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Abstract: A recombination plasma soft X-ray laser that is associated with Li-like Aluminum ion
Al10+ 3d-4f transition (wavelength: 15.47 nm) was investigated to increase the gain coefficient. By
optimizing the time interval of the 16-pulse train, higher-density plasma with a low temperature
could be generated, and thus, we obtained the gain coefficient of 9.84 cm−1 at the pump laser pulse
energy which was as low as 3 J. To further enhance the X-ray laser output energy, the single resonator
which was installed by using a Mo/Si multilayer mirror that has a high reflectivity of 0.45 at 15.5 nm,
and the X-ray spectrum after the double pass in the lasing medium was measured. As a result, the
output intensity was increased to be 1.5 times higher than t=when it was compared with those that
were conducted with no X-ray mirror.

Keywords: plasma X-ray laser; recombination scheme; highly charged ions

1. Introduction

Plasma X-ray lasers have been given attention in scientific and engineering fields [1–4],
including X-ray microscopy [5], X-ray photoelectron spectroscopy [6], X-ray lithography [7],
and X-ray holography [8]. For the generation of a population inversion to achieve laser
oscillation, two pumping schemes have been proposed and demonstrated in terms of
lasing actions so far, and these are the collisional electron excitation scheme [9–11] and the
recombination plasma scheme [12,13]. Since the plasma-excited X-ray laser is driven by the
amplified spontaneous emission (ASE) phenomenon of highly charged ions that are created
in the laser-produced plasmas, a driver laser facility with very high output pulse energy
was indispensable in the experiments of the 1980’s. Thus, considerable improvements to
the pump laser energy are necessary to realize a practical X-ray laser, which would enable
us to operate and maintain a compact and high-repetition X-ray laser. The progress in the
smaller sized lasers has been made by the innovation of the chirped-pulse-amplification
(CPA) [14].

In a transient collisional excitation scheme, a weak pre-laser pulse produces an ini-
tial transient plasma, in which the highly charged ions are pumped in a neon-like or a
nickel-like ion ground state, and subsequently, an intense main laser pulse heats the pre-
plasma, thereby resulting in the creation of population inversion even with a small laser
energy level [15,16]. As for the recombination plasma scheme, a relatively light element
is employed. The resultant high-temperature and high-density plasma that is generated
experiences the rapid cooling of it due to an adiabatic expansion in the vacuum, and then,
a non-equilibrium plasma with a high density and a low temperature is created, where a
three-body recombination process dominates over the other reactions. Subsequently, the
electrons that are captured at the high Rydberg levels decay into the lower excited states
through the ladder-like collisional de-excitation, while the population of the lower excited
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states suffers from fast radiative decay, thereby terminating into the ground state (resonance
transition). As a result, the population inversion that occurs between certain lower levels is
created. The first demonstration of the recombination plasma X-ray laser was performed by
Suckewer et al., and they succeeded in lasing an H-like C n = 3→2 transition (18.2 nm) [12].
In addition, the CPA shorter laser pulse technique for plasma generation was utilized for
the efficient recombination plasma X-ray laser.

To decrease the laser pulses energy significantly, the method by means of a pulse train
laser irradiation was proposed, in which the successive laser pulses are efficiently absorbed
in the preformed plasma, and highly charged ions are generated even with a joule class
laser [17,18]. In fact, the ASE soft X-ray of the Li-like Al 3d-4f transition (15.5 nm) was
demonstrated by irradiating the 16-pulse train that each have a pulse duration of 100 ps
and intervals of 200 ps onto an Al target [19], and an X-ray gain coefficient of 8.3 cm−1 [20]
has been achieved so far.

In this study, we have tried to enhance the X-ray laser intensity by using a single
resonator that has an X-ray mirror. The Mo/Si multilayer mirror has a high reflectivity for
an X-ray laser wavelength of 15.5 nm, and the resultant double pass X-ray laser energy
increases exponentially along the lasing medium.

2. Experimental Setup

In the experiment, a mode-locked 1064-nm, 100-MHz Nd:YAG oscillator (pulse du-
ration of 100 ps) was used as a seeded laser pulse, and it was amplified in a regenerative
amplifier using the 10-Hz operation mode. The laser beam of a few Mj was divided into
an 8-pulse train that had time intervals between pulses of 250 ps by an optical stacker
and a delay line component. The total pulse energy of up to 3 J was irradiated onto an
Al slab target. The pulse train laser irradiation efficiently created highly charged ions
that were up to He-like Al ion through continuous electron heating [20], and the plasma
temperature dropped immediately after the laser irradiation. As a result, the pulse-train
method provides a favorable lasing condition to create the population inversion, owing to
the three-body collisional recombination and subsequent ladder-like de-excitation which
occur. The Al line shaped plasma was generated by focusing the YAG laser beam by
utilizing a prism lens array. The focus size having a homogeneous intensity distribution
was 50 µm and up to 12 mm in height and length, respectively [20]. Soft X-ray spectra were
collected using a toroidal mirror and focused onto an entrance slit of a grazing incident
spectrometer (flat-field, 1200 grooves/mm) that was equipped with a back-illuminated
CCD camera.

