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Properties of nitrogen cluster plasmas produced by an intense, ultrashort laser pulse have been investigated
numerically and experimentally. The classical dynamics simulations show that on increasing the cluster size a
plasma with residual electron energy above 1 keV can be created due to collisional heating, which is consid-
erably higher than the value obtained with a conventional low-density gas target. Experimentally, nitrogen gas
jets created by two types of nozzles were irradiated with a laser pulse of 55 fs, up to 1.2�1017 W/cm2. A
seeded gas jet consisting of nitrogen and helium was also employed to promote the production of large clusters.
The influences of the shape of nozzle, the seeded gas, and the gas jet stagnation pressure on the properties of
plasmas were examined by spectroscopic observations. K-shell emissions showed that for the gas jet using the
conical nozzle the electrons underwent intense collisional heating within the large clusters, resulting in the
production of highly charged ions. In contrast, the emissions observed with the capillary nozzle exhibited the
characteristics of a cold plasma without suffering substantial electron heating, indicating the absence of large
clusters. That is, the differences between the two types of nozzles in the efficiency of electron heating and
subsequent residual energies after the passage of the laser pulse, which are strongly dependent upon the cluster
size, drastically changed the properties of the produced plasmas. The reason that for the capillary gas jet the
plasma density deduced from the recombination spectra was significantly higher than the value obtained using
the conical nozzle is also given by the difference in residual electron energy.
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I. INTRODUCTION

Recently, cluster plasmas produced by intense, femtosec-
ond laser pulses have attracted a great deal of interest for
potential applications in x-ray sources �1�, particle accelera-
tion �2�, and neutron sources from nuclear fusion reaction
�3�.

The most prominent difference between atomic cluster
and gaseous targets subjected to ultrashort laser pulses arises
from the heating mechanism underlying the production of
high-energy electrons and highly charged ions. Since the in-
ternal density in a cluster is near the solid density, numerical
calculations on the basis of the “nanoplasma” model have
shown that efficient absorption of the laser pulse via colli-
sional heating �inverse bremsstrahlung� within the clusters
would result in the creation of a hot, dense cluster plasma
�4�. Actually, when a deuterium cluster was irradiated with
an ultrashort laser pulse, the production of ions of energies
up to 1 MeV has been observed, which is high enough to
induce the D-D nuclear fusion reaction �3�. On the other
hand, for a low-density gas target, the collisional heating will
be suppressed due to infrequent electron-ion collisions, and
thus the residual electron energy after the passage of the laser
pulse is described by the above-threshold ionization �ATI�
energy. Therefore, it is expected that the cold ATI electrons
generated will play an essential role in realizing a recombi-
nation pumping x-ray laser in an optical field ionization
�OFI� plasma �5,6�.

Further insight into the expansion dynamics as well as the
heating mechanism of nanocluster plasmas has been obtained
using the nanoplasma model �4�, molecular dynamics simu-
lations �7,8�, and particle-in-cell �PIC� codes �9,10�. The
nanoplasma model developed by Ditmire et al. �4� has
shown fairly good agreement with the experimental results
�11,12�, in which inverse bremsstrahlung plays an important
role in the production of a high-temperature plasma. A recent
numerical study by Magi et al. �13�, however, has indicated
that the electron-surface collision contributes to enhancing
the electron collision frequency, and thus the plasmon reso-
nance was overestimated in the nanoplasma model. On the
other hand, a classical dynamics simulation by Ishikawa et
al. �8� has identified the explosion dynamics of small clus-
ters, and successfully explained the asymmetric ion emission
from a Xe cluster in intense laser fields, which was observed
experimentally �14�. In addition, a three-dimensional �3D�
microscopic PIC code developed by Jungreuthmayer et al.
�15� has revealed that the macroscopic electric field induced
in and around the cluster due to polarization caused dephas-
ing between the laser-driven motion of the electrons and the
laser field, resulting in laser-dephasing heating. However,
since no numerical method that is capable of simultaneously
taking into account all of the microscopic, macroscopic, and
expansion phenomena has been proposed so far, the interac-
tion of clusters with ultrashort, high-intensity pulses is still
an open question.

On the other hand, various experimental researches have
been carried out using time-of-flight measurements of ions
and electrons and emission spectroscopy. Spectroscopic ob-
servations provide useful methods to elucidate not only the
expansion dynamics of cluster plasmas but also the ioniza-*Email address: namba@hiroshima-u.ac.jp
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tion and recombination processes. Moreover, the properties
of expanding plasmas, such as electron density and tempera-
ture, immediately and well after the laser pulse can be de-
duced from spectral analysis. Ditmire et al. observed the soft
x-ray emissions from Ar and Kr cluster plasmas to identify
the ionization processes and heating mechanism within the
clusters responsible for the production of highly charged ions
�4�. In addition, the long-lived x-ray emissions arising from
collisional excitation in the initial hot, dense cluster plasma
and the subsequent low-density, cold bulk plasma were ob-
served using an x-ray streak camera. The temporal emission
behavior observed was in fairly good agreement with the
simulation of cluster plasmas on the basis of relatively
simple assumptions. Moreover, Junkel et al. analyzed Ar
K-shell spectra associated with the interaction of Ar clusters
with a 45 fs, high-intensity laser pulse �16�. Comparison of
the experimental intensity with that derived from a
collisional-radiative model has indicated that there existed a
small number of energetic electrons ��5 keV�, and a plasma
with the supercritical density around 2�1022 cm−3 was
demonstrated.

