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ABSTRACT

This paper presents a brief review of the x-ray laser development at the Institute of Laser Engineering, Osaka University,
implemented with worldwide collaboration. The scaling of the x-ray lasing toward shorter wavelengths has been
investigated in the recombination-pumped (RP) and electron-collisional-excitation (CE) pumped x-ray lasers. Extension
of the RP x-ray laser close to the water window is described. With the CE x-ray laser, intense lasing of the J = 0-1 line at
19.6 nm in the neon-like Ge ion and lasing over 14.3 — 4.5 nm with the nickel-like ions are reported. Spectroscopic
studies of the x-ray lasers are described, including the first observation of polarization of the x-ray laser beam generated
by amplified spontaneous emission. The perspective of the plasma-based x-ray lasers is also presented.
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1. INTRODUCTION

Development of the x-ray laser is a very attractive but challenging research subjects.! Stimulated by the demonstrations
of the soft x-ray lasers at Lawrence Livermore National Laboratory? and Princeton University® in 1985, we have started
the x-ray laser research in 1986 using the high-power lasers developed for laser fusion research at the Institute of Laser
Engineering (ILE), Osaka University.* The recombination-pumped and the collisional-excitation-pumped x-ray lasers
were investigated in close collaboration with many scientists worldwide. In this article we briefly review major outcomes
of the x-ray laser development at ILE. The perspective of the plasma-based x-ray lasers are also presented.

2. RECOMBINATION-PUMPED X-RAY LASER

2.1 Extension of C VI Balmer-a laser to shorter wavelengths

With the objective to demonstrate x-ray amplification in the water window region, we have started the x-ray laser
research based on the recombination-pumping scheme. A schematic diagram of the energy levels of the hydrogenic ion
of an atom A with the atomic number Z is shown in Fig. 1.
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Figure 1. A simplified energy level diagram of the hydrogenic ion of an atom A with the atomic number Z. Population inversion is
created between n=3 and n=2 levels due to electron recombination and collisional-radiative relaxation at low electron temperature.
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Fully stripped ions produced by laser irradiation recombine with the electrons to populate high energy states of the
hydrogenic ions when the electron temperature decreases. At proper electron density z. and electron temperature 7, the
local thermal equilibrium (LTE) condition prevails in the high-energy states above the n=3 level. Since the electron in
the n=2 level decays rapidly to the ground state by the Lyman-a emission, the population inversion is created between
n=3 and n=2 levels, leading to amplification of the Balmer-a. (Ho) line due to 3Dsy, - 2°P3; and 3°Ds, - 22Py; transitions.
The wavelength of Hy scales with Z as A (in nm) = 656.2/Z2;18.2 nm for C VI (Z = 6), 5.42 nm for Na XI (Z = 11), 4.56
nm for Mg XII (Z = 12) and 3.88 nm (in the water window) for Al XIII (Z = 13). The proper high-#, and low-T, plasma
is created in C VI by rapid adiabatic expansion cooling of the cylindrical plasma.® Amplification of C VI H, has been
demonstrated at the Central Laser Facility (CLF) of Rutherford Appleton Laboratory® by irradiation of a 7-um diameter
carbon fiber of a length up 9.5 mm with 70-ps laser pulses of 1-um wavelength with the absorbed intensity of 1.7 x 10'3
W/cm?, resulting in the gain coefficient of g =4.1 cm™ and a single pass gain of 30.

The similarity forms for the collisional-radiative equations for the hydrogenic ions by G. Pert lead to the following Z-
scaling; 3 the electron temperature T,~ Z2, the electron density n.~ Z’, the cooling time ¢ ~ Z and the gain coefficient g
~ Z73. M. Key has shown that this Z scaling has a limit at Z ~ 12 since the initial electron density cannot exceed the
electron density of solid materials.” In laser ablation due to inverse Bremsstrahlung absorption, the initial electron
density scales as n.~ Z, although the initial electron temperature can be increased as 7.~ Z* when the laser intensity is
increased as / ~ Z*. Starting from this initial plasma formation condition, the gain scales as g ~ Z™"? instead of g ~ Z7~.

The important issue in the Hq laser of high-Z ions is the cooling of the electron temperature, because the expansion
cooling is less effective since the electron density of the initially formed plasma is already close to the gain region. The
trapping of the Lyman-a radiation may also be a limitation to the Ho, gain,® but this issue was still unresolved.’ These
analyses show that irradiation of narrow-width and possibly diluted targets by a short-duration, high-intensity, and short
wavelength laser pulse is favorable for extension of the lasing to shorter wavelengths. When we apply the Z* dependence
of the absorbed intensity to the C VI Hy amplification,® the required absorbed intensity is 1.9 x 10'* W/cm? for Na XI Hy
amplification and 3.7 x 10'* W/cm? for Al XIII Ho amplification, respectively.

