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Abstract

High-resolutionK-shell spectra of a plasma created by superintense laser irradiation of micron-sized Ar clusters have
been measured with an intensity above®1/cm? and a pulse duration of 30 fs. The total photon flux ok 208
photongpulse was achieved for He resonant line of Ar(A = 3.9491 A, 3.14 keV. In parallel with X-ray
measurements, energy distributions of emitted ions have been measured. The multiply charged ions with kinetic energies
up to 800 keV were observed. It is found that hot electrons produced by high contrast laser pulses allow the isochoric
heating of clusters and shift the ion balance toward the higher charge states, which enhances both the X-ray line yield of
the He-like argon ion and the ion kinetic energy.
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1. INTRODUCTION The interactions of intense laser fields with clusters exhibit
distinctive features from other targetBosthumus, 2001
Recent development of ultrashort, high peak-power lasefhis is because the clusters absorb most of the incident
systems, based on the chirped pulse amplificatioRA) laser energy, and the absorbed energy cannot dissipate due
technique, opens up a new regime of laser—matter interto the finite system of clusters. This heats up the clusters
action (Perry & Mourou, 1994 Nowadays a focusing of significantly and leads to a number of characteristic phe-
such laser pulses produces laser peak intensities well abov@mena such as enhanced emissions of X rays in the
10%° W/cm? One of important features of such an inter- kiloelectron volt rangg McPhersoret al, 1994, genera-
action is that a laser pulse duration is much shorter than theon of kiloelectron volt electrons and multiply charged
typical time scale of hydrodynamic plasma expansion, whichons with kinetic energies up to 1 MeVDitmire et al,
allows isochoric heating of matter, that is, a generation 0fL998, and nuclear-fusion events using collisions of fast
hot plasmas at near solid dengigidmannretal, 2003. The  ions from deuterium cluster@itmire et al,, 1999. They
heated region remains in the dense state for 1-2 ps befosre expected to be utilized as a debris-free X-ray source
significant expansion begins. The previous study predict$or microscopy or lithography, an electrgion source for
that X-ray emission from plasmas characterized by overcrita table-top accelerator, and an neutron source for a mate-
ical densities occur on time scales comparable to the laseial damage study.
pulse duration, whereas emission from plasmas at or below Achievement of isochoric heating in cluster media is a
critical density may last for times longer than the laser pulsgpromising way to develop a debris-free ultrash@st-ps
duration(Junkel-Viveset al.,, 2002. intense X-ray source for time-resolved X-ray diffraction
experiments. When a sufficiently short and intense laser
. ) pulse is used, the laser energy is deposited before the cluster
Address correspondence and reprint requests to: Yuji Fukuda, Advanced . . . . .
an expand. However, to establish isochoric heating in
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preplasma formation by a laser prepulse. The preplasm I
formation dramatically decreases X-ray emission yield. In
this study, to suppress the preplasma formation, we elimi
nated the prepulse using Pockels cell switches. In additior
we tried to increase the cluster size using a specially designe
conical nozzle, which could produce massive clusters with
diameter of~1 um. These approaches contribute to guar-
anteeing the direct interaction between the high-densit
cluster and the main fs pulse, and to establish isochori
heating.

To better understand a fundamental aspect of the laset
cluster interaction, we have in this article carried out sys-
tematic investigations of X-ray radiation properties of high-
density and high-temperature cluster plasma, created b
the action of superintense laser irradiation. Moreover, the
interrelationship between the X-ray radiation properties
and ion kinetic energies was examined by the simulta- X-ray CCD image
neous measurements of X-ray radiation spectra and io
energy spectra. He He,

