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Measurements of blue shifts due to collisionless absorption in harmonic generation
from subpicosecond laser-produced plasmas
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Harmonic generation from solid surface plasmas is studied using a subpicosecond Nd:glass laser system. For
a 45° angle of incidence, the speculars up to the fifth harmonics are blue shifted when the laser intensity
exceeds 231016 W cm22. The second harmonic is blueshifted by;16 Å, and the fifth harmonic is blue
shifted by;51 Å for p polarization at the intensity of 131017 W cm22. We observed the blue shift of the
fifth harmonics and found that the magnitude of blue shift is higher compared with that for the second
harmonics. The blue shift is interpreted as a collisionless absorption due to the anomalous skin effect. It is also
found that the divergence of harmonics preserves a smaller divergence when using a shorter pulse length for
the driving laser.
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I. INTRODUCTION

The recent availability of compact, high-intensity subp
cosecond lasers with chirped pulse amplification~CPA! @1#
has opened the new field of study of laser-matter interact
with solid targets. Thus, using a compact high-intensity la
system, it is now possible to study laser-matter interact
for the fast ignition scheme for inertial confinement ignitio
@2#, harmonic generation from solid surface@3,4#, and ul-
trashort x-ray generation@5#, etc. The study of laser-plasm
interactions have been performed for several decades. A
well known at low intensity and long pulse length, the dom
nant absorption mechanism is inverse bremsstrahlung
classical resonance absorption@6#. With the recent advent o
subpicosecond pulse length and high-intensity lasers, s
density gradient scale lengthL/l!1, wherel is the laser
wavelength, can be formed because there is no time for
free electron to expand into the vacuum region. We de
the electron density gradient scale lengthL as the inverse of
the logarithmic derivative@(1/ne)(dne /dx)#21, wherene is
the upper shelf density@7#. It becomes important to investi
gate several additional absorption mechanisms for s
pulse length and high-intensity laser pulses interacting w
overdense plasmas. At high laser intensities ab
1016 W cm22, the electron temperature is more than 1 k
and the main laser absorption is related to collisionless
sorption. Collisionless absorption mechanisms inclu
vacuum heating,J3B heating, sheath inverse bremsstra
lung, and the anomalous skin effect@8,9#. Recently, Hansen
et al. reported for the first time that the second harmonic w
blue shifted when the laser intensity exceeded
31016 W cm22 and this effect was also observed
particle-in-cell~PIC! simulations@10#. For an angle of inci-
dence of 55°, the second harmonic emission was not b
shifted, and it was observed that the second harmonic si
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for p polarization was ten times higher than fors polariza-
tion. This result shows the resonance absorption is domin
at this angle of incidence. On the other hand, for an angle
incidence of 17.5°, the specular second harmonic was b
shifted by ;60 Å when the laser intensity exceeded 1
31017 W cm22. The simulation result showed the electro
temperature at the skin depth was 800 eV and had no c
sion. The electrons can be driven into the target a dista
greater than the skin depth, and collisionless absorp
dominates the absorption process. If the frequency of
oscillation of the electrons changes with its amplitude,
electronmagnetic field will drive the oscillation out of res
nance. It results in changing the frequency of the harmo
radiation. There are, however, some questions as to
much the other harmonic order is blue shifted and whet
the harmonics is blue shifted at an angle of incidence of 4
between 17.5° and 55°. It is, therefore, timely to study
absorption mechanism in subpicosecond high-intensity la
plasma interaction. The purpose of this paper is to show h
the other harmonic order is blue shifted and whether at
angle of incidence of 45° the harmonics is blue shifted
not.

In this paper, we present blue shifts of up to 20 Å in t
second harmonic and 50 Å in the fifth harmonic by the
radiation of a solid target with a 500-fs laser pulse forp
polarization, an incident angle of 45°, and laser intensit
above 331016 W cm22. We observed the blue shift of th
fifth harmonics and found that the magnitude of blue shift
higher compared with that for the second harmonics.
carry out more detailed model calculations of the elect
temperature in our experimental condition using a o
dimensional~1D! hydrodynamic codeHYADES @11#. We find
that the blue shift in our experiment can be well explain
from the absorption mechanism due to the anomalous
effect. The divergence and intensity of the harmonics us
500 fs pulse length for the driving laser is compared w
using 2.2 ps pulse length. It is found that to keep the h
monics collimated even when the intensity of the drivi
©2002 The American Physical Society14-1
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laser is increased, driving lasers with shorter pulse leng
should be used.