We have studied the nitrogen cluster plasma produced by
interaction with an ultrashort, high-intensity laser pulse. The
reason why the nitrogen cluster was chosen is that compared
with heavy rare-gas clusters such as Kr and Xe, the atomic
structure is even simpler, and discrete line emissions from
highly charged ions can be assigned easily. In addition, the
high-density nitrogen plasma generated by ultrashort laser
pulses has been recognized to be a promising medium from
the viewpoint of OFI x-ray lasers �17�.

On the other hand, the nitrogen plasma is also of interest
as the lasing medium of an alternative pumping scheme for
x-ray lasers �18�. Chichikov et al. have proposed a charge-
exchange recombination scheme, in which the intrinsic char-
acter of the cluster would provide favorable conditions for
population inversion �19�. In the case of a mixture of clusters
and atomic gas subjected to ultrashort laser pulses, the clus-
ter should be heated up due to collisional heating and ionized
to highly charged ions, whereas atoms that do not undergo
condensation should be neutral or ionized to a lower-charged
stage, in which tunneling ionization dominates over the ion-
ization processes. For nitrogen clusters and helium atoms,
the charge-exchange recombination N7++He→N6+�n=4�
+He+ �20� is the most attractive reaction as the pumping
process required for soft x-ray lasers. Since the reaction has
a large cross section ��10−15 cm2� �21�, population inver-
sions between n=4 and the lower levels were expected. The
expected lasing wavelengths are 1.9 and 9.9 nm for N6+

n=1–4 and n=2–4 transitions, respectively. According to
the barrier suppression ionization �BSI� model �22,23�, the
threshold intensity to ionize He atoms is evaluated to be
1.5�1015 W/cm2, while for large nitrogen clusters of
10 000 atoms/cluster subjected to ultrashort pulses with this
intensity, the averaged residual electron energy after the pas-
sage of the laser pulse will reach 170 eV. As a result, a
strongly nonequilibrium plasma that consists of highly
charged nitrogen ions and He atoms is likely to be attained
without difficulties on interpenetration of both species.

The purpose of this study is to investigate the properties
of nitrogen cluster plasmas produced by an intense, ul-

trashort laser pulse. In Sec. II, the method of our simulation
based on a classical particle-dynamics approach to study the
laser-cluster interaction and the results of its numerical
implementation are described. In Sec. III, the nozzles used
for the creation of clusters and the seeding technique em-
ployed to enhance the clustering efficiency are presented. In
Sec. IV, we show that spectroscopic observations of K-shell
emissions provide useful information to understand that the
difference in the efficiency of electron heating via inverse
bremsstrahlung at the early stage using two types of nozzles,
which is dependent upon the cluster size, drastically changes
the properties of the plasmas produced. Also, the electron
temperature and density in the recombination stage well after
the laser irradiation will be presented. The conclusions will
be given in Sec. V.

II. SIMULATION OF CLUSTER PLASMAS

In order to understand the dynamics of heating and ion-
ization in clusters subjected to an ultrashort, high-intensity
laser pulse, we have developed a Monte Carlo classical par-
ticle code which has been recognized to be a useful method
to study the laser-cluster interaction �7,8�. The trajectories of
ions and electrons exposed to the laser and the Coulomb
fields acting from all the other particles can be traced by
solving the relativistic equations of motion for them, in
which the Lorentz factor �= �1− �� /c�2�−1/2, representing the
relativistic effect, is taken into account. The relativistic treat-
ment, however, makes no significant difference at the laser
intensity with which we are concerned in this study. As for
the ionization process, tunneling ionization given by the
Ammosov-Delone-Krainov theory �24� was incorporated in
the program, while for electron impact ionization the empiri-
cal Lotz formula �25� was also used. The actual ionization
event and the position of the electron ejected from the atom
and ion are calculated by the Monte Carlo technique. The
electron energy just after the ionization is expressed by the
ATI energy, which depends on the laser phase when the ion-
ization takes place. At t=0, atoms in the cluster are arranged
in space with the appropriate internuclear distance. By solv-
ing the momentum equation for the individual particle, the
energy and position of the particles at time t can be deter-
mined.