2.2 Investigation on Hy amplification in Na XI, Mg XII and Al XIII with 355-nm laser pumping

In order to investigate the Z-scaling of the Ha amplification, we have implemented an x-ray laser experiment using the
frequency-tripled beams of the G-XII Nd:glass laser, as a joint work with the group of CLF headed by Prof. Mike Key.
The experimental arrangement is shown in Fig. 2.!° Two 355-nm laser beams of 130-ps duration, each focused to a line
of 30-um width and 7-mm length with a cylindrical lens coupled with an aspheric lens, have irradiated a thin plastic film
of 6-mm length coated with either NaF, MgF, or Al from both sides with the total intensity up to 3.3 x 10'* W/cm?. The
spectra of the XUV emissions in the axial and transverse directions were measured with two flat-field XUV
spectrometers using varied-space diffraction gratings by Hitachi.!! The spectra were recorded either with films (Kodak
101-07) for time-integrated measurement or with streak cameras (Hamamatsu with Cul and Kentech with Csl
photocathodes) for time-resolved measurement. Since the gains of Na XI Hq, Mg XII Ho and Al XIII Ho were not high
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Figure 2. Layout of the x-ray laser experiment, irradiating a stripe target from both sides with two laser beams of frequency-tripled G-
XII laser. The XUV emissions from the target are measured with the spectrometers from the axial and transverse directions. [Ref. 10.]
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Figure 3. The experimental result of the time dependence of the gain coefficient of Na XI Hq. [Ref. 12]

enough for gain determination from the length dependence of the line intensity, the gain or absorption of various lines
were determined from the intensity ratios of the axial and transverse emissions which is given by /./I; = [exp(gL)-11/(gL),
where L is the target length, by carefully calibrating the relative sensitivity of the axial and transverse spectrometers.'?

From the time integrated spectra of NaF and MgF», the gain of the Hq line was determined as 1.7 + 0.6 cm™ for Na XI
and 1.5 £ 0.6 cm™ for Mg XII, respectively. For the Al target, Al XIII Ho was too weak to determine the gain, indicating
that the laser intensity was not sufficient for ionization of Al to the fully stripped state. The time-dependence of gain, g(?),
determined from the ratio of the time-resolved axial and transverse Hq intensities ,(2)/I(t), is shown in Fig. 3. !> The gain
of Na XI Hg, at 5.42 nm becomes maximum with gmax = 3.2 £ 1.0 cm™ at ~ 200 ps after the laser pulse. Similar gain was
also observed for Mg XII Hq at 4.56 nm. The Na XI Ha gain was not observed with a diluted target of Na;B4Oy,
suggesting the Ly-a trapping may not be significant in this experimental condition.

2.3 Increasing the gain by shorter-pulse pumping

By applying the Z scaling of the electron cooling time to the observed value of 1 ns in C VI He,® the cooling time
necessary for Na XI Hq is evaluated as t ~ 90 ps. Since the laser pulse width of 130 ps in the above experiment was too
long, we have implemented another x-ray laser experiment by generating a 28-ps, 526-nm, 23-J laser pulse with one
beam of G-MII laser. The laser beam was line-focused on a NaF stripe target at the intensity of 6 x 10 W/cm? !> The
gain of Na XI Hq determined from the time-integrated 1,/; ratio was g = 4.0 = 1.0 cm’!, significantly higher than 1.7 + 0.6
cm! in the 130-ps irradiation. The length dependence of the H, intensity, which we could plot in this experiment,
provided the gain of g = 8.6 cm’'. The time-resolved measurement has shown that the gain becomes maximum at ~ 50 ps
after the laser peak. The computer simulation, shown in Fig. 4, shows that the gain region appears at ~ 60 ps after the
laser pulse at 15-20 pm away from the target surface with the peak gain of g = 18 cm™.!* Figure 4 also shows that there
is strong density gradient in the gain region, suggesting the amplified beam will be refracted. Using a curved target to
compensate for the refraction, we have observed longer duration of the gain in the time-resolved measurement.