By varying the plasma length (lasing medium), we evaluated the gain coefficient for
Li-like Al ion 3d-4f transition. On the other hand, the Mo/Si mirror was installed 20 mm
away from the target edge. X-ray laser was radiated into both target sides, and one of them
was reflected by this Mo/Si multilayer mirror, and subsequently, it was returned to the
lasing medium, resulting in increase of the X-ray intensity significantly due to the double
pass effect (single resonator), as shown in Figure 1. Figure 2 shows the reflectivity of the
X-ray mirror around 15.5 nm for two incident angles with respect to the target surface. At
around a 15.5 nm wavelength, the reflectivity was as high as 0.45. The reflected laser beam
had to return to the lasing medium area precisely, as shown in Figure 1a. To this end, a
HeNe laser incident from the CCD side of the spectrometer traced the X-ray laser traveling
axis, in which the HeNe laser passed through the exit slit, toroidal mirror, target surface
and X-ray mirror. We aligned the optics for the round-trip laser beam to return to the initial
position of the HeNe laser.
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Figure 1. (a) Schematic of single resonator for 15.5 nm Li-like Al X-ray laser. (b) Photograph of the 
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Figure 2. Reflectivity of the Mo/Si multilayer concave mirror for two incident angles.

3. Results and Discussion

Figure 3 shows the typical X-ray lasing spectrum for the 15.5 nm Li-like Al 3d-4f transi-
tion. The plasma length, L, was 12 mm, and the total laser pulse energy was about 3 J. By
varying the incident laser length from 0.5 mm to 12 mm, we could evaluate the gain coeffi-
cient, g. When the plasma lengths were below L = 3 mm, the spectral intensity increased
exponentially. The exponential fitting of the CCD count yielded the gain coefficient of
g = 9.84/cm. On the other hand, when it was over 3 mm in length, the intensity increased
linearly in terms of the length of lasing medium, implying that the amplification is likely to
be classified into a gain saturation regime.
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To further increase the X-ray laser output energy, we conducted the experiment by
using the single resonator. The expected increase in the CCD count, ICCD, can be evaluated
by the following equation,

ICCD = I1 + I1ξR× exp(gL), (1)

where I1 is the CCD count of X-ray laser intensity from each target side, ξ is the coupling
efficiency, and R is the reflectivity of the X-ray mirror. The coupling efficiency was defined
by the ratio of the divergence area between the initial amplified laser and the reflected
amplified laser, as shown in Figure 4. By substituting the values of ξ = 0.00123, R = 0.45,
g = 9.84 and L = 12 mm, we obtained ICCD = 2.57I1.
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Figure 4. Schematic of the explanation of the coupling coefficient. The geometory of the target and
X-ray mirror is also shown.

Figure 5 plots the intensity ratio of studies with and without X-ray mirror. The solid
line corresponds to the fitting curve of the experimental data according to the mirror
reflectivity. The CCD count of the 15.5 nm X-ray laser was increased by only 1.5 times with
the X-ray mirror, although the geometrical estimation and mirror reflectively expected the
value of 2.57 times, as indicated in the figure. The reason for this could be explained by
there being an insufficient alignment of the reflected X-ray beam. The X-ray mirror holder
for the laser beam had only one set of vertical and horizontal steering nobs, although we
needed two sets for a precise alignment to be performed. Consequently, the reflected laser
did not pass through the lasing plasma medium appropriately and it was blocked by some
apertures that settled to avoid the stray light. Further, the precise alignment by using two
mirror holders is necessary to solve this problem.
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data based on the mirror reflectivity are also plotted.
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4. Summary

We have tried to increase the gain coefficient of a soft X-ray laser that is associated with
a 15.5 nm Li-like Al 3d-4f transition in laser-produced recombining plasmas. By changing
the time interval of the 16-pulse train, we controlled the property of the laser plasma and
optimized the gain coefficient of 15.5 nm X-ray laser. As a result, the gain coefficient reached
9.84/cm. On the other hand, for the further enhancement of the laser output energy, we
have employed the single resonator method. The CCD count which was measured using
the X-ray mirror was by 1.5 times higher than the value that was obtained without the
mirror, although the higher value of 2.57 that was expected from the experimental geometry
and gain was obtained.
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