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We diagnose the self-channeled propagation of intense femtosecond pulses over an extended distance in a
N,O cluster gas target using high resolution kilovolt x-ray pinhole images of the channel and spatially resolved
x-ray spectra. The x-ray images are consistent with femtosecond optical scattering, shadowgraphy, and inter-
ferometry images. We observe extended plasma channels (~9 mm) limited either by the cluster jet length or by
absorption, for injected laser intensities in the range of 10'°~10'7 W/cm?. Spectral line shapes for the OVII
15%-153p and OVIII 1s-2p transitions (at 1.8627 and 1.8969 nm, respectively) show significant broadening to
the blue side and with truncated emission on the red side. We attribute this effect to Doppler blueshifted
emission from fast ions from exploding clusters moving toward the spectrometer; redshifted emission from the

opposite side of the cluster is absorbed.
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I. INTRODUCTION

One of the outstanding goals in the study of high inten-
sity, ultrashort laser interaction with matter has been the ex-
tension of the self-guided interaction length. Such extended
high intensity propagation has an application to laser-driven
acceleration [ 1], advanced coherent sources of extreme ultra-
violet radiation and x rays [2], and the fast igniter fusion
scheme [3]. In plasmas, tightly focused multiterawatt laser
beams have been used for this purpose. In those experiments,
the main approach has been to increase laser intensity to
levels beyond ~10'® W/cm? in order to promote relativistic
self-focusing, followed by whole-beam ponderomotive fila-
mentation [4]. High-pressure gas jet targets, which typically
yield subcritical electron density plasmas when ionized by
the laser field, have been the most popular media for such
intense laser pulse self-guiding. Relativistic self-guiding has
been previously demonstrated over no more than ~2 mm,
with that length limited by pulse scattering and erosion ow-
ing to Raman instabilities and ionization-induced refraction
[5]. Here we report the results of another approach, using
clustered gas jets, where we observe intense pulse self-
channeling over nearly 1 cm, the length of the cluster jet
plume. The effect can occur at almost four orders of magni-
tude less intensity than required for relativistic self-focusing
or ponderomotive filamentation. X-ray and optical imaging
were used to observe extended laser channeling and to esti-
mate plasma parameters along the resulting plasma channel.
We note that in other works, ~0.4 mm long plasma columns
were observed in intense 0.7 terawatt ultraviolet laser inter-
actions with Xe cluster jets [6].

We have demonstrated in earlier experiments and calcula-
tions that the self-guiding effect is made possible by the op-
tical response presented by the strongly heated clusters as
they explode in the presence of the driving laser field [7-9].
In the regime of moderate laser intensities (<10'® W/cm?)
and large clusters (=100 A), where a hydrodynamic model
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of the cluster response is appropriate, the cluster polarizabil-
ity is positive (refractive index contribution is positive) as
long as the dominant optical response of the cluster is from
constituent plasma in excess of critical density [7-9]. The
onset of positive polarizability occurs faster at the beam cen-
ter compared to the edge, so that a transient refractive index
profile occurs which is well suited for the self-focusing of the
beam. We have experimentally demonstrated such self-
focusing in short cluster jets under the conditions of moder-
ate intensity and large cluster size [9]. For higher intensities,
the hydrodynamic model loses validity because laser-driven
electron orbits become comparable to the cluster size. For
that regime, we have developed a new particle-in-cell (PIC)
model for the cluster response [10]. In that case, the cluster
polarizability can be strongly enhanced to large positive val-
ues when the intensity reaches a threshold whereby the field-
driven electrons transit the cluster in a time equal to the laser
period. Although self-focusing would be expected in that
case as well, it remains to do a simulation of pulse propaga-
tion under these conditions. That will be the subject of future
work.

II. EXPERIMENTAL SETUP

In our experiments, 50 mJ, 800 nm pulses at 10 Hz from
a Ti:sapphire laser system were focused by a f/5 lens into
an elongated cluster jet pulsed at 10 Hz with N,O as the
working gas at a valve backing pressure of 400 psi. The ex-
perimental setup is shown in Fig. 1. The cluster jet was pro-
duced by a high aspect ratio slit nozzle backed by a high-
pressure pulsed valve. The nozzle outlet had dimensions
11.5 mm X 0.4 mm, with the laser injected parallel to the
long side. The valve body was encased by a copper cooling
block which was fed by a liquid nitrogen reservoir. The valve
temperature was monitored by a thermocouple and precisely
controlled to within 0.2 K via feedback by two resistive
heating elements, also encased in the block. The laser propa-
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FIG. 1. Experimental setup and typical optical and x-ray images
of femtosecond laser-produced N,O cluster plasmas.