On the other hand, we neglect the interaction of the
relevant cluster with particles emitted from another cluster.
Eloy et al. �26� studied a multicluster system using relativis-
tic 2D and 3D PIC codes, in which hydrogen and
argon clusters were irradiated with ultrashort, high-intensity
laser pulses of 20 fs, I=1017–1020 W/cm2. It was found that
the presence of another cluster in the gas jet greatly influ-
ences the maximum ion energy for high-intensity laser irra-
diation. In the case of lower intensity, however, it seems to
be insignificant.

Figure 1 shows the temporal evolutions of averaged elec-
tron and ion energies under a linear-polarized laser pulse
with �=800 nm, pulse width �pulse=50 fs with Gaussian
shape, laser intensity of I=1.2�1017 W/cm2, and nitrogen
cluster size of Ncluster=100 atoms/cluster. Since the internal
density of the cluster is sufficiently high �7.1�1022 cm−3�,
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the electrons efficiently absorb the laser energy via the Cou-
lomb collision �inverse bremsstrahlung�. Here, the averaged
electron energy is given by the sum of laser-driven and ther-
mal electron energies. The pure thermal electron energy can
be obtained by tracing each bottom point of the oscillating
energy curve. Although the electrons expand from the cluster
at the early stage of the interaction, their motions can still be
restricted due to the strong laser field, resulting in the quiv-
ering motions around the cluster core. The collisional heat-
ing, therefore, might be effective even at the peak intensity.
The average electron energy at the peak laser intensity
reaches �12 keV and then decreases toward the averaged
residual electron energy ���=267 eV. In order to examine
the dependences of plasma temperature on the cluster size
and laser intensity, the averaged residual electron and ion
energies after the laser pulse were calculated. Figure 2 shows
the calculated residual energies, �a� cluster size dependence
for I=1.2�1017 W/cm2, �pulse=50 fs, �b� laser intensity de-
pendence for �pulse=50 fs, Ncluster=1000. On increasing the
cluster size, the residual energies also increase, reaching
above 1 keV at I=1.2�1017 W/cm2 and Ncluster=10 000.
Even in moderate laser intensity such as I=1�1016 W/cm2,
the collisional heating contributes to increasing the kinetic
energies, as shown in Fig. 2�b�.

On the other hand, for a single atom or small cluster with
a few atoms irradiated by ultrashort laser pulses, the ioniza-
tion process is primarily dominated by the tunneling ioniza-
tion due to the strong laser electric field, since the density is
low enough to suppress the collisional heating. The residual
energy of electrons, therefore, is expressed by the ATI energy
�27�, in which the electron energy distribution has a non-
Maxwellian shape and a peak at residual energy of zero. As
shown in Fig. 2�a�, for Ncluster=3 the residual electron energy
is evaluated to be ���=44 eV, which is almost the same
value as the ATI energy of a single atom �45 eV� �28�. As a
result, a significant high-intensity laser is required to produce
fully stripped nitrogen ions in a gaseous target without large
clusters. The increase of the atomic density in the gas jet,
however, causes this situation to drastically change due to
the collisional heating in an underdense plasma, even when

large clusters are absent. Since the collision frequency of
electron and ion is in proportion to Te

−3/2 �29�, the cold ATI
electron produced by the optical field ionization is favorable
to Coulomb collision. A numerical calculation by Ditmire
has shown that inverse bremsstrahlung in a plasma ion den-
sity above around 1019 cm−3 plays an important role in rap-
idly increasing plasma temperature �30�. Our calculations
also exhibit that the residual electron energies for nitrogen
gas densities of 2�1019 and 2�1020 cm−3 increase to
around 90 and 470 eV, respectively, at the laser intensity of
1.2�1017 W/cm2.

III. EXPERIMENTAL SETUP

The experiment was carried out with a Ti-sapphire laser
operated at �=800 nm at JAERI Kansai. The pulse width
was measured to be about 55 fs with an autocorrelator. The
spot size focused with a f /10 lens with a 50 cm focal length
was around 50 �m. The maximum laser intensity on target
was I=1.2�1017 W/cm2. The contrast between the prepulse
and the main pulse was about 105.

Nitrogen cluster targets were created with pulsed super-
sonic nozzles. When high-density gas is injected into the
vacuum, atoms bonded together by van der Waals force are
produced due to cooling associated with an adiabatic expan-
sion. Moreover, it is well known that clustering can be

FIG. 1. Temporal evolutions of averaged electron and ion ener-
gies for nitrogen cluster �Ncluster=100 atoms/cluster� irradiated with
�=800 nm, �pulse=50 fs, I=1.2�1017 W/cm2 laser pulse. Ion en-
ergy is multiplied by 100.

