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Generation of high-order spatially coherent harmonics from solid targets
by femtosecond laser pulses
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This paper discusses the generation of high-order optical harmonics from solid targets using laser pulses of
35 and 120 femtoseconds. Harmonics up to the 35th order were observed. High conversion efficiency has been
achieved, e.g., 1026 to the 10th harmonic. It is demonstrated that the harmonic emission is highly directional
and that the harmonic efficiency decreases rapidly with increasing plasma scale length.

PACS number~s!: 42.65.Ky, 52.40.Nk, 52.50.Jm
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I. INTRODUCTION

Generation of optical harmonics of high order is one
the most promising tools for generating short wavelen
coherent radiation. In noble gases harmonics up to abou
300th order have been produced@1,2#. A different approach
is high-order harmonic generation~HOHG! in reflection
from solid targets. The mechanism of the latter type HOH
can be qualitatively explained using the simple physi
model of an oscillating plasma mirror@3–6#. Indeed, the tar-
get surface is highly ionized by the leading edge of the pu
pulse, and a reflecting layer of supercritical plasma
formed. When the details of the electron density distribut
are neglected, the collective electron motion created by
incident electromagnetic wave can be considered as an o
lating mirror. The phase modulation of the reflected lig
introduced by this mirror gives rise to harmonic frequenci
The descriptive ‘‘mirror model’’ and detailed particle-in-ce
~PIC! simulations show that at relativistic intensitiesI
>1018 W/cm2) the number of harmonics and the conversi
efficiency are strongly enhanced@3–7#. The use of rapidly
developing femtosecond laser systems capable of produ
strong light pulses in the relativistic intensity regime prese
interesting new possibilities.

Harmonic generation from solid targets is still much le
developed than HOHG in gases. First, it requires mu
higher laser intensities. For harmonic generation in gase
media the laser intensity is limited by the onset of ionizat
of the atoms, which occurs at intensities less th
1016 W/cm2. Secondly, a steplike plasma-vacuum interfa
is essential for HOHG in reflection. In the first experimen
with nanosecond CO2 lasers@8# and in experiments by Nor
reyset al. with picosecond pulses@9# the pulse duration was
long enough for the plasma to expand considerably into
vacuum during the pulse. In these cases HOHG was
plained by the steepening of the plasma-vacuum interf
due to strong ponderomotive forces. However, the harmo
radiation in the picosecond experiments@9,10# showed sub-
stantial spectral broadening and a very wide angular dis
bution, not expected for the generation of reflected harm
1050-2947/2000/62~2!/023816~6!/$15.00 62 0238
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ics from a planar interface. These observations w
attributed to the self-phase modulation in the tail of und
dense plasma and rippling of the plasma surface@10#.

The use of femtosecond pump pulses leads quite natu
to the formation of a steep gradient of the plasma den
because there is no time for significant plasma expans
during the pulse duration. Moreover, after creating a plas
with a femtosecond pulse, one can let the plasma expand
a certain amount of time to establish a plasma scale lengt
any desired value. Using a second, time-delayed femto
ond pulse for the generation of the harmonics, one can
plicitly investigate the influence of the plasma scale len
on the HOHG.

An important point of HOHG from solid targets is the fa
that laser pulses of very high contrast are required.
prepulse or a slowly rising leading front of the pump pul
lead to premature ionization of the target and destruction
the steep density profile long before the arrival of the hig
intensity pulse maximum.

Experimentally, using pulses of approximately 100
from titanium sapphire lasers operating in the chirped pu
amplification ~CPA! mode, harmonics up to the 7th orde
have been observed by Kohlweyeret al. @11#, up to 16th
order by Zepfet al. @12#, and up to 18th by von der Linde
et al. @13#. The importance of a clean rising edge of the las
pulses in HOHG was demonstrated in Ref.@12#. So far, how-
ever, the direct observations of the influence of the plas
scale length on harmonic efficiency, as well as detailed m
surements of the angular distribution demonstrating the
rectionality of the harmonics, are still lacking.

In this paper we wish to report on the results of a series
HOHG experiments in which high contrast ratio laser puls
up to relativistic intensities were used. The aim of this wo
was~i! to extend HOHG from solid targets to higher orde
~ii ! to determine the divergence of the harmonics, and~iii ! to
carry out direct measurements of the influence of the plas
scale length on HOHG.

