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Detailed measurements of the angular distribution of 3v0/2 radiation are presented in short scale
length plasmas~0.8–7mm! generated by laser radiation at intensities reaching the relativistic level
(1016– 631018 W/cm2). The experimental results are in very good agreement with theoretical
predictions based on two-plasmon decay and stimulated Raman scattering instabilities. New
three-halves harmonic generation mechanisms are an identified characteristic of femtosecond laser
induced parametric instabilities. These are the joint interaction of incident and reflected laser beams
as well as stimulated Raman scattering. It is shown both experimentally and theoretically that the
three-halves harmonic radiation is a useful preplasma diagnostic tool. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1748174#

I. INTRODUCTION

Parametric instabilities are a very rich topic of laser-
plasma interactions.1 They have a basic impact on inertial
confinement fusion, laser absorption, and propagation of
light in plasmas, therefore, they were investigated in detail in
the long pulse regime (.100 ps).2 Relevant instabilities in-
volving the decay of the incident laser radiation, are stimu-
lated Raman and Brillouin scattering~SRS and SBS! and
two-plasmon decay~TPD!. SRS~SBS! in plasmas is the de-
cay of the laser electromagnetic wave into an electron
plasma wave~ion acoustic wave! and another electromag-
netic wave. TPD is the decay of an electromagnetic wave
into two electron plasma waves and takes place in the vicin-
ity of the quarter critical density. These plasma waves can
couple with the incident laser light to generate 3v0/2 radia-
tion, which was studied experimentally3–5 and
theoretically.6–10

After the introduction of chirped pulse amplification, see
Ref. 11, ultrashort@sub-picosecond~ps!# table top terawatt
lasers became available. Laser based fusion and especially
the fast ignitor concept12 led to a reinvestigation of some of
the instabilities at higher intensities and shorter pulses.13,14

Particular attention was paid to SRS of ultrashort laser
pulses, because SRS can affect the laser-based electron ac-
celeration as well as drive the self-modulated laser wakefield
acceleration.15 Processes that involve ion acoustic waves are
generally suppressed due to the short time scales. Very little
attention was paid to TPD although this instability is often
present in femtosecond~fs!-laser-plasma experiments. It ap-
pears as bright colored light originating from the plasma.
Using a Ti:sapphire laser with 800 nm central wavelength we
first observed blue radiation as the intensity on target is in-

creased, which is the second harmonic radiation, then green
radiation and at the highest intensity white light from the
plasma. Although, several laboratories made similar observa-
tions see, for example, Ref. 16 so far this phenomenon has
not yet been analyzed.

In this paper we present a study on the generation
mechanisms of the three-halves harmonic radiation originat-
ing from the interaction of ultrashort, intense laser pulses
with steep plasma gradients. In particular the angular distri-
bution, as well as the intensity and scale length dependence
of the emission are considered. We also compare our ul-
trashort pulse results with previous long pulse measurement
and explain the different experimental scenarios. Spectral
measurements support that the observed radiation is 3v0/2
emission with increasing bandwidth, which may be used as a
simple preplasma diagnostic. In plasmas with a steep density
gradient new types of 3v0/2 generation mechanisms become
important with higher efficiency than the usual ones involv-
ing incident laser photon and TPD plasmon coupling. The
first new mechanism is based on the joint interaction of the
incident and reflected laser beams, which in the present ge-
ometry is possible only with intense ultrashort laser pulses
and steep plasma gradients. The second new mechanism in-
volves the SRS instability in the generation of three-halves
harmonic radiation, which requires not only a prepulse-free,
ultrashort, high intensity laser, but a carefully chosen experi-
mental geometry.

Previously, the angular distribution was measured in the
saturation dominated long laser pulse regime, which cannot
be explained with the linear theory of unsaturated
instability.4 For ultrashort laser pulses, however, the situation
is different. The instability remains in or near the unsaturated
regime.17 Therefore, it is expected that the experimental re-
sults are largely in agreement with the predictions of the
linear model.

The paper is organized as follows. In Sec. II the theoret-
ical description is outlined. The experimental setup is de-
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scribed in Sec. III. The results are presented in Secs. IV and
V and a detailed discussion of the results is found in Sec. V.

II. THEORY

In the present experiments the electron density scale
length was below 10mm, typically 2–3mm, indicating that
care must be taken in adopting the well known analytic
models.6–9 Nevertheless, it is instructive to summarize the
results of the previous works on three-halves harmonic gen-
eration and to complete them to describe the observations in
the fs regime. The initial process in the 3v0/2 generation is
the plasmon production with approximatelyv0/2 frequency.
We will investigate TPD and SRS as potential sources of
these plasmons. Following these parametric instabilities, a
coupling between a plasmon and a laser photon produces a
new photon with 3v0/2 frequency.

We start the theoretical description of the earlier men-
tioned processes with the frequency and phase matching con-
ditions, i.e., energy and momentum conservation, in thek
space using the dispersion relations of the generated waves,
similar to Meyer and Zhu.4 One should keep in mind, how-
ever, that frequency and phase matching alone is not suffi-
cient to determine whether a 3v0/2 wave with detectable
amplitude is generated. To complete the analysis, the growth
rates ink space of the instabilities have to be considered. The
k space analysis yields the wave vector of the generated
3 v0/2 radiation, which determines the propagation direction
and thus the angular distribution. Second, this analysis is a
compact and illustrative form of the generation process. To
start, we will restrict ourselves to the simplest model, i.e.,
resonant unsaturated parametric instabilities. Thereafter, we
will complete the picture discussing additional effects, such
as plasmon propagation or saturation.

The energy and momentum conservation for the TPD,
SRS, and coupling process are

v05ve1
1ve2

, k05ke1
1ke2

, ~1!

v05ve1v1 , k05ke1k1 , ~2!

v3/25ve1v0 , k3/25ke1k0 , ~3!

wherev j , k j ( j 50,1,3/2) andve , vei
, ke , kei

( i 51,2) are
the frequency and wave vector of the electromagnetic waves
and the electron plasma waves in the plasma, respectively. 0
refers to the laser, 1 to the scattered light by SRS, and 3/2 to
the 3v0/2 light. We introduce here the normalized wave
vectorsk̃5kc/v0 . The plasma supports eigenmodes of elec-
tromagnetic and plasma waves, which satisfy their dispersion
relation. We note here that instabilities with large growth rate
can generate waves which do not satisfy their dispersion re-
lation, the instability isnonresonantin this case. The fre-
quency of these nonresonant waves differs only slightly from
those of the resonant waves and they have a smaller ampli-
tude. The electromagnetic wave dispersion relation in plasma
can be written as

v25vpe
2 1c2k2, ~4!

where c is the light speed in vacuum andvpe

5Ae2ne /(«0me) is the local plasma frequency usinge, ne ,
andme the electron charge, density, and mass, respectively.
For example the length of the laser wave vector at the quarter
critical density isk05)v0 /(2c). The plasma wave or plas-
mon dispersion relation is given by

ve
25vpe

2 13ve
2ke

2, ~5!

whereve5ATe /me is the electron thermal speed andTe is
the average electron kinetic energy. We will denote the elec-
tron plasma temperatureTe in kilo-electron-volts withT.
Since 3ve

2ke
2!vpe

2 this is an optical-like dispersion relation,
i.e., the frequency of the plasma wave depends weakly on its
wave vector andve'vpe. Consequently, the TPD instability
takes place at the quarter critical density at low temperatures,
where the critical density isnc5«0mev0

2/e2 or in practical
unitsnc (cm23)51.131021/lm

2 andlm is the wavelength of
the laser in microns. SRS takes place at all densities up to the
quarter critical density, but generates plasmons withv0/2
energy that fulfill the energy conservation for 3v0/2 produc-
tion only aroundnc/4.