Space (um)
-20 80 100 120

60

Time (ps)

80

100

1201 JI) AU\ ~
0 1020 30 40 Cell Number 50

Figure 4. The plasma expansion of a NaF stripe target irradiated with a 28-ps, 526-nm laser pulse. Time runs downwards, where the
laser pulse is indicated by PL. The original position of the stripe is at 0 pm. The gain region is shown by shading. [Ref. 14]
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In order to further investigate the effectiveness of the short pulse pumping, the chirped pulse amplification (CPA) > was
introduced to the high-energy G-MII Nd:glass laser in collaboration with Dr. Chris Barty of Stanford University,
generating a 1-ps, 30-TW pulse at 1.052 um, the highest peak power at that time.!® Although we could not apply this
laser to the x-ray laser experiment due to time constraint, this CPA G-MII laser was applied to demonstrate laser
wakefield electron acceleration for the first time'” and to the fast ignition of laser fusion with the CPA G-XI1I laser.'3 17

2.4 Summary

This series of investigation on the recombination Hy laser has shown that the short-pulse, high-intensity, and short-
wavelength laser pumping is effective in increasing the gain at short wavelengths. However saturated amplification has
not been demonstrated in the Hq lasers. This may be ascribed to several factors: production of the gain region uniform in
space and time over a length sufficient for achieving the gain-length product of ~ gL > 10, refraction of the x-ray laser
beam due to density gradient, and possibly radiation trapping. These issues could be investigated with the high-power,
short-pulse, and short-wavelength CPA lasers which are now available.

3. COLLISIONAL-EXCITATION X-RAY LASER

3.1 Electron-collisional-excitation x-ray lasers

In 1991 we have started to perform an experiment on the electron-collisional-excitation (CE) x-ray laser schemes of neon
(Ne)-like 2% 2! and nickel (Ni)-like isoelectronic sequences. > 23 The energy level diagrams of Ne-like and Ni-like x-ray
lasers are shown in Figs. 5(a) and 5(b), respectively. Strong collisional excitation to the upper laser level and fast
radiative decay from the lower laser level create the population inversion in these ions. For efficient creation of the
population inversion, production of the Ne-like and Ni-like ions and creation of the energetic electrons for excitation
from the ground state to the lasing states are required.
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Figure 5. Simplified energy level diagrams of (a) neon-like and (b) nickel-like ions.

3.2 Collisional-excitation x-ray lasers with neon-like ions

With the neon-like ions, lasing takes place between the 2p°3p and 2p’3s states typically at the five transitions (in order of
increasing the laser wavelength) : 2p1/23p1/2 (J: 0) — 2p1/23S1/2 (J: 1) at 19.6 nm, 2p3/23p3/2 (J: 2) — 2p3/23S1/2 (J: 1) at
23.2 nm, 2p123p3n (J = 2)-2p1p3s12 (J=1) at 23.6 nm, 2p323p3p (J = 1)— 2p3p3s12 (J = 1) at 24.7 nm, and 2p323p12 (J =
1)-2p3p3s12 (J =1) at 28.6 nm, where the wavelengths of the CE germanium laser are shown for each transition.

3.2.1 Lasing properties of J = 0-1 and J = 2-1 lines in neon-like Ge

On the CE x-ray laser scheme, we have started with the Ne-like Ge (Z = 32),2* in collaboration with the group of Queen’s
University Belfast (QUB), UK headed by Prof. Ciaran Lewis. Two laser beams of 1.053-um wavelength, 1-ns pulse
width and 1.1 kJ energy per beam was focused to a line of 6 cm length and 100 um average width, with an average

intensity on target of 2 X 10'3 W/cm?. Either an exploding foil (40-mm length), a single flat-slab (40-mm length) or
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Figure 6. Schematic views of (a) single flat-slab target and (b) a single curved-slab target. The approximate trajectories of the x-ray
laser beam in the plasmas of these targets are shown by the solid curves.

a double-flat-slab target *> 26 was irradiated with 2 laser beams from opposite directions (see Fig. 9). The double-slab
target was composed of two slab targets of half-length (26-mm length), and each slab was irradiated with a laser beam
whose half aperture was blocked. Definite amplification was observed in the five lasing lines of Ne-like Ge; 19.6 nm due
to J = 0-1 transition, 23.2, 23.6 and 28.6 nm due to J = 2-1transitions, and 24.7 nm due to J = 1-1 transition.?” It was
found that the lasing property of the J = 0-1 line was quite different from that of the J = 2-1 and J = 1-1 lines. The J = 0-
1 line was amplified in the rising part of the laser pulse, and emitted at large deflection angle of ~10 mrad from the target
surface with the single slab target. These results were consistent with the prediction that the 2p°3p (J = 0) state, the upper
level of the J = 0-1 transition, is populated by monopole collisional excitation from 2p® (J = 0) ground state at high
electron density, whereas the upper levels of the J = 2-1 transition are populated through relaxation from higher levels.