II. EXPERIMENTAL SETUP

The schematic diagram of the experimental arrangem
is shown in Fig. 1. The experiments were carried out at
Institute for Solid State Physics in the University of Toky
with a CPA Nd:glass laser system@12# operating at a wave
length of around 1060 nm and at a repetition rate of one s
for every 5 min. The contrast ratio of each pulse is be
than 1026. The laser delivered 100 mJ energy in a 500
pulse and produced a peak intensity on the target o
31017 W cm22 at a laser focus of 12mm diameter placed
in the vacuum chamber. The laser pulse is focused onto
surface of a solid target with a 10 cm focal length achroma
lens at an incidence angle of 45° relative to the target nor
with either s or p polarization selected using al/2 wave
plate. We can find the optimum position of the lens by m
suring the second harmonic signal using a charge-cou
device ~CCD! camera. The experimental result is shown
Fig. 2. The target is a 0.1-mm layer of aluminum deposited
on a glass substrate. The target is moved to ensure tha
laser interacts with a fresh surface of the target at each s
Harmonics generated from the plasma surface in the spec
direction are spectrally dispersed by a spectrometer~Acton
Model VM-504!. The spectrometer has a wavelength ac
racy and resolution of60.2 nm at 500 nm with a 1200
g/mm grating. The CaF2 plate is put after the light goes t
the grating, and then the light is divided. Harmonics can
simultaneously detected using both a CCD cam
~Hamamatsu C4880-21! and a fast rise time photomultiplie
~Hamamatsu R2496, 0.7 ns rise time!. The temporal profile
of the output signal of the photomultiplier is measured with
1.5 GHz bandwidth oscilloscope~Lecroy 9362!.

III. RESULTS AND DISCUSSION

A. Wavelength shift

It is very important that we investigate the spectral a
spatial analysis of harmonics to understand the informa

FIG. 1. Experimental arrangement.L, achromatic lens; VC,
vacuum chamber;T, aluminum deposited target;S, spectrograph; G,
grating; BS, beam splitter (CaF2).
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on the critical density surface and overdense plasmas sur
when the incident laser interacts with the plasma. As is w
known, the resonance absorption process is dominant w
incident laser intensity is under 131016 W cm22. If the
resonance absorption process is dominant, harmonic
quency is not shifted except for Doppler shifts of reflect
light arising from plasma expansion driven by the hea
electrons@13,14#. We can measure the Doppler shift in th
reflected 1060 nm. The fundamental is blue shifted
;6 Å corresponding to an expansion velocitycs /c'6
31024. Figure 3 summarizes the experimental results of
second harmonic. The results are inconsistent with the re
nant absorption:~1! the second harmonic light is blue shifte
by ;16 Å @see Figs. 3~a! and 3~b!# for p polarization and
the second harmonic signal forp polarization is about eigh
times higher than that fors polarization at the fundamenta
laser intensity of;1017 W cm22. ~2! The dependence of th
wavelength shift on the incident laser intensity is shown
Fig. 3~c!. The peak frequency of the second harmonic em
sion is blue shifted forI L>231016 W cm22, whereI L is the
incidence laser intensity. It is found that the increase of t
shift width with an increase in the laser intensity is small
comparison with the experimental results by Hansenet al.
@10#. Unfortunately, we cannot detect the shift belowI L<1
31016 W cm22 by using this system. We cannot correct
measure the peak frequency of the third and fourth harmo
emission in this system because the signal-to-noise rati
poor. There are two reasons.~1! The diffraction grating effi-
ciency is low for the above two harmonic wavelengths, a
~2! there are line emissions from aluminum ions in the vic
ity of these harmonics. Figure 4 shows the experimental
sults of the fifth harmonic. The fifth harmonic light is blu
shifted by;51 Å @see Figs. 4~a! and 4~b!# for p polarization
at the intensity ofI L>131017 W cm22. This shift is much
larger in magnitude than the Doppler shift seen in the sp
trum of the fundamental. Therefore, these results canno
explained by the hydrodynamic motion of plasma.

