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We report on the spectroscopic investigation of optical-field ionized plasmas in the soft X-ray
spectral region. The experiment was carried out by focusing pulses of the high-power Ti:Sapphire
laser with an energy of ~ 40 mJ and time duration of ~ 30 fs into a gas jet of krypton,
xenon, and argon from a pulsed nozzle. Strong soft X-ray emission on lines from ionic stages
of Ki’t, Kr®*, Xe™, Ar™*, and Ar®* is reported. The experimental result was found to be in

good agreement with theoretical prediction.

I. INTRODUCTION

Recent advances in femtosecond laser technology
have opened up new experimental possibilities in high
electromagnetic field interaction with matter. The
high electric field of the laser pulse can strip elec-
trons from filled atomic shells by the effect of optical-
field ionization (OFT). This ionization mechanism al-
lows control of the stage of ionization by adjusting the
intensity of the driving laser and even preparation of
a desired electron energy distribution by varying laser
polarization. In particular, a linearly polarized laser
field generates relatively cold electrons, while circu-
larly polarized radiation produces electrons with high
kinetic energy [1].

A systematic study was carried out on the soft X-
ray emission from He, Nj, Oy, CO,,SFg, and Ar in a
gas jet irradiated by 200-fs Ti:Sapphire laser pulses at
intensities up to 5 x 10'® W/cm* [2]. Recent experi-
ments in which a 250-fs laser pulse was focused into a
low-pressure gas cell (He, O3, Ny, and CH, at pressures
around 1 mbar) have shown that circular polarization
(of the laser) yields a higher electron temperature and
thus more efficient excitation than linear polarization
does [3,4]. Strong X-ray emission from Ar and Kr
was observed when intense (up to 1017 W/cm?) 130-fs
pulses were focused into a gas jet under the conditions
of clustering [5]. The OFI plasma is also considered as
a promising approach for the development of a table-
top soft X-ray laser (~ 2 - 300 A) [6-9]. Experimentally,
gain on the Lyman-a transition of H-like Li at 135 A

was observed [7,8]. Another successful approach was
reported by a Stanford group [9] on Pd-like Xe at 418
A driven by circularly polarized 40-fs pulses.

In this paper, we present a soft X-ray spectroscopic
investigation of optical-field ionized noble gases by a
high-power femtosecond Ti:Sapphire laser.

II. THEORY

The OFI theory begins with an assessment of the
intensity necessary to achieve the desired state of ion-
ization. Although photoionization in very strong fields
presents quite a complex theoretical problem, the level
of ionization reached during the laser pulse can be esti-
mated by using a simple Coulomb-barrier suppression
model (BSI) [10]. This model is based on the super-
position of the Coulomb potential of an atom and a
quasi-static laser field. As the laser field strength is in-
creased, the height of the potential barrier in the atom
is lowered. An electron can be ionized when the low-
ered atomic potential reaches the ionization potential
of the atom (or ion). The corresponding threshold laser
intensity can be written as

4
Ly (W/cmz) =4 x10° U—Z(—gl) ) (1)

where Z is the charge of the generated ion and U is
the ionization potential of the ion with charge (Z — 1).
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For example, in the case of krypton gas, the threshold
electric field of 3.4x 10° V /cm is required for generation
of a Ni-like charge state (Kr®*), and 1.1 x 10'° V/cm
for ionizing the ninth electron to obtain Kr®* ions.
These electrical fields imply in the first case a laser
intensity of 1.5 x 106 W/cm?, and 1.6 x 1017 W/cm®
in the second case.

