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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 X 10' Wcm 2. The second harmonic is blueshifted byl6 A, and the fifth harmonic is blue
shifted by~51 A for p polarization at the intensity of 2 10'” W cm™ 2. 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 for p polarization was ten times higher than f@polariza-
tion. This result shows the resonance absorption is dominant
The recent availability of compact, high-intensity subpi- at this angle of incidence. On the other hand, for an angle of
cosecond lasers with chirped pulse amplificati@PA) [1] incidence of 17.5°, the specular second harmonic was blue
has opened the new field of study of laser-matter interactionshifted by ~60 A when the laser intensity exceeded 1.5
with solid targets. Thus, using a compact high-intensity laser< 107 W cm™2. The simulation result showed the electron
system, it is now possible to study laser-matter interactionemperature at the skin depth was 800 eV and had no colli-
for the fast ignition scheme for inertial confinement ignition sion. The electrons can be driven into the target a distance
[2], harmonic generation from solid surfa€®,4], and ul- greater than the skin depth, and collisionless absorption
trashort x-ray generatiofb], etc. The study of laser-plasma dominates the absorption process. If the frequency of the
interactions have been performed for several decades. As @scillation of the electrons changes with its amplitude, the
well known at low intensity and long pulse length, the domi- electronmagnetic field will drive the oscillation out of reso-
nant absorption mechanism is inverse bremsstrahlung anghnce. It results in changing the frequency of the harmonic
classical resonance absorptidj. With the recent advent of radiation. There are, however, some questions as to how
subpicosecond pulse length and high-intensity lasers, shomtuch the other harmonic order is blue shifted and whether
density gradient scale lengltyA<1, where\ is the laser the harmonics is blue shifted at an angle of incidence of 45°
wavelength, can be formed because there is no time for thiketween 17.5° and 55°. It is, therefore, timely to study the
free electron to expand into the vacuum region. We defin@bsorption mechanism in subpicosecond high-intensity laser-
the electron density gradient scale lengths the inverse of plasma interaction. The purpose of this paper is to show how
the logarithmic derivativg(1/ng)(dn./dx)] ™%, whereng is  the other harmonic order is blue shifted and whether at the
the upper shelf density7]. It becomes important to investi- angle of incidence of 45° the harmonics is blue shifted or
gate several additional absorption mechanisms for shoriot.
pulse length and high-intensity laser pulses interacting with In this paper, we present blue shifts of up to 20 A in the
overdense plasmas. At high laser intensities aboveecond harmonic and 50 A in the fifth harmonic by the ir-
10'® Wcm 2, the electron temperature is more than 1 keVradiation of a solid target with a 500-fs laser pulse for
and the main laser absorption is related to collisionless abpolarization, an incident angle of 45°, and laser intensities
sorption. Collisionless absorption mechanisms includeabove 3<10® Wcm 2. We observed the blue shift of the
vacuum heating)x B heating, sheath inverse bremsstrah-fifth harmonics and found that the magnitude of blue shift is
lung, and the anomalous skin effd&,9]. Recently, Hansen higher compared with that for the second harmonics. We
et al. reported for the first time that the second harmonic wagarry out more detailed model calculations of the electron
blue shifted when the laser intensity exceeded Stemperature in our experimental condition using a one-
X 10" Wem 2 and this effect was also observed in dimensional1D) hydrodynamic codeiyApes [11]. We find
particle-in-cell(PIC) simulations[10]. For an angle of inci- that the blue shift in our experiment can be well explained
dence of 55°, the second harmonic emission was not blufrom the absorption mechanism due to the anomalous skin
shifted, and it was observed that the second harmonic signaffect. The divergence and intensity of the harmonics using
500 fs pulse length for the driving laser is compared with
using 2.2 ps pulse length. It is found that to keep the har-
*Email address: ishizawa@issp.u-tokyo.ac.jp monics collimated even when the intensity of the driving
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FIG. 2. The second harmonic intensities as a function of the lens

laser is increased, driving lasers with shorter pulse Iength§1osition. We can find the optimum position of the lens by measuring
’ e second harmonic signal using the CCD camera in the experi-

should be used.
ment.