FIG. 2. The second harmonic intensities as a function of the l
position. We can find the optimum position of the lens by measur
the second harmonic signal using the CCD camera in the exp
ment.
4-2
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FIG. 3. Summary of the second harmonic in the experiments~a!
The picture of the second harmonic and the dashed line is the
sition of twice frequency of the fundamental laser.~b! The second
harmonic spectrum~black line! and the incident laser spectrum
~gray line! at the laser intensity of 1.531017 W cm22. ~c! Location
of the second harmonic peak as a function of incident intensity
02641
With increasing laser intensity and electron temperatu
the role of collisions decreases and collisionless mechani
of absorption become dominant@8,9#. The experimental and
PIC simulation results by Hansenet al. @10# show that the
second harmonic due to collisionless absorption occurs w
the laser intensity exceeds 531016 W cm22. The calculation
results by Rozmuset al. @8# show that at low temperatur
(Te,300 eV), the collision absorption mechanism is dom
nant, and at higher temperature (Te.800 eV), the collision-
less absorption mechanism due to the anomalous skin e
becomes dominant. The electronic temperature profile in
experiment condition was calculated using a 1D hydro
namic codeHYADES @11#. The reliability of the 1DHYADES

code is confirmed in Ref.@16#. We observe the transvers
intensity profile of the transmitted 2.2-ps,p polarized longi-
tudinal laser beam using a CCD camera after interaction w
the preplasma. Numerical simulations are performed on

o-

FIG. 4. Summary of the fifth harmonic in the experiments.~a!
The picture of the fifth harmonic and the dashed line is the posi
of fifth frequency of the fundamental laser.~b! The fifth harmonic
spectrum~black line! and the incident laser spectrum~gray line! at
the laser intensity of 1.631017 W cm22.
4-3
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model of experimental observation, using a 1DHYADES code
and a paraxial approximation ray tracing code. Using
various outputs from these codes, we then calculate the
tensity profile of the transmitted laser beam and compare
results with our experimental observations. The overall p
file is excellently reproduced. Both inverse bremsstrahlu
and collisionless absorption are included. These are ca
lated from the average ofE•J, sinceJ depends on the con
ductivity, which is a function of the dielectric function an
thus the electron-ion collision frequency. Figure 5 shows
electron temperature profile for our experimental conditio
when the main pulse laser intensity on the solid target i
31017 W cm22 by using 1DHYADES code. We can see from
this figure that the electron temperature in the skin de
from the critical density surface is much higher than 800
The higher temperature (.800 eV) is enough to reduce th
importance of collisions on the plasma behavior. The cal
lation results by Rozmuset al. @8# show that at the highe
temperature (.800 eV) the absorption is almost a collisio
less mechanism. Hansenet al. @10# have observed a blu
shift in the second harmonic at the electron tempera
(Te;800 eV) in PIC simulation. Therefore, we can co
clude that from our experimental and calculation results
harmonic frequency shift is due to the collisionless mec
nism. We treat the skin depth in the collisionless absorpt
as the phase shifter. When the driving laser irradiates
solid target, the electrons’ phase become the same pha
the driving laser field. Each electron in the plasma passes
skin depth in the collisionless absorption condition and sh
the phase in the skin depth. Then, each electron is revers
direction and returns to the plasma. It is considered that
electron pumps up to the upper level at virtual time in t
multiphoton absorption process. Therefore, the electro
phase is accumulated and locked by this process. The ph
locked electrons couple in each resonace layer and then
order harmonics are generated. In this experiment, the m
nitude of the blue shift of the fifth harmonics is 2.2–3
times higher compared with that for the second harmonic

FIG. 5. The electron temperature for our experimental con
tion, obtained from 1DHYADES code at the same time of the peak
laser pulse at the incident laser intensity of 131017 W cm22.
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is considered that the magnitude of blue shift is in proport
to the phase. Hansenet al. also reported that if the phas
change is averaged over a cycle, weighed by amplitude, t
would be a net increase in frequency. The phase between
second and fifth harmonics should be different. It is possi
to attribute the difference in the wavelength shift between
orders of harmonics in our experimental results to the ph
shift accumulation or phase shift rotation at a certain cyc
In an upcoming paper, we will report a more detailed ana
sis of the experimental data of other order harmonics.