The more sophisticated model is a species-dependent
tunneling ionization theory developed by Ammosov,
Delone, and Krainov (ADK) [11]. The ADK model is
based on a quasi-classical ac-tunneling theory and pre-
dicts the ionization rate of complex atoms or ions. It
may be shown that the ionization rate depends very
weakly on the laser frequency. Since the distortion
of the atomic potential by the laser field yields a finite
potential barrier, it is possible for the electron to quan-
tum mechanically tunnel through this barrier and be
ionized. This process is strongly nonlinear and shows a
threshold-like behavior with laser intensity. The static
field ionization rate is given by [11,12]

22 23 E 2n—1.5
W =1.61 Wa 1. F—s (1087 ﬁ E:)
2 7% E
xexp(—3 3 E—L) (2

where w, . is the laser frequency in the atomic units,
E is the instantaneous strength of the laser elec-
tric field, E is the atomic field strength, and n =
Z(13.6/U)%. The evolution of ion densities n;(t) for
a particular charge state j is then given by a series of
first-order differential equations, '

dno(t) _ _
R ACINOR (3)
dn; () — Wj(t)n]’—l (t) — Wit (t)nj (t), (4)

dt
for .7 = 1’27 -~y Nmaz—1,

g‘n—":;—z(g‘ = Winae (D)Mmaz-1(t) , (5)
where W (t) is the ionization rate for the production of
charge state j. In this approximation, a stepwise tun-
neling ionization mechanism is considered as a domi-
nant process. Note that the above described ionization
model is commonly used [12,13] because of good agree-
ment with experimental results [10].

Fig. 1 shows the calculated temporal evolution of the
relative population of charge states in argon for a 30-fs
laser pulse focused to an intensity of 5 x 10'® W /cm?.
The ionization rate was set by the ADK model and
the time evolution of charge states was determined by
Egs. (3)-(5). It can be seen that ions up to Ar®* (Ne-
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FIG. 1. Calculated temporal evolution of the rela-
tive population of argon charge states during interac-
tion with 30-fs laser pulse focused to peak intensity of
5 x 10'® W/cm®. The laser pulse peaks at 100 fs.

like) can be generated under this condition. Similar
calculations were performed for krypton and xenon in-
dicating production of ionic stages up to Kr®* (Ni-like)
and Xe®* (Pd-like) for intensity above 1x 10'® W /cm?.
Since such a laser intensity is accessible using our ex-
perimental facility, the OFI theory can be further in-
vestigated experimentally.

IIl. EXPERIMENT

The experiment was conducted at KAIST using a
femtosecond terawatt Ti:Sapphire laser system. The
design of this terawatt laser has been described in de-
tail elsewhere [14]. The laser is based on the chirped
pulse amplification technique. The 17-fs pulses (en-
ergy 0.1 nJ) from a mode-locked Ti:Sapphire oscilla-
tor (A = 820 nm) are stretched to a pulse length of
approximately 200 ps before being injected into a 8-
pass preamlifier pumped by the second harmonic of a
Nd:YAG laser. The output pulses containing energy
of 3 mJ are further amplified by a 5-pass power am-
plifier to a maximum energy of 130 mJ. The amplified
radiation is then recompressed by a pair of diffraction
gratings, thus delivering up to 60 mJ pulses of 30-fs
duration (FWHM) on the target. The laser can be
operated at a repetition rate of up to 10 Hz.

A simplified scheme of the experimental setup is
shown in Fig. 2. Linearly polarized laser pulses were
focused with a spherical mirror of 60 cm focal length
into a gas jet of argon, krypton, and xenon from a
pulsed nozzle (General Valve). The laser focus position
was placed 250 pm above the nozzle tip. The measured
focal spot diameter was about 80 um, so we could ob-
tain peak intensities of up to mid-10' W/cm®. The
spectra were taken transversely (Fig. 2(a)) or longitu-
dinally (Fig. 2(b)) to the direction of the pump laser
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FIG. 2. Schematic of the experimental setup (top view)
used for recording soft X-ray spectra from OFI plasmas in
(a) transverse or (b) longitudinal geometry.

beam. The gas target was formed by pulsed injection
of a small amount of gas from a high pressure valve
through a circular nozzle (diameter of 200 pm) into a
vacuum chamber. The valve was charged with gas at a
backing pressure up to 15 bar. The gas density profiles
were measured by a focusing method {15]. By varying
backing pressure we were able to change the actual gas
density in the interaction region. For example, back-
ing pressure of 5 bar argon results in a peak density of
about 2 x 10'® cm™3 at a position 250 pm above the
nozzle tip.