3.2.2 Refraction compensation and double-pass amplification with a curved-slab target in an x-ray half-cavity

In order to compensate for refraction of the x-ray laser beam due to density gradient with the slab target, which became
evident in these experiments, we have tested the curved slab target originally proposed by Lunny.?® Figures 6(a) and 6(b)
show schematic views of a single flat-slab target and a single curved-slab target, respectively. With the curved slab target,
the x-ray laser beam propagates through the gain region over a long distance with a curvature which matches the
refracted beam path. A Mo-Si multilayer x-ray mirror of 35 % reflectivity at 23.6 nm, fabricated at Canon Research
Center, was placed at one end of the single curved-slab target, forming a half cavity for double-pass amplification in the
Ge plasma.? (Similar experimental configuration with double flat-slab targets was reported from CLF.3%) The intensities
of the J = 0-1 and J = 2-1 lines in single-pass amplification have increased ~ 10 times with the curved target compared
with the flat target. When the incidence angle of the x-ray reflector was optimized in the double-pass configuration, the J
= 0-1 line of less than 1-mrad divergence was stably generated, indicating the x-ray laser beam was amplified in a
plasma waveguide.?' Although the x-ray mirror was damaged by the x-ray laser beam,*? still the feedback by the mirror
was effective at least in early time of the x-ray lasing.

3.2.3 Multiple short-pulse pumping

These experiments have indicated that the J = 0-1 lasing in Ge might be enhanced if the target is irradiated with shorter-
duration laser pulses. Therefore, in collaboration with Prof. Chang Hee Nam of Korea Advanced Institute of Science and
Technology, we have irradiated a curved slab target by two laser pulses of 100-ps duration with 300-ps separation, at the
total energy of 200 — 300 J on target with various intensity ratios of the first and second pulses. With this double-pulse
pumping, the J = 0-1 line was emitted with 12 times higher peak power and reduced beam divergence compared with the
1-ns pumping, resulting in 25-times improvement in brightness.?* The intensities of the J = 0-1 and J = 2-1 lines have
increased exponentially with the increase of the first pulse intensity, indicating that the first pulse is effective in
producing a pre-plasma of proper density gradient and ionization balance for efficient excitation by the second laser
pulse. The x-ray laser energy has increased further by the triple-pulse pumping.>* This multiple-pulse pumping method
has enabled us to extend the lasing with the Ni-like ions to shorter wavelengths, as described in section 3.3.1.

3.2.4 Polarization of the x-ray laser

The soft x-ray laser generated by amplified spontaneous emission is generally considered unpolarized. As an attempt to
generate a polarized x-ray laser beam, we have tested double-pass amplification in a Ge curved-slab target with a
polarizing half cavity shown in Fig. 7.3° Between the Ge amplifier and a normal incidence multilayer reflector, we have
placed a multilayer polarizer which had a polarization ratio of R¢/R, = 120 for the J = 0-1 lasing line, where R, and R, are
the reflectivities for the s- and p- polarizations, respectively. Although the total reflectivity of the polarizer and the
reflector was rather small (6.3 x 107 in double pass), we have obtained a polarized x-ray laser beam due to double-pass
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Figure 7. A polarizing half cavity with a multilayer polarizer placed in front of the reflector, and measurement of the x-ray laser beam
with a flat-field grating spectrometer and a streak camera. [Ref. 35]

amplification with approximately the same intensity as the single-pass amplified beam, but with different emission time.

The soft x-ray laser beam generated by amplified spontaneous emission might be polarized if the plasma has spatial
anisotropy. In collaboration with Prof. Takashi Fujimoto of Kyoto University, we have measured the polarization of the J
= 0-1 line of Ge at 19.6 nm, generated by 100-ps, double-pulse irradiation of a curved slab target. An x-ray polarizer,
composed of two Mo-Si multilayer reflectors of 45-degree incidence angle with a polarization ratio of Ry/R, > 100 each,
was placed just in front of the spectrum recording plate at the output end of a high-resolution spectrometer (described in
3.2.5), and was rotated shot-by-shot to measure the intensities of the various polarization components of the x-ray laser
beam. Denoting the coordinates x and z along and normal to the target surface respectively and y in the observation
direction as shown in Fig. 8, it was found that the x-ray laser beam was partially polarized in the x-direction; /x was
approximately 3 times higher than 7,, where I and I, are the intensities of the x- and z-polarized components of the x-ray
laser beam, respectively.’® Based on quantitative evaluation of the several factors that might generate polarization
anisotropy, it was concluded that the observed polarization is ascribed to the anisotropy in the trapping of the resonance
line 2p°3s (J = 1) — 2p° (J = 0). The reabsorption of the resonance line emitted toward the z-direction from the dipole
oscillating in the x-direction is reduced due to the velocity gradient along z. This results in the population anisotropy of
the lower level of the J = 0-1 transition of n(3s)=; < n(3s)o where the subscripts refer to the magnetic quantum number M
with z taken as the quantization axis, leading to larger population inversion for the polarized lasing in the x-direction.