5th order ! y
Satellites

2. EXPERIMENTAL PROCEDURE He, ~ ~
4th order

el

The experiments were performed with the JAERJoto,
Japan 100 TW Ti:sapphire laser system based on the tech
nique of chirped pulse amplification, which was designed tc~200 - {\_
generate 20-fs pulses centered at 800 nm at 10 Hz repetitic ; A
rate and capable of producing focusing intensity up t¢°10
W/cm? (Yamakawaet al., 1998. In this study, the amplified I 1
pulses were compressed to 30 fs by a vacuum pulse con 3.95 4.20
pressor yielding a pulse energy up to 320 mJ. In this systerm,, Wavelength (A)
after the regenerative amplifier, the pulses go through twasig. 1. Aschematic diagram of the experimental setdpthe off-axis /3
double Pockels cell switches to eliminate a prepulse, whiclparabolic mirror,(2) the laser beam(3) the specially designed pulsed
comes before the main pulse by 10 ns. The laser pu|5@)nicgl nozzle(4)th§cIustergasjetS)thefocusingspecFrometerwiththe
contrast achieved, that is, the ratio of the laser power in th&herically bent mica crystalf) the vacuum compatible X-ray CCD
. . camera(7) the ion detector for TOF measurements.
maximum of the main femtosecond pulse to the prepulse
power, wasC = 2 X 10° A schematic diagram of the
experimental setup in JAERI is shown in Figure 1. In a
vacuum target chamber, the compressed laser pulses were
focused by anf3 Au-coated off-axis parabolic mirror. The eter has been equipped with a spherically bent mica crystal
measured spot diameter was Lin at Je? of the peak (R=150 mm and a vacuum compatible X-ray CCD camera
intensity, which was 1.1 times as large as that of the diffrac{DX420-BN, ANDOR). A spherically bent mica crystal has
tion limit. Approximately 64% of the laser energy was been placed at the distance of 381.2 mm from the plasma
contained in an 1km Gaussian spot. Ar clusters were source and has been centered at 4.05 A, which corre-
produced by expanding a high-press(pe= 60 bay Argas  sponds to the Bragg angle= 54.3 for the fourth reflection
into vacuum through a specially designed pulsed conicabrder of the mica crystal. The reflection plane of the spec-
nozzle; the input and output diameters of the nozzle wer¢rometer was oriented along the direction of the laser beam
0.5 and 2.0 mm, respectively, and its length was 75 mm. Th@ropagation to obtain a spatial resolution in the transverse
parameters of the nozzle were obtained from the numericalirection. The size of the emission zone in that direction was
modeling of a cluster target using the code developed at thestimated as-200 um. In parallel with the X-ray measure-

A J

Institute of Mathematical ModelinRAS; Dorchieset al,, ments, the kinetic energies of the multiply charged ions,
2003. By using this nozzle, the Ar clusters with an averageAr"*, ejected from the laser—cluster interaction region were
diameter larger than &Am can be produce@~ukudaet al,, measured by a time-of-fligifTOF) method. The 737-mm-

2003). The laser beam was focused about 1.5 mm downtong flight tube was oriented perpendicular to both the
stream from the nozzle. The spatially resolved X-ray spectraluster beam and laser polarization axes. The ions fly through
were measured using a focusing spectrometer with spatidhe field-free region, and are detected by a dual microchan-
resolutionFSSR-2D; Blascet al.,, 200]). Such a spectrom- nel plateg MCP; F4655-12, Hamamatsu
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3. RESULTS AND DISCUSSION calculation based on a time-dependent Boltzmann-kinetic
model, a pulse duration of a Hgline is estimated as 3 ps
(Abdallahet al., 2004). The pulse duration measurement for
3.1. X-ray emission spectra generated X rays is now in progress. The number of photons
Nphot in @ 4ar sr solid angle for Hg, resonance line of Ar
Figure 2 shows the plasma emission spectrum measured @& = 3.9491 A, 3.14 keVY was estimated by assuming a
the Ar gas pressure of 60 bar with a laser intensity 0f4.3 symmetric emission of X rays using the relation
10'°W/cm?, a pulse duration of 30 fs, and a laser contrast of
2 X 10°. This spectrum was accumulated for 600 laser shots. . ( 365 )
The resonantHe,;) and intercombinatiotiHe,,) lines of phot = "0\ 314x 10° | Jecp
the 1s2p—1s? transition in the He-like argon ions are observed
in the fourth reflection order as well as the clearly resolved X (tacq- fiaser Tiit - Peryst Pccp) ™
structure of the dielectronic satellite lines in the Li-like
argon ion and radiation lines from the autoionizing stategvhereNis the number of CCD counts per pixelA = 5.8 X
1s2s™2p" of the lower charged Be-like to F-like argon ions. 10* A), gecp is the CCD gaint,q the acquisition time,
The lines Bnp-1s2 (n = 3—6) in the He-like argon ion are fiaser the repetition rate of the laser pulsg, the transmis-
observed in the fifth order at the same spectral recor@ion of filters, p. < the crystal reflectivitypccp the quan-
together with the dielectronic satellites of the3p-1s2  tum efficiency of the CCD sensor, amdl = AxAy/a® the
line. Note that only a small amountkf, emission4.1947 A solid angle from the target that contains X-ray radiation.
was observable in this experiment. HereAxAy is the size of the reflected zone on the crysal,
From the relative intensity of Hg and He,, lines, the is the distance between target and crystal for thg,Hee.
plasma electron density was estimatetlas 2x10?2cm=2  In our experimentAx = 0.032 mm,Ay = 3.4 mm,a =
(Junkel-Viveset al, 2002. Note that this density is about 10 376 mm,N = 7040 electrons per pixeficcp = 7 electrons
times greater than that of the critical density for Ti:sapphirePer A/D, tacq = 60 S,fiaser = 10 HzZ, 751 = 0.8, peryst = 0.01,
lasers(Ngi = 1.7 X 102 cmi2), indicating that isochoric  Pcco= 0.92, SNy is estimated as 2 10° photongpulse.
heating of the cluster target was established. The X-ray Figure 3 shows the cluster size dependence of X-ray
radiation from such an overcritically dense plasma is expecte@Mmission spectra. The top, middle, and bottom curves