gation axis was 2 mm below the nozzle orifice and the beam
was focused 3 mm before the axial midpoint of the nozzle.
Compared to our earlier experiments on self-focusing in
short 3 mm cluster jets [9], we used significantly more en-
ergy (~7 times) here in order to compensate for the strong
absorption of the laser pulse by the cluster plasma along the
propagation path. N,O readily forms large clusters even for
the gas jets at room temperature and the relatively uncompli-
cated soft x-ray spectra of highly ionized oxygen ions pro-
vide an opportunity for ~1 keV soft x-ray spectroscopic di-
agnostics of plasma parameters. By contrast, the soft x-ray
spectroscopy of ionized argon, used in our earlier experi-
ments [11], is more difficult to interpret for plasma diagnos-
tics purposes. In the experiments, the laser pulse width was
adjusted to be either 70 fs (0.7 TW) or 500 fs (0.1 TW). The
full width at half maximum (FWHM) of the laser vacuum
spot was ~13 um, corresponding to a Rayleigh length of
70~ 480 wm. At the vacuum beam waist, the pulse peak in-
tensity was ~2.5X 10" W/cm? for the 70 fs pulse and
~3.5X10' W/cm? for the 500 fs pulse. Under our valve
operating conditions, we estimated average cluster radii of
350 A for the case of valve cooling to —40 °C and 200 A for
the valve at room temperature. These results were obtained
by scaling our previous measured results for argon clusters
[12] using the same elongated jet under the same pressure
and temperature operating conditions by assuming that N,O
has a similar Hagena k value [13] as Xe and the same pack-
ing geometry.

Optical and x-ray imaging methods were used in our ex-
periments to verify the occurrence of extended propagation
in the cluster jet. The optical diagnostics used were femto-
second time-resolved interferometry and shadowgraphy, and
the imaging of 90° Rayleigh scattering of the propagating
laser pulse. The interferometry and/or shadowgraphy probe
pulse propagated orthogonally to the generated plasma chan-
nel, crossing it ~10 ps after the pump pulse exited the far
end of the gas jet. A filtered x-ray pinhole camera obtained
images of the plasma channel at photon energy >0.6 keV
(using a 2 wm thick polypropylene filter coated with 0.4 um
of Al). A high luminosity, large aperture imaging spectrom-
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eter [14] with a spherically bent (R=150 mm) mica crystal
was used for measurements of soft x-ray spectra in the wave-
length range 18.5-19.1 A, spatially resolved along the laser
propagation direction with axial resolution ~40 um. Spa-
tially resolved spectra of the He-8 1s3p-1s* emission of He-
like oxygen (OVII) (1.8627 nm) and the Ly-a 2p-1s emis-
sion of H-like oxygen (OVIII) (1.8969 nm) were obtained
with spectral resolution AN/A~5000. The x-ray images
were recorded on KODAK RAR 2492 films using approxi-
mately 20 000 shots.

II1. SIMULATIONS OF LASER-HEATED CLUSTER
EVOLUTION

The laser-cluster interaction is simulated self-consistently
by coupling the equation for the electric near field, V-(¢E)
=0, to a one-dimensional (1D) radial Lagrangian hydrocode
Full details of the hydrocode can be found in Ref. [7]. The
near field treatment is appropriate for the case where ka < 1,
where k is the laser wave number and a is the maximum
radius of the expanding cluster plasma. This is a good ap-
proximation for initial cluster sizes much smaller than a laser
wavelength and for times not too late in the cluster expan-
sion. The dielectric function of the cluster material is taken
to be of Drude form &(r)=1+47Nya(l-Nya/3)™'-&
+iév/ w. Here Ny(r) is the density of neutral atoms, « is the
atomic polarizability, and &(r)=[1+1*(r)/@*]"'N.(r)/N,,
where N,(r) is the electron density, w is the laser frequency,
and v(r) is the collision frequency. The latter is obtained by
summing the rates of electron collision with each of the neu-
tral and ion species. The calculation includes tunneling ion-
ization by the laser field, collisional ionization, and both
collisional-radiative (CR) and local thermal equilibrium
(LTE) models for the ionization dynamics. The CR model
can be run in either a time-dependent mode or a steady state
mode. In general, we find that results from the steady state
CR and LTE models converge at the highest densities in the
cluster core. For 100 fs pump pulses, however, the time-
dependent CR model gives different results, even at the high-
est densities. Therefore, the time-dependent CR model is
used in the simulations of this paper.