X
X-ray laser to
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Pump laser

Ge slab
target

Figure 8. Configuration for polarization measurement of the x-ray laser generated in amplified spontaneous emission.

3.2.5 Linewidth of the x-ray laser

We have measured the linewidths of the lasing lines of the Ge laser using a grazing incidence spectrometer with the
resolution of A/44 = 16,000 (Hettrick Scientific, Model HIREFS-170.25), where a 375 lines/mm unevenly spaced
grating was located at 134 cm from an entrance slit and the focal plane was located at 409 ¢cm from the grating.3” With
this spectrometer, each lasing line was clearly resolved enabling determination of the linewidth of each line. The spectra
were recorded with a CCD camera consisting of 1024 x 1024 array of 18-um square pixels with a dynamic range of
10,000, which was developed for x-ray astronomy by Prof. Hiroshi Tsunemi of Osaka University.>® After spectral
deconvolution, the linewidths of the J=2-1, 23.2 nm and 23.6 nm lines and the J = 0-1, 19.6 nm line were determined as
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22, 21 and 25 (*4) mA, respectively.* These observed linewidths are consistent with the gain-narrowed widths of the
intrinsic line broadening of ~ 50 mA due to Doppler broadening, collisional broadening and Stark broadening,
calculated for the gain-length product of gL = 5-9 in this experiment. More detailed understandings on the atomic
physics will be obtained by further increasing the spectral resolution.

3.2.6 In-line soft x-ray holography

A preliminary experiment of the in-line Gabor holography of simple structured objects were demonstrated using the Ge
soft x-ray laser as the light source, in collaboration with Prof. T. Honda of Tokyo Institute of Technology, Prof. Kunio
Shinohara of Tokyo Metropolitan Institute of Medical Science, Prof. David Neely and his colleagues at QUB and King’s
College London. The holograms recorded on PMMA were retrieved with an atomic force microscope. The object image
was reconstructed with phase retrieval algorithm, resulting in a clear, ghost-free image of sub-um resolution, showing
the potential of the x-ray laser for high-resolution 2-D and 3-D imaging. *°

3.3 Collisional-excitation x-ray lasers with nickel-like ions

With the nickel-like ions, lasing takes place between the 3d@°4d and 3d°4p states at the two transitions: 3ds»4dsn (J = 0) —
3dsp4psn (J = 1) and 3dspddsp (J = 0) — 3d3pdpin (J = 1), which are called long-wavelength and short-wavelength
components, respectively.

3.3.1 Lasing in Ni-like ions at 14.3 - 6.37 nm by multiple-pulse pumping

By applying the triple-pulse pumping technique®* 3* to the Ni-like x-ray laser, we have succeeded in demonstrating
lasing over the wavelengths of 14.3 — 6.37 nm in the following Ni-like ions; 47Ag (4 = 14.3 nm), 52Te (11.1 nm), s;La
(8.9 nm), s3Ce (8.6 nm), 6oNd (7.97 nm), 2Sm (7.32 nm), 62Gd (6.92 nm), ¢sTb (6.67 nm), and Dy (6.37 nm), where the
wavelengths of the observed lasing lines of the long wavelength component are shown in the parentheses.*'** In these
experiments, a curved slab target was irradiated with either double, triple or quadruple 1.053-pm laser pulses of 100-ps
duration separated by 400 ps, with the total energy of 200 - 500 J. A gain coefficient of g ~ 3.1 cm™ and a gain length
product of gL ~ 8 have been achieved at 7.97 nm in the Nd ions. This multiple-pumping method has proven to be
effective for reducing the laser energy required to pump these soft x-ray lasers by almost an order of magnitude. This
work was later extended to the demonstration of the saturated gain in Ni-like Ag at 13.9 nm and Sn at 12.0 nm by 4-ps
duration, 14-J, two-pulse pumping with a table-top laser at the JAERI Advanced Photon Research Center.*’

