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The optical properties of dense plasmas in the extreme ultraviolet spectral range are investigated experi-
mentally and theoretically. A method is presented that enables measurement of electron densities in excess of
10?* cm™3. High-order harmonics are transmitted through a femtosecond-laser-produced plasma probing the
optical density at several wavelengths. This technique has the advantage of providing direct access to ultrahigh
electron densities, and achieves a precision of about 20% at zero time delay. The dielectric function of a dense
carbon plasma was calculated including effects of higher density and the contribution of bound electrons.
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PACS numbgs): 52.25.Mq, 52.25.Fi, 52.40.Nk

I. INTRODUCTION II. EXPERIMENTAL INVESTIGATIONS

The principle of the experiment which probes the optical

The interaction of high intensity femtosecond laser pulsegroperties of a dense plasma is shown in Fig. 1. The idea is
with matter allows the production of plasmas with high elec-to measure the transmittance of a plasma at two or more
tron densities and short scale lengths. Much work has corfrequencies in such a way that some of them are below the
centrated on the generation and characterization of ultrashoPfasma frequency while others are above. Light can only
x-ray bursts[1], on investigations of the plasma dynamics Propagate in a plasma with an electron densigxnc,
[2—4] and on transport properties of dense plasmas througfyherenc is the critical density given by
reflectivity measurementf5—9]. Production of matter in
such a state allows the study of basic plasma physics in re-

gimes relevant to astrophysics, atomic physics, orin Strongl)éince typical electron densities in plasmas produced by fem-

correlated plasmasl0-12. S . 3 " g

There are few experimental methods to study the evolu'gosecond Iaser-_sohd Interaction arel(f cm an_d the
. temporal evolution occurs on a subpicosecond time scale,
tion of femtosecond-laser-produced plasmas, and up to now

X ultrashort extreme ultraviolefxuv)-pulses must be used to
only time-resolved x-ray spectroscopy could reveal SUbStarbrobe these plasmas. A convenient way to produce an xuv-

tial information[3,4]. We'have demo.nstrated an eXper_imen'spectrum of distinct frequencies is high-order harmonic gen-
tal method that uses high harmonics produced by intensg.,iion in a gas jef14]. Depending om,, high-order har-

laser radiation to probe_ the eyolution of_ ultrashort laseryonics are  transmitted through the femtosecond-laser-
produced plasmagl3]. Differential absorption of the har-

monics allows the measurement of plasma electron densitie™ jgp mntensity

Ne=(47%eomC?)/(€2\?)~1.11X 10?Y (N / um)? cm 3.

. ; . Electron Foil
well above the critical density of the fundamental wave- Subpicosecond Laser Density Plasma
length. It is shown that this pump-probe technique gives di- ONAN D
rect access to ultrahigh electron densities and electron tem
peratures in conjunction with a time resolution on the order . AVAVAVAVAS =

. . . High o >0

of the laser pulse duration. In order to investigate whether ‘ Harmonics 3~ Oplasma
high density effects become important for the interpretation s

of the measurements, theoretical studies of the dielectric Delay Time
function of a dense carbon plasma were performed. The cal-

culations show that the standard Drude model is a good aqés
proximation even for high density plasmas.

FIG. 1. Principle of the method. A high intensity subpicosecond
er pulse creates a dense plasma in a thin foil which is subse-
quently irradiated by temporally correlated high harmonics after a
certain delay time. Depending on the density, higher order harmon-
ics are better transmitted than lower order harmonics, and from the

*On leave from Plasma Physics Group, Imperial College, Londormeasured ratio of the transmitted signal the electron density can be
SW7 2BZ, U.K. deduced.
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1;=2x10"* Wem” . .
served through a 5@im pinhole which was located at the target

FIG. 2. Experimental setup. From the left hand side high-orderPlane instead of the foil. The pinhole was shifted in two perpen-
harmonics created in an inert gas jet pass through a plasma that wélular directions in the target plane.
generated by a temporally correlated subpicosecond laser pulse in a
th!n polycgrponate foil. A pinhole after the foil restricts the trans- our hybrid dye-excimer laser system due to gain depletion
mitted radiation subsequently detected by a soft-x-ray spectrograpzl6]
ﬁ;oﬁgggrStLelggscamera Is used to align the temporal overlap of th A piezoelectric drive pulsed valve was used to release a
puises. gas jet with a particle density of about<30'’ cm 3. The

produced plasma, while lower-order harmonics are absorbef(?II target was located 8 mm behind the gas nozzle, and the

or reflected. The electron density is then inferred from the!aserdbeam whic:w?(gggct)%d th% high;]oro][e_rl h_lzi\rr]r_nonlcs flumi-
measured ratio of the transmitted harmonics. By measurin ated an ?reiocis Wic? ";mh OP tde otl. I IS g"’r‘lvefa_'?
the opacity of the plasma at various evolution stages, hpth tensity of ~ ¢t of the Tundamental on the foll,

and the electron temperatufg can be mapped out in time. but the area which was illuminated by harr_nomcs was
smaller. Figure 3 shows a measurement of the fifth harmonic