The laser beam is focused with an angle of incidencea
onto an inhomogeneous plasma with a density scale length of
L5ne /u]ne /]xu at the quarter critical density. The direction
of the density gradient is parallel to thex axis and the plane
of incidence is thex–y plane.

The momentum conservation@Eq. ~1!# restricts the TPD
generated plasmon wave vectors to a sphere ink space at
given plasma parameters~temperature and density!. We limit
the k space to a plane corresponding to the previous~hori-
zontal! x–y plane, where the generated plasmon wave vec-
tors are lying on a circle. Using Eqs.~1!, ~4!, and ~5! the
plasmon wave vector generated by TPD atnc/4 has to satisfy

F k̃ex2
Acos2~a!21/4

2
G 2

1F k̃ey2
sin~a!

2
G2

5
Ane /nc22ne /nc

3T/511
2

3

16
. ~6!

It can be seen from this equation that in fact TPD takes place
below nc/4 due to the finite electron temperature. Equation
~6! is a circle centered at the normalized wave vectork̃0/2
with a radius that depends onT andne . The analytical ex-
pression obtained without these approximations deviates
negligibly from this TPD circle, the difference is on the order
of 1%. The plasmon wave vector is limited by the Landau
damping in the case of TPD, as will be discussed later.

Thek space analysis of the SRS is alike that of the TPD.
However, similar assumption about the dispersion relations
cannot be made, because the frequency of the scattered elec-
tromagnetic wave depends strongly on the wave vector. The
SRS generated plasmon wave vectors satisfy
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15Ane

nc

1
3T

511
~ k̃ex

2 1 k̃ey
2 !1Ane

nc

1F k̃ex2Acos2~a!2
ne

nc
G 2

1@ k̃ey2sin~a!#2. ~7!

Close to the quarter critical density this analytical curve is
approximately a circle centered at the normalized wave vec-
tor k̃0 with a radius of@122(ne /nc)

1/2#1/2. The scattered
wave vector is negligible (k1!k0) around the quarter critical
density and consequentlyke'k0 .

Plasmons in thek space that can generate 3v0/2 radia-
tion, are determined basically by the momentum conserva-
tion of this process@Eqs.~3! and~4!#. The equation govern-
ing their wave vectors is

F k̃ex1Acos2~a!2
1

4
G 2

1@ k̃ey1sin~a!#252. ~8!

This is the so called ‘‘radiation circle’’ centered at the nor-
malized wave vector2 k̃0 and with a radius ofk̃3/25&. Any
deviation from the analytical expression is relative small.
Only the radius covers a wide range of values corresponding
to the three-halves harmonic bandwidth.

The propagation of the electromagnetic and plasma
waves in inhomogeneous plasmas is easily illustrated in thek
space. The perpendicular components of the wave vector
with respect to the density gradient (y andz components! are
conserved and only the parallel component (x) changes in
order to satisfy the dispersion relation. Therefore, the propa-
gation direction of the waves ink space is antiparallel to the
density gradient. As the waves propagate inwards the elec-
tron density increases and thex component of the wave vec-
tor eventually vanishes. At this point the waves are reflected
and thex component of their wave vector starts to grow
again.

The propagation of light in the inhomogeneous plasma
leads to reflection and for oblique incidence to refraction. In
a plasma with a given density, the angle of refractionb is
calculated using the dispersion relation@Eq. ~4!# and keeping
the perpendicular component of the wave vector constant.
We find

sinb5
sina

A«
5

sina

A12
vpe

2

v2

, ~9!

wherev is the angular frequency of the light wave,a is the
angle of incidence in vacuum, and« is the dielectric function
of the plasma. When the light wave is the incident laser we
find vpe

2 /v25ne /nc and the density at the turning point is
nc cos(a)2. The 3v0/2 radiation, that is generated at the
quarter critical density, will be subject to refraction and its
wave vector and so the propagation direction will change
slightly as it reaches the vacuum. The propagation of the
laser light in the plasma is illustrated with the red curves in
Fig. 1 in the normal space and also in thek space.

The plasmons propagate with a group velocity ofvg

53ve
2ke /ve , which using the normalized wave vector for

plasmons and a frequency ofve'v0/2 has the valuevg

5ck̃e6T/511. The maximal distance that a plasmon propa-
gates is restricted either by the collisional damping of plas-
mons or by the maximal length of the wave vector, which in
turn is limited by the Landau damping of plasma waves with
a long wave vector. The former is important in long pulse
experiments and makes the plasma wave propagation and the
change of the wave vector negligible, while the latter will be
important in the ultrashort pulse experiments. We are inter-
ested in the plasmon propagation during the pulse duration,
because 3v0/2 is generated only during this time. While the
frequency of the plasmon remains constant during propaga-
tion, the parallel component of the wave vector changes in a
linear density profile according to Eq.~5!:

D k̃ex5 k̃exSA v0t

4p k̃exL/l
1121D , ~10!

wheret is the pulse duration, andL/l is the density scale
length normalized to the laser wavelength in vacuum.

To conclude the theoretical analysis we apply the for-
malism to a specific example of three-halves harmonic gen-
eration in thek space. We are able to predict the directions in
which the 3v0/2 radiation is generated, and moreover, their
spectra. As mentioned previously, this analysis will be far
from complete without taking into account the evolution of
the first step of the 3v0/2 production process, the parametric
instabilities. The reason is that the initial exponential growth
rates cause large variations in the amplitudes of plasma
waves. Therefore, in some directions, which are in principle
phase-matched, the three-halves harmonic radiation will
have a negligible amplitude. Beyond that, the spectral shape
is even more sensitive to the details of the instabilities.

We discuss in detail the TPD, which is an absolute in-
stability growing exponentially in time as exp(gt). The g
quantity is the growth rate and characterizes the instability.
Waves with maximal growth rate, i.e., maximal amplitude

FIG. 1. ~Color! Propagation of the laser light in the plasma~red lines! and
the TPD in the normal space and in thek space. The black arrow is the laser
wave vector, and the green arrows correspond to the plasma waves.
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dominate the process and determine its properties. The
plasma wave frequency is complexv5v r1 ig0 , herev r is
the real frequency of the plasma wave, in the resonant case
v r5ve , and g0 is the growth rate in a homogeneous
plasma. The TPD instability dispersion relation~Ref. 1!