B. Divergence and efficiency of the harmonics

In our previous work, we have measured the efficien
and the divergence of harmonics by using 2.2 ps pulse len
for the driving laser@4,17,18#. For this section, it may be
useful to look more closely at some of the more importa
features of harmonic generation from solid surface plasm
by comparing the 500 fs pulse length in this experiment w
the 2.2 ps pulse length in our previous experiment. Up
now, we have performed systematic investigations of surf
harmonic generation using 2.2 ps duration Nd:glass la
pulses, and clarifying such characteristics as conversion
ciency, spatial distribution, and polarization dependence
the driving laser. As a next step, we turn to compare harm
ics generated from 500-fs and 2.2-ps driving lasers. In
section we show the harmonic yield dependence on the d
ing laser polarization.

The intensities of the second harmonics are measure
various driving laser intensities using the experimental se
of Fig. 1. We use ap polarized driving laser for this mea
surement. Figure 6 shows the observed relative intensit
the second harmonics as a function of driving laser inten
in the experiments. By fitting the data to a functionI mv

}(I v)n, whereI mv is the intensity of themth harmonic, we
evaluate n;2 below the laser intensity of 5
31016 W cm22. The slope of this dependence is decreas
to above 531016 W cm22 for the second harmonics. Whe
we used 2.2 ps pulse length for the driving laser, we eva

i-

FIG. 6. The second harmonic intensity as a function of incid
intensity in the experiment. The black line represents the power
of the form I2v;I v

2 .
4-4
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ated n5160.3 @18#. The experimental results by Fo¨ldes
et al. @19# show n52.160.4 using 700 fs pulse length fo
the driving laser. There is a possibility that a power la
dependence on the laser intensity depends on the p
length and the contrast ratio for the driving laser, the cal
lation results of the electron density distribution, and the
ficiency of harmonics by using 500 fs and 2.2 ps pu
length.

Figure 7 shows the harmonic yield dependence on
driving laser polarization in the experiment. We find that f
both harmonics, the harmonic yield dependence on the d
ing laser polarization decreases when the laser intensity
ceeds 131017 W cm22. When the driving laser intensity i
increased, the factor that causes the divergence of the
monics to gradually increase is thought to be a Raylei
Taylor-like instability at the critical surface@15#. At an inten-
sity lower than I L5531016 W cm22, the harmonics are
generated in the specular direction and the divergenc
comparable to the driving laser because the plasma surfa
still free from the Rayleigh-Taylor-like instability and hol
boring. The plasma surface gradually leads to a rippling
the plasma surface when the driving laser intensity is
creased. As a result, the divergence of the harmonics
comes wider than the divergence of the driving laser. In p
vious works, we measured the spatial distribution of the th
to fifth harmonics using 2.2 ps and 100 ps pulse length d
ing lasers@17#. When we used 2.2 ps pulse length for t
driving laser, the divergence of the harmonics became w
than the divergence of the driving laser at the intensity
I L5131015 W cm22. We measured the harmonics emissi
when using 2.2 ps pulse length for the driving laser, a
found that it is more specular than when using 100 ps pu
length. From these results, it is found that one was to k
the harmonics collimated even when the intensity of the d
ing laser is increased is to use driving lasers with sho
pulse lengths.

FIG. 7. The second harmonic intensity dependence on the d
ing laser polarization in the experiment. We find that for both h
monics, the harmonic yield dependence on the driving laser po
ization decreases when the laser intensity exceeds
31017 W cm22.
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At a peak driving laser intensity of;1017 W cm22, the
conversion efficiencies of the second and fifth harmonics
131026 and 431028, respectively, by using 500 fs puls
length for the driving laser, and at the intensity
;1014 W cm22, the efficiency of the second harmonics
9310210 by using 300 ps pulse length. The efficiency
harmonics using 500 fs pulse length for the driving laser
consistent with the efficiency of harmonics using 2.2
pulse length at the same intensity.

