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Temporally Resolved Measurement of Electron Densitiessss.1023 cm23ddd with High Harmonics
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(Received 22 February 1996)

It is shown experimentally that a high intensity subpicosecond laser impinging on a solid target
generates a plasma with an electron density exceeding 1023 cm23. Depending on the electron density,
femtosecond high-order harmonics from a gas jet are transmitted through a subpicosecond laser-
produced plasma while lower order harmonics are absorbed or reflected. In the present experiment,
electron densities up to4.3 3 1023 cm23 at mean electron energies of 50 to 150 eV are measured and
the plasma expansion is mapped out in time with subpicosecond resolution. [S0031-9007(96)00538-8]

PACS numbers: 52.70.Kz, 42.65.Ky, 52.40.Nk, 52.50.Jm
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With high intensity subpicosecond laser sources it h
become possible to heat solids to mean electron ener
of several 100 eV at almost constant ion density. Ra
ionization increases the density of free electrons an
dense plasma with an electron density exceeding s
density is generated. Much attention has focused on
new, unusual state of matter, and a number of experime
investigating the dynamics [1,2], laser coupling [3,4],
ray emission [5,6], and nonlinear optics [7,8] of su
dense plasmas generated by ultrashort laser pulses
been performed. In the interpretation of most of these
periments it was assumed that a solid density plasma
generated by the laser pulse. Plasma spectroscopy
our knowledge the only method that can provide inform
tion about these dense plasmas [9]. Time averaged e
tron densities of up to6 3 1023 cm23 produced by subpi-
cosecond laser pulse at an intensity of1019 Wycm2 were
recently inferred from line profile measurements of L
like Cl spectra [10]. By combining an x-ray spectrogra
with an x-ray streak camera additional temporal reso
tion can be obtained. Densities of up to8 3 1024 cm23

and 60 ps time resolution are reported in [11] using t
method. Electron densities up to3.2 3 1021 cm23 were
measured with a technique based on Moiré interferome
using soft x-ray laser radiation [12].

In this paper we demonstrate a new experimen
method that uses high harmonics generated by a su
cosecond laser pulse in a gas jet [13] as a probe fo
solid density plasma generated in a thin foil by a seco
temporally correlated laser pulse. With this experimen
is shown directly that subpicosecond lasers produce s
density plasmas by measuring simultaneously both
electron density as well as the mean electron energy
function of time with subpicosecond temporal resolutio
The idea presented here is to measure the transmitta
of a plasma at two or more different frequencies in su
a way that some frequencies are below the plasma
quency while others are above. Light can propagate i
plasma with electron densityne , nc wherenc is the crit-
ical density given bync ­ 4p2´0mec2ye2l2 ø 1.11 3

1021yslymmd2 cm23. From the ratio of the transmitted
98 0031-9007y96y77(2)y298(4)$10.00
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signal at the different frequencies one can obtain the e
tron density. The wavelength of the probe radiation
solid density plasmas has to be in the extreme ultravio
(XUV) region. A convenient way to generate ultrasho
pulse, high brightness XUV radiation is high-order ha
monic generation in gases using ultrashort laser pul
This method provides coherent light pulses down to
wavelength below 10 nm [14,15] corresponding to cri
cal plasma densities of1025 cm23, or about 1000 times
solid density for a hydrogen plasma. The applications
such ultrashort XUV pulses are only just beginning [1
and offer unique possibilities to study the dynamics
extremely dense laser-produced plasmas. We have
high-order harmonics, in particular, the 5th (50 nm) a
7th (35 nm) harmonics, produced by subpicosecond K
laser radiation [17] for direct and time-resolved measu
ment of electron density in a laser-produced plasma.
time-resolved measurement of the transmitted signals
lows us to determine both the electron density with a p
cision of about 10%, and independently the mean elect
energy with a somewhat lower precision.

The short-pulse laser consists for a hybrid dye–K
excimer oscillator [18] and a KrF power amplifier.
operates with 1 Hz repetition rate and delivers puls
at a wavelength of 248.5 nm with a pulse duration
0.7 ps. Figure 1 shows the setup of the experiment. T
temporally correlated pulses of 10 and 30 mJ ener
respectively, are generated. The 10 mJ pulse is u
for the generation of a plasma while the 30 mJ pu
produces high-order harmonics acting as a probe be
The experiment takes place in a large vacuum cham
of 1 m diameter evacuated to a pressure of,1025 mbar.
The pulse which produces the harmonics is focused
a fy21 plano convex CaF2 lens with a focal length of
f ­ 120 cm into a neon or helium gas jet of densi
3 3 1017 cm23 released by a piezoelectric drive pulse
valve. At an intensity of312