Time integrated soft X-ray spectra were recorded
by a space-resolving flat-field extreme ultraviolet
(XUV) spectrograph [16]. It was coupled to a
thinned, backside-illuminated charge-coupled device
(CCD) camera. The covered wavelength range was
from 40 A to 360 A and the spectral resolution was
approximately 0.2 A. However, in the case of longi-
tudinal focusing geometry, an x-ray filter was used in
front of CCD. A 0.1 pum Al filter transmitted XUV
radiation while rejecting visible stray light from the
pump laser. Therefore a detectable spectral range in
this case became from 180 A to 360 A.

A typical longitudinal spectrum of krypton is shown
in Fig. 3(a). The spectrum is dominated by Cu-like
lines (Kr'*), and five prominent lines from Ni-like ions
(Kr®*) were observed as well [17]. However, four of the
Ni-like lines have nearly the same wavelength as lines
belonging to Kr’'*, Kr®", and Kr°*. It is interesting to
note that the line at 326 A (distinct but rather weak)
corresponds to the transition on which lasing was pre-
dicted (3d%4d — 3d°4p in Kr®* ions) [18]. Several weak
lines from low ionization stages are also present. When
the backing pressure dropped below 2 bar, bright high-
order harmonics of the Ti:Sapphire pump laser were
observed as shown in Fig. 3(b). Detailed interpreta-
tion of high harmonic emission can be found in [19)].

In the longitudinal spectrum of xenon (Fig. 4), lines
from Cd-like (Xe®*) and Ag-like (Xe'*) ions were iden-
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FIG. 3. Longitudinal spectra of krypton showing (a)
strong emission on lines from Kr™* and Kr®* ions (gas den-
sity ~ 2 x 10'® ¢m™3, 37 mJ, 50 shots), and (b) odd har-
monics of the laser frequency (gas density ~ 2 x 1017 cm ™3,
37 mJ, 100 shots).
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FIG. 4. Longitudinal spectrum of xenon showing Cd-like
and Ag-like lines (gas density ~ 2 x 10'® cm™2, 39 mJ, 200
shots).

tified in the covered spectral region. The other ob-
served lines remain unclassified due to the lack of ref-
erence spectral data.
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FIG. 5. Transverse spectra of argon showing (a) Ne-like
(gas density ~ 2 x 10'® cm™2, 49 mJ, 300 shots), and (b)
Na-like lines (gas density ~ 4 x 10'® ¢cm™, 49 mJ, 20
shots).

Fig. 5(a) shows a transverse spectrum of argon
in the region of Ne-like (Ar®*) resonance lines. The
Ne-like 2p-3s lines at 48.7 A and 49.2 A are promi-
nent in the spectrum. After the backing pressure
was increased to 10 bar, a different spectrum was ob-
served(Fig. 5(b)). In this case, the density of gas in the
interaction region reached a value of ~ 4 x 10*® cm~3.
The Na-like (Ar7+) lines show the highest intensity
and Mg-like (Ar®") line is relatively strong. The Ne-
like resonance lines are still present in the spectrum,
however, much weaker compared to the lines from low
ionization stages. We suppose that this effect may be
caused by a significantly increased rate of three-body
recombination to lower ionization states in higher den-
sity plasma.

IV. CONCLUSION

We have presented a spectroscopic investigation of
optical-field ionized noble gases. By focusing of 30-fs
laser pulses of peak intensity up to 5 x 106 W/cm?
into a gas jet of krypton, xenon, and argon, strong
soft X-ray emission on lines of Cu-like krypton, Ni-

like krypton, Ag-like xenon, Na-like argon, and Ne-like
argon was observed. This result is in good agreement
with BSI and ADK theories.
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