~v22vpe
2 23ve

2ke
2!@~v2v0!22vpe

2 23ve
2~ke2k0!2#

5Fkevos

2
vpe

~ke2k0!22k2

keuke2k0u G2

, ~11!

where vos/c5AIl2/(1.3731018 W cm22 mm2) is the non-
relativistic electron oscillation velocity in the laser field, and
I is the laser intensity, care must be taken applying this at the
highest intensities. This yields the growth rate

g05
kevos

4
U~ke2k0!22ke

2

keuke2k0u U. ~12!

We are interested in the value and properties of the maxi-
mum growth rate as discussed. We restrict ourselves to the
case whereke is in the plane ofvos andk0 since these plasma
waves grow faster. A plasmon wave vector component per-
pendicular to thevos and k0 plane will appear only in the
denominator of Eq.~12! thus diminishing the growth rate.
The wave vectors of the plasmons having the maximum of
this homogeneous TPD growth rate lie on the hyperbola

@ k̃exsin~b!1 k̃ey cos~b!#2

5@ k̃excos~b!2 k̃ey sin~b!#3@ k̃excos~b!2 k̃ey sin~b!

2)/2#. ~13!

Hereb is the previously calculated angle of incidence at the
quarter critical density. This is the generalized form of the
well knownkey

2 5kex(kex2k0) maximum growth rate hyper-
bola for perpendicular incidence. This hyperbola and the
wave vectors of the fastest growing plasmons point in the
45° direction betweenvos andk0 for large values ofke . The
value of the maximum growth rate along this hyperbola is
gmax5k0vos/4. We have to solve Eq.~11! numerically for the
complex v. The numerical solution also has its maximum
along the hyperbola, but the maximum decreases with an
increasing plasmon wave vector component perpendicular to
k0 (key in the following discussion!. The TPD is illustrated
in Fig. 1 in the normal and in thek space. The black arrow is
the wave vector of the laser and the green ones correspond to
the plasma waves. It should be noted that in this figure both
the plasmons and the laser photons are plotted, later only the
plasmonk space will be used.

There are several publications on the growth rate of TPD
in an inhomogeneous plasma.6–9 Their results are valid in
long electron density scale length plasmas (L@10 mm), a
condition that is strictly speaking not fulfilled in our experi-
mental situation. Nevertheless, it is instructive to summarize
the important points and deduce the physical consequences.
The wave vector of the plasmon having maximum growth
rate lies on the maximum growth rate hyperbola due to the
homogeneous results, so the growth rate is only a function of
the y component. Originally Liu and Rosenbluth6 calculated
the growth rate of TPD in an inhomogeneous plasma as a

function of key for perpendicular incidence, i.e., expanded
the previous homogeneous growth rate with an inhomoge-
neous part. They derived the correct form of the inhomoge-
neous part, only the homogeneous portion was oversimpli-
fied. Lasinski and Langdon7 corrected the homogeneous
growth rate by a term proportional to2key . The correct
form of the growth rate was first calculated by Simonet al.8

They calculated and simulated the growth rate and the TPD
threshold condition in different parameter regimes. We focus
onto our parameter range 1.41T2/(I 14lm

2 )!1 and key;k0 ,
whereI 145I /(1014 W/cm2). They obtained the TPD growth
rate in inhomogeneous plasmas with linear density profile for
perpendicular incidence as a function ofkey along the maxi-
mum growth rate hyperbola~which determineskex):

g~key!5
k0vos

4
2

18ve
4k0key

2

vosv0
2 2

v0

8keyL
. ~14!

This has a maximum value in practical units

gmax~ fs21!53.4731023AI 1425

31022
T2/3

lm
4/3~L/l!2/3I 14

1/6. ~15!

The following threshold is obtained numerically:

vos
2

4ve
2 k0L50.0504

LmlmI 14

T
.3.1, ~16!

where Lm is the scale length in microns, the constant 3.1
slightly deviates from the analytical value~2.8! derived from
Eq. ~15!.

Afeyan and Williams9 reinvestigated the problem ex-
haustively in oblique incidence withp and s polarization.
They obtained the same results as Simonet al. under similar
conditions. In the case of oblique incidence,s polarization
and a linear density profile, the nominal scale length (L) is
smaller than the effective scale length in thevos andk0 plane,
Leff5L/cos(b). The increased scale length is compensated by
the decreased intensity due to the enlarged focus spot in ob-
lique incidence so the threshold will not change@Eq. ~16!#,
although above threshold this yields a slightly slower
growth. The situation is more complex forp polarization.
Here the effective scale length depends on the propagation
direction of the plasmon. The threshold depends on the fact
in which arm of the maximum growth rate hyperbola the
plasma wave is located and can be higher than for perpen-
dicular incidence. The theory suggests that the growth rate
far above threshold is not affected by the inhomogeneity and
slightly slower than for perpendicular incidence.

There are two important effects of the inhomogeneity on
the TPD which are valid for small density scale length also.
First, the propagation of the plasma wave leads to a rapid
change of its wave vector due to the high dispersion. There-
fore, the plasma wave propagates away from the maximum
growth area in thek space and switches off the instability.
Practically, the plasmon generated on the maximum growth
rate hyperbola propagates and leaves the hyperbola. Second,
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the more the plasma density changes within a plasmon wave-
length the harder the generation of a plasmon. This is sug-
gested by the inhomogeneous part of the growth rate in Eq.
~14!.

The SRS instability was thoroughly investigated theo-
retically in homogeneous1,18 and inhomogeneous
plasmas.19,20 It takes place in a wide range of densities up to
quarter critical. The growth rate has been calculated in dif-
ferent situations depending on the direction of the scattered
electromagnetic radiation, i.e., in back, side, and forward di-
rection. We restrict ourselves to scattering in the plane of
polarization, because our measurements were performed in
this plane. The SRS backscattering growth rate in a homoge-
neous plasma

gSRS5
kevos

4 S vpe
2

ve~v02ve!
D 1/2

, ~17!

where the plasmon wave vectorke5k01 v0 /c (1
2 2vpe/v0)1/2 which reachesk0 around quarter critical den-
sity, where the growth rate is maximal and has a value of
k0vos/4 similar to TPD. Side scattering in the plane of polar-
ization has a lower growth rate.

It is important to mention that around the quarter critical
density SRS and TPD can share the same plasma waves. The
growth of the instabilities depends, among others, on the
amplitude of the daughter waves. The amplitude of the
shared wave is certainly higher in this case, which leads to a
boost in the growth of both instabilities. Afeyan and Will-
iams elaborated the previous situation and called this high
frequency hybrid instability,21 but others have also identified
it at relativistic intensities.22,23 As we will see this can con-
tribute to our results due to the plasmon propagation.

