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X-RAY LASERS, OPERATION AND APPLICATIONS
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X-ray lasers are currently being studied in many laboratories around the
world. This paper gives a short description of X-ray laser physics, presents the
parameters of existing X-ray lasers and their applications. Research aimed at
developing an efficient X-ray laser acceptable to potential users is presented
in the final part of the paper.

PACS numbers: 42.60.By, 32.30.Rj

1. Introduction

Since the first demonstration of soft X-ray lasing in 1985 [1, 2], significant
progress hias been made in X-ray lasers. Laser action has been observed at wave-
lengths as short as 3.5 nm. The most successful X-ray laser to date has been
obtained using a collisional excitation of an active medium and a high power laser
operated in the visible range as a pump source. Current research is focused on .
several fronts, however, the most important problem are improvement in gain ef-
ficiency, and the enhancement of brightness and coherence of X-ray laser beams.
Many applications of X-ray lasers have been realized and expansion in this field
can be anticipated. One may say that now we are transitioning from the discovery
phase into the era of optimization and applications of X-ray lasers. Comprehensive
information about achievements in this field during past few years can be found
in the proceedings of a number of conferences on X-ray lasers [3-5] and in the
technical papers referred therein.

2. Physical background

X-ray lasers have been operated so far as simple amplifiers of spontaneous
emission in a hot plasma column a few cm long and about 100 pm in diameter.
The plasma column is usually produced by irradiation of a target made from a
thin foil, fiber or solid material with a high-power laser beam focused to a line.
The appropriate X-ray laser physics is discussed in detail in a book by Elton [6].
Two principal schemes of excitation of an X-ray laser active medium are used. In
the collision excitation scheme either neon-like or nickel-like ions are excited from
the ground state (2p for neon-like and 3d for nickel-like ions) to the laser upper
levels (3p or 4d, respectively). As the laser lower levels (3s or 4p) are radiatively
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coupled to the ground state, they are depopulated by resonance emission and
population inversion between 3p—3s or 4d—4p is created. X-ray laser action in
the recombination scheme requires a hot plasma, that contains highly ionized bare
nuclei or helium-like ions. Rapid cooling during the hydrodynamic expansion of
the plasma causes fast recombination, that leads to the population of excited
states of hydrogen-like or lithium-like ions. The first excited state is depopulated
by resonance emission given population inversion between the first and higher
excited states. Typical temperatures of plasmas to obtain population inversion
of highly charged ions are several hundred eV for the collision excitation scheme
and several tens of eV for the recombination scheme. To heat plasmas to such
temperatures power density of laser radiation producing the plasmas should exceed
10'3 W cm~2 in the case of the collision scheme and 10'2 W ¢m~2 in the case of
the recombination scheme. It follows that the generation of an X-ray laser requires
~ a large laser facility to be able to produce subnanosecond laser pulses of energy in
the range of several hundred joules up to several kilojoules.

3. X-ray laser parameters

Intensive research at many laboratories have worldwide demonstrated X-ray
lasing at wavelengths ranging from 3.5 to 60 nm for both pumping schemes. X-ray
laser beams of MW power and mJ energy in subnanosecond pulse have already
been obtained. Thus far, the brightest X-ray laser in neon-like yttrium ions at
15.5 nm was obtained at the Lawrence Livermore National Laboratory, Livermore
(LLNL) using the Nova laser. It emits radiation with a power of 32 MW with an
output pulse width of 200 ps and an integrated energy of 7 mJ [7]. The yttrium
X-tay laser beam originates from an approximately 120 ym diameter gain region
and has a divergence 10 mrad. The line width of X-ray lasers narrows during
amplification, because the gain is stronger at line center. For the neon-like selenium
laser at 20.6 nm the line width is 1.0—1.2x 103 nm [8]. The longitudinal coherence
length for the selenium laser estimated from the line width is about 300 zm. The
spatial coherence of X-ray lasers measured with an uniformly redundant array
of slits is approximately equal to the width of the line focus of the laser beam
pumping the X-ray laser. A characteristic of X-ray lasers is the extraordinary
brightness of the line emission. For the yttrium laser the estimated brightness
was 4.6 x 1017 W/(cm? sr nm), equivalent to the brightness of a 3-GeV black
body at this wavelength [7]. The output intensity was calculated to be 4.0 x
10'* W/cm? at the peak of the pulse. Polarization of the X-ray laser beam in
a neon-like germanium plasma has been observed [9]. In summary, typical X-ray
laser characteristics available today are listed below:

laser wavelengths 3.5-60 nm
output power 0.1-10 MW
output energy pJ-mlJ
divergence 1-10 mrad
longitudinal coherence 2 100 ym

spatial coherence =~ 100 pm.
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4. X-ray laser applications

Curre.nt applications of X-ray lasers exploit their extremely high brightness.
These applications include imaging of biological objects and imaging of rapid pro-
cesses in laser fusion plasmas. X-ray imaging of biological microstructures using
X-ray lasers is a natural extension of a technique developed for synchrotron sources.
Microscopy with short pulse (< 1 ns) X-ray lasers offers the opportunity for high
resolution imaging of biological specimens in their natural environment without
the blurring effects associated with natural motion and radiation induced dam-
age. Additionally, the narrow spectral width of the X-ray laser is well matched
to zone plates and multilayer mirrors used in X-ray imaging microscopy. The first
image of a biological cell, obtained with an X-ray laser with submicron (= 0.1 gm)
resolution, was made using a contact microscopy technique and the hydrogen-like
carbon recombination laser at 18.2 nm [10]. Direct X-ray images of biological cells
have been made at the LLNL using a nickel-like tantalum X-ray laser at 4.48 nm,
generated with the Nova laser [11]. In this first X-ray laser microscope operating
within the “water window” between the K-absorption edges of carbon and oxy-
gen {12] the X-ray laser beam was collected and focused onto a specimen with
a spherical tungsten-carbide/carbon multilayer coated X-ray mirror. The narrow
band pass of the mirror serves to eliminate the background X-ray continuum.
The specimen to be imaged is deposited onto a silicon nitride window (100 nm
thick) and placed at the focus of the spherical mirror. The illuminated specimen
is imaged onto a microchannel plate detector by using an X-ray zone plate lens.
An estimated resolution of the microscope was &~ 55 nm. Since most biological
microstructures of interest are three-dimensional in nature, it is evident that in -
order to increase the ability of X-ray microscopy three-dimensional imaging has to
be developed. A variety of techniques to achieve high-resolution three-dimensional
imaging with the use of X-ray lasers have been discussed. They included X-ray
holography [13] and X-ray tomography [14]. X-ray laser beams are now being used
as density diagnostics for laser-produced plasma experiments. The techniques used
in these studies involve X-ray interferometry [15] and X-ray radiography [16]. The
first X-ray interferometer developed at the LLNL uses a neon-like yttrium X-ray
laser at 15.5 nm. The system consists of a Mach—Zehnder interferometer with
two flat multilayer mirrors, two multilayer beam splitters, and an imaging multi-
layer mirror. The multilayer optics components were designed and fabricated to
reflect 15.5 nm laser wavelength at a near normal incidence with reflectivity about
60%. The X-ray image was registered with a back illuminated charge coupled de-
vice (CCD) detector. The X-ray interferometer was applied to study high-density
laser-produced plasmas [17].

In addition to these two application techniques there are numerous possi-
ble applications of X-ray lasers in atomic and molecular physics, surface physics
and chemistry, material science and current technology, that can be expected to
complement the research potential of synchrotron radiation. A comprehensive dis-
cussion of this subject can be found in the proceedings of the 1992 X-ray lasers
application workshop in San Francisco [18] and in numerous review papers [19, 20].