, beam spatial profile in two perpendicular directions in the
A. Experimental setup target plane. For this measurement, the foil target was re-
We used a short-pulse hybrid dye—KrF laser systenplaced by a pinhole of 5@sm diameter which could be
which provided 0.7-ps, 40-mJ laser pulses at a wavelength afhifted in the target plane. Cur¥a) was measured in the
248.5 nm with a 1-Hz repetition rafé5,16. The experiment direction, and has a Feadius ofw,=160 um. In the y
took place in a vacuum vessel of 1-m diameter evacuated tdirection a value ofv,=140 um is obtained. In general, the
a pressure of-10"° mbar. Figure 2 depicts the experimen- radius of a harmonic with ordeyshould be smaller than that
tal setup. Thep-polarized laser beam was divided into two of the fundamentdl17], which is in agreement with the ob-
parts, with one beam of 10-mJ pulse energy focused to aserved values. Typical energy conversion efficiencies for
intensity between 210" and 7x 10'* W/cn? onto a 70—  high harmonics are between10 ® to ~10"7, resulting in a
100-nm-thick polycarbonate foil targétexan 101, GE Plas- probe intensity of~10°—10" Wi/cn? for the fifth harmonic.
tics) in order to generate a dense plasma. The laser spdthe temporal duration is estimated to be less than 300 fs
diameter was measured with a microscope, and was varidshsed on blueshift measurements of the third harmonic of the
between 50 and 10m. The second temporally correlated KrF-laser radiatior{18]. Only linear absorption of the har-
laser pulse with 30-mJ pulse energy was focused into amonics in the plasma is considered at these intensities. The
inert gas jet, and reached an intensity oflinear absorption coefficient of Lexan increases from 35 up
~3x% 10" W/cn?. High-order harmonics were produced to 65 um™?! in the wavelength region between 35 and 50
down to a wavelength of 19.2 nfd3th harmonic of a KrF  nm [19]. Therefore the transmittance in the xuv spectral
lase)p, which acted as a probe beam. Harmonics beyond theange decreases from 3% to 0.2% in a 100-nm-thick foil, and
13th order could not be observed due to atrthick alu- the Lexan strongly attenuates the harmonics. A pinhole of
minum filter in front of the spectrograph. THe edges of 200-um diameter was located 30@m behind the foil to
aluminum are at 17 and 14.3 nm, respectively. In our caseestrict the area from which the transmitted radiation was
the fifth and seventh harmonics of the KrF radiation at 49.7Metected.
and 35.5 nm were intense enough to be used. After the foil burns through, the expected maximum elec-
Preplasma formation was not observed because the cotron density is~10°3 cm™3, while at later times hydrody-
trast ratio in the experiment was better thad.I0he contrast namic expansion and recombination will eventually lead to a
is defined as the ratio of peak pulse power to that of thalecay ofn,. The plasma was irradiated by the harmonics at
pedestal before the main pulse. A simple experimental testarious time delays, which could be adjusted with a preci-
was performed to confirm that no preplasma formation ocsion of about 60 fs by a delay line in one of the beam paths.
curred. The frequency doubled femtosecond seed pulse emithe zero time delay coarse alignment was performed by an
ted by the dye laser was blocked and only the amplifiedk-ray streak camera to withitt 2 ps. This was refined by the
spontaneous emissidiSE) of the excimer amplifiers was pump-probe measurement itself to a precision of about 0.5
focused onto the foil target. No damage of the foil was ob-ps, which is on the order of the pulse duration. A single shot
served with an ASE intensity of-10" W/cn?. If a seed soft-x-ray spectrograph with a spectral range from 2 to 70
pulse had been allowed to pass through the amplifiers, them was used for detecting the transmitted xuv radigt&i.
content of the ASE energy would have been even lower foA toroidal mirror imaged the source 1:1 onto a microchannel
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) @ Harmonies Moaso P @a=tps 3.3x10%% cm 2 immediately after the plasma creatifffig.
Sho T30 em 0. =2.3x10" cm 4(b)] to 2.5x107? cm 2 after an expansion time of 12 ps
= 100 0 109 [Fig. 4(f)].
‘_5; Tth
g 0 0 0 C. Analysis
= . . .
% @ At=2.5ps ol ©A=tps 3000 ) At= 12 ps As the harrr_10n|cs pass .through the foil pIa;ma, three dif-
21000 p =14x107 em® n, = 1.0x10% om® n,=2.5x10% em® ferent absorption mechanisms must be considered, namely,
E 200 bound-bound, bound-free, and free-free absorption. Each
500l 200 contribution has been estimated by assuming a plasma in
100 local thermodynamic equilibriunfLTE). LTE is valid for

quasihydrogeni&-shell ions whem, in cm™ 2 is larger than
5% 10Y(2*)8\T./eV for a given electron temperatufk,
and charge stateZz* [21]. For typical values of T,

FIG. 4. Measured spectra of the fiftd9.7 nm) and seventh =100 eV andZ* =4, the minimum electron density neces-
(35.5 nm harmonics of a KrF laser which were transmitted at dif- sary for LTE to hold is~2Xx10°?? cm 3. Since the mea-
ferent pump-probe time delays through a subpicosecond lasesured initial electron densities are larger tharf>16m™3,
produced foil plasma. The harmonics were produced in a neon gasTE is a valid approximation. The degree of ionization and
jet. In (a), part of the harmonic spectrum without a foil target is the |evel population of each ion species were calculated with
shown, while in(b)—(f) the spectra are shown when a dense plasmghe Saha equation and the Boltzmann distribution respec-
is present. The plasma was generated at a laser intensity @{ely. The empirical sum formula for basic resin polycar-
2Xx 10" Wicn? in a polycarbonate foil with a thickness of 100 nm. pp e i (GeH1.05),, which is the same for Lexan 1aGE
The electron density deduced from the intensity ratio of both harp,qtics ' MSDS Data sheetn the following calculations for
monics is given in each figure. the absorption coefficients the concentration ratio C:H:O

=16:14:3 was taken into account for the resulting plasma.
plate detector which was coupled to a photodiode array. A Absorption of the fifth harmonic at 49.7 nm due to bound-
free standing gold transmission gratif@p00 lines per mm  bound transitions in carbon can only arise from the