21 3 1015 Wycm2 harmonics
up to the 13th order are detected in a single shot [1
Their temporal duration is estimated to be less than 300
based on blueshift measurements of the third harmo
of KrF-laser radiation [19]. The second pulse is focus
© 1996 The American Physical Society
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FIG. 1. Schematic of the experimental setup. From the l
hand side high-order harmonics created in a neon gas
transmit a plasma generated by a correlated subpicose
laser pulse in a 70–100 nm Lexan foil. A pinhole restric
the transmitted radiation subsequently detected by an so
ray spectrograph. An x-ray streak camera is used to align
temporal overlap of the two laser pulse.

by a fy10 plano convex lens with a focal length o
25 cm to a spot size of70 mm on the surface of a 70–
100 nm thick polycarbonate resin foil (Lexan 101, G
Plastics). Thep-polarized light pulses with an intensit
of 212

21 3 1014 Wycm2 strike the target foil under an
angle of incidence of 45±. Preplasma formation is no
expected because the contrast ratio in these experim
was better than 107. The target foil is located 8 mm
behind the gas nozzle so that the laser beam which cre
the high-order harmonics illuminates an area of700 3

400 mm2. This gives an intensity of,1013 Wycm2

of the fundamental on the foil. The linear absorpti
coefficient of Lexan increases from 35 up to65 mm21

in the wavelength region between 35 and 50 nm [2
Therefore the transmittance decreases from 3% to 0
in a 100 nm thick foil and the Lexan strongly attenua
the harmonics. Only after creation of a plasma are
harmonics transmitted. A pinhole with200 mm diameter
is located300 mm behind the foil to restrict the area from
which the transmitted radiation is detected. A delay li
in one of the beam paths equipped with a microme
screw allows one to change the timing between the
pulses with a precision of about 60 fs. The zero tim
delay coarse alignment is performed by an x-ray str
camera within62 ps. This is refined by the pump-prob
measurements itself to a precision of about 0.5 ps
is on the order of the pulse duration. For the detect
of the high-order harmonics a single shot soft x-r
spectrograph with a spectral range from 10 to 700 Å
used [21]. A toroidal mirror performs a 1:1 imaging of th
source onto the detector which consists of a microchan
plate (MCP) and a photodiode array. A free stand
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gold transmission grating (1000 lines per mm) acts a
dispersive element, and a1.0 mm thick aluminum foil in
front of the spectrograph blocks the fundamental so t
only the XUV radiation is detected.

Figure 2 shows single-shot spectra of the 5th (50 n
and the 7th (35 nm) harmonics transmitted through
plasma created in 100 nm thick Lexan foil at differe
time delays indicated in the figures. Part of the harmo
spectrum without the foil target is displayed in Fig. 2(a
A pinhole of 50 mm diameter was placed at the targ
position to determine the signal ratio at zero electron d
sity The 5th harmonic appears about 3 times more
tense than the 7th harmonic. At negative time delays,
the harmonic pulse comes before the plasma is crea
only plasma radiation visible as a background at all d
lay times is observed. Starting at zero delay [Fig. 2(
the seventh harmonic appears stronger than the fifth c
trary to the spectra without plasma. With increasing de
[Fig. 2(c)–2(e)] the intensity ratio between the 7th and t
5th decreases until at 12 ps delay [Fig. 2(f)] almost the
tio without plasma is reached. Qualitatively this series
spectra shows the expected behavior: In case of the d
plasma [Fig. 2(b)] the high frequency (7th harmonic)
much better transmitted by the plasma than the low
frequency (5th harmonic). This ratio gradually chang
while the plasma is expanding freely and the density
creases. For long times between the plasma creation
the appearance of the probe radiation the original ratio
almost recovered since a sufficiently thin plasma transm
both harmonics equally.

The absorption in the plasma can in principle be d
to bound-bound, bound-free, and free-free transitions.
particular, absorption in CIII caused by the2p-3d transi-
tions has to be considered for the fifth harmonic. An es
mate of the absorption coefficienta times lengthl yields
al , 1022 under the present conditions. The contrib
tion of bound-free absorption is estimated to be about
times smaller than free-free absorption, i.e.,affyabf $

FIG. 2. Measured spectra of the 5th (50 nm) and the
(35 nm) harmonics transmitted at different time delays throu
a subpicosecond laser-produced plasma. (a) The harm
spectrum without plasma. Starting from zero delay (b) t
intensity ratio between the 7th and 5th decreases until alm
the ratio without plasma is reached [2(c)–(f)]. The deduc
electron densities are indicated in the figures (see text).
299
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10. Only collisional heating is therefore further consi
ered in the following analysis. The optical properties
the plasma may be described by the Drude model [
leading to a complex dielectric constant´ ­ n2 ­ 1 2