Parametric instabilities certainly do not grow unlimited,
because different processes such as coupling to other waves,
pump depletion, or plasma wave breaking limit the ampli-
tude of their daughter waves. Langmuir wave decay instabil-
ity ~LDI ! is a decay of a plasma wave into another scattered
plasma wave and an ion acoustic wave. LDI was identified as
the nonlinear saturation mechanism of the TPD in the long
pulse regime.10 In these experiments LDI had another very
important role, it produced plasmons with ‘‘new’’ wave vec-
tors, that were not produced by TPD and these plasmons
could couple with the laser to generate 3v0/2. This is the
main three-halves harmonic generation process in the nano-
second~ns! regime. This process requires the generation of
ion acoustic waves with some ps cycle time, which are gen-
erally suppressed in the fs regime. Consequently, we expect
the same or higher saturation amplitude than for long pulses.
An amplification of the plasma wave intensity of 7–9e fold-
ings (103– 104) was measured,24 which is a lower limit in the
short pulse regime. Pump depletion does not play a role,
because the three-halves harmonic energy is low enough to
assume a negligible amount of energy in the plasma waves.
Other processes involving only electromagnetic and plasma
waves as well as wave breaking are possible candidates as
saturation mechanisms in short pulse experiments.

Furthermore, instabilities generated by a long or a short
pulse laser with the same fluence have absolute different be-

havior. The amplification depends on the fluence (F5I t in
the case of a rectangular pulse! and the pulse duration~t!, in

e foldingsgmaxt;AI t5AFt. This estimate implies a factor
of 100 less amplification with a 100 fs than with a 1 nslaser.
Taking into account that a linear growth lasts 10–20 ps,4

approximately 1% of the pulse duration with ns lasers, we
expect a predominantly exponential growth for fs pulses.

We discuss briefly the loss mechanisms of the electro-
magnetic and the electrostatic waves. Resonance absorption
of light in a plasma is an important process that can decrease
the energy of light significantly in the case ofp polarized
and obliquely incident waves.1 This is a direct generation of
a plasmon by a photon, that tunneled to the critical density to
fulfill the matching conditions. A longitudinal plasma wave
is generated by the light electric field component perpendicu-
lar to the plasma surface. The maximum absorption can
reach 50% in the angle

sin~a ra!5
0.8

~2pL/l!(1/3) , ~18!

wherea ra is the angle of incidence in vacuum at which the
resonance absorption is maximized. The absorption is size-
able in theDa ra;a ra incidence angle range.

Collisions between electrons that oscillate in the electric
field of a light wave and ions represent a loss for the light
wave. This collisional absorption is not significant in high
intensity experiments (I .1015 W/cm2) due to the decreased
electron-ion collision frequency, the higher plasma tempera-
ture and the smaller interaction length.

We consider the collisional and the Landau damping as
plasma wave damping mechanisms. In both cases the previ-
ously calculated instability growth rate is diminished by a
corresponding term. The collisional damping has a temporal
damping rate at the quarter critical density of

gcoll5
vpe

2

2ve
2 nei'8.831025

Z

lm
2 T3/2

fs21, ~19!

wherenei is the electron ion collisional frequency andZ is
the ionization charge state.

The Landau damping is an important loss mechanism of
electron plasma waves.1 We treat this either as negligible or
as dominant, in which case the plasmon is heavily damped.
An easy estimation of the sizeable Landau dampingkelDe

>0.3 wherelDe5ATe /(4pnee
2) is the Debye length, in

useful unitsk̃e>3.4/AT. The complete Landau damping co-
efficient is

gL'
857.3

lmk̃e
3T3/2

expS 2
63.88

k̃e
2T

D fs21. ~20!

III. EXPERIMENTAL SETUP

In the last section the theoretical aspects of 3v0/2 gen-
eration were summarized. Measuring the angular distribution
and the dependencies of this distribution on various param-
eters such as intensity or scale length the experimental re-
sults may be compared with this theory. Now, we focus on
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these experimental observations. The Ti:sapphire laser had a
central wavelength of 800 nm, a bandwidth of 14 nm, a pulse
duration of 94 fs65% @full width at half maximum
~FWHM! pulse duration assuming a Gaussian pulse#, andp
polarization. The energy on target varied between 155 and
175 mJ with a relative standard deviation of64%. The
pulse compressor was installed in a vacuum chamber to
avoid nonlinear effects in the air. Two approximately 100 fs
long prepulses were detected 10 and 4 ps before the main
pulse. The intensity contrast with respect to the main pulse
was measured to 231024 using a third order, high dynamic
range autocorrelator~see Fig. 2!. An additional prepulse was
introduced with the same pulse duration using a prepulse
generator,25 which contained 2% of the energy of the main
pulse. The delay of the prepulse was changed between 0 and
350 ps. A regular control of the focal intensity distribution
indicated a FWHM focus diameter of 2.9mm60.3 mm
~containing 43% of the energy on target! and independently a
Rayleigh range of 21mm63 mm by measuring the trans-
verse intensity distribution in front of and after the focus in
several positions. An angle of incidence of 45° leading to a
slightly increased spot size in one dimension caused a de-
crease of the intensity on target. The average intensity within
the temporal and spatial FWHM on target including the pre-
vious effects was (6.261.2)31018 W/cm2 in the focus. The
temporal and spatial peak intensity is 1.72 times higher, that
is (1.160.2)31019 W/cm2. The intensity was varied by
moving the target along the optical axis out of the focus. As
compared to decreasing the energy this method has the ad-
vantage that the signal to noise ratio of the detected 3v0/2
radiation was much larger. A disadvantage of changing the
target position is that the angle of incidence will change to an
angular range instead of a well defined value. We will show
in this article that the power and the direction of the emission
depend on, amongst other things, the angle of incidence
therefore this angular range must be taken into account.

Aluminum targets on glass substrates were used in the
experiments. The pressure was typically 731025 mbar in
the vacuum chamber. The horizontal plane of the geometry is
depicted in Fig. 3. The direction normal to the target surface

in the horizontal plane is defined as 0°. The angle of inci-
dence and the specular reflection angle were 45° and245°,
respectively. The angular range between 10° and293° was
scanned. The laser was focused with an off-axis paraboloid
gold mirror and thef /3.4 focusing yielded an angular width
of 16° in the horizontal direction.

X-ray spectral measurements26 were performed at vari-
ous intensities to determine the electron plasma temperature.
The obtained spectra were simulated with known parameters.
In the intensity regime used here the best fit yielded an elec-
tron temperature of 1.05 keV at 531023 cm23 density. The
variation of the temperature with the intensity was less than
15%. Although, the measured plasma density is much higher
than the quarter critical density (431020 cm23) we assume
a similar temperature there, because their spatial distance is
approximately 10mm and the plasma temperature varies
much slower than the density.27

IV. 3 v0Õ2 SIGNAL DEPENDENCE ON THE SCALE
LENGTH

The 3v0/2 signal dependence on the main pulse-
prepulse delay, i.e., on the scale length (L) at the quarter
critical density of the preplasma, was measured in order to
determine the maximum 3v0/2 yield. The electron density
scale lengths for the various main pulse prepulse delays in
Fig. 4 were calculated by the1D MEDUSA code.28 The simu-
lations were compared to experimental results obtained un-
der similar conditions in Ref. 29 and the results indicate that
the one-dimensional code simulating the plasma expansion is
appropriate. For all delays applied the scale length is smaller
than 7mm.