Starting with a solid density neutral cluster, at each time
step the equation for the electric near field is solved using the
neutral, ion, and electron density profiles and the temperature
profile of the previous time step, and the resulting electric
field ionizes and heats the plasma, driving the cluster dynam-
ics. Thermal conduction at each Lagrangian gridpoint is
taken to be the lesser of the gradient-based value |k dT,/dr|,
where « is the thermal conductivity and 7, is the electron
temperature, and the flux-limited flow. An ideal gas equation
of state is used for the cluster plasma. While this is a reason-
able assumption at the high temperatures generated by the
laser interaction, it cannot take into account any hot electrons
generated in the interaction, which are decoupled from the
thermal distribution. A more accurate treatment using our
PIC code [10] is appropriate for cases where the hot electron
population is a significant fraction of the total, which could
be the case for smaller clusters. The model is best suited to
intensity levels =10'® W/cm?, where the size of laser-driven
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electron orbits is smaller than typical large cluster radii of a
few hundred A. For higher intensities one must use the PIC
simulation [10] or a molecular dynamics simulation [15].
Our PIC simulations have shown that the fraction of elec-
trons is quite small which contribute to a laser-driven halo of
electrons with orbits exceeding the cluster size. In terms of
understanding the soft x-ray emission measured in this ex-
periment, the evolution of the bulk plasma electron density
and temperature are important. While the coupling of the hot
laser-driven halo electrons to the bulk plasma is not ac-
counted for by the hydrocode, we note that the intensity used
in the simulations shown here produces a level of ionization
consistent with the measured spectra in Sec. IV. For this
reason we use the hydrocode to provide physical insight into
the plasma dynamics leading to the observed x-ray emission.

Because the hydrocode can simulate only single-species
clusters, as a stand-in for N,O we consider nitrogen clusters.
Nitrogen ions are sufficiently close in mass and electronic
structure to oxygen ions that our results for density and tem-
perature evolution should be sufficient to provide reasonable
physical insight. For the simulation parameters, we took a
peak intensity of 3 X 10'® W/cm?, laser wavelength 800 nm,
Gaussian laser pulsewidth 100 fs, cluster radius 350 10\, and
intracluster density 2 X 10?2 atoms/cm®. The peak intensity
is somewhat beyond the limit of the applicability of the code,
but it is sufficient to produce a maximum ionization state
midway between hydrogenic and fully stripped nitrogen in
accord with the experimental observation of spectrally domi-
nant emission from hydrogenlike and heliumlike oxygen
ions. Full details of the code are given in Ref. [7].

Figure 2(a) plots the electron temperature 7, and ion tem-
perature T;, with the laser pulse envelope overlaid on the plot
as a reference. Figure 2(b) shows the electron density N, at
the center of the cluster plasma as a function of time, also
overlaid with the laser pulse envelope. It is seen that after
laser heating to an electron temperature of almost 1 keV and
peak electron density in excess of 10?* cm™, the electron
temperature and density drop by rough factors of 100 and
1000, respectively, in less than 1 ps. Note that because the
cluster is small and the thermal conductivity is high, the
temperature profile vs plasma radius is almost flat. It is seen
that the ions are not in equilibrium with the electrons for the
full simulation, with 7,>T; at early times, and 7;>T7, at
later times. Figure 2(c) shows the mass-weighted average
degree of ionization Z in the plasma as a function of time,
again overlapped with the laser pulse envelope as a refer-
ence. An initial rapid rise in ionization is coincident with the
intensity passing through the threshold for optical field ion-
ization of neutral nitrogen near ~10'* W/cm? [16]. The ion-
ization level then rises more slowly as the collisional ioniza-
tion driven by laser thermal heating takes over and peaks in
the range Z~ 6-7. This corresponds to dominant popula-
tions of H-like and fully stripped nitrogen. After the maxi-
mum electron density is achieved and the expansion is well
underway [see Fig. 2(b)], Z slowly declines to ~6.4 by the
end of the simulation at 2 ps.

For the interpretation of measurements of time-integrated
Ly-a and He-B line spectra shown in Sec. IV below, it is
useful to consider the temporal origin of the line emission,
for which the simulation provides physical insight. From the
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FIG. 2. Self-consistent hydrocode simulation of 3
% 10'® W/em?, 100 fs, A=800 nm pulse interacting with a 350 A
radius nitrogen cluster. (a) Plot of the cluster central electron and
ion temperatures vs time, overlaid with laser pulse envelopes. (b)
Cluster central electron density vs time. (c) Mass-weighted average
degree of ionization Z vs time.

evolution of Z seen in Fig. 2(c), it may be expected that the
spectra have contributions from two phases. The first phase
is the prompt line emission during laser heating of the cluster
plasma, with strong electron collisional excitation from the
dominant ion ground states occurring at high plasma density
and temperature. As the laser pulse turns off, this emission

066403-3



KIM et al.

can continue as long as the plasma is sufficiently hot and
dense. In the second phase, the cluster rapidly expands and
cools, and the temperature becomes too low for collisional
excitation of line emission. However, the persistence of Z
~6-7 well past the laser pulse guarantees a reservoir of ions
into which three-body recombination of electrons feeds a
cascade through upper bound states, ultimately resulting in
photon emission from strongly bound state transitions such
as Ly-a and Ly-B (2p-1s and 3p-1s in the H-like ion) and
He-a and He-8 (1s2p-1s? and 1s3p-1s? in the He-like ion).
The reservoir of high ion stages persists because the cooling
rate is much faster than the recombination rate.