II. EXPERIMENTAL

A schematic of the experimental setup is shown in Fig.
The incident laser pulses at the wavelength of 800 nm w
©2000 The American Physical Society16-1
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focused onto the target with the help of an off-axis parabo
mirror. The spectrum of the reflected light was imaged o
a phosphor screen with the help of a toroidal grating, and
phosphorescent light was recorded with a CCD camera.

A small mirrorM was placed in the incident laser beam
block the center and to reflect a small portion of the incid
laser pulse into a second channel with a variable optical p
length. This mirror served two purposes. First, with the s
ond channel a pair of laser pulses with variable time de
was available for pump-probe experiments. Secondly,
mirror prevented reflected laser light from the target fro
entering the spectrometer@14#. The position of the mirror
was chosen so that the parabolic mirror produced an im
of M on the entrance aperture of the spectrometer. The
ameter of the aperture was suitably adjusted to comple
block the specularly reflected laser light. On the other ha
harmonic radiation propagating on axis, close to the spec
direction, passed through the hole of the aperture into
spectrometer.

Several long focal length, aberration-corrected object
lenses were used in conjunction with CCD cameras for p
cise alignment of the target, the object point of the toroi
grating, and the laser focal point. A positioning accuracy
2 mm along three orthogonal axes was achieved. The al
ment was continuously monitored during the experime
with the help of the objective lenses and cameras.

The targets were optically polished glass substra
which were raster scanned to provide a fresh surface for e
laser pulse. The pressure in the experimental chamber
1023 Torr.

III. RESULTS

A. Experiments with pulses of 35 fs

In a first series of experiments, a titanium sapphire la
system @15# with pulses of 35 fs and pulse energy up

FIG. 1. Schematic of the experimental setup.
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50 mJ was used. The laser intensity on the target reach
3101721018 W/cm2. The incident laser pulses werep polar-
ized at an angle of incidence of 55°. The ratio of the la
intensity at 1 ps before the peak and the peak intensity~con-
trast ratio! was approximately 1026.

Examples of typical harmonic spectra@6# are depicted in
Figs. 2 and 3. The spectra were integrated over 70 pulse
the long wavelength region~Fig. 2! even and odd harmonic
were observed from the 8th to the 22nd order. The harm
ics are superimposed on some background, which is p
ably due to incoherent emission from the plasma. In Fig
the spatial dimensions of the CCD chip limited the wav
length range of the spectrum.

Figure 3 shows an example of the short wavelength
gion of the harmonic spectra. In this case, the reflected l
was passed through a 150 nm thick aluminum foil to su
press the emission at longer wavelengths. The spectru
corrected for the transmission curve of the Al filter.

The sharp cutoff at the short wavelength side correspo
to the L-absorption edge of aluminum at approximate
18 nm. As in Fig. 2, the harmonic spectrum has a stro
background. Nevertheless, one can clearly trace peaks c
ciding with the positions of harmonics up to 45th order. U
fortunately, a series of oxygen ion line appears in the ra
18 to 21 nm. Because the oxygen ion lines tend to obsc
the harmonic spectrum, an unambiguous identification of
harmonic peaks is possible only up to the 35th order. N
ertheless, our results represent the highest harmonic or

FIG. 2. Long wavelength side of the harmonic spectrum. T
spectrum is averaged over 70 laser pulses. Pulse duration: 3
laser intensity: 531017 W/cm2.

FIG. 3. Short wavelength side of the harmonic spectrum. Ot
parameters are same as in Fig. 2.
6-2
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observed to date for femtosecond HOHG from solid targ
It is interesting to note that starting from 23rd to 25th ord
odd harmonics are slightly stronger than even ones.

The origin of the peak near 35–40 nm~position of har-
monics 22–20! is not quite clear as yet. One of the possib
explanations of this line is emission at 2vp due to the exci-
tation of plasma waves by hot electrons, as discussed in
@16#. Alternatively, the peak near 35–40 nm could be due
a resonance of the harmonics around 20th–22nd order
plasma oscillations.

