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Recent x-ray laser characterization experiments at LLNL
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Abstract: We report on a series of experiments, using the COMET picosecond facility, designed
to characterize and develop different x-ray laser sources. This work encompasses collisional
pumping of stab and gas puff targets.
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1. Introduction

In recent years x-ray lasers have made rapid progress towards higher efficiency, reduced size, low cost and high
repetition rate. These features are scientifically attractive and important for future development of applications that
take advantage of the unique characteristics of these sources. Saturated x-ray laser operation has been observed at
wavelengths in the 20 to 220eV range with pulse widths between 2 and 800ps. Narrow fractional bandwidth (AMA

~10" ), conversion efficiencies of ~10 ", low divergence (~mrad) and high saturation intensity (~10"' W/cm?) are
characteristic of the x-ray laser output which make it the highest brightness single pulse source of x-rays currently
available.

Collisional x-ray lasers typically operate in single/double pass, high gain, amplified spontaneous emission
{ASE) mode where the gain region is an extended plasma column. Population inversion is achieved by collisional
excitation of the lasing ion by free electrons. In this scheme an optical laser is incident onto a slab target of the
lasing material in a line focus geometry. Under the optimal pumping conditions a plasma gain medium column is
generated in which the x-ray photons which traverse axially undergo preferential amplification. A number of
different pumping schemes have been demonstrated. In this paper we describe results using the transient collisional
excitation scheme as described by Afanasiev and Shlyaptsev [1]. Two laser pulses are utilized where a fong
nanosecond pulse at 10" — 16 W cm’ generates the plasma and creates the required closed shell Ne-like or Ni-like
ionization conditions. A delay, depending on the initial plasma conditions, is required for plasma cooling and
expansion. This is desirable for both optimum pumping and ray propagation along the plasma column. A second
much shorter picosecond laser pulse at 10'* — 10'> W cm® rapidly generates a transient population inversionThe
fast picosecond timescale heating pulse is less than the time it takes for collisional redistribution of the excited levels
and allows efficient pumping without perturbing the ionization. Very high x-ray laser gains, greater than 100 cm™,
are predicted with the possibility of saturation for target lengths less than 1 cm. High saturation intensities (~10'!
W/cm?), small source sizes (50 x 80pm) and narrow angular divergence (~3mrad) within a ~ps pulse contribute to
the high brightness output {2].

In this paper we describe recent experimental progress at LLNL to characterize the parameters of laser-gas puff
soft-x-ray lasers. Near-field and far-field imaging results are presented for the Ni-like Pd x-ray laser.

2. Experimetal Description

The experiments were performed on the Compact Multipulse Terawatt (COMET) laser system at LLNL as
described previously [3]. This laser, operating at 1054 nm wavelength, utilizes the technique of chirped pulse
amplification to produce three high power beams of nominally 500 fs (compressed) and 600 ps (FWHM) pulse
duration with a repetition rate of 1 shot every 4 minutes. For this work, the short pulse was lengthened to 5 — 6ps
with energy of 4.5 — 6.5 ] while the long pulse energy was typically 0.5 J to 4 1. The latter energy was carefully
chosen to produce the desired plasma conditions for a particular experiment. For the Ni-like Pd ion x-ray lasers,
the peak-to-peak delay between the laser pulses was found to be optimal at 700 ps with the short pulse arriving
after the long pulse. These two laser pulses were delivered in a line focus of 1.65 cm long using a cylindrical lens
and an on-axis paraboloid. The long pulse was defocused to a width of 150 — 175 m (FWHM) while the short
pulse was focused more tightly to 80 — 120 m (FWHM). Due to the finite lifetime of the gain relative to the
transit time of the x-ray laser trough the gain medium it was necessary to employ traveling wave (TW) pumping.



The TW geometry was implemented before the focusing optics by using a high-reflectivity, 0; dielectric-coated
reflection echelon consisting of seven flat vertical mirror segments yielding a traveling wave irradiation with a
velocity of ¢ [3]. The main diagnostic to monitor the x-ray laser was an on-axis 1200 line mm™* variable-spaced
flat-field grating spectrometer coupled to a back-thinned 1024 x 1024 (pixel size 24 x 24 m ?) charge-coupled
device (CCD).