As a qualitative measure of the relative contribution of the
two phases to Ly-a emission in H-like nitrogen (N°*),
Fig. 3(a) plots the cluster volume-integrated 1s-2p
electron collisional excitation rate of the ground state
of N, Ryy(1)=[XOdr 47N, (r,1)Ne(r,0S (T ,(r,1), and
the three-body recombination rate from fully stripped
nitrogen (N7*) to high bound states of N®* R, (1)
=f§(’)dr 47-rr2N§(r,t)N7(r,t)a3b(T€(r,t)). Each of these pro-
cesses feeds Ly-a (2p-1s) emission in N®*. Here R(r) is the
radius of the expanding cluster containing 100% of its mass,
N, is the electron density, N and N are the densities (cm™)
of N®* and N7+, T, is the electron temperature, S, (em’s7)
is the electron collisional excitation rate, and a3, (cm®s™') is
the three-body recombination rate. For reference, overlaid on
the plot is the laser pulse envelope. It is seen that collisional
excitation of Ly, rises and falls closely coincident with the
laser pulse, but the contribution of recombination comes later
and even extends beyond the end of the simulation at 2 ps.
The time integral of R, is ~20% greater than that of Rj,.
This comparison still underestimates the relative contribution
of recombination because at the high density and tempera-
tures at early times, collisional deexcitation reduces the 2p
population more than it would at the low densities and tem-
peratures of the recombination phase.

Our conclusion is that the recombination cascade contrib-
utes significantly to the measured time-integrated line spectra
from H-like and He-like oxygen lines in N,O cluster plas-
mas. Plasma conditions during rapid cluster expansion
should therefore play a role in determining details of the
spectral line shape. For a later consideration of Doppler
shifts, Fig. 3(b) shows velocity profiles for cluster plasma
flows at several times in the cluster explosion. An estimate of
the effective cluster size as a function of time is shown in
Fig. 3(c), which plots the time-dependent radii R,,,(¢) and
Ryyi(2) within which 50% and 100% of the expanding cluster
mass is contained. The plasma velocity profile and effective
size will be used in Sec. IV for calculations of absorption of
line emission.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

We examined the laser pulse interaction with the uncooled
N,O cluster jet under a long pulse [500 fs, Fig. 4(a)] and
short pulse [70 fs, Fig. 4(b)] irradiation. Extended channels
up to ~9 mm in length are shown by the optical and x-ray
images. The channels generated with the 70 fs pulse are

PHYSICAL REVIEW E 73, 066403 (2006)

18

=TT LU S B B B B B S B N S B B B B S E

Electron collisional 1s-2p pumping (a)
rate in N6+

W

(8]
LI B B B B R AL A R B S
1

Laser pulse envelope

—_

3-body recombination rate N7+->N&+

N
. : -3 >
population pumping rate/cluster (s) =

(%)

ion velocity (cm/s)
[\e)

oM L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

radial position (10‘4 cm)

2.0

4

effective cluster radius (10" cm)
>
L e o e e N e

W

o
W

0.0

time (ps)

FIG. 3. For conditions of Fig. 2: (a) Electron collisional 1s-2p
pumping rate in N°* and three-body recombination rate N7+
—N©°*. (b) Ton velocity profiles at selected times (+=0 is the peak of
the laser pulse). (c) Radial position of expanding spherical surfaces
containing 50% of the cluster mass (R;,,) and 100% of the cluster
mass (Rey)-

slightly shorter than those generated with the 500 fs pulse.
The images show plasmas of constant diameter for distances
well beyond the Rayleigh range (~0.5 mm) of the vacuum
beam, with the pulse propagating to the end of the jet. For
both the 500 and 70 fs pulses, the diameter of the >0.6 keV
x-ray emission zone is ~100 wm, and this extends for the
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FIG. 4. (Color online) Rayleigh scattering images, interfero-
grams, shadowgrams, x-ray pin-hole images, and axial pin-hole im-
age lineouts of laser-produced N,O cluster plasmas for laser pulse
durations of (a) 500 fs and (b) 70 fs. The laser vacuum focus is
located at 3 mm before the center of the elongated N,O cluster jet
at a 400 psi gas jet backing pressure and room temperature. The
laser pulse enters from the left.

full length of propagation. Axial lineouts are shown below
their corresponding x-ray pinhole images. The interfero-
grams show relatively uniform axial electron densities along
the propagation length with average values of N.=1.5
X 10" cm™ and 3 X 10" cm™ for the 500 and 70 fs pulse
cases, respectively. As the probe pulse crosses the plasma
~20 ps after the clusters midway along the pump propaga-
tion path have exploded, these densities occur after the clus-
ter plasmas have expanded and merged.

