again accounted for by the first term of Eq. (
due to transverse gradients of the local electric field wh
P-polarized SH emission occurs as a consequence of
residualP-polarized laser light due to the spreading in th
angle of incidence introduced by the focusing optics.

The validity of the model presented here is further co
roborated by the following observation concerning the b
havior of SH emission for close-to-P laser polarization
discussed above. According to the model, SH intens
and x-ray emission is expected to peak in the condition
maximum coupling between laser radiation and electr
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plasma wave. Indeed, according to Fig. 2, x-ray em
sion is found to be maximum when the laser light isP
polarized. In contrast, Fig. 3 shows a strong deplet
of SH emission for close-to-P polarization conditions.
This effect suggests that the process from which such
emission originates is partly inhibited in this configur
tion. However, we observe that SH generation has b
modeled here by using perturbation theory which requ
that the charge density fluctuation induced by the reson
process must be small compared to the critical dens
The ratio of the induced charge density fluctuation to
critical density can be estimated by using the followi
expression [14]:

dn
nc


xosc

L
, (3)

wherexosc is the oscillation amplitude of electrons in th
laser field andL is the electron density scale length. F
the experimental conditions outlined above the resona
induced density fluctuation is expected to be of the or
of the critical density. Therefore, the conditions for t
perturbation theory to be valid can be violated, especi
early during the laser pulse, before a sizable plasma
developed.

Following these considerations, another mechan
must be considered in the analysis presented so far, w
can strongly influence the evolution of plasma wav
and, consequently, the generation of second-harm
radiation. It is well known that, for sufficiently high lase
intensity, electron plasma waves produced by reson
absorption are subject to wave breaking [14]. In fact
the electric fieldE associated with the electron waves
very high, Landau damping is no longer applicable and
wave damping process becomes nonlinear. Backgro
electrons, regardless of their initial velocity, are rapid
accelerated at velocities comparable to the phase velo
of the electron wave in a fraction of the period of th
wave oscillation. The wave is therefore heavily damp
its energy being efficiently converted into very energe
electrons which escape from the interaction region.

One can easily verify that for the experimental con
tions considered here, assuming an electron tempera
in the close-to critical density plasma region of 200 e
and a density scale lengthø250 Å, the wave breaking
condition is satisfied in the interaction region and stro
nonlinear damping of resonantly excited plasma wa
can occur. From the point of view of the interpretatio
of the experimental results, this process can explain
observed behavior of SH and x-ray emission shown
Figs. 2 and 3. According to Eq. (1), as the polariz
tion of the incident laser light varies fromS to P, the
component of the driving electric field along the de
sity gradient increases. Consequently, the amplitude
the resonantly excited wave also increases, resulting
stronger SH emission, until the amplitude of the drivi
field becomes so high that the wave breaking condit
is reached.
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As a consequence of the collapse of the electron wa
the source current described by Eq. (1), from which S
radiation originates, is disrupted. A minimum of th
SH emission intensity is therefore expected in conditio
of maximum resonance, that is, forP-polarized laser
light. On the other hand, since the energy lost by t
wave is efficiently converted into electron kinetic energ
bremsstrahlung x-ray emission, originating from the
hot electrons, is expected to reach its maximum in t
condition. This result is also in agreement with the pl
of Fig. 2 which shows that the maximum x-ray yield
indeed reached in conditions of resonance.

In summary, the interaction of intense femtoseco
laser light with a highly confined plasma has been studi
SH radiation was emitted only in the specular directio
The intensity of SH and hard x-ray emissions was fou
to be strongly dependent upon the polarization of t
incident light. On the basis of the overall agreeme
between our experimental observations and the mo
presented here, we conclude that, among the vari
mechanisms that can occur under the conditions of
present experiment, resonant absorption plays a key
in the laser-target coupling process. The behavior
SH emission at maximum resonance conditions stron
suggests that wave breaking of the resonantly produ
electron plasma waves occurs in the interaction regi
under investigation.
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