2. Gas Puff X-ray Laser Experiments

In this paper we present for the first time a transient gain soft x-ray laser produced by laser irradiation of a gas puff
target, instead of a solid [4]. The gas puff target is formed by pulsed injection of gas from a high-pressure solenoid
valve through a nozzle in a form of a narrow slit. Soft x-ray lasing with neon-like argon and nickel-like xenon ions
was demonstrated 5 years ago using gas puff targets irradiated with 0.5 ns duration, 400 — 500 J energy pulses at
large-scale laser facilities [5]. Low gain less than 2 cm™ was observed in those experiments. While much progress
has been made with the capillary discharge x-ray laser technique for Ne-like Ar [6], there is substantial interest in
generating a laser-driven gas-puff x-ray laser using a tabletop, picosecond laser. In the present experiment we used a
combination of a 0.6 ns prepulse foliowed by a 6 ps drive pulse, with a total of 10 J, to create soft x-ray lasing in
neon-like argon gas puff targets. Fig. | shows an on-axis argon spectrum with the strong collisionally excited 3p 'S,
— 35 ' P, laser line at 46.9 nm and the 3d ‘P, — 3p lPl laser line at 45.1 nm. The latter has the additional population
mechanism of self-photopumping by a resonance line {7]. In Fig. 2 we show the intensity versus plasma column
length for the 3p—3s and 3d—>3p laser lines. Using the Linford formula [8], we estimated a gain coefficient of 10.6
cm’' for the 3p—3s line and 10.6 cm™ for the 3d—3p line. This corresponds to a gain-length product for the 0.9cm
long plasma column of 9.6 for each line.
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Fig. 1. (Left) On axis spectrum from a 0.9 cm argon gas puff. The 3d — B and the 3p — 3 lines at 45.1 nm and
46.9 nm, respectively, are observed.
Fig. 2. (Right) Ne-like Ar 3d -— D (closed circles) and 3p -— 3 (open circles) x-ray laser intensity as a function of plasma
length. Fits to the Linford formula are shown for each x-ray laser line with fitted smali-signal gain coefficient of 10.6 cm™.
3. Near Field imaging

The saturated output of the Ni-like Pd 4d — 4p x-ray laser line at 14.7 nm was characterized in order to optimize
the beam properties for application experiments (e.g. interferometry) [9]. Flat polished, high-purity Pd slabs were
used to generate the x-ray laser medium. Two x-ray mirror optics, MoC,:Si multilayers for the 14.7 nm
wavelength, were used to perform near-field imaging. The 0; spherical x-ray mirror with focal length £=11.75
cm was focused to relay image the x-ray laser beam exit pattern via the 45; flat x-ray mirror onto a back-thinned
CCD camera. The camera was positioned 248.1 cm from the 0; spherical mirror giving a system magnification
of 20.1x. The x-ray laser beam was double-passed through a filter 2000 Lexan + 750 Al) placed between

the target and the 0; mirror. This filter substantially attenuated the x-ray laser signal to prevent saturation of the
CCD. An additional light tight filter (2925 Zr + 1050  polyimide) was placed in front of the CCD camera.
The 0j mirror could be translated to allow the x-ray laser beam to be sent to the flat-field spectrometer to



measure the far-field beam divergence in the horizontal plane. Thus, the near-field pattern and far-field beam-
divergence could be measured under similar laser conditions on alternate shots.

Figure 3(a) shows a near-field image of the Pd laser beam; the laser beam is incident from the right in the z-
direction (horizontal). The aspect ratio of the laser beam is 5x larger in the y-direction (vertical) than the horizontal
plane. The dimensions of the laser exit pattern are determined in the horizontal plane by the density gradients in the
z-direction away from the target surface and in the vertical plane by the interaction of the short pulse laser with the
pre-formed plasma. Figure 3(b) shows a lineout through the near-field pattern along the z-axis. The target surface for
this shot is at z=0. It can be seen that the centroid of the emission is approximately 70 m in front of the target
surface with a dimension of 30 m (FWHM). This latter dimension has been measured to be as small as 22 m on
some shots. The foot of the exit aperture extends uniformly away from the target to more than 150 m. The overall
dimensions are strongly affected by the initial plasma conditions particularly the density gradients and degree of
ionization. Small changes in the long pulse laser intensity e.g. increasing the energy from 1.25 to 1.8 J results in an
exit beam pattern that exhibits more structure further in front of the target as a result of density gradients.
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Fig. 3. (a) Near-field image of Ni-like Pd 14.7 nm x-ray laser beam as it exits the plasma column. The laser drive is incident from the right. The
dashed line shows the approximate position of the initial target surface. (b) Lineout through the center of the image marked AA in the z-direction
away from the target.
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