A qualitative observation of angular divergence of t
harmonic radiation was made as follows. We let the reflec
beam from the target directly strike a phosphor screen
recorded the spatial distribution of the phosphorescence
a CCD camera. The fundamental radiation scattered from
screen was blocked with suitable optical filters. Figure 4~a!
shows the distribution of the phosphorescence generate

FIG. 4. Spatial distribution of the radiation from the target r
corded on a phosphor screen. The distance from the target is a
10 cm.~a! Reflected fundamental blocked with filters;~b! distribu-
tion of the fundamental.
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the short wavelength radiation. The image is of course in
grated over all orders of harmonics. Figure 4~a! shows that
the beam of the harmonics is highly directional and nea
spatially uniform. From the observed distribution we es
mate the angular divergence of the integrated harmonic b
to be 50 to 100 mrad, somewhat narrower than the focu
fundamental, which has an angular width of approximat
100 mrad.

Care had to be exercised in order to distinguish phosp
rescence produced by harmonic radiation from two-phot
excited phosphorescence generated by the intense funda
tal laser beam. Figure 4~b! shows an image of the cros
section of the fundamental laser beam recorded by t
photon phosphorescence. Note that two-photon recordin
expected to strongly enhance inhomogeneities in the fun
mental beam.

The black disk in the center and the orthogonal thin bla
lines represent the image of the beam splitting mirrorM ~see
Fig. 1! and the supporting wires, respectively. This structu
is characteristic of the fundamental beam. Comparison w
Fig. 4~a! shows that the features due to the splitting mirr
and its support are absent at the harmonic frequencies
expected. Thus the spatial distributions of the fundame
and the harmonics can be easily distinguished.

Completely different angular distributions were observ
when the pump intensity exceeded 1018 W/cm2. The re-
flected light was no longer collimated, but spread ove
large solid angle around the specular direction. No harmo
radiation could be detected on top of the incoherent plas
emission, which became much stronger as the laser inten
was increased. It should be mentioned that we were unab
detect harmonics withs-polarized laser pulses.

B. Experiments with pulses of 120 fs

In the different series of experiments we used a titani
sapphire system with a pulse duration of 120 fs and an
ergy up to 70 mJ. The contrast ratio was better than 1024 at
1 ps from the pulse maximum. Important for the followin
experiments were very good spatial beam quality and a h
pulse stability.

Figure 5 shows the far field spatial intensity distributio

out

FIG. 5. Far field spatial distribution of the 120 fs titanium sa
phire laser.
6-3
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of the titanium sapphire laser beam. The corresponding
tribution of the He-Ne alignment laser is also shown
comparison. Using an off-axis parabolic mirror with a 10 c
focal length for focusing, a spot diameter of 12mm was
obtained in the focal plane.

An example of harmonic spectrum recorded with this
ser is depicted in Fig. 6. The spectrum is an integral over
laser pulses. The background is much lower than in the
vious experiments. The insert shows that harmonics up to
20th order could be distinguished. The actual image of
output plane of the spectrometer is also shown. Note that
spots corresponding to different harmonic orders are p
fectly circular, indicating an excellent beam quality and go
imaging properties of the toroidal grating.

1. Measurements of harmonic divergence and efficiency

In order to study the angular divergence, the harmo
beams were scanned across the entrance aperture of the
trometer by rotating the sample~see Fig. 7!. The aperture
corresponded to an acceptance angle of 0.5°. With the
of the set of the objective lenses~Fig. 1! the position of the
sample was carefully controlled in order to avoid a misalig
ment of the system when the target angle was changed.

The full divergence angle of the fundamental radiati
was measured to be 7.3°. The measured angular depend

FIG. 6. Harmonic spectrum recorded with 120 fs pulses an
231017 W/cm2. The actual image of the output plane of the spe
trometer is shown below.

FIG. 7. Schematic of the measurement of the divergence of h
order harmonics. The aperture in front of the spectrometer co
sponds to the acceptance angle of 0.5°.
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of the harmonic energy is shown in Fig. 8 together with t
angular distribution of the reflected fundamental for co
parison. The center of the fundamental beam blocked by
beam splitting mirror is disregarded in Fig. 8.

It is clear that the divergence of the harmonics is sma
than that of the fundamental. If, for the purpose of compa
son, we assume a power law for the harmonic intensity an
Gaussian beam profile, the divergence angle of thenth har-
monicDQn should scale asDQ/An, whereDQ is the diver-
gence angle of the fundamental. The corresponding ang
distributions are also plotted in Fig. 8. Comparing the expe
mental data with these curves, we conclude that the emi
harmonics are nearly diffraction limited or, in other word
highly spatially coherent.