FIG. 2. Dependence of the residual electron and ion energies on
�a� cluster size �I=1.2�1017 W/cm2� and �b� laser intensity
�Ncluster=1 ,000�.
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greatly enhanced using a conical nozzle with a throat be-
tween converging and diverging sections. In order to study
the influence of the nozzle shape on clustering efficiency, a
conical type nozzle with 0.2 mm� throat and a capillary
type nozzle with 0.8 mm� were used �see Fig. 3�. The laser
pulses were focused onto the gas jet at a distance of around
1.0 mm from the nozzle exits. The gas density adjacent
to the capillary nozzle exit under the backing pressure
Pb=15 atm was determined to be around 2�1019 cm−3 by
an interference measurement with a He-Ne laser, while for
the conical nozzle the average gas density on the jet axis was
about 1�1017 cm−3 at the same stagnation pressure, which
was estimated from spatial distribution of the gas density
measured with a fast ionization gauge. The average cluster
sizes can be estimated by the Hagena empirical law �31�. The
average sizes of Ncluster�12 000 and 1500 atoms/cluster at
the nitrogen pressure of Pb=15 atm are expected for the
conical and capillary nozzles, respectively.

On the other hand, a seeding technique was applied to
promote the formation of larger clusters �32�. In a gas mix-
ture consisting of a low concentration of heavy seed gas
�nitrogen� in light carrier gas �helium�, the characteristics of
the supersonic beam are dominated by the more abundant
lighter gas. This method, therefore, allows the seed gas to be
accelerated to the beam velocity of the carrier gas and also
allows the internal degrees of freedom of the heavier gas to
be cooled considerably. Moreover, it is shown that the
heavier species tend to concentrate on the gas jet axis. As a
result, the enhancement of clustering efficiency, leading to
the creation of large clusters, can be expected. Actually, the
advantage of the seeding method was confirmed by Rayleigh
scattering measurements in the admixture gas jet �4�. In order
to examine the effect of the seeding method, i.e., the pres-
ence of large clusters in the gas jet, on the properties of the
plasmas produced, the partial pressures of nitrogen to helium
gas of 30, 50, 70, and 100 % were employed in the present
study.

Soft x-ray emission from the laser-produced plasmas was
measured using a grazing-incidence spectrometer with a flat
field grating �1200 lines/mm� in a direction perpendicular to
the laser propagation. A gold-coated spherical mirror with
curvature of 3520 mm was used to collect the x-ray emis-
sion. The detectors were a back-illuminated charged coupled
device �CCD� camera for time-integrated measurements and

an x-ray streak camera for the measurement of the time-
resolved spectrum. The quantum efficiency of the CCD cam-
era and the diffraction efficiency of the grating were taken
into account in deriving the relative spectral intensities of
H-like, He-like, and Li-like nitrogen ions.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Analysis of H- and He-like ion spectra

Figure 4 shows the emission spectrum from the nitrogen
plasma produced by the conical nozzle �mixture of N2 30%
and He 70%� under the backing pressure of Pb=23 atm and
the laser intensity I=1.2�1017 W/cm2. In this wavelength
region, the Lyman series of H-like and He-like nitrogen
ions and He-like and Li-like satellite lines were observed.
Since the average gas density at the focus point of the
laser pulse was low enough ��1017 cm−3� for the conical
nozzle, the atoms and ions should be predominantly ionized
via the tunneling ionization process in a strong laser
field. According to the BSI model �22,23�, however, the
threshold intensity required to generate H-like ions corre-
sponds to 1�1019 W/cm2, over two orders of magnitude in
excess of the present laser intensity. Also, it is important to
note that only highly charged ions up to the ground state of
He-like ions can be produced by field ionization. Neverthe-
less, the fact that H-like ion spectra as well as He-like ones
were observed with the conical nozzle suggests that the large
cluster should be formed in the gas jet, resulting in the cre-
ation of high-temperature cluster plasmas due to the efficient
deposition of laser energy within the clusters.

Further evidence of the appearance of large clusters in the
gas jet of the conical nozzle is provided by the behavior of
He-like emissions under the seeded gas injection consisting
of the admixture gas of nitrogen and helium. Figure 5 shows
the dependences of the emission intensities of He-	 and 

and � of nitrogen on the partial pressure of nitrogen under
Pb=15 atm and I=1.2�1017 W/cm2. It is of great signifi-

FIG. 3. Schematic diagram of gas jet nozzles: �a� conical and �b�
capillary nozzle. The laser pulse was focused onto the gas jet at a
distance of around 1 mm from the nozzle exits.

FIG. 4. H-like and He-like emissions from the nitrogen plasma
produced by irradiation of 55 fs, I=1.2�1017 W/cm2 laser pulse
onto the gas jet �Pb=23 atm�. For the conical nozzle, the seeding
fraction was N2 30% and He 70%, while for the capillary, N2 100%,
at which intense emissions were observed.
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cance to note that the He-like spectra are one of the measures
of whether the high-temperature plasma is generated, since
the excitation energy of E=430 eV is required for the pro-
duction of He-like 2p levels. For the conical nozzle, the
bright emissions have been obtained at the fraction of N2
30%. Considering that the seeding method enhances cluster-
ing efficiency, the result obtained indicates that the larger
cluster necessary to produce higher-temperature plasma as
shown in Fig. 2�a� should be formed in the conical gas jet
with decreasing partial pressure of nitrogen.