The plasma radiation was directed through a vacuum
window, spectrally filtered with care and the three-halves
harmonic content was measured with a photodiode in215°
observation angle. The intensity on target was (763)
31016 W/cm2. The result is shown in Fig. 4. First, the signal
increases rapidly with scale length, reaches a maximum at
around 50 ps, and decreases again after 100 ps. A similar

FIG. 2. Three third harmonic generation autocorrelations with a dynamic
range of better than four orders of magnitude. Two 100 fs prepulses are
detected at 10 and 4 ps.

FIG. 3. Geometry of the measurement and the definition of the angles.
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behavior is observed in other directions (224°, 267°).
Only in 0° direction a deviation is found, here, the rapid
increase is followed by a slow growth and no pronounced
maximum is observed~Fig. 5!.

Previous investigations have shown that the 3v0/2 pho-
tons are produced in a nonlinear interaction between a fun-
damental laser photon and a plasmon, where the plasmon
was generated by TPD,17 as was suggested originally by
Barr.30 The spatial region along the density gradient where
3 v0/2 radiation is generated, i.e., theactive region, depends
on the electron plasma temperature.31 For the present experi-
mental conditions a plasma temperature of about 1 keV and
an active region from approximately 0.2nc to 0.25nc is esti-
mated. We expect an increasing signal with increasing scale
length as the inhomogeneous part in the growth rate de-
creases in Eqs.~14! and~15!, but the change in the measured
signal betweenL/l51 and 2 is more dramatic than pre-
dicted by the exponentiated maximum growth rate multiplied
with the pulse duration as the interaction time. Another dis-
crepancy is found by calculating the threshold intensities at a

given short scale length. The threshold from Fig. 4 at about a
normalized scale length of L/l;121.25 is 7
31016 W/cm2, while from Eq. ~16! we obtain 7 – 9
31015 W/cm2. Almost one order of magnitude smaller than
the experimental value so we conclude that other effects start
to play a more dominant role. The measured signal cannot be
explained even if we take into account saturation effects and
the start of absorption mechanisms at ultra short scale length.
Although, the plasmon propagation reduces the signal at
small scale length more than by longer ones due to the al-
ready discussed propagation away from the large growth rate
regions in thek space, so drastic change in the signal as
measured is not expected from this effect.

One possible explanation is based on the fact that no
3 v0/2 radiation is generated as long as the active region is
smaller than the wavelength of the plasmons. The plasmon
wavelength for the present conditions is between 500 nm and
1 mm. This wavelength is estimated from the length of plas-
mon wave vector for plasma waves that have a significant
growth rate and can generate 3v0/2. For the present condi-
tions we findk;1 – 2k0 , wherek0 is the wave vector of the
incident laser at the quarter critical density. Once the active
region becomes comparable to the wavelength of a plasmon
the exponential growth of the instability leads to a detectable
signal level. This supports the well known experimental ob-
servations that the 3v0/2 light is a sign for a preplasma.
Furthermore, the previous explanation implies that the pres-
ence of 3v0/2 radiation in high intensity experiments indi-
cates a preplasma with a scale length of aboutl or higher.
Accordingly, the three-halves harmonic, which is optically
very easily detected by typical laser wavelengths, can be
used as a simple preplasma diagnostic tool. As the scale
length increases other effects, such as the change of the
plasma geometry and saturation of the growth rate, become
important.

V. 3 v0Õ2 ANGULAR DISTRIBUTION

A. Experimental results

To measure the angular distribution of the 3v0/2 radia-
tion the setup shown in Fig. 6 was used. The plasma emis-

FIG. 4. Change of the 3v0/2 signal with the scale length atI 57
31016 W/cm2 for an observation angle of215°.

FIG. 5. ~Color! Change of the 3v0/2 signal with the delay between the
main pulse and the prepulse atI 5731016 W/cm2 for observation angles of
267°, 224°, 0°, and the integral of the angle distributions from290° to
10°.

FIG. 6. ~Color! Setup of the angle distribution measurement.
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sion was guided out of the vacuum chamber by three 1 mm
thick and 3 m long optical quartz fibers. After proper spectral
filtering three photodiodes measured either the 3v0/2 signal,
or the second harmonic signal, or the fundamental light. In
the 215° direction the different signals from the plasma
were measured directly through a vacuum window.

The middle fiber was placed in the plane of incidence, its
distance from the plasma was 190 mm and it collected light
within an angle of 0.3°. The upper and lower fibers were
placed at an angle of 30°63° with respect to the horizontal
plane. All data points in the angular distribution measure-
ments were averaged over 10–100 laser shots depending on
the measurement series, and the error bars denote the calcu-
lated statistical errors.

The measured angular distribution of the reflected fun-
damental laser light in the plane of incidence at an intensity
of 631018 W/cm2 is shown in Fig. 7. The angular spread
around the peak at245°61° is 16°61° which reflects ex-
actly the divergence of the focused laser beam. There is an
important consequence of the tight focusing as discussed ear-
lier, that is, if the target is not in focus the angle of incidence
is not a well defined value but varies across the beam in the
transverse direction (45°68°). In some cases this will cause
a smearing of the measured features.

A typical 3 v0/2 angle distribution for an intensity of 7
31016 W/cm2 is shown in Fig. 8. A 20 ps prepulse was
applied and the scale length just barely exceeds the thresh-
old. Under these conditions the 3v0/2 emission was very
weak and showed high fluctuations which is a typical feature
of the linear regime close to the threshold~exponential
growth!. The results show that the signal is peaked around
the two angles228°63° and271°63°. The error bars are
relatively large due to the large fluctuations close to thresh-
old. Recently, other groups made similar experimental obser-
vations of the double-peaked angular distribution.32

At a delay of 50 ps, where the 3v0/2 yield is maximal,
the angle dependent signal is shown in Fig. 9. The intensity
was slightly higher, namely 1.331017 W/cm2. Again a
double-peak distribution is found and the peaks are located at
the same values as in Fig. 8. Two independent measurements

are plotted in Fig. 9 to demonstrate that well above the
threshold the reproducibility was very good. Fitting the data
to two Gauss functions allows to estimate the widths and the
relative amplitudes of the two maxima. The first higher peak
is at about226°63° and has a FWHM of 30° and the
second peak is at267°63° with a FWHM of 15°. The
widths have been deconvoluted with the angular spread of
the incident laser beam. The diodes connected to the upper
and lower fibers recorded similar angle distributions as the
center diode, but the characteristic peaks were not as pro-
nounced.