When the cluster size is increased by cooling the gas jet
valve to —40 °C, the propagation length shortens for both
500 and 70 fs pulses, as seen in Fig. 5, and the average
electron density increases to N,=10""cm™ and 2
X 10" cm™3, respectively. The optical images and the x-ray
images for this case show a much stronger taper than in Fig.
2 owing to the greater rate of absorption along the propaga-
tion direction. The >0.6 keV x-ray emission is approxi-
mately 5 times brighter in the case of the cooled jet. The
shorter propagation, greater taper, and greater heating is con-
sistent with stronger absorption by larger clusters [7,8]. Note
that the extended propagation is strongly dependent on the
presence of the cluster plasma. With N, as the working gas,
our uncooled jet produces no clusters, as verified by Ray-
leigh scattering measurements [ 12]. Figure 6 compares shad-
owgrams for pulse propagation in the unclustered N, and
clustered N,O jets, both at room temperature. The clustered
gas jet shows a significantly extended propagation distance,
even in the presence of a much greater absorption.

Figure 7(a) shows x-ray line spectra results from He-like
(He-B 1s3p-1s* in OVII ions) and H-like oxygen (Ly-a
2p-1s in OVIII ions), for the conditions of Fig. 4(a) (500 fs
pulse, uncooled jet), axially resolved along the channel

100 um

x-ray pinhole images

«—6 mm—»

|<—6mm—>
10 16

0 3.5 7 0 3.5 7
(mm) (mm)

FIG. 5. (Color online) The same as Fig. 4 except that the cluster
jet valve is cooled to a temperature —40 °C.

length. A striking feature of both the Ly-a and He-f line
shapes is the very pronounced broadening to shorter wave-
lengths about line center along with a truncation of emission
at longer wavelengths. We will discuss this observation later
in this section. Axial lineouts of these emissions are shown in
Fig. 7(b), while Fig. 7(c) shows a cut along the spectral axis,
along with exponential line shape fits.

The axial space distribution of H-like and He-like emis-
sion [Fig. 7(b)] is similar to the >0.6 keV broadband x-ray
pinhole image shown in Fig. 4(a). The ratio of the He-g line
to the Ly-«a line enables a rough estimation of the bulk time
and radial average electron temperature along the channel
[17] which is shown in Fig. 7(d). This estimate was obtained
from the calculation of the oxygen ion level populations in
the collisional-radiative kinetic model by performing a fit to
the observed line ratio. The result is based on the stationary
solution of rate equations that include all collisional and re-
combination rates and radiative relaxation [17]. Although the
use of time-integrated line ratios gives a “temperature” result
which is averaged in an unknown way over time and plasma
radius, and over the excitation and recombination phases of
the plasma, the result does give a qualitative measure of how
plasma parameters vary along the channel axis. As the H-like
and He-like oxygen ions have comparable ionization poten-
tials (870 and 740 eV, respectively), one would expect that

laser =———p

I1.5mm

10 mm

FIG. 6. Shadowgrams for N, (nonclustered) and N,O (clus-
tered) targets at room temperature and 400 psi gas jet backing
pressure.
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FIG. 7. (Color online) (a) Spatially resolved x-ray line spectra of
He-like (He-B 1s>1s3p) and H-like oxygen (Ly-a, 1s-2p) from
N,O cluster plasmas under the irradiation of 500 fs, 50 mJ laser
pulses with the elongated jet operating at room temperature. (b)
Axial lineouts of He-B and Ly-a emissions. (c) Measured line
shapes for Ly-« and He-f lines of oxygen ions with a Maxwellian
fit to the blue wings. (d) Bulk electron temperature along the chan-
nel determined from the intensity ratio of He-8 to Ly-« lines.

their respective Ly-a and He- /3 emissions, whether from ex-
citation or recombination, are strongly linked temporally.
That is, plasma conditions that would favor, say excitation of
He-like 3-1 emission would not simultaneously strongly fa-
vor 2-1 emission in the H-like ion driven by a recombination.
Those plasma conditions would favor excitation of the
H-like ion. Likewise for recombination: rapid cooling suffi-
cient to drive recombination would likely do so for both ion
species simultaneously. The high temperatures, high density,
and small radius of the cluster plasma column would give
relatively flat temperature profiles, and the mixing of indi-
vidual cluster explosions into a larger plasma would give
relatively flat density profiles. Thus the conditions generating
a line ratio in He-like and H-like emissions will be slowly
varying across the plasma radius.