On the other hand, for the capillary nozzle �N2 100%,
Pb=23 atm�, the H-like Ly series and satellite lines cannot be
observed as shown in Fig. 4, indicating that the electron
temperature was not high enough to create the excited states
of H-like ions. Moreover, contrary to the results obtained
using the conical nozzle, the intense emissions of He-like ion
were observed at the fraction of N2 100% as shown in Fig. 5.
This probably implies that there did not exist a large cluster
in the capillary gas jet, even with the aid of the seeding
method at Pb=15 atm. The reason that the nitrogen did not
undergo clustering efficiently for the capillary nozzle may be
that the adiabatic cooling early in the expansion was not
sufficient to grow the large cluster. The laser pulse, therefore,
did not interact with large clusters but mainly with the high-
density gas and small clusters. Although the tunneling pro-
cess would produce cold bulk electrons whose energies are
not high enough to generate the excited levels of He-like
ions, the result that the emissions from He-like ions can also
be observed for the capillary nozzle suggests that the under-
dense plasma enough to heat the electrons due to inverse
bremsstrahlung could be generated. As will be described
later, the plasma density for the capillary nozzle was found to
be about 1019 cm−3, around which the collisional process be-
gins to contribute to the heating of electrons �30,33�, and
hence this interpretation is reasonable in describing the heat-
ing mechanism responsible for the production of He-like ex-
cited levels in the capillary gas jet. However, considering
that the intensities of He-like ions observed using the capil-
lary nozzle were considerably low compared with those ob-

tained by the conical jet, significant electron heating suffi-
cient to allow the production of a large amount of H-like ions
as well as He-like excited levels is not likely to take place for
the capillary nozzle as shown in the previous section.

The next discussion concerns the influence of the gas jet
backing pressure on the properties of the produced plasma.
According to the Hagena empirical law, the average cluster
size against the stagnation pressure increases in proportion to
Pb

2.35 �31�. Figure 6 shows the dependence of the He-	 in-
tensity of nitrogen on the backing pressure under the fraction
of N2 30% for the conical nozzle and N2 100% for the cap-
illary at the laser intensity of 9�1016 W/cm2. For the coni-
cal nozzle, the He-	 intensity is almost saturated and tends
to be rolled over at Pb=25 atm, which may be explained by
the existence of an optimum cluster size for heating the elec-
trons within clusters as reported in Ref. �4�. Meanwhile, for
the capillary nozzle the intensity drastically increased by an
order of magnitude at Pb=25 atm, around which the large
clusters may begin to be formed in the capillary gas jet.

In order to understand the temporal behavior of the
plasma, measurements using the x-ray streak camera were
also performed. Figure 7 shows the temporal evolution of the
He-	 intensity observed for the conical gas jet under the
conditions of Pb=15 atm and N2 30%. The origin of the time
on the abscissa axis was determined by a fast photodiode
detector, and the timing jitter of laser pulses was around
400 ps. The other emission lines of He-like and H-like ions
observed exhibited similar behaviors. For the capillary
nozzle, no signal was observed because of the weak emis-
sion. In spite of the laser pulse width of 55 fs, the spectral
intensity began to rise around 1 ns after the laser irradiation,
and then disappeared around 1.8 ns. The cluster expansion
time in the present study is evaluated to be shorter than 1 ps
�4�, and hence the hot, overdense cluster plasma evolves into
a cold, underdense plasma immediately after the laser pulse.
Consequently, it is reasonable to suppose that the x-ray emis-
sion observed reflects the property of the recombining
plasma formed well after the clusters expand, rather than that
of the plasma produced during and immediately after the
laser irradiation. This feature also implies that the time-

FIG. 5. Seeding effect on He-like intensities under the experi-
mental conditions of 1.2�1017 W/cm2 and Pb=15 atm. For the
conical nozzle, the bright emissions were obtained at N2 30% due to
the appearance of large cluster, while for the capillary nozzle the
fraction of N2 100% was preferable for the intense emission.

FIG. 6. Dependence of He-	 intensity on the backing pressure
of gas jet at the laser intensity of 9�1016 W/cm2. The fractions of
N2 in the admixture gases were 30% for the conical and 100% for
the capillary nozzles.
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integrated spectrum observed using the CCD camera gives
information on the recombining plasma whose temperature
should be considerably lower than that in the initial stage.