to be an ultrashortfs—p3 X-ray source. According to a represent the spectra measured with a laser contrast of
3 X 102 at Ar gas pressure of 60, 50, and 40 bar, respec-

tively. Note that no X ray was observable at the Ar gas
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Fig. 3. The cluster size dependence of X-ray emission spectra measured at
Fig. 2. The time-integrated X-ray emission spectrum of laser-irradiatedan intensity of 3x 10'® W/cm? a pulse duration of 30 fs, and a laser
micron-sized Ar clusters measured at an intensity ofx1 20 W/cn?, a contrast of 3x 10%: Ar = 60 bar(top curve; Ar = 50 bar(middle curve;
pulse duration of 30 fs, and a contrast ratio 0k 20°. Ar = 40 bar(bottom curve.
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pressure of 40 bar. According to the hydrodynamic calcu3.3. Interrelationship between X-ray emission

lation (Fukudaet al, 2003), at Ar = 40 bar the cluster properties and ion kinetic energies

size (average diameter of 200 nm is much smaller than

that (average diameter of 1 um) for Ar = 60 bar. Thus, The laser contrast dependence of X rays and ion energy
in the case of the 40-bar experiment, the prepulse coul@pectra was investigated. Figure 5a shows the laser con-
almost completely destroy the clusters. This result demontrast dependence of X-ray spectra. The upper curve is

strates the important role of large clusters, and the validitybtained at an intensity of & 10 W/cm? and a laser
of the nozzle designing. contrast of 2x< 10°. In this case, the intense resonance line

(He,,) of He-like argon ions is observed. However, as
shown in the lower curve, the observed spectrum changes
3.2. lon energy spectra dramatically with the change of the laser contrast from 2
10° (smaller prepulseto 50 (greater prepulde The line
To investigate interrelationship between X-ray emissioryield of He-like argon ions falls down significantly and
properties and ion kinetic energy, in parallel with the X-ray X-ray emission from Be-like argon ions is dominant. This
measurements, the kinetic energies of the multiply charge@an be explained by the important role of laser prepulse.
ions, Ar"*, emitted from the laser—cluster interaction region With the greater prepulse, the intensity of the prepulse is
were measured using the TOF method. The ion energ@bout 1° W/cm? This is quite enough to ionize the clus-
spectrum was obtained by translating the TOF spectrum intters, and the main pulse interacts with a lower density
an energy distribution function for the ions using the rela-preplasma. In this case, itis difficult to produce Ar ions with
tion, f(E) = f(t)(dE/dt)"* = f(t)m; 11 2t3, whereE is the
ion kinetic energym; the ion masd, the length of the flight
tube, and the flight time. From the ion energy distribution

function, the mean ion energii,,, defined asE,, = (a) )
JEf(E)dE/[f(E)dE, was calculated. The uncertainties in Car
the E,.,, thus obtained are estimated to be less tha¥. 10x103 o