Where the laser enters the jet, the line ratio is high, indi-
cating a lower average temperature. After ~1 mm, the ratio
drops and then slowly increases for the remainder of the
~8 mm of propagation, indicating a weakly decreasing av-
erage temperature. As seen with reference to the simulation
in Fig. 2(a), the average temperature 80—90 eV is more rep-
resentative of the expanding plasma evolution after laser
pulse irradiation. Together with the constant electron density
along the propagation path, this roughly constant tempera-
ture is consistent with relatively uniform and extended
propagation. Evidence that the guided laser intensity is high
is seen from the high resolution spectral distribution and ex-
ponential fits in Fig. 7(c). The pronounced broadening to the
blue or short wavelength side indicates the presence of fast
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ions with a characteristic average energy T; g~ 450 keV
(from the fit shown by the red curve). By comparison, in
recent experiments using CO, clusters [18], fast ions up to
1 MeV were reached only using intensities greater than
10'"® W/cm?. Here, for 500 fs pulses, the peak vacuum in-
tensity was 5 X 10'® W/cm?, a factor of 20 lower.

The asymmetric line shapes of Fig. 7 can be understood
as developing from a combination of Doppler broadening
and absorption. First it must be determined whether the
dominant attenuation comes from the cluster local to the line
emission or from the propagation of this emission across the
whole gas of exploding clusters. To assess this, we evaluate
the ratio 7/ 7, Where 74~ N,0a and 7y~ NyoglL. In the
first expression, 7 is the optical depth for intracluster ab-
sorption, N, is the average atomic and/or ionic density inter-
nal to the cluster, o is the effective absorption cross section
for a typical ion (from a combination of photoionization,
resonant self-absorption, and inverse bremsstrahlung absorp-
tion), and « is the radius of the expanding cluster. In the
second expression, 7, is the optical depth for absorption
across a distance L of the gas of exploding clusters, N is the
density of clusters, and o is the effective absorption cross
section for a whole cluster. Assuming that absorption in the
soft x-ray range is local to atoms and ions within a cluster
and does not show a significant whole-cluster effect, we
write  og=47N,a’0/3. Also, we note that g
=N4mN,a’/3=N,/Z is the average density of atoms and/or
ions achieved after the cluster plasmas in the gas expand and
merge. Combining these equations using our above measure-
ment of N,=2X% 10" cm™ and Z~7 from our spectra and
simulations gives 7./ Ty ~3 X 107N a/L, where N, is in
units of cm™. During the laser pulse, a~350 A, N,~2
X 1022 cm™3, and the radial extent of the heated cluster gas is
L~wy~15 pm, giving 7/ 7g~ 12. After 1 ps, a~1 um,L
is unchanged and N, =10 cm™, giving 7/ 7,5~ 2. For the
cases with lower measured values of N, discussed above, the
values of 7/ 7y, are even greater. Therefore, under the con-
ditions of our experiments, any affect on line shapes owing
to absorption can be dominantly attributed to intracluster ab-
sorption of the emitted lines. At longer times in the cluster
explosion (>1 ps), the contribution of absorption across the
macroscopic plasma becomes important.

The absorption mechanisms potentially contributing to the
line-shape asymmetry are free-free absorption (inverse
bremsstrahlung), bound-free absorption (photo-ionization of
neutrals and lower ionization stages), and resonant bound-
bound self-absorption (dominantly photoexcitation of low
lying bound states from the ground state of the most plentiful
ions). The cross sections in cm? for these processes
are, respectively, oy~ 1.3X107\3Z2N,/(kT,)"* [18,19],
O~ 5.5 X 1077 (x/ hv)"?1 22 [18,19], and Tbp
~(g2/81)\*1 (87rct,AN) [20], where N (~1.8 nm) is the
wavelength of absorbed radiation and /v is its photon energy
(eV), Z is the degree of ionization, N, is the electron density
(cm™), kT, is the electron temperature (eV), y is the ioniza-
tion potential (eV), AN is the linewidth (cm), z, is the spon-
taneous lifetime (s), and g,/g, is the ratio of statistical
weights of the upper and lower bound levels (g,/g;=3 for
the 1s-2p transition). To determine which of these processes
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FIG. 8. (Color online) Same as Fig. 7 except that the cluster jet
valve temperature is —30 °C.