The conversion efficiencyhn of HOHG can be estimated
using the expression

hn5
En

EF
5

VnKgr\vne

EFV0hphhCCD
,

whereEn and EF are the energies of thenth harmonic and
the fundamental,Vn and V0 denote the solid angles of th
harmonic beam and of the spectrometer acceptance,Kgr is
the attenuation of harmonic signal due to the grating,\v is
the photon energy,hph and hCCD are the conversion effi-
ciency of the phosphor screen and the quantum yield of
CCD camera@17#, respectively, andne is the number of the
photoelectrons recorded by the CCD camera.

Kgr as a function of the wavelength was taken from d
provided by the grating manufacturer. To determine thehph
we have made a series of calibration measurements usi
hollow cathode lamp@18# with and without phosphor screen
Using the formula given above we obtain an efficiency
1027 for the 10th and 1028 for the 15th harmonic. The cor
responding estimates for the experiments carried out with
35 fs laser system are 1026 and 1027 for the 10th and 15th
harmonic, respectively.

According to our estimate, the efficiencies observed
solid targets are comparable with those of HOHG in no
gases. For example, in Ref.@19# the conversion efficiency for
the 5th to 23rd harmonic in Xe was estimated to be appro

at
-

h
e-

FIG. 8. Angular distribution of the 9th, 12th, 14th harmoni
and of the reflected fundamental. Dashed, dotted and dash-d
lines represent the calculated distribution for the 9th, 12th, and 1
harmonics, respectively.
6-4



e
h
ts
u
s
t t
s
u

ow
.

ra
o

t b
io

le

4

in
sm

t
at
se
le
ro
a

n
ai

e
a

o
ra

re-
of

nic
al

the
a-

e
with
ht
f

s

tion
le

cu-
gth

nic
ale
-
at
use

to
ns
a

ive

or-
tion

ble
t
sion
es
eak
-

the
nic
ests
igh
be
the
mi-
ce

for

e
d

d

GENERATION OF HIGH ORDER SPATIALLY . . . PHYSICAL REVIEW A62 023816
mately 1026. This would correspond to the efficiency of th
10th harmonic in our experiments with pulses of 35 fs. T
comparison of the efficiency of HOHG from solid targe
and from gas targets is clearly somewhat arbitrary, beca
of the very different high frequency roll-off in the two case

Estimates of the conversion efficiency can be subjec
systematic errors. For example, in our estimate we have u
the grating efficiency data given by the manufacturer. O
own measurements at several selected wavelengths sh
factor of 2 lower diffraction efficiency of the toroidal grating
This discrepancy could be due to contamination of the g
ing surface. Also, differences between the actual value
hCCD of our CCD camera and the published values canno
excluded. Another source of potential error is the estimat
of the solid angleVn'p(DQn)2 for which we assume an
accuracy of about625%. Taking into account these possib
sources of error, the conversion efficiencieshn given here
are probably subject to an uncertainty of a factor of 3 to

2. Dependence of the harmonic efficiency on plasma scale
length

Pump-probe experiments were carried out in order to
vestigate the dependence of HOHG efficiency on the pla
scale length. These measurements were performed with
120 fs titanium sapphire laser system. A plasma was cre
on the surface of the target by a first, relatively weak la
pulse (531014 W/cm2). A second pulse with an adjustab
time delayt with respect to the first pulse was used to p
duce harmonics. The intensity of the second pulse was
proximately 231017 W/cm2.

The measured dependence of the harmonic energy ot
for several harmonic orders is depicted in Fig. 9. The av
able dynamic range of our measurements was 103. For all
harmonic orders the energies decrease rapidly, and the d
of the harmonic signals is approximately the same. The d
can be fitted by an exponential function, exp(2t/ts), with
ts5200 fs.

The experimental data in Fig. 9 were obtained in tw
successive series of measurements. The results demonst

FIG. 9. Energy of different harmonics as a function of the tim
delay ~upper horizontal scale!. Lower horizontal scale: Estimate
plasma scale length. Solid line: exp(2L/0.015l). Dashed line: De-
pendence of the harmonic energy on the scale length calculate
Ref. @12#.
02381
e

se
.
o
ed
r

a

t-
f
e
n

.