30 35 40 45 50 55 30 35 40 45 S0 55 30 35 40 45 S0 55
Wavelength (nm)

acted as a dispersive element. 2p%-2p3d  (A=49.9 nm) transiton in @ and the
1s3p-1s5d (A=49.7 nm) transition in @. The seventh
B. Results harmonic at 35.5 nm can be absorbed by the 3-5 transition

Figure 4 shows single shot transmitted spectra measur
at various delay times up to 12 ps for a plasma generated
a laser intensity of X10' W/cn? from a 100-nm-thick

foil. Wi i ig. i.e.
oil. Without a foil target[Fig. 4@)], i.e., at zero electron the wavelength range of the s2p>252p%(*P)3d (A

density, the fifth h i bout th ti
ensity, the o armotiic appears anout [hree Ames Mors og ¢ 357 nm) transitions in @. It has to be taken into

intense than the seventh harmonic when the harmonics are ¢ that the ionizati fi . q |
produced in neon gas. In Fig(s, a pinhole of 50xm di- account that the ionization energy of ions in a dense plasma

ameter (which is comparable to the focal spot Sizeas must be corrected with respect to their values in vacuum due

placed in the target plane instead of a foil. This ensures thaP 'OWe“'f‘g of the continuum edge.. Energy is releasgd when
(ﬁlectronqon pairs are immersed in a plasma, leading to a

the signal can be compared to the signal transmitted througreduction of the ionization energy which is quite substantial
a plasma of similar size which is shown in Fi f). : . ) S
b m 12 WhICN | wn in Figehi-4(f). In Lor solid density plasmas. The reduction of the ionization

contrast to 4a), when a dense plasma is present, the sevent . - )
harmonic is stronger than the fifth at zero de{@yump and Sir:/z:?%;?rzg]n lon with charge stafefor a Debye plasma is

probe overlap in timg as can be seen in Fig(#. When the
probe precedes the plasma creating pulse, only plasma self (Z+1)e?
emission as a background at all delay times is observed. The AE.=
intensity ratio of the transmitted seventh to fifth harmonics,

Ry, gradually decreases with increasing time ddlBigs.

4(c)—4(f)] and reaches after several picoseconds the originavhere\p is the Debye radius. This formula estimates reduc-
ratio, indicating that both harmonics are transmitted equallytions of AE,.~(Z+1)X9.3 eV and Z+1)X13.7 eV for
Qualitatively this series of spectra shows the expected behaW-.=150 eV, n,=3.4x10% cm 3 (A\p~1.6 A) and for

ior: in the case of a dense plasrh@ig. 4b)], the higher T,=50 eV, n,=2.5x10" cm 3 (\p~1.1 A), respec-
frequency is transmitted more effectively than the lower fre-tively. Hence, due to the large reduction of the continuum
guency. The ratio gradually decreases while the plasma iedge, the upper states of the above mentioned transitions are
freely expanding and recombining, which results in a de+o longer bound, and all fall into the continuum. This means
creasing electron density with time. For long times betweerthat bound-bound absorption does not have to be considered
the plasma creation and the probe radiation the original ratifurther.

is almost recovered since a sufficiently dilute plasma trans- A substantial contribution arises from bound-free absorp-
mits both harmonics equally. The electron densities inferredion or photoionization. Actual photoionization cross sec-
from the intensity ratio are shown in each plot. This is ex-tions for atoms and ions witd<30 can be found in Refs.
plained in detail further below in Sec. Il C. They range from[23,24]. A good interpolation formula that fits the smoothed

sorbed by 82p3-2s22p?(®P)4s (A=50.0 nm) transi-
ons in On, and by &23p-1s?4d (A=49.8 nm) transi-
tions in Ovi. The wavelength of the seventh harmonic is in

i%}: 35.6 nm) in Cvi. In oxygen, the fifth harmonic can be
|

~ 4meohp | @D
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contribution of each threshold energy to the photoioniza- 100 100 - —
tion cross section as a function of photon energig [24] o o (b) Tu=54eV:
5 g =0.5ps
v\ S v\ st E g =3 \
op(v)=o1| B - +(1-5) - , vy, T 10 =op e R Y
T T = I S
22 I =
= ~ t=0
where o is the cross section at the threshold, ghdnds 1o 1 P —
are tabulated constants. The interpolation formula is a gooc Electron Density (10% con™) Electron Density (10” cm®)

approximation for photon energies within a few times the

threshold energy. Typical values for the cross sections of the FIG. 5. (3) Calculation of the seventh to fifth harmonics trans-
different carbon and oxygen ion species are on the order ghitted ratio through a 100-nm foil plasma as a functiomeffor
1018 cn?. Photoionization was calculated for each atomicVvarious electron temperatures. The solid, dashed, and dotted curves
shell (K,L,M, ...) of thedifferent carbon, hydrogen, and Were calculgted by determining the degree of ion.ization with the
oxygen ions. Due to continuum lowering only the levels upSaha equation, while the open symbols are for a flxt_ao_l _charge state
to the highest bound state were taken into account. The cro&§ 3-9: (b) The temporal evolution of the ratio for an initially 100-
sections were calculated using B@.2), assuming that the NM-thick plasma sheet witio=54 eV.