Il. EXPERIMENTAL SETUP " .
on the critical density surface and overdense plasmas surface

The schematic diagram of the experimental arrangemenwhen the incident laser interacts with the plasma. As is well
is shown in Fig. 1. The experiments were carried out at thé&known, the resonance absorption process is dominant when
Institute for Solid State Physics in the University of Tokyo incident laser intensity is underx10'® Wem™2. If the
with a CPA Nd:glass laser syste[h2] operating at a wave- resonance absorption process is dominant, harmonic fre-
length of around 1060 nm and at a repetition rate of one shajuency is not shifted except for Doppler shifts of reflected
for every 5 min. The contrast ratio of each pulse is bettelight arising from plasma expansion driven by the heated
than 10°°. The laser delivered 100 mJ energy in a 500-fSelectrons[13,14. We can measure the Doppler shift in the
pulse and produced a peak intensity on the target of Zeflected 1060 nm. The fundamental is blue shifted by
X 10" Wem™? at a laser focus of 12um diameter placed _g A corresponding to an expansion velocieg/c~6
in the vacuum chamber. The laser pulse is focused onto thg 14 Figure 3 summarizes the experimental results of the
surface of a solid target with a 10 cm focal length achromatiGsecond harmonic. The results are inconsistent with the reso-
lens at an incidence angle of 45° relative to the target normglant apsorptiont1) the second harmonic light is blue shifted
with either s or p polarlzqtlon selegtgd using ®/2 wave by ~16 A [see Figs. @) and 3b)] for p polarization and
plate. We can find the optimum position of the lens by meayne second harmonic signal fprpolarization is about eight
suring the second harmonic signal using a charge-couplegines higher than that fos polarization at the fundamental
device (CCD) camera. The experimental result is shown in|5qer intensity of~10L7 W cm™2. (2) The dependence of the
Fig. 2. The target is a 0.&m layer of aluminum deposited \yayelength shift on the incident laser intensity is shown in
on a glass substrate. The target is moved to ensure that tie, 3(c). The peak frequency of the second harmonic emis-
laser interacts with a fresh surface of the target at each shatiyy, is blue shifted fof, =2x 10" W cm™2, wherel | is the
Harmonics generated from the plasma surface in the speculd{cigence laser intensity. It is found that the increase of this
direction are spectrally dispersed by a spectrom@i€ton  ghift idth with an increase in the laser intensity is small in
Model VM-504). The spectrometer has a wavelength accutomparison with the experimental results by Hanseal.
racy and resolution of=0.2 nm at 500 nm with a 1200- [10]. Unfortunately, we cannot detect the shift belows1
g/mm grating. The CaFplate is put after the light goes t0 5 116 \w cm2 by using this system. We cannot correctly
the grating, and then the light is divided. Harmonics can bgneasure the peak frequency of the third and fourth harmonic
simultaneously detected using both a CCD camergmission in this system because the signal-to-noise ratio is
(Hamamatsu C4880-25nd a f_ast rise time photomultlp.her poor. There are two reasor(d) The diffraction grating effi-
(Hamamatsu R2496, 0.7 ns rise tim&he temporal profile  jency is low for the above two harmonic wavelengths, and
of the output signal of the photomultiplier is measured with &5 there are line emissions from aluminum ions in the vicin-
1.5 GHz bandwidth oscilloscopecroy 9362. ity of these harmonics. Figure 4 shows the experimental re-

sults of the fifth harmonic. The fifth harmonic light is blue
Ill. RESULTS AND DISCUSSION shifted by~51 A[see Figs. @) and 4b)] for p polarization
at the intensity off, =1x 10" Wcm™2. This shift is much
larger in magnitude than the Doppler shift seen in the spec-

It is very important that we investigate the spectral andtrum of the fundamental. Therefore, these results cannot be

spatial analysis of harmonics to understand the informatiorxplained by the hydrodynamic motion of plasma.