Plasma parameters such as the electron density and tem-
perature were deduced from a comparison of the experimen-
tal spectral intensities with the values calculated by a
collisional-radiative model. A program to calculate the popu-
lation densities of the excited levels of H-like ions, COLRAD,
by Ljepojevic et al. �34�, was used. Here, it should be noted
that the high plasma density make the resonance lines
opaque, thus having a great influence on the population den-
sities in the optically thick plasma. The equation of radiation
transfer, therefore, has to be solved simultaneously with the
rate equations to accurately estimate the population densities.
In the present study, we adopt the approximation that the
effective transition probability �ikA�k , i� for the spontaneous
transition A�k , i� represents the effect of the radiation trap-
ping �35�, where �ik is the optical escape factor for the tran-
sition from k to i levels. For simplicity, we assume that the
spectral profile has a Lorentzian shape due to the Stark effect
in the high-density plasma, and the plasma has a cylindrical
geometry with homogeneous distribution �36,37�. After the
individual cluster is decomposed, the expanding electrons
and ions may be thermalized in collision with the particles
expanding from other surrounding clusters. Therefore, the
assumption on the cylindrical plasma with spot size and Ray-
leigh length is probably justified �4�. The Stark width under
the quasistatic approximation that is given by Griem �38�
was also incorporated to estimate the optical depth at the line
center �37�. The calculated intensity corresponding to the
transition from k to i levels is given by n�k�A�k , i��ik, where
n�k� is the population density of level k. In calculation, the
only recombining component which is in proportion to the
density of the fully stripped ion was taken into account. This
assumption is correct, because the plasma emission was ob-
served in the recombination stage well after laser pulse.
Meanwhile, since the blending of H-like Ly-	 with He-

spectra prevents us from determining their intensities accu-
rately, the corresponding third-order spectra were analyzed to
derive the Ly-	 intensity. Figure 8 shows the normalized

intensities of H-like Ly series obtained using the conical
nozzle �Pb=15 atm, N2 30%� and the calculated values for
the conditions of ne=2�1019 cm−3, Te=20 eV, the H-like
ground density 5�1018 cm−3, and plasma radius 25 �m.
Good agreement between the intensity distributions derived
from the calculation and the experimental values has been
achieved. Here, the optical escape factors of Ly-	 and
Ly-
 transitions were calculated to be �12=0.21 and
�13=0.76, respectively, showing that strong radiation
trapping did not take place due to the small radius plasma
and broadened spectral profile. If we assume a Gaussian
profile with the ion temperature of 20 eV ��Te� as the spec-
tral profile, the optical thickness drastically increases to
�12=3.4�10−2 and �13=0.33 due to the narrower Doppler
profile.

As for the He-like ion, the K-shell spectroscopy code FLY

�39� was employed to determine the plasma parameters. In
order to calculate the population densities in the recombining
plasma under quasi-steady-state approximation, the source
code was modified in the present study. Figure 9 shows the
observed and calculated intensities of He-like resonance
lines for �a� the conical �N2 30%� and �b� capillary nozzle
�N2 100%� at Pb=15 atm. The parameters in calculations
were the following: ne=5�1018 cm−3, Te=10 eV, and He-
like ground density 1�1018 cm−3 for the conical nozzle,
and ne=5�1019 cm−3, Te=30 eV, and He-like ground den-
sity 1�1019 cm−3 for the capillary. Here, the electron tem-
perature derived from the radiative recombination continuum
spectra was used for the capillary nozzle. Attenuation of x
rays through the nitrogen gas was also taken into account
by assuming the absorption medium of the pressure
P=10 Torr and the length L=2 mm for the conical, and
P=300 Torr, L=1 mm for the capillary nozzle. In both
cases, the calculated results are successful in reproducing the
experimental values. The density obtained using the capillary
is also in good agreement with density determined using an
interferometer in a nitrogen gas jet subjected to an ultrashort
pulse laser �17�.

FIG. 7. Temporal evolution of He-	 intensity observed using the
streak camera. The measurement was performed with the conical
nozzle at 1.2�1017 W/cm2 and Pb=15 atm �N2 30%�.

FIG. 8. Comparison of the experimental H-like intensities with
the values calculated using the collisional-radiative model. The
plasma parameters of ne=2�1019 cm−3, Te=20 eV, the H-like
ground density 5�1018 cm−3, and plasma radius 25 �m were used
for the calculation.
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Here, the question we have to ask is why the electron
density of the plasma produced by the capillary nozzle is by
an order of magnitude higher than the value obtained using
the conical nozzle. The reason for this is probably given by
the differences in the efficiency of electron heating and sub-
sequent residual energies after the passage of a laser pulse
between two nozzles. For the conical nozzle, the electron
temperature, which is expected to attain above 1 keV in the
early stage due to the appearance of large clusters, is too high
for electrons to recombine with ions. For example, assuming
the parameters of ne=1�1021 cm−3 and Te=1 keV after the
laser pulse, the collisional-radiative model gives that the ion-
ization and recombination rate coefficients of H-like ions are
S=1.8�10−10 and 	=1.7�10−13 cm3/s, respectively. As a
result, the recombination process takes place in a sufficiently
later stage after the laser irradiation, at which the clusters are
completely disassembled and the low-temperature and under-
dense plasma responsible for the intense emissions can be
formed. This interpretation is consistent with the behavior of
the temporal evolution of the spectrum. Meanwhile, for the
capillary nozzle the residual electron energy predicted by
numerical calculation corresponds to around 90 eV, if the
cluster is not present in the gas jet. For ne=1�1020 cm−3,
Te=90 eV, the recombination coefficient increases to
	=3.8�10−12 cm3/s, while the ionization coefficient
S=7.0�10−13 cm3/s. Therefore, the recombination process
dominates over the ionization and is likely to begin to take

