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Coherent VUV- and X-ray generation with optical lasers
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Abstract

The laser concept, i.e. the active control over coherence properties of light, has partially transformed optical sciences
into one of the most important key technologies of the next century. Consequently, various attempts have long been
made to extend this concept towards VUV- and X-ray wavelengths, but have met considerable practical di$culties.
Low-energy e$ciency in inversion creation is one of the typical obstacles, extremely high-power requirements (e.g. for
optical driver lasers) another. Only very recently several new, independent concepts have been successfully realized, and
promise real breakthroughs in short-wavelength generation and application. Compact `table-topa X-ray lasers have
been operated in a saturated gain conditions, either through electric discharge pumping in a capillary or through
short-pulse optical laser pumping in a transient inversion scheme. In addition, direct conversion of optical laser light into
the VUV- and soft X-ray region has been accomplished. These new sources are relatively compact, though not yet
powerful, and will thus complement future highly brilliant free electron lasers in the short-wavelength regime. The paper
illuminates the status, future directions and physical limits of some of these new concepts. ( 2000 Elsevier Science B.V.
All rights reserved.

1. Laser-based optical technologies on their way into
the 21st century

1.1. Present state

OPTICS as a science has gone through changes
of historic dimensions during the past decades.
Changes started 40 years ago when the laser was
realized, going back to Einstein's physical principle
of the `stimulated emission of radiationa. This prin-
ciple has made it possible not only to amplify light
but also to give light completely new properties
that have not yet been observed in nature: `coher-
encea, meaning light waves moving in almost com-
plete synchronisation with each other.
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Tremendous international R&D e!orts in laser
technology (strictly speaking: in a multitude of laser
technologies) resulted in innovative light sources
which have conquered many industrial applica-
tions. The recent worldwide commercial laser rev-
enue climbed from 3.2 billion dollar in 1997 to 4.6
billion dollar in 1999, with about 60% going into
diode lasers for telecommunication and informa-
tion processing, including storage such as in CD-
players. The principal applications for nondiode
lasers are materials processing, medical therapy
and research, followed by a variety of smaller ap-
plications like instrumentation, image recording,
sensing, measurement and control, entertainment,
optical storage, telecommunication, scanners, and
others [1].

Yet, the socio-economic importance of the lasers
and optical technologies goes even far beyond these
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Fig. 1. Worldwide laser sales 1999 by spectral range, in, Mio $.

market values for laser systems and components
alone. Optics as an `enabling technologya has con-
quered many of the most important technological
areas, and has become indispensable. As an example,
laser systems for manufacturing and materials pro-
cessing go into such diverse areas like electronics
production, manufacturing services, automobile
manufacturing, nonmetal or plastics production,
steel/alloy manufacturing, packaging or air and
space technology. This is uniformly true all over the
industrialized world: 34% of these systems go to
Western Europe, 32% to North America, 26% to
Japan, and 6% to South East Asia [1]. Hence, for
the "rst time in history light has become a versatile
tool which can be universally used, and already
plays an important role as `enabling technologya.

The secret behind all this are today's lasers, as
mentioned above. More speci"cally, distinction
must be made between the laser as a physical concept
(light ampli"cation by stimulated emission, i.e. the
control of coherence) on the one hand, and a system
or system technology on the other, whereby one dif-
ferentiates today between a multitude of laser tech-
nologies. Some of them, like dye lasers, have already
passed their climax, while others, like free electron
lasers, are only at their beginning. The common
goal for all laser systems is to be as simple, compact
and as user-friendly as possible in order to allow
a fast and wide spreading of optical technologies.

The future of the laser concept is di!erent and far
more durable than any individual laser technology.
It has proven to be versatile, lasting, and "t for the
future even 40 years after ist realization. This con-
cept forms the basis for light being an innovative
tool, as well as for Optics being one of the key
technologies of the 21st century. It is almost certain
that basic research will reveal further unique prop-
erties of the medium `lighta. It is the aim of this
contribution to emphasize that the generation of
coherent, short wavelength light will be among the
most important developments in the near future.

1.2. Short wavelengths: the next step

It is interesting to note that most of the success of
today's optical technologies is based on coherent
light sources within a rather narrow band of
wavelengths. Fig. 1 shows the market value of

worldwide laser sales grouped by spectral range.
One clearly sees a huge dominance of diode lasers
in the near infrared, which re#ects the 60% market
share of these devices, and a rather narrow distribu-
tion of non-diode lasers again centered in the near
infrared (certainly dominated by Nd- and Ti-doped
solid state materials), but soon dying o! towards
shorter wavelengths. Hence, optics as one of the
key technologies of the 21st century is presently
based on coherent light sources in the visible and
near IR, i.e. in a rather narrow spectral range, with
the UV- and X-ray region being almost completely
left out.