-
a

he
ed
r

-
p-

l-

cay
ta

te a

low spread of the experimental data, indicating excellent
producibility of the harmonic signals and good stability
the laser parameters.

For an interpretation of the observed decay of harmo
generation with delay time we used a simple isotherm
model of plasma expansion@20#. The spatial profile of the
electron density is taken to beNe5N0exp(2z/L). Here,L is
the plasma scale length which grows according toL5vTt,
where vT5AZkTe /M is the expansion velocity of the
plasma.Te is the electron temperature,Z is the ionization
degree,k is the Boltzmann constant, andM is the ion mass.

For the pulse energy used in the experiment to create
plasma~first laser pulse! we estimated the electron temper
ture Te and the expansion velocityvT to be 100 eV and 6
3106 cm/s, respectively. We used the valuevT56
3106 cm/s50.075l/ps to convert experimental delay tim
to plasma density scale length. These values agree well
the results obtained from spectral interferometry of the lig
reflected from the plasma@21#, and from measurements o
the Doppler shift and of the plasma reflectivity@22#. With
these numbers the solid line in Fig. 9 falls off a
exp(2L/Ls) with Ls50.015l.

Our data show that the decrease of harmonic genera
with scale length is quite fast in comparison with availab
PIC simulations. The dashed line in Fig. 9 shows the cal
lated dependence of the harmonic efficiency on scale len
form a recent PIC simulation@4,12#. Another important
qualitative difference is that in our experiments the harmo
efficiency decreases monotonically with the plasma sc
length. An ‘‘optimum’’ scale length for the HOHG as pre
dicted in Ref.@23# was not observed. We note, however, th
this comparison must be regarded with caution, beca
physical parameters of the calculation do not correspond
our experimental situation. Furthermore, the simulatio
were performed with a fixed linear density profile, and
possible deformation of the profile due to ponderomot
forces was not taken into account.

IV. CONCLUSIONS

In conclusion, we have reported the highest harmonic
der observed to date in femtosecond harmonic genera
from solid targets. High conversion efficiency, compara
with that of HOHG in noble gases@19# has been achieved. I
has been demonstrated that high-order harmonic emis
from solid targets is nearly diffraction limited. Laser puls
with high contrast ratio and steep leading edges and p
intensities not exceeding 1018 W/cm2 are essential for spa
tially coherent HOHG.

At higher laser intensities we observe a spreading of
reflected fundamental laser radiation and of the harmo
emission over a large solid angle. This observation sugg
a deformation of the reflecting plasma surface at very h
laser intensity. One might expect that the effect could
avoided with the use of shorter laser pulse. However,
comparison of our experiments with laser pulses of no
nally 35 and 120 fs did not indicate any significant differen
of the high intensity behavior.

We do not observe a certain optimum scale length

in
6-5
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A. TARASEVITCH et al. PHYSICAL REVIEW A 62 023816
HOHG during the expansion of the plasma, apparently
contradiction with PIC simulations@4,12#. Also, our experi-
ments show that the efficiency of HOHG drops more rapi
with increasing plasma scale length than predicted by th
simulations.

For a possible explanation of the faster decrease
spreading of the harmonic emission at higher intensitie
invoked. In our experiments we measured the specular c
ponent of harmonic radiation in a relatively narrow so
angle. To produce a drop of 103, corresponding to the mea
sured value, it would be sufficient to spread the initially c
limated harmonics over a much larger solid angle. Forma
of a distortion of the plasma surface in a time of appro
mately one picosecond, resulting in such a spreading, c
explain our observations. Plasma surface distortions, wh
cannot be taken into account in one-dimensional PIC ca
lations, could be caused by plasma instabilities, predicte
occur at high laser intensity.

Because a substantial increase of the efficiency of h
monic generation is expected for laser intensities excee
C.
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1018 W/cm2, it is a great challenge to overcome the pres
limits. The realization of this potential requires a thorou
understanding of the distortion effects. The threshold of
plasma instabilities should strongly depend on the plas
scale length. Therefore, more detailed pump-probe exp
ments with the diagnostics of plasma surface and of the s
tial and angular distribution of the harmonic are importan
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