3.3.2 Intense lasing in Nd and Ag by quasi-travelling-wave pumping of double curved-slab target

In collaboration with the group of National Laboratory on High Power Lasers and Physics (NLHPLP), Shanghai Institute
of Optics headed by Prof. Shiji Wang, where double-target configuration has been tested in 1992,% we have irradiated
two curved-slab targets by two laser pulses with a 100-ps delay for quasi-travelling-wave pumping of the two targets, as
shown in Fig. 9. Double-pass amplification using a 100-layer-pair Ru/B4C multilayer mirror fabricated at NTT-
Advanced Technology was also implemented, where the reflected x-ray laser pulse was amplified in the plasma pumped
by the next laser pulse. For target irradiation, instead of using a standard single cylindrical lens, a novel optics composed
of 4 convex cylindrical lenses developed at NLHPLP was installed for uniform-width line focusing.** A large-aperture
deformable mirror was also tested for uniform line focusing, resulting in improved soft x-ray laser performance.*

With the single-pass quasi-travelling-wave amplification, we have obtained very intense lasing in the Ni-like Nd at 7.97
nm with ~ 40-ps duration and ~ 40-pJ energy corresponding to ~ 1-MW peak power,*® and saturated amplification in Ni-
like Ag at 13.9 nm with an exceptionally high gain of 19 cm™, ~ 300-uJ energy and 5 MW peak power.*’ In this
experiment, we found that the merit of the curved target decreased in the multiple pulse pumping scheme as discussed by
Nilsen et al.*8

Delayed pump laser pulse
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Soft x-ray
Plasmaﬁ | |

Pump laser pulse Slab target

Figure 9. Quasi-travelling wave pumping of a double slab target.
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3.3.3 Extension of lasing close to the water window

For x-ray lasing close to the water window with the Ni-like ions, a high density and high temperature plasma is required
as an amplifying medium. For example, the desirable electron temperature and the electron density are 1 — 1.5 keV and
1.5 x 102! cm™ for 70Yb and 1.4 — 1.8 keV and 3.5 x 10! cm™ for 74W, respectively.* In this case, the important issue is
the propagation of the x-ray laser beam through the gain region in the plasma.’® The x-ray propagation through the gain
region is quite different at the wavelengths shorter than 10 nm, where the obliquely incident x-ray laser beam penetrates
in the high-density non-amplifying plasma and absorbed. In this spectral region the curved target is not effective for

refraction compensation, because the critical density at 10 nm is ~1x10% ¢cm™ which is much higher than the solid
density plasma.

Experiment on lasing toward the water window in the Ni-like ions was implemented in collaboration with NLHPLP and
the group of Friedrich-Schiller University Jena headed by Prof. Eckart Forster. Two flat-slab targets of 8 mm length each
was irradiated by two counter-propagating lasers of 1.053-um wavelength and 100-ps duration with a time delay for
quasi-travelling wave pumping. Each laser beam was composed of a pre-pulse and a main pulse, with the main-pulse
energy of 240 J and intensity of 3 x 10" W/cm?. After extensive optimization of the target position (target separation
along and vertical to the x-ray laser beam axis) and laser parameters (delay time and pre-/main-pulse intensity ratio), the
x-ray lasing near the water window were obtained in Ni-like Yb, Hf and Ta ions at 5.0 nm, 4.7 nm and 4.5 nm,
respectively as shown in Fig. 10. The gain coefficients of the Ni-like Yb and Hf lasing lines were g = 6.6 cm™ and 3.6
cm™! with the gain length product of gL = 11 and 6, respectively.’! Indication of lasing in W at 4.3 nm, in the water
window, was also observed. According to 1-D hydrodynamic simulation for 1-um laser irradiation, the electrons are
heated to ~ 1 kV, but the electron density of the heated region of ~ 10?! cm™ is lower than the required density.
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Figure 10. Observed spectra of lasing in (a) Yb, (b) Hf and (c) Ta, respectively. The carbon K-edge at 4.38 nm is shown as the edge of
the water window. [Ref. 51]