The questions which immerdiately arise from
such observations are: Is there no need for coherent
short wavelength sources, or is the technology
missing? This question, together with some new
concepts for the near future, will be discussed in the
remainder of this paper.

2. The VUV- and X-ray region: technological
driving forces, long- and short-term potential

The present status of coherent light sources in
the VUV- and X-ray region is rather quickly de-
scribed: there is only one commercial laser below
200 nm, there are considerable de"cites in light
characterization and handling, which need to be
overcome for any large scale technological applica-
tion. There is, on the other hand, considerable
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research activity in the area of novel coherent sour-
ces and their applications (see, for instance,
Ref. [2]). In summary, the present status seems to
be comparable to that of long-wave optical tech-
nologies about 30 years ago, soon after the inven-
tion of the laser. Carrying this comparison further,
one needs to be only moderately optimistic to pre-
dict a similarly large number of applications for
short wavelengths as we have experienced over the
last 30 years with near-visible light.

Lithography for semiconductor manufacturing
seems to be the only commercially relevant short-
term application, all other applications are negli-
gible in comparison. The VUV- and EUV lithogra-
phy road map sees 248 nm (KrF-excimer sources)
in production, 193 nm (ArF) in preparation,
157 nm (F

2
) in the testing phase with production

starting &2004, and the 11 or 13 nm EUV-techno-
logy under heavy evaluation right now. There, only
incoherent light sources are seriously discussed for
production, however, coherent sources will be
needed for diagnostics. Production will prob-
ably start between 2007 and 2011 for 70 or 50 nm
structures.

The long term potential of VUV and X-radiation
light is based on its inherent properties: short
wavelengths allow for probing and processing of
small geometric structures (micro- and nano-struc-
turing, micro- and nano-diagnostics), high frequen-
cies allows for short pulses or high modulation
rates, and the speci"c behaviour of the absorption
cross section allows for non-destructive volume di-
agnostics (e.g. in the biologically relevant `water
windowa) or for element speci"c materials process-
ing, including 3D processing. If we add the coher-
ence properties, then we can think of small-scale
X-ray holography (e.g. structural analysis of or-
ganic molecules), ultra-high intensities (i.e. nonlin-
ear optics), shortest pulses (attoseconds) through
mode locking, or time-resolved probing of elec-
tronic motions, or highest modulation rates for
telecommunications.

Hence, the intermediate conclusion is that VUV-
and x-ray technologies are only at the beginning of
a development which is expected to parallel that of
long-wavelength optical technologies, but leads
into new spatial and temporal domains. However,
even the short-term development (lithography) is

dictated and presently still limited by the availabil-
ity of compact coherent light sources.

3. Concepts and breakthroughs in research

3.1. Extension of the conventional laser concept
to short wavelengths (`X-ray lasersa)

There are many new concepts for short
wavelength generation pursued in the laboratories
today, from which this paper will only focus on two:
table-top X-ray lasers, i.e. the direct extension of
the highly successful laser concept towards short
wavelength, and frequency conversion of long-
wavelength radiation, which will covered in the
next subsection.

The straightforward transformation of the laser
concept towards short wavelengths faces two essen-
tial problems: (a) the availability of suitable active
media with inversion at high transition energies,
and (b) the availability of suitable pump sources
and pumping schemes for inversion creation. After
almost two decades of research at large high-power
laser facilities, two novel X-ray laser (XRL) pump-
ing schemes have recently shown signi"cant pro-
gress in increasing the gain and reducing the
required pump energy. Thus, they represent
breakthrough concepts towards the "rst real table-
top X-ray lasers. Both proved to be robust and
reliable pumping methods for obtaining lasing in
the XUV region of the spectrum. The "rst is the
transient inversion scheme that includes in its stan-
dard version a combination of two laser pulses
(long/short) to create and subsequently heat the
plasma [3]. Laser pumped table-top X-ray lasers
with transient inversion have demonstrated gain
saturation at &13 nm and will progress into the
`water windowa (2}4 nm). The pump energy con-
version is of the order of 10~6. Output is presently
limited by the average power of short-pulse driver
lasers with TW peak power (present status:
&10 W, short term goal: 1 kW). In addition, the
scheme is plagued by refraction within a small
plasma volume with high density gradients.