place immediately after the passage of the laser pulse. In
addition, the cold ATI electrons that may be still present in
high-density plasma without undergoing collisional heating
may enhance the recombination rate �30�. Consequently, the
emissions observed with the capillary gas jet reflect the
plasma parameters in the early stage, thus indicating the
characteristics of a low-temperature and high-density
plasma.

B. Analysis of Li-like ion spectra

Li-like ion spectra were also observed to examine the
properties of the plasmas in the recombining stage. The most
prominent difference can be seen as line broadening, that is,
for the capillary nozzle, the spectral lines associated with the
transition from highly lying levels were significantly broad-
ened, while the narrower line profiles were observed using
the conical nozzle. This implies that the high-density plasma
can be produced with the capillary nozzle, which is consis-
tent with the results obtained by the spectral analysis of He-
like ions.

The electron density for the capillary nozzle was deter-
mined from Stark broadenings of 2s-6p and 2s-7p transi-
tions. We assume that the spectral profile is given by the
Voigt function consisting of a Lorentzian shape due to Stark
broadening and a Gaussian with instrumental width of
0.03 nm. The observed Li-like ion spectrum, the deconvo-
luted spectra for the above two transitions, and the superpo-
sition of them are represented in Fig. 10 with open circles,
dotted curves, and solid curves, respectively. The experimen-
tal condition for the capillary was I=1.2�1017 W/cm2 and
Pb=15 atm �N2 100%�. Here, the optical thickness was ne-
glected due to the transitions from highly lying levels. For
reference, the spectrum obtained with the conical nozzle is
also shown in the figure with the closed circles �N2 30%
at 15 atm�. In the experiment, the full widths at half maxi-
mum �FWHMs� of the Lorentzian profiles were 0.087 nm for

FIG. 9. Comparison of the experimental He-like intensities with
the calculated values under the condition of �a� ne=5�1018 cm−3,
Te=10 eV, and He-like ground density 1�1018 cm−3 for the coni-
cal nozzle, and �b� ne=5�1019 cm−3, Te=30 eV, and He-like
ground density 1�1019 cm−3 for the capillary.

FIG. 10. Stark broadenings of 2s-6p and 2s-7p transitions. The
observed Li-like ion spectra, the deconvoluted spectra, and their
sum are represented with the open circles, the dotted curves, and the
solid curves, respectively. The experimental condition for the cap-
illary gas jet was Pb=15 atm �N2 100%� and I=1.2�1017 W/cm2.
For reference, the spectrum obtained by the conical nozzle �N2 30%
at 15 atm� is also shown with the closed circles.
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2s-6p transition and 0.129 nm for 2s-7p, respectively. In
order to estimate the electron density, the comparison
with FWHMs calculated using the FLY code �40� was carried
out. For the parameters of Te=8 eV, ne�3�1019 cm−3,
the corresponding widths were found to be 0.083 nm for the
2s-6p transition and 0.127 nm for the 2s-7p, respectively.

On the other hand, an alternative method to determine the
electron density was also employed. According to the
Inglis-Teller relationship, the electron density is
expressed by log10 ne=23.491−1.5 log10 �Zp � +4.5 log10 Z
−7.7 log10 nm, where Zp is the charge and Z is the atomic
number �41�. The value nm is the resolvable maximum quan-
tum number. For the capillary nozzle under Pb=15 atm of N2

100%, nm was 8. Since the emissions reflect the characteris-
tics of the recombining plasma in which the dominant charge
state is considered to be the He-like ion, Zp is assumed to be
5. By substituting the parameters, we obtain ne�3
�1019 cm−3, which fairly coincides with the density obtained
from Stark broadening. Likewise, for the conical nozzle, the
electron density was ne=8�1017 cm−3 under the experimen-
tal condition of Pb=15 atm and N2 30%, which is by one
order of magnitude lower compared with the value obtained
with the capillary nozzle.