thresholdvt is lowered according to Eq2.1). We calculate ) o
a maximal absorption coefficient afy<4x10° cm * for ~ Wheredis a phase shift given by=2m(1+27,d/\). The

both harmonics in the case of a Lexan plasma wifl, ~ Product Re*® is small compared to unity, and never ex-
=0.94x10% cm 3 and T, in the range of 50-150 eV ceeds 0.02 and 0.01 for the fifth and seventh harmonics,
which is relevant for our experiments. The mass density of¢SPectively. Neglecting multiple beam interference, Eq.
specific gravity of Lexan 101 is 1.2 g/Gmresulting in an (2.3 is a valid approximation which results in an error of
average ion particle density of,,=0.94x 10?® cm 3. The €SS than 5% for the deduced. _ _
absorption coefficients for photoionization are at least 25 NOW We are in a position to calculate the transmitted sig-
times smaller than those for free-free absorptiom, inverse @l of the seventh and fifth harmonics as a functiomef

bremsstrahlung which were calculated using the Drude 'N€ curves in Fig. 5 show the ratys of the transmitted
model (see below and are aq(5)~3x10° cm ! and seventh and fifth harmonid$or variousT, at 100-nm thick-

a;(7)~1x10° cm ! for the fifth and seventh harmonics ness as a function of, calculated assuming LTE. The Saha
respectively an,=3x 107 cm 3. Therefore, photoioniza- equation was solved for a carbon plasma in order to deter-

tion contributes less than 4% to the total absorption under thBN€ the degree of ionization for each temperature and den-

present conditions and only collisional heating is considered!ly- !N contrast, the open symbols were calculated assuming
in the following analysis. a fixed charge state of 3.9. As one can dRg; is not very

In order to extract botm. and T. from the measured Sensitive to the degree of ionization. For a given ratio the
e e . . . .
spectra, the dependence of the refractive indexohas to electron density can be directly inferred from this graph. At

be known. For the data evaluation the standard Drude moddf0 delay a ratiddeduced from Fig. @)] of 92;1? was

is used to derive the plasma refractive index. The Druddneasured, which leads to an initial electron density between
model was further refined by taking higher correlation effectdleo=(3-2+0.2)x 10°® and (3.9 X 10?* cm™3, assuming
into account, which are relevant for high density, as de-Te=50 and 300 eV, respectively. The ratio depends only
scribed in Sec. Ill. The Fresnel formula is applied in order toweakly onT.. Although the simultaneous determination of
describe the reflection of the harmonics assuming a stedpoth ne and T, using asingle measurement is ambiguous,
density gradient plasma, which is justified in our case agach can be uniquely determined by observing the time evo-
discussed below. The probe radiation impinges perpendiculdytion of Rys. For a delay of -0.5 ps no harmonic contribu-
to the plasma surface and the fraction of the radiation that i§ons are detected, and therefore the plasma is produced be-
reflected is given byR=|(7—1)/(»+1)|2. The fractionT  tween -0.5 ps and zero. The burn-through time for a 100-nm
of the radiation transmitted through a homogeneous plasmi®il is estimated to be about 0.5 ps, which is calculated as-
sheet of thicknessl with a boxlike electron density profile suming an ionization front velocity of 1:810" cm/s[25] as

that is probed under normal incidence is measured for similar laser intensities and similar plasma con-
ditions. The ionization time of the foil target is shorter than
T=(1-R)2e 2, (2.3  the presently used laser puls@s7 ps, but for shorter laser

pulses it restricts the temporal resolution around zero time

taking into account back-reflection at the rear density stepdelay. This might be resolved by using thinner foils or pro-
Here only the linear absorption coefficiemt= 2(w/c)7; for ducing a faster shock_ wave at a_h|gher laser intensity, which
collisional absorption is utilized. If multiple beam interfer- helps to shorten the ionization time of the target.

ence is considered due to reflection at the rear and front After the foil burns through and the laser pulse ceases, it
density steps, the formula for the transmitted fracfiohe- 1S assumed that the plasma undergoes an adiabatic expansion
comes due to the lack of heat transport and negligible radiation

cooling. To a good approximation the plasma expansion is

(1-R)2e-ad uniform and planar at the two outer edges since the lateral

— , (2.4) plasma dimensiorfabout 50 wm) is much larger than the
(1- Re™ *%)2+ 4 Re *9sir?(8/2) thickness of the expanding plasma sheet. A constant expan-
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FIG. 6. (a) The measured ratios of the seventh to the fifth har- 0 2Delfly T6ime8(psl)0 12

monics(solid squares which were inferred from the spectra in Fig.

4, are shown as a function of the delay time. The dashed and dotted F|G, 7. Decay of the charge state normalized to the initial

curves are calculations of the ratio assuming various initial electroharge state due to recombination in an expanding carbon plasma.

temperatures without taking recombination into account. The solidrhe curves are calculated for various initial temperatures. The Saha

curve is the best fit that takes recombination into accolmtThe  equation is solved for each time step.

evolution ofng inferred from(a) (solid dotg is shown together with

a calculation forT¢o=66 eV (solid curve. 1.2'33 at 12 ps. The curves shown in Figabare calcula-
tions of the temporal evolution of the ratio for various initial