A. Wavelength shift

026414-2



MEASUREMENTS OF BLUE SHIFTS DUE TO ... PHYSICAL REVIEW B6, 026414 (2002

1.6nm

I
1
i
'
1
i
'
1
[
*
[§
{
1
1
!
I
I
1
{
1
1
1

Wﬁfclengt@’im)

Wavelength(nm)

1000 1025 1050 1075 1100

1040 1050 1060 1070 1080
r — . 5.1nm

=

Intensity(arb, units)
Lh
S

(b)
(b) Wavelength(nm)
FIG. 4. Summary of the fifth harmonic in the experimertes.
5300/ ) i i ] The picture of the fifth harmonic and the dashed line is the position
1 of fifth frequency of the fundamental laséb) The fifth harmonic
5295+ . spectrum(black ling and the incident laser spectruigray ling at
’g‘ 5290l - ] the laser intensity of 1610 Wcm™2.
g I
.§ 528.5© - ] With increasing laser intensity and electron temperature,
S 5280} . - — 1 " . the role of collisions decreases and collisionless mechanisms
2 52751 " ] of absorption become dominaf&,9]. The experimental and
.§ : = ] PIC simulation results by Hanseat al. [10] show that the
K 527.0+ . second harmonic due to collisionless absorption occurs when
5765 ] the laser intensity exceeds<B.0'® W cm™2. The calculation
) . J results by Rozmuet al. [8] show that at low temperature

10" 10 (Te<300 eV), the collision absorption mechanism is domi-

© Incident Intensity(Wcmz) nant, and at _higher temp_eratur'ée(> 800 eV), the coIIisi_on-
less absorption mechanism due to the anomalous skin effect
becomes dominant. The electronic temperature profile in our
FIG. 3. Summary of the second harmonic in the experim¢ats. €XPeriment condition was calculated using a 1D hydrody-
The picture of the second harmonic and the dashed line is the pdl@Mic codeHYADES [11]. The reliability of the 1DHYADES
sition of twice frequency of the fundamental lasés. The second ~ code is confirmed in Ref.16]. We observe the transverse

harmonic spectruriblack liné and the incident laser spectrum intensity profile of the transmitted 2.2-ps polarized longi-
(gray ling at the laser intensity of 1351017 W cm 2. (c) Location  tudinal laser beam using a CCD camera after interaction with

of the second harmonic peak as a function of incident intensity. the preplasma. Numerical simulations are performed on the
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L/a FIG. 6. The second harmonic intensity as a function of incident
FIG. 5. The electron temperature for our experimental condi-intensity in the experiment. The black line represents the power law
. 5. I
tion, obtained from 1D4YADES code at the same time of the peak of Of the form b,~15.
laser pulse at the incident laser intensity of 10" Wcm 2.

del of . tal ob i . A q is considered that the magnitude of blue shift is in proportion
modet of experimental observation, using a BADES CO0E 4 ypq phase. Hanseet al. also reported that if the phase

ano_l a paraxial approximation ray tracing code. Using th_echange is averaged over a cycle, weighed by amplitude, there
various outputs from these codes, we then calculate the iy

. ! . vould be a net increase in frequency. The phase between the
tensity pr_oﬂle of the trgnsmnted laser b_eam and compare thgecond and fifth harmonics should be different. It is possible
r_esqlts with our experimental observgtlons. The overall PrO%y attribute the difference in the wavelength shift between the
file is excellently reproduced. Both inverse bremsstrahlun

g ; . Drders of harmonics in our experimental results to the phase
and collisionless absorption are included. These are calc%

lated f h &.J sinced d d h Shift accumulation or phase shift rotation at a certain cycle.
ated from the average d-J, sinceJ depends on the con- |, 5, upcoming paper, we will report a more detailed analy-
ductivity, which is a function of the dielectric function and