Figure 4 shows the typical ion energy spectrum obtained at &

alaser intensity of % 10'8W/cm?, a pulse duration of 30 fs, =

and a laser contrast of 2 10°. The maximum ion energy > 20 -

observed is as high d5,., = 800 keV, and the mean ion %

energy was calculated &g, = 90 keV. The number of ions =

produced in a 4 sr solid angle with kinetic energies of 5 He, He,

100 + 1 keV is estimated as-10° per pulse by taking S 101

account of the quantum efficiency and gain of the MCP <

detector and assuming a symmetric emission of energetic C=50
ions. Similar ion energy spectra are measured with different 0 -

laser contrasts and pulse durations. T T T T T
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Fig. 4. lon energy spectrum calculated from the ion TOF spectrum, whichFig. 5. The laser contrast dependencéda&fX-ray spectrum an¢gb) mean
was measured at an intensity 0k3L0'8 W/cm?, a pulse duration of 30 fs,  ion energy measured at an intensity of 30'8W/cm? and a pulse duration
and a laser contrast of2 10°. of 30 fs.
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higher charge states by electron impact ionization. On the(a) 104 o 0%
other hand, the laser contrast dependence on the mean ion — 1500 s
energy is shown in Figure 5b. The mean ion energy slightly 8- BT
increases with the laser contrast. These results demonstrate «« | [\ .. $42x10° A
that hot electrons produced by high contrast pu(sesller 6 14.0x10° A

prepulse shift the ion balance toward the higher charge

Intensity (arb.units)

states, which enhances both the X-ray yield of the He-like 44
argon ion and the hydrodynanfiCoulombic pressure.
The pulse duration dependence of X-ray and ion energy 21
spectra was investigated at a fixed laser energy of 49 mJ, 0

which corresponds to an intensity of>3 10'® W/cm? at A j T ' T )

30-fs pulse duration. As shown in Figure 6, the mean ion 3.944  3.948 3.952  3.956
energies for various pulse durations practically do not change Wavelength (A)

within an experimental uncertainty, although an increase in
pulse duration slightly increases the X-ray yiédde Fig. 7a

This resultis contrary to the previous results for nanometer-
sized clusters, where it has been shown that the influence of
the pulse duration on the ion energy distribution and the
X-ray yield was significan{Parraet al., 2000; Magunov

et al,, 2001; Fukudaet al., 200d). If we assume uniform,
sonic expansion of the cluster plasma, the import role of the
pulse duration in the laser—cluster interaction is interpreted
in relation to the cluster lifetime,~ (No/Ngit )Y *R/Cs, for
clusters to expand to the surrounding ambient gas density, 0.04 |
whereR s the initial cluster radiusCs is the plasma sound 0 ' 2'0 ' 4'0 ' GIO '
speed N, is the initial electron density of the cluster, and
Ngit IS the critical electron densityDitmire et al, 1996.
For nanometer-sized clusters with a typical Il,fetlme-&f:_ Fig. 7. a: The pulse duration dependence of thg Hime shape for a fixed
1-10 ps, the several hundred femtosecond time scale is Wgllser energy of 49 mJ. Open circles, triangles, and squares represent
suited to maximize the resonant heating, where the electrogkperimental data for pulse durations of 30, 500, and 1000 fs, respectively.
temperature and the cluster expansion velocity increaséhe solid, dotted, and broken lines represent Doppler profiles obtained by
dramatically. However, for micron-sized clusters with afitting_ the central part of the Iir_1e tg the experimental data_. b: The pqlse
much longer lifetime, it is obvious that the several hundreu‘ci:{flj'lzz‘eg?foen:?ﬁgcsogglt:res;?f“C energies for the He-like argon fons
femtosecond time scale is too short to optimize the resonant

heating.

0.2

0.1

Intensity (arb.units)

lon energy (keV)

To further confirm this result, the kinetic energies of
100 He-like argon ions were evaluated from the Doppler profile
of the He,, line. Figure 7a shows the changes of the, He
line shape with the pulse duration for a fixed laser energy of
49 mJ. The solid, the dotted, and the broken lines are
Doppler profiles obtained by fitting the central part of the
lines to the experimental data. The corresponding values of
line width are indicated on the plot. Figure 7b shows the
- difference in intensity between experimental data and cal-
culations, which represents the contribution from fast ions
to the line intensity in the blue wing and thus relates to the
fastion energy distribution function. The values are normal-
ized to corresponding maximum intensity at the center of

the He,, line. The ion energy was calculated from the
0 100 200 300 400 500 Doppler shift by the relation
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Fig. 6. The pulse duration dependence of mean ion energy measured at a E= M—C <M> ,
fixed laser energy of 49 mJ and a laser contrast &fZ0°. 2 A
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whereM is the ion mass antl is the transition wavelength. of clusters heated by femtosecond laser puRes. Sci. Instrum.
The results show that with increasing the pulse duration, the 72, 1956-1962.