sion at the ion sound velocity;€ \((Z)kgTeo)/Mion iS as- electron temperatures. The dashed and dotted curves are cal-
sumed, wherg(Z) is the degree of ionizationT, is the  culations neglecting the effect of recombination. In that case
initial electron temperature, ard,,, is an average ion mass the dotted curve withT,,= (54739 eV fits the measured
taking into account the concentration of the different ionvalues best resulting in an initial electron density o,
species in the Lexan target. Faf)=3.4 andT,=54 eV,a =(3.2'39x10% cm 2 by using Fig. 5. In addition to the
value of g=5x10° cm/s is obtained, resulting in a plasma plasma expansion, recombination also results in a drop in
expansion of about 0.6:m in 12 ps which is much smaller n.. The effect of recombination is considered here by esti-
than the lateral plasma dimension of about a@n. The mating how the degree of ionization evolves for a carbon
electron density decays with time like=n.y(d,/d), where  plasma using the Saha equatisee Fig. J. For delay times
Neg is the initial electron densityd, the initial thickness, and in excess of~5 ps, an additional decreaseripg by at most
d=dy+cAt the thickness for a time delayt. The electron a factor of 2 is estimated. Figure 7 shows a calculation of the
temperature develops in time according tdf, decreasing degree of ionization normalized to the initial
=Teo(do/d)?"1, wherey=$ is the adiabatic coefficient. In charge state as a function of time for variolig,. Plasma
Fig. 5b), R, is calculated using Eq2.3) for various time  adiabatic expansion leads to cooling, and therefore to a de-
delays for an expanding plasma witlg=100 nm andT, creasing charge state with time. The data were reanalyzed
=54 eV. For increasing time delays the curves are conincluding the effect of recombination. The recalculated de-
stantly shifted to the left, which implies a decreasing densitycay is shown as solid line in Fig.(#, and approaches the
for a given measured ratio. Simulations of an expanding foiexperimental values at later delay times more accurately. The
plasma were performed with the one-dimensional Lagrangbest fit is obtained for a slightly higher initial temperature of
ian hydrodynamic cod®lEDUSA [26,27] in order to check (66f§8) eV. Figure @b) shows the electron densities in-
the assumption of adiabatic expansion. For time delays up tterred from the experimental measuremefsslid circleg
1.0 ps, the foil expansion modeled bygDUSA is essentially  versus time, together with the calculated decay. The de-
adiabatic. By comparing the predicted maximum electrorduced initial plasma parametersAt(=0) are ng=
density from (3.3 %107 cm 3 andT4=(66'3) eV. The thickness
MEDUSA with that from the adiabatic expansion model of the foil is known to within an accuracy of 10%, and re-
above, we find that the electron density of the latter is accusults in an error of about 3% in the determinationngf.
rate to within 20% in the first picosecond. For longer delay As mentioned earlier, the Fresnel formula is applied in
times (up to 5 p$ the electron density determined by adia- order to describe the partial reflection of the harmonic probe
batic expansion tends to exceed the electron density preadiation at the vacuum plasma interfaces. It turns out that
dicted by MEDUSA. For delay times larger than 5 ps, the under the present conditions the transmitted probe radiation
electron densities found fromebusA are about half of those intensity is controlled by absorption, and the exact shape of
given by pure adiabatic expansion. However, we will use theelectron density profile is not important for the reflectivity.
simple adiabatic expansion model for data evaluation, sinc€igure 8a) shows the reflectedsolid curve and the ab-
it provides the possibility of a fit to the experimental data insorbed (dashed fraction of the incident fifth harmonic
contrast to using a hydrodynamic code. In addition, the fithrough a dense carbon plasma of thickness 70 nm as a func-
which reveals the initial density and temperature is most sertion of n,. At the critical density of the fifth harmonic of
sitive within the first 2 ps when recombination is not signifi- 4.5x 107> cm3, the reflectivity reaches a value of 30%. As
cant. This justifies the use of the simple adiabatic expansioaxpected, the transmissivity of the foil plasma, which is
model. shown in Fig. 8b), decreases with increasimg. A calcula-
Figure @a) showsRy5 (square symbojsextracted from tion that includes reflectiorfsolid curve gives a slightly
the measuremertFig. 4) as a function of time. The ratio at lower transmissivity than the calculation that takes only ab-

zero delay is initially 9.253, and decreases with time to sorption into accountdashed curve The error one would
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FIG. 8. (a) Absorbed and reflected fractions of the fifth har- FIG. 10. (a) The measured ratio of the seventh to the fifth har-

m_onic radiation transmitted through a 70-nm _car_bor) plasma layef,qnics (solid squaresversus delay time for a plasma that was
with Teo=150 eV and an average degree of ionization of 8. generated in a 70-nm-thick foil at a laser intensity of 5

The transmissivity of the fifth harmonic as a functionmgfinclud- X 10 W/cn®. The curves are calculations for the time depen-
ing reflection(solid curve, and by taking only absorption into ac- yence of the ratio for various initial electron temperatures. For the
count(dashed curve dotted and dashed curves recombination was neglected, while the

. . ._solid curve is the best fit taking recombination into acco(ntThe
make by determining the density from the dashed curve INavolution ofn, inferred from(a) (solid squaresis shown together

stead of the solid curve, i.e., ignoring reflection, is about 5%t a calculation forT.,=122 eV (solid curve.
over the whole density range. The assumption of a steep

plasma gradient is therefore not critical for the quantitative : Co
results monic, which is almost completely collected by the spec-
) trograph for each scale length. This was taken into account in

More important for the determination of the plasma den-

sity is refraction of the harmonics in a steep lateral densit3;[he uncertainty of the determiney. Density fluctuations in

gradient, which is shown schematically in Fig. 9. High har_the central part of the distribution are expected not to be

monics are incident from the left hand side onto a foil plasmacr't'cal’ since even for gradients of up toc0*® cm™* the

with a radial electron density gradient at the boundary toradlatlon is always in the acceptance angle of the spec-

unionized foil material. This causes a gradient in the refrac-trograph'

tive index which tends to bend the xuv radiation into the

direction of the gradient. The refraction angle is smaller for D. Second and third experiments
shorter wavelengths, and therefore this might influence the In a second experiment the plasma was generated
measured ratio of the seventh to the fifth harmonics. Qualiin a 70-nm foil with a laser intensity of about 5
tatively this effect is negligible for small transverse scalexlom Wien?. vielding the initial parameters ofn—
lengthsL because the annular area in which refraction occur 0. 0231 y T3 9 B H? . €0

is small compared to the focal area. On the other hand, fo 4'3*0-g)><1 cm andTeO—(122,5§) .eV. Figure _1(Oa)