948 H. Fiedorowicz

5. New trends in X-ray laser research

Existing X-ray lasers have been generated in conjunction with large laser fa-
cilities, which are built mainly for laser fusion studies. Future applications of X-ray
lasers by a larger community of scientists depend on the possibility of developing
a short wavelength, highly efficient, low cost, and small size X-ray laser. Efforts to
obtain such laser are underway. Current research is proceeding on two fronts. One
major effort puts emphasis on the improvement of the efficiency and brightness of
the existing collisional excitation lasers by using pulse-shaping [21], pre-pulse {22],
or multi-pulse [23] pumping of the gain medium, and by using a curved slab tar-
get [24]. The multi-pulse pumping facilitates the production of suitable density
gradients of the plasma in a gain medium, the curved target compensates for
the refraction of the X-ray laser beam on the strong density gradients. These tech-
niques significantly improve the characteristics of the existing X-ray lasers [25-27).
It is expected that these methods will allow the development of a small-scale col-
lisionally excited X-ray laser [28]. Enhancement of brightness and cohercnce was
also obtained by using an injector/amplifier double target configuration [29], and
traveling wave excitation [30]. Other approaches are based on improving the X-ray
recombination laser by using a specially designed target surrounded with metal
blades to increase radiation cooling [31] or a capillary target to confine the plasma
column [32], or by using high-intensity short-pulse driving lasers to excite the gain
medium [33, 34]. Advances in subpicosecond laser technology in the last few years
have led to the availability of small-scale laser with focused power densities ex-
ceeding 10'8—-102° W cm~—2. With such lasers two proposed X-ray laser schemes,
based on direct optical-field-ionization (OFI) by laser radiation [35], or based on
inner-shell-photoionization (ISPI) by laser-produced X-rays [36], seems to be pos-
sible. Soft X-ray amplification by OFI has been demonstrated [37], however, the
ionization-induced refraction of the X-ray laser beam associated with the con-
focal geomietry limits the gain [38]. It is likely that this problem will be solved
with the plasma channel approach [39] to channel an X-ray laser beam with a
wave guide during amplification. The ISPI scheme, which requires a higher driv-
ing laser energy, gives the possibility of X-ray lasing in a very short-wavelength
range (A < 1.5 nm). A femtosecond high-power laser has been also applied to
obtain a collisional excitation X-ray laser at 41.8 nm with palladium-like xenon
ions [40].

In addition to these efforts, we propose to use a gas puff target instead of
a solid target to create an X-ray laser active medium [41]. The gas puff target
obtained by pulsed injection of gas into the laser focus offers the possibility of
forming a gain medium with a flat density profile of appropriate maximum density
and should improve the characteristics of X-ray lasers. Other advantages of the gas
~ puff target are the possibility of working at a high repetition rate and the absence
of debris emitted from the laser-irradiated target. Using the gas puff target, X-ray
lasing with neon-like argon at 46.9 nm and nickel-like xenon ions at 10.0 nm were
observed for the first time [42]. A new X-ray laser excitation scheme with the
resonant self-photopumping of neon-like ions also has been demonstrated [43].
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Alternatively investigated to laser-driven X-ray lasers, discharge-pumped
X-ray lasers may, in the future, significantly increase efficiency and hence reduce
the costs of these devices. However, up to now, only lasing at 46.9 nm in neon-like
argon ions for collisional excitation X-ray laser [44] has been demonstrated.

6. Conclusions

At present, the X-ray laser is the brightest laboratory source of soft X-rays,
it offers unique possibilities for applications in a variety of scientific and technical
areas, and it is complementary to synchrotrons. However, many problems must
be solved before X-ray lasers become popular. First of all, the efficiency of X-ray
generation should be considerably increased. Strong efforts are being expanded in
this direction and the development of low cost tabletop size X-ray lasers seems to be
possible in near future. In spite of the fact that X-ray laser technology is relatively
new, it is already being applied, most notably to X-ray microscopy of biological
microstructures and X-ray interferometry of laser plasmas. Other applications of
X-ray lasers to science and technology have been discussed and proposed.
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