In summary, the 3v0/2 spectra show a very pronounced
double-peaked structure. The detailed spectral features de-
pend on the prepulse-main pulse delay, i.e., the scale length.
To investigate the previous results in greater detail the scale
length, i.e., the size of the inhomogeneous plasma, and the
intensity were varied.

B. Angular distribution for various scale lengths

The angular distributions for different scale lengths at a
nonrelativistic intensity of (1.360.5)31017 W/cm2 are de-
picted in Fig. 10. The double-peak structure is observed for

FIG. 7. Angular distribution of the reflected laser pulse withI 56
31018 W/cm2 and 50 ps prepulse. Inset: polar plot with the incident laser
direction.

FIG. 8. 3v0/2 angular distribution with 20 ps prepulse and 7
31016 W/cm2 intensity. Inset: polar plot with the incident laser direction.

FIG. 9. ~Color! Two independently measured 3v0/2 angle distributions
with 50 ps prepulse and 1.331017 W/cm2 intensity. The solid lines are
Gaussian fits to the peaks. Inset: polar plot with the incident laser direction.
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prepulse-main pulse delays smaller than about 100 ps. This
corresponds to the range in Fig. 4 where the signal is either
growing or constant. At larger delays and consequently at
larger scale lengths the peaks disappear, this starts atL/l
;5. It is important to note that the three-halves harmonic
signal decreases significantly with the change of the angular
distribution.

C. Angular distribution for various intensities

Figure 11 shows angular distributions for different inten-
sities at a 50 ps prepulse-main pulse delay. The intensity was
varied by moving the target along the optical axis as depicted
on the right side of Fig. 11. Accordingly, the intensity scale
has its maximum in the middle of the axis and decreases in
both directions, which corresponds to a target position in
front of or behind the focus. Note that the scale length in-
creases weakly with the intensity. For the lowest intensities

almost no 3v0/2 emission is detected. At intensities which
reach the relativistic level the observed double-peak structure
disappears.

The TPD instability exhibits a threshold intensity at
which the growth rate becomes positive and which was dis-
cussed in Eq.~16!. This condition yields a threshold intensity
of 631015 W/cm2 ~Ref. 8! ~assumingTe51 keV andL/l
51.6). The measured threshold intensity in Fig. 11 is (2
61)31016 W/cm2, and therefore, about 2–3 times higher
than the calculated value. Comparing this discrepancy with
the previous one, we see that the difference between theory
and measurement is smaller at a slightly longer scale length.
This supports the statement that the inhomogeneous growth
rate loses its validity aroundL/l.1. The double-peaked
structure is observed above the threshold up to an intensity
of about 231018 W/cm2. At this intensity the scale length is
approximately 6mm and the structure disappears similar to
the results shown in Fig. 10.

Measurements of the 2v0 angular distribution show that
the second harmonic radiation is also isotropic for scale
lengths at;7 mm. The results are shown in Fig. 12 for an
intensity of (661)31018 W/cm2 and a prepulse main pulse
delay of 50, 150, and 300 ps, respectively. The 2v0 signal
decreases with increasing scale length. For the highest scale
length the second harmonic radiation peaks in the 10°↔90°
range direction very similar to the 3v0/2 results. Therefore,
it is assumed that the disappearance of the double-peak struc-
ture is a consequence of spatial effects, for example hole
boring, that affect all radiation and are not specific to the
3 v0/2 radiation.

VI. DISCUSSION OF THE ANGULAR DISTRIBUTION

To calculate the 3v0/2 scattering angle ak space analy-
sis, introduced in the theory section, was performed. As men-
tioned earlier, the most probable 3v0/2 generation process is
the coupling of a laser photon to a plasmon and the electron
plasma wave is generated by the TPD. In Figs. 13 and 14 the
kx axis is parallel to the direction of the density gradient as
earlier.

FIG. 10. 3v0/2 angular distributions with different main pulse-prepulse
delays and 1.331017 W/cm2 intensity. Increasing signal with double-peaked
structure is observed with delays,100 ps, while the double-peaked struc-
ture disappears and the signal decreases for longer delays.

FIG. 11. 3v0/2 angular distributions with different intensities and a 50 ps
prepulse. The small picture on the right depicts how was the intensity
changed. Correspondingly the intensity axis has its maximum in the middle.
The double-peaked structure disappears at the highest intensity.

FIG. 12. 2v0 angular distributions with an intensity of 631018 W/cm2.
The curve with the squares represents the measurement with a 50 ps
prepulse, the circles a 150 ps prepulse, and the triangles a 300 ps prepulse.
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For a given electron plasma temperature and electron
density the tip of the plasmon wave vector generated by TPD
is located on a circle, Eq.~6!. The radius of the TPD circle
depends strongly on the electron density and the wave vec-
tors of plasma waves generated through TPD lie on the larger
red dashed circle in Fig. 13 at approximately 0.2nc ~at 1
keV!, on the middle dashed-dotted circle at 0.23nc and on
the smaller red solid circle at slightly less than 0.25nc . The
3 v0/2 photon is born on the green radiation circle, which is
described by Eq.~8!. The radiation circle hardly changes in
the considered electron density range. There are two inter-
sections between the radiation circle and the TPD circle for
densities between 0.2nc and 0.25nc which actually determine
the emission directions of the 3v0/2 photons~see the 0.23nc

curve in Fig. 13!. These wave vectors belong to plasmons
that can generate 3v0/2 without propagation. The thin dot-
ted lines are the axes of the new coordinate system at the
quarter critical density for an angle of incidence of 45° in
which the light wave vector has only one component (x8).
This is the natural coordinate system of the 3v0/2 genera-
tion process. At an intensity of 1017 W/cm2 the Landau
damping@Eq. ~20!# is equal to the homogeneous growth rate
on the thin clover-leaf-shaped curve. Electron plasma waves
with wave vectors outside of this curve have negative growth
rate, i.e., are not amplified by the instability. Inside the curve
the Landau damping rate decreases rapidly, so it is negligible
there. Consequently, Landau damping is not important for
the present conditions. The rough estimation of Landau

damping at 1 keV temperature gives a criterion for un-
damped plasma wavesk̃e,3.4 in good agreement with the
previous curve. The collisional damping estimated from Eq.
~19! is much smaller than the homogeneous growth rate, so
we neglect it. This analysis has shown that three-halves har-
monic can be generated by TPD plasmons without propaga-
tion in the 0.2nc– 0.25nc density range. However, 3v0/2
will not be generated everywhere in thek space where it is
predicted by the previous analysis, because the analysis does
not deliver information about the growth rate, and hence, the
amplitude of the plasma waves.