The second pumping method uses a fast capillary
discharge to create and pump an abundance of
Ne-like ions [4]. This scheme provides a large,
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Table 1
High harmonics speci"cations [9]

Present, (1 mJ driver laser) Expected in the near future

ULTRAVIOLET
Conversion e$ciency 20% at 3 x
Single-pulse energy 10 lJ at 1 kHz 1 mJ at 1 kHz

1018 photons/hw/sc
Average power 10 mW average power 1 W average power
Pulse duration +10 fs
Driver laser intensity <4]1015 Wcm~2 <1017 Wcm~2

Wavelength range 180}300 nm VUV

X-RAY
Conversion e$ciency 10~5 per harmonic 10~4 per harmonic
Single-pulse energy 0.5 nJ at 1 kHz 0.5 lJ at 1 kHz

1014 photons/hw/sec
Average power 0.5 lW average power +1 mW average power
Pulse duration ;10 fs Attosecond
Driver laser intensity <1014 Wcm~2 <1017 Wcm~2

Wavelength range 17}42 nm VUV}keV

homogeneous, low-cost plasma with low-density
gradients, however, it works in the quasi-steady-
state (QSS) regime giving relatively long output
pulses of +0.5}1 ns, and seems to be limited to
relatively long wavelength of few ten nm.

The next breakthrough seems to be the combina-
tion of both systems in one, hybridly pumped X-ray
laser. This scheme combines the advantage of capil-
lary pumping (low cost, large volume, homogene-
ous plasma) with the highly e$cient transient
inversion scheme (short pulses, short emission
wavelengths). Laser pulse guiding through a capil-
lary discharge plasma and evidence of strong en-
hancement of the laser line following excitation by
the laser pulse has already been observed. A drastic
intensity increase of a 60.84 nm line in sulfur was
caused by rapid laser plasma heating; the reduced
divergence (2.5 mrad for a 30 mm capillary) of the
60.84 nm radiation and the nonlinear dependence
on the plasma length imply a lasing process. The
gain coe$cient estimated by a Linford formula "t is
equal to 2.18$0.02 cm~1, which is rather high for
X-ray lasers. It is strongly expected that this or
similar novel developments will soon overcome
some of the pump energy limitations of today's
X-ray laser schemes, such opening the way to wide
spread table-top applications with coherent short-
wavelength radiation [5].

3.2. Frequency conversion of long-wavelength
radiation

Direct frequency conversion of laser radiation,
the so called `High Harmonic Generationa (HHG)
is one of the most interesting and innovative break-
through concepts in short-wavelength generation
since the early 1990s. The approach is rather
simple: a high-intensity (about 1015 W/cm2) laser
beam is focused onto a gas target, and creates
harmonics through a sequence of "eld ioniza-
tion, free-space oscillation and "nally radiative
recombination of one active electron per atom
within one half-wave of the laser light. The "eld
started with the observation of high harmonics of
the order 10(&100 in gas jets [6,7] and is
presently at the state of extensive phase match-
ing optimization in extended gas jets for applica-
tions. The scheme has been extended with
ultrashort pulses even into the water window near
4 nm [8]. Possible future developments may in-
clude HHG on surfaces, in molecules or clusters,
and the creation of attosecond pulses with HHG
light. The general advantages of this scheme are
compactness (table-top source), tunability (the
harmonics appear as discrete lines, separated
by 2 w of the driver laser, which can in addition
be tuned to cover a continuous spectral range),
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good beam quality and inherently ultra-short
pulses.

The clear disadvantages are the low average
power, presently 10 mW (perhaps scalable to 1 lW
in the near future) in the VUV, 1 lW (perhaps
scalable to 1 mW) between 10 and 40 nm, and the
need for complicated and expensive driver lasers
with fs pulse duration and TW peak power. The
present state-of-the-art and moderate extrapola-
tion of some relevant speci"cations of this source
are compiled in Table 1 (courtesy of M. Murnane
and H. Kapteyn, U. of Colorado, CO, USA [9].

4. Conclusion

Coherent VUV- and X-ray generation with op-
tical lasers is an extremely important new aspect of
optical technologies for the near future, which en-
joys worldwide rather high attention in research
laboratories, but still lacks large scale technological
applications. At present, there is only one com-
mercial laser below 200 nm available; however,
semiconductor lithography as one of the major
driving forces will soon push optical technologies
as a whole towards wavelengths as short as 10 nm,
and will boost the development of sources, compo-
nents and infrastructure, together with a wealth of
spin-o! applications in many areas.

In particular, compact new sources will be
indispensible for future technologies. Fortunately,
current research provides a number of interesting
breakthrough concepts, ranging from table-top

X-ray lasers to direct frequency conversion of long-
wavelength laser light. The critical element in both
cases seems to be short-pulse ((&ps), high-inten-
sity optical lasers with high average power of the
order of kW. Interestingly enough, such lasers are
also needed in combination with large-scale VUV-
and X-ray facilities, such as synchrotrons and novel
X-ray free electron lasers. As a result, there are
new alliances forming between laser and acceler-
ator institutions in order to jointly push the limits
of optical technologies towards shorter wave-
lengths.
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