The comparisons of the experimental intensities with
the values calculated by the collisional-radiative model
were also performed for the Li-like ion. The program
developed by Kawachi et al. �42,43� was modified to
incorporate the optical thickness, in which the optical escape
factor corresponding to the resonance series was calculated
by a similar treatment to that of the H-like ion. The
experimental and calculated intensities of 2p-nd series
of Li-like ions are shown in Fig. 11 for �a� the capillary
nozzle �N2 100%�, and �b� the conical nozzle �N2 30%�
at Pb=15 atm and I=1.2�1017 W/cm2. By assuming
Te=6 eV, ne=3�1019 cm−3, and the Li-like ground density
8�1018 cm−3 for the capillary nozzle and Te=3 eV, ne=1
�1018 cm−3 and the ground density of the Li-like ion 3
�1017 cm−3 for the conical, good agreement between the
experimental and calculated results was obtained. The differ-
ence in the plasma densities between two gas jets is also
ascribed to the heating mechanism during laser irradiation.
The striking point of the results for the capillary nozzle is
that the electron densities obtained by the analyses of He-like
and Li-like spectra are almost the same. The reason may be
found in the spatial distribution of laser intensity in the gas
jet. The central region of the laser spot has a slightly high
electron energy due to the collisional heating ��90 eV at
1.2�1017 W/cm2�, while for the outer region, a low energy
because of the low intensity. For example, the residual elec-
tron energy is evaluated to be around 49 eV at an intensity of
1.5�1016 W/cm2 which corresponds to the BSI threshold
intensity to produce a He-like ground state. The cold ATI
electrons responsible for the strong recombination, therefore,
may be still present in the outer region of the laser spot
where the dominant ion species is a He-like ion ground state.
As a result, Li-like emissions probably reflect the property of
the recombining plasma in the outer region, while He-like
ones do it in the central region.

V. CONCLUSION

The properties of the nitrogen cluster plasmas produced
by an ultrashort, high-intensity laser pulse have been inves-
tigated numerically and experimentally.

Classical dynamics simulations showed that the colli-
sional heating played an important role in creating high-
energy electrons after the passage of the laser pulse, since the
internal density of the cluster was high enough for Coulomb
collision to take place frequently. On increasing the cluster
size, the residual energies of electrons and ions drastically
increased, resulting in the production of high-temperature
cluster plasmas. Meanwhile, for single atoms and small clus-
ters with a few atoms, the ionization was primarily domi-
nated by the tunneling process due to the strong laser field,
yielding the cold bulk electrons whose energies could be
expressed by the ATI energy.

Experimentally, the nitrogen gas jets generated by the
capillary and conical types of nozzles were irradiated by
55 fs, high-intensity laser pulses up to the intensity of
1.2�1017 W/cm2. For the conical nozzle, the fact that emis-
sions from H-like as well as He-like ions were observed
suggests that the large clusters created within the gas jet
interact with the laser pulse, leading to the production of a
high-temperature cluster plasma due to the collisional heat-
ing. Further evidence that the large cluster existed within the
gas jet was provided by the behavior of He-like emissions

FIG. 11. Experimental and calculated intensities of Li-like ion
spectra. �a� Te=6 eV, ne=3�1019 cm−3, and Li-like ground density
8�1018 cm−3 for the capillary and �b� Te=3 eV, ne=1
�1018 cm−3, the ground density of Li-like ion 3�1017 cm−3 for the
conical gas jet.
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under seeded gas injection. For the conical jet, intense emis-
sions from H- and He-like ions were obtained at the fraction
of N2 30%. This implied that the seeding served to enhance
the condensation of atoms in the gas jet, followed by the
creation of high-energy electrons by interaction of the large
clusters with the laser pulse. For the capillary nozzle, how-
ever, we did not observe the spectrum of H-like ions, and the
dependence of He-like ion emissions on the partial pressure
exhibited the converse relation. The results showed that for
the capillary the laser pulse did not interact with large clus-
ters but with the high-density gas and small clusters, result-
ing in the production of cold ATI electrons that may not
undergo substantial heating.

In order to determine the electron density and temperature
in the recombining stage, a comparison of the intensity dis-
tributions of H- and He-like resonance series with values
calculated by collisional-radiative models were carried out.
From the distribution of H-like spectral intensities, the

plasma parameters of ne=2�1019 cm−3, Te=20 eV were ob-
tained for the conical nozzle �Pb=15 atm, N2 30%�, while
from He-like ion spectra ne=5�1018 cm−3, Te=10 eV for
the conical �N2 30%� and ne=5�1019 cm−3, Te=30 eV for
the capillary gas jet �N2 100%� at Pb=15 atm were derived.
The large difference in the electron densities between the two
gas jets can be explained by the efficiency of electron heating
and subsequent residual energies.

Spectra of Li-like ion were also analyzed to understand
the properties of recombining plasmas. The most prominent
difference between the two nozzles can be seen in broaden-
ing spectra. The Stark widths of 2s-6p and 2s-7p transitions
using the capillary nozzle gave ne�3�1019 cm−3 for Te
=8 eV, which was consistent with the density derived from
the Inglis-Teller relationship. The collisional-radiative model
of Li-like ions also showed that the plasma parameters were
Te=6 eV, ne=3�1019 cm−3 for the capillary and Te=3 eV,
ne=1�1018 cm−3 for the conical nozzle.
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