We include the growth rate to account for the plasma
wave amplitude and complete theoretical description. In Fig.
14 two radiation circles are shown. While on the green solid
circle a 3v0/2 photon is generated by coupling an incident
photon and a plasmon, on the dashed circle a photon re-
flected from the half critical density is coupled to a plasmon.
The estimated value of the resonance absorption is 20%–
30%, therefore the reflected light will contribute substan-
tially to the 3v0/2 production. We expect a significant am-
plitude of the plasma wave in thek space, where the
temporal growth rate is maximal. The red curves are the
calculated maximum growth rate hyperbolas Eq.~13!. The
3 v0/2 radiation is predominately emitted into the directions
given by the intersections of the maximum growth rate hy-
perbolas and the radiation circles. The black intersections
yield a maximum between220° and237° where refraction
has been taken into account. The dark yellow intersection
indicates a maximum between255° and271°. Both pre-
dictions agree very well with the observed angular depen-

FIG. 13. ~Color! k space analysis of the instabilities. The thin dotted axes
are the axes of a new coordinate system at the quarter critical adapted for the
case of 45° incidence angle. Note that due to refraction the laser wave
vector atnc/4 (k0) is inclined by an angle of 55° with respect to thekx axis,
which is parallel with the electron density gradient. The Landau damping is
equal to the homogeneous growth rate on the thin clover-leaf-shaped curve
at 1017 W/cm2. Plasma waves with wave vectors on the thick green radia-
tion circle can generate 3v0/2 with the incident laser. The thick red curves
are TPD circles for three electron densities. The small solid circle is for an
electron density of about 0.25nc , the middle dashed-dotted circle for 0.23nc

while the larger dashed circle about 0.2nc at 1 keV. The light blue curves are
SRS generated plasma waves at 0.245nc ~smaller! and 0.2nc ~larger!.

FIG. 14. ~Color! k space analysis of the 3v0/2 generation. The thin dotted
axes are the axes of the new coordinate system at the quarter critical in the
case of 45° incidence angle. The green thick solid circle is the radiation
circle for the coupling of an incident laser photon with a plasmon, while the
green thick dashed circle is for the coupling of a laser photon reflected from
nc/2 with a plasmon. Along the red thick hyperbola is the growth rate maxi-
mal for a homogeneous plasma. The arcs are the intersections between the
radiation circles and the hyperbola, representing plasma waves that domi-
nate in the 3v0/2 production. The light blue curves are SRS generated
plasma waves at 0.245nc ~smaller! and 0.2nc ~larger!.
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dence~see Figs. 8, 9, 10, and 11!. The 3v0/2 is directly
generatedwith two incident photons at the lower black in-
tersection point (kxc/v0521.8;kyc/v050), while it is in-
directly generatedwith an incident and a reflected photon at
the upper black intersection (20.7;0.1) and at the dark yel-
low intersection~0.2–1.2;0.6–0.7!. The gray intersections
generate back reflected light but no measurement was per-
formed in this direction. It should be noted that the three-
halves harmonic radiation propagating into the density gra-
dient in approximately225° direction experiences maximal
resonance absorption as can be seen from Eq.~18!. There-
fore, the 3v0/2 emission can be generated only outward
propagating in this direction as this analysis also reveals.

SRS may in principle also generate 3v0/2 radiation.
SRS can generate plasmons at the quarter critical density and
these plasmons have about the same wave vector as the in-
cident photons. After coupling to an incident laser photon the
wave vector of the generated radiation is 2k0 , but the 3v0/2

has a wave vector ofA8/3k0'1.63k0 at this density, Figs.
15~a! and 15~b!. Under these conditions the coupling process
is not possible. However, coupling is possible in oblique in-
cidence (45° as in the experiment! between the plasmon and
a reflected photon as shown in Figs. 15~c! and 15~d!. The
generated 3v0/2 photon will have a wave vector perpen-
dicular to the density gradient and will leave the plasma at
271° due to refraction which is the direction of the second
measured peak. The results of a more detailed analysis, lead-
ing to Eq. ~7!, are shown in Figs. 13 and 14. The smaller
light blue ‘‘circle’’ denotes plasmons generated by SRS at
0.245nc and the larger light blue dashed curve at 0.2nc . The
smaller curve indicates indirect, while the larger one direct
and indirect 3v0/2 generation. The SRS growth rate reaches
its maximum at a density around the quarter critical density
Eq. ~17!. We take the TPD and SRS maximal homogeneous
growth rates as a measure of the generated plasma wave
amplitudes. Near to thenc/4 both of them reach a value of
aboutk0vos/4. Thus, it is not possible to decide whether TPD
or SRS is responsible for 3v0/2 production. The momentum
conservation is the reason why 3v0/2 was always created by
TPD plasma waves in the long pulse experiments. An angle
of incidence of 45° and a very short scale length are required
to use SRS plasmons for 3v0/2 production, which is not the
case for long pulses. A possible alternative experiment to

generate three-halves harmonic by SRS is a cylindrical or
spherical plasma with a maximal density lower thannc and
two laser pulses from different directions with an angle of
70° between them. Although it remains a challenge to dis-
tinguish between SRS and TPD generated light. This distinc-
tion may be accomplished for example by scanning the plas-
mon k space with Thomson scattering or by spectral
measurements.

Several factors will modify the previous discussion, such
as ~1! the plasma inhomogeneity,~2! the high plasma tem-
perature,~3! the validity of plasma wave dispersion relation,
~4! the high intensity,~5! the saturation of the instability, and
~6! the plasmon propagation.

~1! In an inhomogeneous plasma the maximum growth
rate is along the hyperbolas as indicated in Fig. 14, but the
value is decreased corresponding to Eq.~15!. Therefore, the
TPD does not grow if the plasmon’s wave vector is located
directly near the axis of the adapted coordinate system~dot-
ted lines in Figs. 13 and 14! which is parallel tok0 . How-
ever, propagation compensates for that effect.

~2! The higher the plasma temperature the larger is the
density range where TPD takes place, and the approximation
that the decay takes place exactly at the quarter critical be-
comes void.31 The weight of thek2 term in the plasma wave
dispersion relation grows, which leads to the next point, its
validity.

~3! We note that the TPD can occur with a reduced gain
nonresonantlyif only the energy and momentum conserva-
tion is fulfilled but not the dispersion relation.31 That is, TPD
can generate plasmons at a given density and temperature
whose wave vectors are not located on the TPD circle in our
analysis. This effect modifies the calculated spectrum of the
three-halves harmonic radiation also along the radiation
circles, which is estimated from this analysis. Nevertheless,
the maximal growth is expected along the hyperbolas shown
in Fig. 14.

~4! Above 1016 W/cm2 the dispersion relation is not al-
ways satisfied and at relativistic intensities above
1018 W/cm2 new nonlinear processes start to play a more and
more dominant role22,23 and the classical theory must be re-
vised. Second order stimulated Raman harmonic generation
at the quarter critical leads directly to 3v0/2 and plasmon
production. Two laser photons are simultaneously absorbed
and a 3v0/2 photon and a plasmon are generated. Third
order stimulated electromagnetic harmonic generation may
create two 3v0/2 photons from three absorbed laser photons.
These nonlinear processes are not important in our measure-
ments, as the intensity was mostly under 1018 W/cm2, but
above this intensity they could contribute to the signal.