relative contribution to the X-ray yield in the Hgline from ~ DITMIRE, T., DONNELLY, T., RUBENCHIK, A.M., FALCONE, R.W.
fast ions decreases, although the mean and maximum ener- & PERRY, M.D. (1996. Interaction of intense laser pulses with
gies of fast ions do not change significantly. This result is_ 2tomic clustersPhys. Rev. &3, 3379-3402.

consistent with a trend in the direct ion energy measureP T™RE: T-. SPRINGATE, E., Tisci, LW.G., SHAo, Y.L., MAson,

.. . M.B., HAy, N., MaraNGos, J.P. & HurtcHINSON, M.H.R.
ment. Moreover, itis found thatapulk COmp_onent offastion (1998. Explosion of atomic clusters heated by high-intensity
energy is smaller than _the mean ion energigf = 90 keV _ femtosecond laser pulseé3hys. Rev. /57, 369—382.
calculated from the direct ion energy measurement. Thigy . \vize T ZweiBack, I.. YANOVSKY, V.P., CowaN, T.E.. Hay,
result indicates that, at the time of Fidine emission, most G. & WHaARTON, K.B. (1999. Nuclear fusion from explosions
of the He-like argon ions are located at the high-density of femtosecond laser-heated deuterium clustiiature 398
central part of cluster plasma. More elaborate examination 489-492.
of the electric field structures and the electron densityDorcHIEs, F., BLasco, F., CAILLAUD, T., STEVEFELT, J., STENZ,
structures is required to conclusively answer the time evo- C., BOLDAREV, A.S. & GasiLov, V.A. (2003. Spatial distribu-
lution of micron-sized clusters. tion of cluster size and density in supersonic jets as targets for

intense laser pulseRhys. Rev. &8, 0232011-0232018.
EibmANN, K., ANDIEL, U., P1sanI, F., HAKEL, P., MANcINI, R.C.,
4. CONCLUSION JUNKEL-VIVES, G.C., ABDALLAH, J., JR. & WITTE, K. (2003.
K-shell spectra from hot dense aluminum layers buried in
Systematic investigations of the laser—cluster interaction carbon and heated by ultrashort laser puldeQuant. Spectr.
was carried out by the simultaneous measurements of high- Radit. Transf81, 133-146.
resolution X-ray emission spectra and ion energy spectrd,VKUPA Y- YAMAKAWA, K., AKAHANE, Y., AOYAMA, M., INOUE,
produced by the laser irradiation of micron-sized Ar clusters N UEPA: H-- ABDALLAH, L, Ik, CSANAK, G, FAENOV, A.Ya..
at laser intensities of 610 W/sz. To suppress the MacGunov, A, Pikuz, T.A., SKOBELEV, 1.YU., B.OLDAREV,

; . i . A.S. & GasiLov, V.A. (2003). X-ray study of microdroplet
preplasma creation, we have designed a special conical ,a5ma formation under the action of superintense laser radia-
nozzle and eliminated a laser prepulse. The results indicate tjon. JETP Lett.78, 115-118.
that the explosion time scale for the micron-sized clusters igykupa, Y., Yamakawa, K., AKAHANE, Y., AOYAMA, M., INOUE,
much longer than that for nanometer-sized clusters. It iS N., Uepa, H. & Kisuimoto, Y. (200%). Optimized energetic
found that hot electrons produced by higher contrast pulse particle emissions from Xe clusters in intense laser fighthys.
(smaller prepulseallow isochoric heating of clusters and Rev. A67,0612011-0612014.
shift the ion balance toward the higher charge states, which/NKEL-VIVES, G.C., ABDALLAH, J., JR., BLAscO, F., DORCHIES,

enhances both the X-ray line yield of the He-like argon ion > CAILLAUD, T, BONTE, C., STENZ, C., SALIN, F, FAENOV,
and the ion kinetic energy A.YA., MaGgunov, A, Pikuz, T.A. & SKOBELEvV, l.Yu.

(2002. Evidence of supercritical density in 45-fs-laser-irradiated
Ar-cluster plasmasPhys. Rev. &6, 0332041-0332045.
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