large transverse scale lengths the index gradient becomé@ows.the measu.red and calculated ratios as funcpons of the
small, and consequently refraction decreases again. A mo _Iay_tlme, and Fig. 1@) shows the e>_<tracted dgnsny decay
detailed description of the calculation is found in the Appen-W'th tlr_ne. Th_e faster_decay (37/5 indicates a_hlg_heﬂ_'eo,

dix. Refraction of the harmonic radiation in the plasma dueWh'Ch. IS (_:onS|stent with the higher degree of ionization. Re-
to a lateral density gradient has to be considered for radia(fomb'mit'o.n was not conS|d§red for the.dotted and dashed
scale lengths shorter than 10m. The relative refraction CUrves: while the solid curve is the best fit and takes recom-

losses (L x;)/(1—x) (see the Appendixstay below 1.2 Pination into account. It should be emphasized that the time
for all scale lengths which means that the loss of the fifth€volution of Ry is only a function ofneg and Te. These
harmonic is at most 20% higher than for the seventh hartWo parameters are directly obtained from the measurement.
Figure 11 shows a sequence of measured spectra obtained
in a third experiment, where a helium rather than a neon gas
jet was used. Spectra of harmonics transmitted through a
® plasma produced in a 100-nm Lexan foil at a laser intensity
of 2x 10" W/cn? are displayed for various delay times.
r __Plasma The fifth and seventh harmonics generated in the helium gas
jet [Fig. 11(a)] now appear to be equal in strength without a
foil target. Qualitatively the same behavior is observed as in
R Fig. 4, and the extracted ratios are displayed in Fig. 12 as a
-~;~_—-_~_~_>{___ function of time showing the evolution of the plasma. The
----- L deduced initial conditions ar@.,=(61"59 eV and ng,
=(3.2"39x 10 cm 3.
Foil The measured values for, obtained from all three mea-
FIG. 9. Schematic of the refraction of high harmonics in a |at_syrements at zero time ‘?'e'ay are between 23,% and 35%
eral electron density profile.(r) of a foil plasma. The inset on the Nigher than the values which were calculated using the Saha
left hand side qualitatively shows the decreaseotvith radiusr. ~ €guation. The measured maximum electron densitps
In the steepest part of the density gradient, considerable refractiorr (4.3° 99 X 107 cm 3, and appears to be slightly higher
of the harmonics occurs upon propagation through the plasma shed¢han then,=3.8x 10?3 cm™2 that is calculated for a fully

n@ L

High Harmonics
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FIG. 11. Spectra of the fift49.7 nm) and seventl{35.5 nm) harmonics of a KrF laser transmitted at different pump-probe time delays
through a subpicosecond-laser-produced plasma. The plasma was generated at a laser intensil oi@cn? in a foil with a thickness
of 100 nm. The harmonics were produced in a helium gas jet.

ionized but unexpanded foil. A possible explanation mightregion. Further theoretical investigations were performed us-
be that a shock front during the laser interaction leads to &ng a refined Drude conductivity model, where the dipole
local increase of the density, and therefore higher electropolarizability of the iong28] and both screening effects and
densities are measured at zero delay time. This is confirmedensity dependent transport cross sections in the Born and
by simulations usingueDUSA, which show that during the T-matrix approximations were taken into accouyg®,30.
laser interaction time a shock wave leads to electron densilthough only the measured ratio of the harmonics need be
ties of up to 5<10%® cm™? for the laser parameters which used to determine, andT,, the relation between the elec-

were used in the experiments. tron density and the refractive index is essential for an inter-
pretation of the results. The refractive index of the harmonics
IIl. OPTICAL PROPERTIES OF DENSE PLASMAS was calculated for a carbon plasma with a temperature of 150

) . . . eV and an average degree of ionization of 5.2 as a function

The experiments with the KrF laser at intensities arouncsf y_ in order to study correlation effects relevant for high
10" W/cn? have shown that a high density plasma with agensities. This yields a coupling parameter [6£0.9 for
moderate electron temperature is produced. Such a pIasrrh%: 45x 1023 cm 3.
enters the regime of strong coupling, and hence " The gptical properties are determined by the complex di-
femtosecond-laser-produced plasmas are well suited to stugiectric function which is equal to the square of the refractive
this interesting range. Usually, the plasma paramdter ingex (5,+i7;)2=&(w). Usually, for a laser-produced
=1/(ne\3) describes the degree of coupling, whérg is  plasma, the generalized Lorentz-Drude dielectric function is
the Debye screening length. The plasma is strongly couplegiven by
whenI'>1. A rough estimate for the plasmas we are gener-
ating (Ne~3x10% cm 3 and T,~50 eV) yields T ) _
~3.8 \p~1 A), and therefore deviations from an ideal @p !

; . . e=gqgtiey— =gqptieyyt —o(w),
plasma might be present. We now consider higher correla- 107 1%20 107120 (@)

o(wt+ive) weg
tion effects which are relevant for strongly coupled plasmas (3.1
[10] and influence the optical properties in the xuv spectral

1.0 T T
12 T T T T T " T T T (a) Born
0.8 —s»— T-Matrix g
=100 nen, 4 P w |- Thomas-Fermi
o 10r d,=100 nm 8 = ool T Do &
= & g
Q 8l i — = 9.0
: ER oL
< ) /
T or ) 02 — 1 ="
5 \‘\ -
v 4} . 0.0 s L A L 106° s L L L
~ 2 4 6 238 N 10 2 4 6 283 310
§ 5l i Electron Density (10 cm™) Electron Density (10~ cm™)
ol o v v s FIG. 13. Reala) and imaginaryb) parts of the refractive index
0.0 05 1.0 15 2.0 25 3.0 of a dense carbon plasma as a functiomgfor the fifth harmonic
Delay Time (ps) of KrF radiation. Four different calculations were performed for