affects the absorption, the cross sections are first compared
under conditions which individually maximize them. For in-
verse bremsstrahlung, we get o~ 2 X 10722 cm? using early
time conditions N, ~ 10% cm™3, kT,=500 eV, and Z=7. For
bound-free transitions, o;~2.2X 10718 cm? for the peak
cross section at threshold, hv=y, and Z=35 (ionization pro-
files from the simulation show Z>5 near the edge of the
cluster for 0<r<<2 ps). In the expanded lower density
plasma regions where the Doppler broadening dominates
collisional and Stark broadening, for the 1s-2p resonant pho-
toexcitation of the OVIII Ly-a line we estimate oy, ~4.1
X107 cm?, using £,=03X107"%s [21] and AN/\
=2(2In 2kT;/mc*)"">~1.9 X 10~ for the Doppler broadened
linewidth for an ion temperature k7;~ 100 eV. According to
the Griem formula [22] the Stark width for the shifted line
components is A\g/A=7 X 107! nz)\NaZ/3 ~3X 1072, using
N,=2 X 102 cm™3. The collisional width for the non-shifted
component  is AN /A=5X 10720 n*\N,/T*(In rp/ry
4+0.215) ~3 X 1073, where the ratio of the Debye radius to
the Weisskopf radius is rp/ry=~2 X 10" n=2T,N;"*~80. So
in the near-solid density region of the cluster at early times in
the expansion, the collisional linewidth dominates the Dop-
pler linewidth and oy, at the line center is reduced to ~3
X 107! ¢cm?. While oy, at the line center is greater than o,
in all regions of the plasma, gy, in the wings of the Ly-« line
is comparable to oy at the high densities at early times.
Figure 2(a) shows that kT;~ 100 eV at both early times dur-
ing the laser pulse and later in the expansion. The spectral
line shape is strongly affected by emission later in the expan-
sion as borne out by the size of the blue wing: the peak
expansion velocity of ~10% cm/s shown in Fig. 3(b) devel-
ops only after several hundred femtoseconds of cluster ex-
pansion and is equivalent to an ion energy of ~100 keV.
This fluid model result is still significantly less than T; g,
~450 keV obtained from the blue wing fit of Fig. 7.
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FIG. 9. (Color online) Dependences of He-B and Ly-a line
intensities along the plasma channel on the laser pulse duration.
Insets are the space-dependent spectra from which the lineouts were
made.

To complete the analysis of these absorption mechanisms
we next consider their optical depth 7 and the times during
which emission occurs. Under the full range of conditions
shown in the simulations, 7 is negligible compared to 7,
and 7. The bound-bound and bound-free optical depths are
Tob=Ni—bbTbbLoy aNd Tir=Ni_pOpeLpr, Where Ni_pp, and Ny
are the densities of absorber ions available for each process,
Ly~ min{a,c(dv/dr)"'AN/\} is the effective length over
which resonant bound-bound absorption can occur in the
presence of the strong velocity gradient of the expanding
cluster of radial extent a, and Ly is the full cluster plasma
radius, over which nonresonant bound-free absorption can
occur. If we consider emission and absorption at early times
(t~50fs) near the Ilaser pulse, then Ny~ N, is
~10%2 ¢cm™. For a cluster plasma of size a~500 A from
Fig. 3(c), we use Ly=a. The values AN/A=AN/\~2
X 1073 and dv/dr~4x 10" s~! [from Fig. 3(b)] give L,
~min{500 A,1.5X 10 cm}=500 A. Then 7~0.1, 7y
~2.1 at the line center and 7, ~0.2 in the far wings. There-
fore, for the line emission driven by the electron collisional
excitation at early times in the cluster evolution, resonant
self-absorption at line center dominates, but in the line wings
it is comparable to bound-free absorption.

At later times r~0.5 ps, during the recombination-fed
line emission [see Fig. 3(a)], we use Ny~ Nj,;~4
X 10 cm™, N,~3X10*' cm™ (for Z=7), Ly=a~0.4
X107 c¢m, dv/dr~10'? s7!, Doppler broadening of AN/
~19X10™,  oy~4.1x10""%cm?, and L,,~min{0.5
X 10™* cm, 5.7X 107 cm}=5.7X10"% cm to get 7, ~1 at
the line center (and ~0.1 in the wings) and 7;~0.03. By
t~1 ps, the density has rapidly dropped to N~ Ny~ 2
X 10" cm™, giving 7,~0.1 at the line center and
Tt ™ 0.003.

The above estimates allow a qualitative explanation of the
observed line shapes. First, the line emission from the side of
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FIG. 10. (Color online) Same as Fig. 9 except that the cluster jet
valve temperature is —30 °C.

the exploding cluster farthest from the spectrometer is red-
shifted. To reach the spectrometer, this light must propagate
back through the cluster and is thus absorbed more strongly
than the blueshifted emission from the side of the cluster
closest to the spectrometer. For the collisional excitation-
driven line emission at early times (r<<100 fs, say), 7y, ~2
ensures strong resonant self-absorption near the line center
on the red side. In the far line wings, bound-bound and
bound-free mechanisms contribute comparably, with weaker
absorption. Meanwhile, the blue wings are produced from
the outer layer of plasma expanding from the cluster toward
the spectrometer. At intermediate times (100 fs<<¢t<<0.5 ps),
Typ>> ~ | ensures continued line asymmetry, with a preferen-
tial absorption of the red wings. In this phase the nature of
the line emission changes from collision-driven to
recombination-driven. At later times > 1 ps, there is little
absorption of red or blue wings. The net result is a spectrum
dominantly broadened to the blue. There is a red wing of
limited extent, with the amplitude quickly dropping below
the spectrum noise. As the expansion velocity of the cluster
outer layers is largest at long times when absorption is small,
the blueshifted wings are useful for estimates of fast ion
Kinetic energy, as has been done in Fig. 7(c).