v2
pysv2 1 incvd, wheren is the complex index of re-

fraction,v is the angular frequency of the electromagne
radiation, andnc is the electron-ion collision frequenc
calculated for a Maxwellian velocity distribution in th
free electron gas [22]. The probe radiation impinges p
pendicular on the target surface and the Fresnel equa
are used to calculate the transmitted part of the radia
passing through a strongly absorbing medium of thickn
d with a spatially averaged electron densityne. The com-
plex index of refractionn ­ nreal 1 inimag is calculated,
and afterwards the fraction of radiation reflected at
vacuum-plasma boundary is computed which can be w
ten asR ­ jsn 2 1dysn 1 1dj2. The fraction absorbed in
the plasma is given by exps2add with the linear absorp-
tion coefficienta ­ s4pyldnimag wherel is the wave-
length of the probe radiation. Considering that part of
radiation is backreflected at the rear density step the tr
mittance is then given bys1 2 Rd2 exps2add neglecting
multiple beam interference effects. It turns out that u
der the present conditions the transmitted probe radia
intensity is dominated by absorption. The reflected p
does not exceed 20% for the 5th and 3% for the 7th h
monics. The assumption of a steep plasma gradien
therefore not critical for the quantitative results. Refra
tion of the harmonic radiation in the plasma due to a l
eral density gradient has to be considered only for ra
scale lengths shorter than10 mm. The part of the radia-
tion which is in this case refracted out of the accepta
angle of the spectrograph never exceeds 20% of the
transmitted radiation. This was taken into account in
uncertainty of the determined electron density.

It is now possible to calculate the transmitted signal
the 7th and 5th harmonics as a function of the elect
densityne. Figure 3(a) shows the ratio of the transmitt
7th to the transmitted 5th versusne for various mean
electron energies indicated in the figure for an init
plasma thickness of 100 nm. For a time delay of20.5 ps
no harmonic contributions are detected, and therefore
plasma formation occurs between20.5 and 0 ps. A ratio
of 9.2 6 3.3 for zero delay leads to an initial electro
density betweenne0 ­ s3.210.2

20.3d 3 1023 to s3.710.1
20.2d 3

1023 cm23 depending only weakly on the mean electr
energy. The determined density is about 20 times
critical density of KrF radiation.

When an intense ultrashort laser pulse strikes
target an overcritical plasma layer is formed at the f
surface and a supersonic electron thermal wave tra
into the bulk material. A velocity of1.8 3 107 cmys
is reported [23] for similar laser intensities and simil
plasma conditions. Thus, the time for the ionization fro
to travel through the foil is about 0.5 ps which is shor
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FIG. 3. (a) The calculated behavior of the transmitted h
monic signal ratio of the 7th to 5th versus electron density
zero time delay. The ambiguity of the determination of ele
tron density and mean electron energy is removed by observ
the time evolution of the electron density. (b) The measur
decay of the electron density due to the expansion of the plas
and the calculation for an initial mean electron energy of 50
(solid line).

than the laser pulse duration (0.7 ps). After the laser pu
has ceased, the plasma undergoes an adiabatic expa
which, for the short delay times concerned here, we c
assume to be a uniform planar expansion with const
velocity y of the two outer edges. The electron dens
is then given byne ­ ne0sd0ydd, wherene0 is the initial
electron density,d0 the initial thickness, andd ­ d0 1

yt the thickness at later times. The mean electron ene
develops in time according toT ­ Te0sd0yddg21, where
Te0 is the initial mean electron energy andg ­ 5y3 the
adiabatic coefficient for a plasma. It is important to no
that the time evolution of the ratio of the 7th to 5t
harmonics is only a function of the initial electron densi
and the initial mean electron energy so that these t
parameters are directly obtained from the measurem
The determination of the electron density in an expand
plasma is also affected by recombination. For delay tim
in excess of about 5 ps an additional decrease in elec
density by at most a factor of 2 has been estima
assuming Saha equilibrium for the ionization.

The measured transmittance ratios versus time im
an initial mean electron energy ofTe0 ø 50 eV . We are
now able to plot the electron density versus time as sho
in Fig. 3(b). The initial plasma parameterssDt ­ 0d
are ne0 ­ s3.210.2

20.3d 3 1023 cm23, kZl ­ 3.810.2
20.4, Te0 ø

50 eV where kZl is the average degree of ionization
The solid curve represents the calculated density dec
A charge state ofkZl ­ 3.4 is expected from the Saha
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equation at a temperature of 50 eV for a solid dens
carbon plasma. Lexan predominantly consists of c
bon but has a somewhat lower solid state ion density
8.5 3 1022 cm23 compared to1 3 1023 cm23 for car-
bon yielding an estimated value ofkZl ø 3. A sim-
ilar measurement with a foil of 70 nm thickness a
laser intensity of about5 3 1014 Wycm2 yielded a maxi-
mum electron density ofne0 ­ s4.310.2

20.3d 3 1023 cm23 or
kZl ­ 5.110.2

20.3. The measured density decay was fas
than shown in Fig. 3(b) which implies a higher initia
mean electron energy ofTe0 ø 150 eV consistent with
the higher degree of ionization.

In summary, we have presented a simple method to m
sure both the evolution of the plasma free electron den
above1023 cm23 and the mean electron energy with su
picosecond time resolution capable of being extended
even higher densities.

Valuable discussions with Hans Griem are gratefu
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