T.=150 eV and a charge state of 5.2. The solid curve represents

FIG. 12. Measured signal rati@olid squaresas a function of  the result of the standard Drude model, while the dotted curve and

the delay time deduced from Fig. 11. The curve is a calculation forsquare symbols are the results of calculations including high density

the time dependence of the ratio assuming=61 eV. The curve effects. The dashed curve has been obtained by calculating the re-
includes recombination, and is the best fit to the experimental datdractive index including the ion dipole polarizability effect.
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wherew,= Jnee?/eo,m, is the local plasma frequency(w)  the general case of multiple scattering a numerical solution
is the complex conductivityy,; is the electron-ion collision has been obtainedrématrix approximation[33]:

frequency, ana is the permittivity of free space. The quan- .

tities £,¢ ande o describe the contribution of the bound elec- 4w .

trons to the dielectric function which are; ;=1 and &y Q'(k)= ?IZEO (I+1)sif[§(k)— 6 11(K)]. (3.7

=0 for free electron metals or a fully ionized plasma.

When the electron thermal velocity greatly exceeds therhe s are phase shifts following from the solution of Schro
maximum oscillatory velocity, the so-called Spitzer- dingers equation for the Debye potentiaVp(Kk)
Braginskii formula for the collision frequency can be applied — g2/ (¢ (k2+ A52).

[31]; Figures 13 and 14 show the re@ and imaginary(b)
parts of the refractive index for the fifth and seventh harmon-

2 2 3/2
,,ei:i /27.,(2_6) ( Me ) ics of the KrF wavelength, respectively, as a function of the
3 4meome) \KpTe electron density. The solid curve represents the calculation
) for the standard Drude formula, while the dotted curve and
“n. E Inl 1+ Brmax n 1 1 the squares are the results of the Born anmatrix calcula-
i ] 2 ) . . . . .. .
2 Bmin b max tions, respectively, taking improved collision frequencies
1+ Bimin into account. The dashed curve displays the results of the

calculation including ion dipole polarizability. These calcu-
(3.2 lations for the dielectric function were performed with the
Thomas-Fermi model to evaluate the charge density distribu-
tion inside an ion, and with Bloch’s hydrodynamic model
e[r28,34}| to account for the coupling between the electrical
high frequency field and the plasma. Since no collisions were
included in this model, the dashed curve has a singularity at
the critical density.

For electron densities below >410% cm 2 Born,

where Z and n; are the degree of ionization and the ion
density, respectively. When the maximum impact paramet
bmax greatly exceeds the minimum impact paramdigy,,
the Coulomb logarithm is usually described by Aln
=IN(bmax/bmin)- IN an ideal plasmah ., is taken to be the
Debye screening length, while,,, is given by the impact

parameter for perpendlcular_deﬂe_ctlon. This holds only as. i,y and ion polarizability calculations show almost no
long as tr;e number of particles in the Debye SphiSEe  jayiation in the real part of the refractive index with respect
=(4m/3)\pn, is large compared to unity. For high denﬁmes to the Drude model, while in the imaginary part a discrep-
and low temperatures, the ion sphere radius(3/4mn)"™  ancy of up to a factor of 2 appears. At electron densities
was taken admax- . exceeding % 10?® cm 3, one also observes deviations in
To improve the standard Drude formula 1) with respect  he real part. However, the standard Drude model has been

to collisions, we start from the relation of the complex con-ghown to be a reasonable approximation even for high den-
ductivity o) to the dielectric function, which is valid in  gjty plasmas.

the long wavelength limitg;o=1, &20=0), The signal of the transmitted fifth and seventh harmonics
. is now calculated as a function of, and is compared to the
e(w)=1+ '_U(w)_ (3.3 Drude model which was the basis of the data evaI_ue_[Fngl
weg 15(@)]. The calculations including improved collision fre-

o quenciegdotted curve and square symbdiend to predict a
In the nondegenerate case, the conductivity can be calculatgfigher transmission than the calculations for an ideal plasma.

[29,32 from Consequently, the calculated ratio shown in Figlbl®f the
o 39 . . seventh to fifth harmonics versus, is shifted toward a
_ eNeAGh dk kexd —Ey/kgTe] 4  higher electron density, which means that for a given mea-
o(w)= 3m§kBTe (2m)3 vei(K)—iw - 3.4 sured ratio the inferred electron density is even higher than

with the previous analysis. The plasma parameters obtained

HereK is the wave vector of the electroBS=#2k%/2m, is from the measurement which is presented in Fig. 10 are clos-

the kinetic energy, and .= \/Zwﬁzl(mekBTe) is the thermal L0
wavelength. In contrast to E@3.2) the electron-ion collision
frequency is now a function of the wave number, and can be

g
determined from the transport cross section £ 06 “;
[~} <
— g
Vel K)=NjvQT(K), 35 Z ™[ Bm \ 2
—u— T-Matrix N §
) ) 3 0.2 . Thomas-Fermi LS
wherev, is the thermal velocity. The cross section can be —— Drude
found analytically in the Born approximation M=% % 10 S R T
Electron Density (107 cm™) Electron Density (10” cm”)
2 4k2\3 o -
Q'(k)= 7 In(1+4k2)\2D) — it (3.6) FIG. 14. Reala and imaginaryb) parts of the refractive index
aok4 1+4k2)\D of a dense carbon plasma as a functiomgffor the seventh har-

monic. For these calculations the same conditions as in Fig. 13 are
whereay,=4megh?/(Z€’°m,) is a modified Bohr radius. In  valid.
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become important for densities abovex 50?2 cm™3. The
2 (b) imaginary part of the refractive index in the density range
E E 100, | — Drude ' from 1x10? cm 3 to 1x10?* cm 2 is slightly overesti-
é e e mated by the Drude model when compared to theories in-
2 g ol cluding correlation effects, relevant for high density plasmas.
& z / The method described here will give valuable information of
_ = / plasma parameters relevant for experiments in the fields of
BT am e inertial confinement fusion, and x-ray laser development, and

in general for the investigation of high density strongly
coupled laser-produced plasmas.