Note that the above estimates are based on considering
clusters of a single size, which determines the specific times-
cales discussed. In reality the cluster size distribution can be
quite wide, with significantly varying timescales from cluster
to cluster. However, the general process should still hold: the
red spectral wings should be relatively suppressed in favor of
the blue wings, and the blue wings should be characteristic
of fast ion expansion. Because line absorption is negligible
when ions have reached their maximum speeds, fits to the
blue wings indicate the fast ion kinetic energy.

Figure 8 shows the same arrangement of data as Fig. 7,
except that now the gas jet valve is cooled to —30 °C, pro-
viding a bigger average cluster size. In this case, the ratio of
Ly-a to He-B emission lines increases [see Figs. 8(a) and
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FIG. 11. (Color online) X-ray pinhole images (and their central
lineouts) with and without intentional laser prepulses.

8(b)], implying that the laser intensity grows along the
propagation direction. This implies that the bulk temperature
increases as the laser propagates in the cluster gas [see Fig.
8(d)]. Note that the total x-ray yield is higher for the cooled
nozzle, confirming an increase in the average cluster size.
The fit of the blue wings in Fig. 8(c) gives the average fast
ion energy T; g, ~ 480 keV.

Shown in Fig. 9 is 1D space resolved Ly-a and He-8
spectra as a function of pulse duration for the room tempera-
ture jet case. From the axial variation of the Ly-« to He-8
ratio versus pulse duration, it is seen that average tempera-
tures along the propagation direction drop more rapidly for
the longer pulsewidth. As well, the overall yield of x-ray
emission drops rapidly with increasing pulsewidth. Figure 10
has the same experimental conditions as Fig. 9 except that
the jet valve is cooled. Here, the axial x-ray profiles are more
uniform, and they are approximately 2—5 times more intense
than that of uncooled case. A striking feature is that the con-
tribution of H-like Ly-« emission increases, while the
He- emission drops, which implies that temperatures in-
crease along the propagation path. The 500 fs pulse gives the
most extended and increasing zone of Ly-a emission. The
70 fs pulse gives the shortest emission region up to ~4 mm,
a distance comparable to the first hump in the uncooled jet
x-ray lineouts.

A question arises as to the cause of the double humped
x-ray emission in Figs. 7 and 9. A possible origin for the dip
in x-ray emission is laser prepulse, which could heat and
explode the clusters near the laser focus before the main
pulse arrives. We have purposely spoiled the pulse contrast
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FIG. 12. (Color online) (a) N, cluster Rayleigh scattering im-
ages from an elongated jet, as a function of valve temperature and
at a backing pressure of 400 psi. The weak 532 nm probe pulse
propagates along the slot orifice, 2 mm above it. (b) Central lin-
eouts of the scattering images in (a).

to promote this effect, and an x-ray emission dip occurs at a
different axial location, as seen in the pinhole image in Fig.
11. Therefore prepulse is not a factor. We have previously
characterized our elongated cryogenic jet with a technique
combining Rayleigh scattering and interferometry measure-
ments [12] and have found that axial uniformity of cluster
flows of argon and nitrogen improves with valve cooling.
The side scattering yield from a weak, axially propagating
probe pulse is shown in Fig. 12 as a function of valve tem-
perature. At 7=173 K it is seen that the scattering profile has
a dip, with further nonuniformity appearing at even higher
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temperatures. Thus the double humped x-ray emission is
likely an artifact of the cluster flow profile along the nozzle
slot orifice.

V. CONCLUSIONS

We have shown that by using elongated clustered gas jets,
extended laser self-guided propagation can produce strongly
heated, high aspect ratio plasmas. The guiding process is
limited either by the length of the cluster jet or by the ab-
sorption in the cluster plasma. We have diagnosed the ex-
tended plasmas with x-ray spectroscopy and x-ray pinhole
imaging, and these images are consistent with optical inter-
ferometric, shadowgraphic, and scattering images. Strong
broadening to the blue of the Ly-« line of OVIII and the
He-B line of OVII, and a truncation of the red wings is well
explained by emission from high energy ions moving toward
the spectrometer and absorption of emission from ions mov-
ing away from the spectrometer. Simulations suggest that the
measured emission is driven by electron collisions at early
times in the laser-cluster interaction followed by the cascade
emission fed by a three-body recombination at times after the
laser pulse.
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