3.3.4 Spectroscopic study of the lasing lines in the nickel-like ions

Although the observed intensities of the Yb, Hf and Ta x-ray lasers were below the saturated levels, the well-defined
lasing lines are precious for spectroscopic studies. Comparing the observed wavelengths and intensities of the lasing
lines in Ni-like ¢oNd, 62Sm, 64Gd, 6sDy, s7H0, 70Yb, 72Hf, and 73Ta, we found that the intensity of the longer wavelength
component is stronger in ¢oNd ~ s7Ho, whereas the intensity of the shorter wavelength component becomes stronger than
the longer wavelength component in 70Yb ~ 73Ta. Prof. Fumihiro Koike of Kitasato University has successfully clarified
these experimental results of the wavelengths and line intensities, by implementing detailed relativistic atomic-physics
calculation on these elements to derive the wavelengths and the oscillator strengths and also solving a simplified rate
equation code to calculate the relative gain of these lines using the calculated oscillator strengths. 2

Detailed account of the experiments on the development and application of the collisional-excitation soft x-ray lasers at
ILE can be also found in the review papers. 4% 335
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4. PERSPECTIVE

4.1 Recombination-pumped x-ray laser and related schemes

The recombination-pumped x-ray laser has inherently high efficiency, since fully stripped ions of atoms of small atomic
numbers, required in this scheme, can be generated with relatively low laser energy. Unfortunately, saturated
amplification has not been demonstrated in this scheme, due possibly to several factors as described in section 2.4.
Considering recent significant advances in the laser technology, it will be possible to test this scheme with more ideal
conditions, i.e., travelling-wave irradiation of a target with a high-power, short-pulse and short-wavelength laser, focused
to a narrow width with uniform intensity distribution.

With the high-intensity, short-duration and short wavelength lasers, it will be possible also to investigate other promising
x-ray laser schemes, such as the optical-field ionization x-ray laser 3 and the resonant photo-pumping x-ray laser. >’

4.2 Collisional excitation x-ray laser

The collisional excitation soft x-ray lasers have been successfully developed over the world. The wavelengths of the
typical Ne-like-ion x-ray lasers and the Ni-like-ion x-ray lasers are shown in Fig. 11 (a) and in Fig. 11 (b), respectively.
Many x-ray applications need the x-ray lasers with saturated amplification, which can provide not only high intensity but
also high coherence. From this point of view, useful wavelength region is restricted. Among the Ne-like soft x-ray lasers,
the useful wavelength is in ~ 30 - 20 nm such as Ti, Cu, Ge, Se and Y. On the other hand, among the Ni-like soft x-ray
lasers, the useful wavelength region is in ~ 20 - 5.9 nm such as Ag, Nd, Sm and Dy.*! In the shorter wavelength regions
of the Ne-like and Ni-like lasers, the intensities are far below the saturated levels. In the longer wavelength regions, the
achieved intensities are far below the saturated levels. For extending the useful wavelengths both in the shorter and the
longer regions, we would like to point out several issues to be considered as described below.
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Figure 11. The lasing wavelengths of (a) Ne-like ions and (b) Ni-like ions as a function of atomic number. The horizontal bars
correspond to the region of the atoms where saturated amplification has been attained.

As the requirements in the collisional-excitation x-ray laser scheme, the first requirement is that the abundance of the
Ne-like or Ni-like ions should be maximized. At the same time, the abundance of the electron component which
efficiently excite the ground state ions to the upper lasing levels should be maximized. For the Ni-like ions, the electron
temperature for the former condition is approximately one-half to one-third of the electron temperature for the latter
condition.>® This consideration leads to the separated pumping; the first laser for plasma formation and the second laser
for exciting the lasing ions. Such a scheme called the transient pumping scheme, including the traveling wave pumping,
was first demonstrated by P. V. Nickles.*® This scheme was successfully applied to various kinds of elements to extend
the wavelength region. As the second requirement, the ray trajectory of the soft x-ray laser should continuously pass
through the gain media. For this requirement, grazing incidence pumping was successfully demonstrated.’® % This
method has contributed to the reduction of the pumping laser system. However, the extension of the useful wavelength

Proc. of SPIE Vol. 11886 118860D-9



region is still limited. Based on these results, we would like to describe a scope for extension to shorter and longer
wavelength regions.

For extension of the lasing to shorter wavelength regions such as the water window spectral region, the Ni-like ion
scheme is suitable. For this purpose, it is necessary to create high density homogenous plasma which contains sufficient
Ni-like ions and high energy electrons for pumping to the 4d state. We propose to use multiple ultraviolet laser pulses for
production of large-scale homogeneous plasma abundant with the Ni-like ions and a picosecond infrared laser pulse for
production of energetic electrons for the pumping to the 44 state.