FIG. 15. (a) The calculated behavior of the transmitted fifth and
seventh harmonics as a functionmmf. The solid curve represents
the result obtained from the standard Drude model, while the dotted The authors would like to thank B. U. Felderhof for valu-

curve and square symbols are the results of calculations includingble discussions. and for a critical readin .

. . - ! , g of the manuscript.
high de_nsn_y e_ffects. In(b) the ratio of the _seventh to the fifth We also would like to thank P. Gibbon for his help with the
harmonics is displayed vs the electron density. -

MEDUSA code. This work was supported by the European
: : : Community in the network “Super Intense Laser Solid In-
est to that used for the calculations. Including the improve- )
g P teraction” under Contract No. ERB4061 PL 95-0765, and by

ments an initial electron density of 48.0°% cm™2 is in- he D he Forsch inschaft Under C N
ferred for this measurement, which is 4% higher than:[|_|_el 70%713(1: e Forschungsgemeinschaft under Contract No.

previously stated.
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IV. CONCLUSION APPENDIX: REFRACTION OF HARMONICS

In this appendix, refraction of harmonics in a steep lateral
nsity gradient is calculated. For an intermediate scale
ifngth refraction must be taken into account which is treated

A method has been presented to measure both the evolﬁ—
tion of the plasma free electron density above®16m 3 e
and the electron temperature with subpicosecond time res . S )
lution. It relies on a pump-probe experimental arrangemen ere in the approximation of geometrical opti&s)],

1 _ Va0

where ultrashort laser produced high harmonics are transmit-

ted through a thin foil plasma which is generated by a sepa- _R(F) = G (A1)
rate ultrashort laser pulse. The transmitted harmonic radia- R K

tion is measured for various delay times, and from thewhereR(r) is the radius of curvature of the rays that are bent
temporal behavior botim, and T, are obtained. We have in a locally changing refractive index(r), andN is a unit
shown that electron densities can be measured to within gector in the direction of the tangent of the ray path. We
precision of 20% for zero delay time. To the best of ourconsider only a change in the radial component of the refrac-
knowledge the technique is one of the most precise availablgye index assuming cylindrical symmetry with tlzedirec-

in the density range above #0cm™®, and in addition has  tion as the direction of the incident beam. Equatié) can
subpicosecond temporal resolution. The interaction of 0.7-pghen be rewritten as

KrF-laser pulses with thin polycarbonate fo{l80—100 nm

at intensities up to 510 W/cn? resulted in electron den- 1
sities of up to (4.339x10?® cm 2 and electron tempera- R(r,a)
tures of up to (12223 eV. Theoretical studies of the opti- i
cal properties of a carbon plasma in the xuv range showedhere « is the angle betweelN and the refractive index
that density effects in the real part of the refractive indexgradient. The radiation that passes through the foil plasma is

dy(r)/dr

:COS(CK)W,

(A2)
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FIG. 16. Calculation of the refraction of the fiftsolid curve and seventtidotted curve harmonics for a lateral electron density profile
(dashed curvewith a softened flat-top-like distribution and a maximumngf=3.2x10?® cm™3. In (@) a radial scale length of 8.&«m is
assumed, which is defined as the length over which the density drops from 90% to 10% of the maxirth)ra. $nale length of 4.4um

is assumed, resulting in a stronger deflection of both harmonics. The half collection angle of the spectrograph is 8 mrad, and therefore part

of the fifth harmonic that is incident in the range of the steepest density gradient will be lost.
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deflected with an angl®, which depends on the electron sured ration, tends to be overestimated. A correctionRyfs
density profile and the thickness of the plasma slab. with respect to refraction is not possible, since the exact
Figure 16 shows a calculation of the total angular deflecvalues of the scale length and the shape of the electron den-
tion @ (see Fig. 9 for a 100-nm-thick foil plasma with a sity profile are not known. However, an estimate of the effect
radial flat-top-like density profile and a maximum electronwill be given in order to cover this uncertainty. Suppose
density of n=3.2x10°®> cm™3. Figure 16a) shows the cal- refraction losses diminishes the measured signal of the har-
culation for a radial scale length of 8.am, and Fig. 16o) monics by a factor okg and x,, respectively. In this case
that for a scale length of 4.4:m. The radial scale length is R, including refractive losses, will be
defined here as the length over which the density drops from
90% to 10% of the maximum. The refraction of the fifth R _Hryans H7rer  H7and1—X%7)
harmonic is stronger than that of the seventh harmonic, as " Heg yans Hsrer  Hsupandl—Xs)
expected, but in cag@) the whole signal of both transmitted ' ’ '
harmonics will still be collected by the spectrograph with alt is assumed that the refraction and absorption are indepen-
half collection angle of 8 mrad. In Figure @ part of the  dent processes, and that the detected signal is linearly dimin-
fifth harmonic is so strongly deflected that it is out of theished due to refraction losses. The measured f@ithout
acceptance angle of the spectrograph, and hence the meafractive corrections must be divided by the factor
sured ratio of the seventh to the fifth harmoniRs,, willbe  (1—x7)/(1—Xg) in order to calculate the correct value for
slightly higher than without refraction. Hence, from the mea-n,.
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