~5! Areas ink space with maximal growth determine the
emission direction of the 3v0/2 generation. It is expected
that this is slightly modified by saturation because areas with
smaller growth rates generate proportionally more 3v0/2
with than without saturation. We observe with higher laser
intensity an increase in the width of both peaks in the angular
distribution ~Figs. 8, 9, and 11!, which may originate from
saturation.

~6! The propagation did not play an important role in the
long pulse regime, because collisional damping of plasma

FIG. 15. Coupling geometry of a SRS generated plasmon~wave vectorke)
and a fundamental laser photon~wave vectork0) to form a 3v0/2-photon.
In ~a! and ~b! a collinear coupling is shown, while in~c! and ~d! ke andk0

are inclined by a certain angle.
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waves made the propagation length and thus the change in
wave vector negligible. On the other hand, a short propaga-
tion distance leads to a large density and wave vector change
in the short scale length experiments. Hence, the propagation
of plasma waves is an important issue that may influence
significantly the plasmon amplitude in thek space. The
propagation in thek space is a translation of the plasmon
wave vector opposite to the direction of the density gradient
~in 2x direction! as shown in Fig. 1. During the pulse dura-
tion the change in thex component of the normalized wave
vector is between 1 and 2 depending on the scale length
(L/l;5.522) starting from an original wave vector of 1,
Eq. ~10!. This effect will elongate the maximum growth re-
gion into the2x direction in thek space. Even if the insta-
bility growth rate at the lower arc of the black circle in Fig.
14 is very low 3v0/2 generation may be possible due to
plasmon propagation. At the other arm of the hyperbola the
propagation mixes the TPD and SRS generated plasma
waves. An originally by TPD produced wave will be ampli-
fied as it propagates and as its wave vector approachesk0 the
high frequency hybrid instability—that is a combination of
TPD and SRS—and in the vicinity ofk0 SRS will be the
dominant amplification process. Due to the 45° angle of in-
cidence the plasma waves propagate on one arm of the hy-
perbola and are exposed to the maximal growth continuously
during the laser pulse.

These effects will not change the predicted angular dis-
tribution but they will affect the relative amplitudes and the
spectral characteristics as a function of the observation angle.
The possibility that the reflected fundamental will drive an
instability is not discussed earlier, but again this will not
change the angular distribution. The 3v0/2 generated in this
way will propagate in the direction of the previous peaks.

Detailed spectral measurements were performed in dif-
ferent directions. A redshift and a strongly intensity depen-
dent 3v0/2 bandwidth were observed in270° as expected
from SRS. A slight blueshift and a weakly intensity depen-
dent bandwidth were measured in225° in qualitative agree-
ment with the TPD.

Some effects will change the plasma geometry. These
are~1! the hole boring,~2! other ponderomotive effects, and
~3! the horizontal focus shift.

~1! The light pressure at the turning point pushes the
inhomogeneous plasma towards the higher density region.
This hole boring effect can lead to ultrahigh plasma
acceleration33 and change the angular distribution of the
fundamental,34–36 which affects the distribution of the mea-
sured harmonics. The depth of the hole and the subsequent
defocusing are estimated and the results indicate that both
mechanisms have no measurable effect on the angular distri-
bution of reflected fundamental light due to the short pulse
duration.35,37For the highest intensities, the angular broaden-
ing reaches the angular width caused by diffraction at the end
of the laser pulse. This is supported by the angular distribu-
tion measurement of the fundamental with an intensity of 6
31018 W/cm2 plotted in Fig. 7, where the horizontal angular
width is determined by the focusing.

~2! The ponderomotive force changes the electron den-
sity not only at the reflection point but also below that den-

sity due to the generated standing wave. This in turn influ-
ences the scale length at the quarter critical density.38 The
radial ponderomotive force leads to channel formation by
pushing electrons away from the middle of the beam. The
developed space charge pulls on the ions. These effects are
connected to ion motions and require a much longer time
scale than the applied 100 fs or need a much longer plasma
than the generated one in the experiments.

~3! The incident and reflected beams do not always spa-
tially overlap at the quarter critical density. A horizontal fo-
cus shift due to the oblique incidence prevents the beams
from overlapping~Fig. 16!. Here, we assumed an exponen-
tial plasma density profile@n03exp(2x/L)# with scale length
L and a beam diameterD. The horizontal focus shift is ap-
proximately 3.53L. The Rayleigh range is larger than the
path length in the plasma fromnc/4 to nc/2 and back so we
used a constant beam diameter. The two peaks in the 3v0/2
angular distribution are originating from regions in thek
space, where incident and reflected beams coincide, i.e.,
along the dashed circle in Fig. 14. This overlap and the
dashed circle in Fig. 14 and so the indirect 3v0/2 generation
is prevented in a ‘‘long’’ scale length, which is achieved in
the experiments~Figs. 10 and 11!. The horizontal shift might
also explain why for scale lengths longer than 4l the
3 v0/2-yield is decreasing and the angular characteristic
completely changes.

The 225° peak is larger than the other peak in270°
direction. There are two reasons for this. First, both direct
and indirect 3v0/2 generation mechanisms are important in
225° and only indirect process takes place in270°. Sec-
ond, the reflected light has smaller intensity due to resonance
absorption, which decreases the efficiency of the indirect
process.

The observed decrease in the 2v0 signal with growing
scale length can be explained assuming that the second har-
monic is produced at the critical density. The laser light tun-
nels from the reflection point atnc/2 to nc , where the 2v0 is
generated. The tunneling distance betweennc/2 andnc in-
creases with the scale length and therefore the fundamental
and the 2v0 intensity are decreasing.

VII. SUMMARY

In conclusion, we presented detailed 3v0/2 angular dis-
tribution and signal measurements. These results made with
a femtosecond laser are different from the long pulse results

FIG. 16. Horizontal focus shift in the case of 45° incidence angle and an
exponential plasma density profile with scale lengthL and beam diameter
D.
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published earlier and can be explained within the framework
of the linear theory. The discussion of the angular distribu-
tion was performed applying ak space analysis and the lin-
ear model of parametric instabilities. A very good agreement
is found between the experimental results and the theoretical
predictions. New mechanisms of 3v0/2 generation have
been identified. First, an the indirect generation process in-
volving the incident and the reflected beam, which leads to a
double-peaked angular distribution for intermediate scale
length. The first higher peak from220° to 230° direction
can be attributed to a coupling between TPD generated
plasma waves and the laser light. Second, the origin of the
second peak at270° is due to a combined action of SRS and
TPD based plasma wave amplification. Further investiga-
tions are needed in order to clarify the role of SRS in the
three-halves harmonic production. The well known observa-
tion that three-halves harmonic is generated in a preplasma
was experimentally confirmed and a model was suggested to
explain it. Our measurements show that an inhomogeneous
plasma with an electron density scale length larger than ap-
proximately 1mm is required for the 3v0/2 production thus
this light can be used as a simple preplasma diagnostic.
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