. _ : sis of the experimental data of other order harmonics.
thus the electron-ion collision frequency. Figure 5 shows the
electron temperature profile for our experimental conditions
when the main pulse laser intensity on the solid target is 1
X 10" W cm™2 by using 1DHYADES code. We can see from  In our previous work, we have measured the efficiency
this figure that the electron temperature in the skin deptt@nd the divergence of harmonics by using 2.2 ps pulse length
from the critical density surface is much higher than 800 eVfor the driving laser{4,17,1§. For this section, it may be
The higher temperature800 eV) is enough to reduce the useful to look more closely at some of the more important
importance of collisions on the plasma behavior. The calcufeatures of harmonic generation from solid surface plasmas
lation results by Rozmust al. [8] show that at the higher by comparing the 500 fs pulse length in this experiment with
temperature 800 eV) the absorption is almost a collision- the 2.2 ps pulse length in our previous experiment. Up to
less mechanism. Hansest al. [10] have observed a blue now, we have performed systematic investigations of surface
shift in the second harmonic at the electron temperatur®armonic generation using 2.2 ps duration Nd:glass laser
(T,~800 eV) in PIC simulation. Therefore, we can con- pulses, and clarifying such characteristics as conversion effi-
clude that from our experimental and calculation results theiency, spatial distribution, and polarization dependence of
harmonic frequency shift is due to the collisionless mechathe driving laser. As a next step, we turn to compare harmon-
nism. We treat the skin depth in the collisionless absorptiorics generated from 500-fs and 2.2-ps driving lasers. In this
as the phase shifter. When the driving laser irradiates th&ection we show the harmonic yield dependence on the driv-
solid target, the electrons’ phase become the same phase i6f) laser polarization.
the driving laser field. Each electron in the plasma passes the The intensities of the second harmonics are measured at
skin depth in the collisionless absorption condition and shiftvarious driving laser intensities using the experimental setup
the phase in the skin depth. Then, each electron is reversed @i Fig. 1. We use @ polarized driving laser for this mea-
direction and returns to the plasma. It is considered that theurement. Figure 6 shows the observed relative intensity of
electron pumps up to the upper level at virtual time in thethe second harmonics as a function of driving laser intensity
multiphoton absorption process. Therefore, the electron’$ the experiments. By fitting the data to a functiog,
phase is accumulated and locked by this process. The phase(l,)", wherel .., is the intensity of thenth harmonic, we
locked electrons couple in each resonace layer and then higlvaluate n~2 below the laser intensity of 5
order harmonics are generated. In this experiment, the mag< 10 W cm™ 2. The slope of this dependence is decreased
nitude of the blue shift of the fifth harmonics is 2.2—3.1to above 5<10'® Wcm™2 for the second harmonics. When
times higher compared with that for the second harmonics. e used 2.2 ps pulse length for the driving laser, we evalu-

B. Divergence and efficiency of the harmonics
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FIG. 8. The electron density distribution both for this experi-

FIG. 7. The second harmonic intensity dependence on the drivtnent condition(500 fs pulse length and incidence angle 45°) and
ing laser polarization in the experiment. We find that for both har-for the previous experimental conditiod@.2 ps pulse length and
monics, the harmonic yield dependence on the driving laser polarihcidence angle 75°), obtained from 1BYADES code when the

ization decreases when the laser intensity exceeds nain pulse laser intensity isX110'" Wcm™2. The vertical dotted
X 107 W oem 2. line is the Al target surface before the laser pulse irradiates the Al

target.