On the other hand, when we see the long wavelength region, we find interesting experiments by E. Fill and his
collaborators.®! Using the laser pulses with an energy of 20 ~ 50 J in 400 ps at 1.315-pm wavelength as the main
pumping source with a small prepulse, they have demonstrated Ne-like sulphur and silicon lasers with the wavelengths
of 60.8 nm and 87.4 nm, respectively. This spectral region is attractive for material sciences, and extension to longer
wavelength region is also desirable. However, the required laser energy was rather high, although the lasing wavelength
was long. According to the consideration of the scaling law by Li and Nilsen,®? one of the possible reasons is thought to
be that the wavelength of the pumping laser of ~1 pum is too short for these ion species. We believe that the repetitive
CO; laser is one of the possible candidates. A Ne-like Al laser at the wavelength of 122 nm, which has not yet been
demonstrated, is an attractive coherent monochromatic source for VUV spectroscopy. In this spectral region we can use
high quality windows to cover the specimen for irradiation.

5. SUMMARY

We have reviewed x-ray laser development at the Institute of Laser Engineering, Osaka University, implemented with
worldwide collaboration. Extension of the recombination-pumped Balmer-alpha x-ray laser to shorter wavelengths was
investigated. By irradiation of stripe targets with a 130-ps, 355 nm laser pulse at the intensity of 3.3 x 10'* W/cm?, gains
were observed in Na XI Hq at 5.42 nm and Mg XII H, at 4.56 nm, with the Na XI He gain of gmax (t) ~ 3.2 cm™! attained
at ~ 200 ps after the laser pulse. This irradiation intensity was not sufficient for ionization of Al to the fully stripped state.
A higher gain in Na XI Hq of 8.6 cm™ was obtained at 50 ps after the laser pulse, by irradiation with a 28-ps, 526 nm
laser pulse at 6 x 10'* W/cm?. Based on this work, we have suggested to investigate this scheme with more ideal
conditions; travelling-wave irradiation of a target with a high-power, short-pulse and short-wavelength laser, focused to a
narrow width with uniform intensity distribution.

The collisional-excitation (CE) x-ray lasers in the neon-like and the nickel-like ions were investigated. With the CE Ne-
like x-ray laser, we have obtained the following results: efficient lasing of the J = 0-1 line by short-pulse pumping,
efficiency improvement of lasing by multiple-short-pulse pumping, refraction compensation with a curved-slab target,
amplification in a plasma waveguide by operation of the x-ray laser with a half cavity, first observation of polarization of
the x-ray laser beam generated as amplified spontaneous emission, measurement of the spectral width of the x-ray laser,
and preliminary experiment on the in-line x-ray holography.

Extension of the lasing to shorter wavelengths was investigated with the CE Ni-like x-ray lasers. By triple-pulse
pumping, amplification was observed over the wavelengths of 14.3 — 6.37 nm in the Ni-like ions of Ag, Te, La, Ce, Nd,
Sm, Gd, Tb and Dy, with a gain-length product of gL ~ 8 at 7.97 nm in Nd. By quasi-travelling-wave pumping of double
targets at high irradiation intensity, amplification in Ni-like Yb at 5.0 nm, Hf at 4.7 nm and Ta at 4.5 nm were observed,
withg=6.6 cm'and gL = 11 in Yb and g = 3.6 cm™! and gL = 6 in Hf, respectively.

For extension of the Ni-like laser to shorter wavelengths, we have proposed to use multiple ultraviolet laser pulses for
production of a large-scale homogeneous plasma abundant with the Ni-like ions and a picosecond infrared laser pulse for
production of energetic electrons for the pumping to the 4d state. For extension of the Ne-like laser to longer
wavelengths, we have suggested irradiation with a long wavelength laser: for example, using a CO; laser for realization
of Ne-like Al laser at 122 nm.

Partly based on the x-ray laser research at ILE, a new R&D program was started at Japan Atomic Energy Research
Institute (JAERI) by establishing the Advanced Photon Research Center (APRC) in 1996, with Prof. Hiroshi Takuma as
the Scientific Adviser, where exploration and development of new research fields with high-power ultrashort pulse lasers
are pursued. After preparation period, full-scale research was started at a new research facility in Kizu, Kyoto Prefecture
in 1999, % with the support of Prof. Toshiki Tajima and Prof. Gerard Mourou. This program is now actively undertaken
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at Kansai Photon Science Institute (KPSI) of National Institutes of Quantum and Radiological Science and Technology
(QST) over broad fields such as high-power lasers,* x-ray lasers,*>® x-ray generation,% high field science®’ and particle
acceleration.® Among various approaches to generation of coherent radiation in the EUV and x-ray regions, the plasma-
based x-ray lasers will have new possibilities for development by utilizing the technologies and concepts that are now
available.
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