The electronic density profile in our experimental con
tion was first calculated using a 1D hydrodynamic codeHY-

ADES @11#. In our group’s previous work we have confirme
that Fig. 8 shows the electron density distribution by us
500 fs and 2.2 ps pulse length for the driving laser in o
experimental conditions when the driving laser intensity
the solid target is 131017 W cm22. We can see from this
figure that the electron density profile between 500 fs pu
length and 2.2 ps pulse length is very similar. We can cal
late L/l,0.1 by using both 500 fs and 2.2 ps pulse leng
for the driving laser when we decidene /nc is 7, wherenc is
the critical density at laser wavelengthl. A modest value of
ne /nc57 is adopted in this calculation, which is in betwee
the corresponding values used in past works@20,21#. The
contrast ratio of the driving laser is better than 1026. There is
a possibility that a prepulse produces preplasma and it in
ences the electron density scale length actually. It is fou
from this results that the driving laser interacts with a ste
density profile, and the interaction takes place in the s
layer of an overdense plasma (ne@nc).

The effect of the scale length is investigated using
LPIC code@22#. Figure 9~a! shows the power spectra of th
harmonics as a function of the order of harmonics for o
experimental condition when the laser intensity is
31018 W cm22 by using 1DLPIC code. We can see that th
harmonic intensity using 500 fs pulse length and 2.2 ps pu

v-
-
r-
1

FIG. 8. The electron density distribution both for this expe
ment condition~500 fs pulse length and incidence angle 45°) a
for the previous experimental condition~2.2 ps pulse length and
incidence angle 75°), obtained from 1DHYADES code when the
main pulse laser intensity is 131017 W cm22. The vertical dotted
line is the Al target surface before the laser pulse irradiates the
target.
4-5
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length for the driving laser is similar. This calculation res
is in good agreement with our experimental results. It
known that the harmonic efficiency depends on the lase
radiance and the density scale length@22,23#. We also calcu-
late the harmonic intensity for our experimental conditi
using 1DLPIC code. Figure 9~b! shows the harmonic inten
sity as a function of orders of harmonics by using 1DLPIC

code. It is found that the optimum scale length isL
50.2l –0.3l in our experimental condition, and the ha
monic intensity has the tendency to increase the differe

FIG. 9. ~a! The harmonic intensity as a function of orde
of harmonics, obtained from 1D PIC simulations at the intens
of 131018 W cm22. ~b! Variation of the harmonic intensity
with the density scale lengthL/l of the preformed plasma.
n

02641
t
s
r-

e

between the density scale lengths when the order of harm
ics is higher. We can see that the efficiency of the harmo
generation is also low when the density scale length is
large because the light amplitude driving oscillations at
critical density decrease as a result of inverse bremsstrah
absorption, and harmonics generated from the effect of
resonant absorption is reduced. It is thought that there
trade-off between the two harmonic generation mechanis
which determines the optimum density scale length. We s
gest we should use the double pulse lasers for producin
favorite density scale length by changing the time delay a
intensity ratio between the prepulse and the main laser pu
It is thought that the prepulse plays an important role
modulating the density scale length. In an upcoming pa
we will report a more detailed analysis of the experimen
data and a more detailed theoretical description of the
simulation.

IV. CONCLUSION

Investigations have been performed on the harmonic g
eration from solid surface plasmas using the subpicosec
Nd:Glass lasers, and several interesting phenomena
been observed. The blue shift of the harmonics by collisi
less process has been observed. The second harmonic is
shifted by;16 Å, and the fifth harmonic is blue shifted b
;51 Å for p polarization at the intensity of 1
31017 W cm22. It is found that the magnitude of the blu
shift increases with orders of harmonic. These results
important demonstrations of the large harmonic blue s
that can provide a tool to realize a tunable coherent subp
second light source. It is found that the divergence of h
monics is shorter to use driving lasers with shorter pu
length. Investigations are presently underway to clarify
physics underlying these findings.
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