atedn=1+0.3 [18]. The experimental results by FEes
et al. [19] shown=2.1+0.4 using 700 fs pulse length for At a peak driving laser intensity of 10'" Wcm™?, the
the driving laser. There is a possibility that a power lawconversion efficiencies of the second and fifth harmonics are
dependence on the laser intensity depends on the pulde<x10 ° and 4x10 8, respectively, by using 500 fs pulse
length and the contrast ratio for the driving laser, the calculength for the driving laser, and at the intensity of
lation results of the electron density distribution, and the ef-~10** Wcm™?, the efficiency of the second harmonics is
ficiency of harmonics by using 500 fs and 2.2 ps pulse9x 10 ° by using 300 ps pulse length. The efficiency of
length. harmonics using 500 fs pulse length for the driving laser is
Figure 7 shows the harmonic yield dependence on theonsistent with the efficiency of harmonics using 2.2 ps
driving laser polarization in the experiment. We find that for pulse length at the same intensity.
both harmonics, the harmonic yield dependence on the driv- The electronic density profile in our experimental condi-
ing laser polarization decreases when the laser intensity egion was first calculated using a 1D hydrodynamic ceite
ceeds & 10" Wcm 2. When the driving laser intensity is ADES [11]. In our group’s previous work we have confirmed
increased, the factor that causes the divergence of the hahat Fig. 8 shows the electron density distribution by using
monics to gradually increase is thought to be a Rayleigh500 fs and 2.2 ps pulse length for the driving laser in our
Taylor-like instability at the critical surfadel5]. At an inten-  experimental conditions when the driving laser intensity on
sity lower thanl, =5x10 Wcm™2, the harmonics are the solid target is X 10" Wcm 2 We can see from this
generated in the specular direction and the divergence igure that the electron density profile between 500 fs pulse
comparable to the driving laser because the plasma surfacelgngth and 2.2 ps pulse length is very similar. We can calcu-
still free from the Rayleigh-Taylor-like instability and hole late L/X<0.1 by using both 500 fs and 2.2 ps pulse lengths
boring. The plasma surface gradually leads to a rippling ofor the driving laser when we decidg/n. is 7, wheren, is
the plasma surface when the driving laser intensity is inthe critical density at laser wavelength A modest value of
creased. As a result, the divergence of the harmonics bet./n.=7 is adopted in this calculation, which is in between
comes wider than the divergence of the driving laser. In prethe corresponding values used in past wo&8,21. The
vious works, we measured the spatial distribution of the thirccontrast ratio of the driving laser is better thar §0There is
to fifth harmonics using 2.2 ps and 100 ps pulse length driva possibility that a prepulse produces preplasma and it influ-
ing lasers[17]. When we used 2.2 ps pulse length for theences the electron density scale length actually. It is found
driving laser, the divergence of the harmonics became wideirom this results that the driving laser interacts with a steep
than the divergence of the driving laser at the intensity ofdensity profile, and the interaction takes place in the skin
I, =1X10" Wcm 2. We measured the harmonics emissionlayer of an overdense plasmagé&n,).
when using 2.2 ps pulse length for the driving laser, and The effect of the scale length is investigated using the
found that it is more specular than when using 100 ps pulseric code[22]. Figure 9(a) shows the power spectra of the
length. From these results, it is found that one was to keeparmonics as a function of the order of harmonics for our
the harmonics collimated even when the intensity of the driveexperimental condition when the laser intensity is 1
ing laser is increased is to use driving lasers with shorteix 10® W cm™2 by using 1DLPIC code. We can see that the
pulse lengths. harmonic intensity using 500 fs pulse length and 2.2 ps pulse
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F T ' T ' T T LN between the density scale lengths when the order of harmon-
—n— 50013 ics is higher. We can see that the efficiency of the harmonic
-~ o--2.2p8 |3 generation is also low when the density scale length is too
large because the light amplitude driving oscillations at the
critical density decrease as a result of inverse bremsstrahlung
absorption, and harmonics generated from the effect of the
resonant absorption is reduced. It is thought that there is a
- trade-off between the two harmonic generation mechanisms,
g which determines the optimum density scale length. We sug-
] gest we should use the double pulse lasers for producing a
favorite density scale length by changing the time delay and
; ] intensity ratio between the prepulse and the main laser pulse.
10 o ey It is thought that the prepulse plays an important role in
2 3 4 5 6 7 8 9 10 modulating the density scale length. In an upcoming paper,
Harmonic Order we will report a more detailed analysis of the experimental
data and a more detailed theoretical description of the PIC
simulation.
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Investigations have been performed on the harmonic gen-
1 eration from solid surface plasmas using the subpicosecond
Nd:Glass lasers, and several interesting phenomena have
been observed. The blue shift of the harmonics by collision-
1 less process has been observed. The second harmonic is blue
shifted by~16 A, and the fifth harmonic is blue shifted by
*:\\1 < ~51 A for p polarization at the intensity of 1
0%f T e e e ] X 10" Wem 2. It is found that the magnitude of the blue
‘‘‘‘‘ . :\. shift increases with orders of harmonic. These results are
00 03 06 09 12 15 important demonstrations of the large harmonic blue shift
(b) L/A that can prowde a tool tp realize a tunable poherent subpico-
second light source. It is found that the divergence of har-
FIG. 9. (8 The harmonic intensity as a function of orders monics is Sh‘?”eT to use driving lasers with Shorter. pulse
of harmonics, obtained from 1D PIC simulations at the intensitylengt_h' Investlgatlons are _pre_sently underway to clarify the
of 1x10'® Wem 2 (b) Variation of the harmonic intensity Physics underlying these findings.
with the density scale length/A of the preformed plasma.
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