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During the half-century since the laser was first conceived,  

the use of coherent light has become an indispensable part  

of our world, with applications such as telecommunications 

and optical data storage playing a trillion-dollar role in  

the global economy. In today’s world, the development  

of tools and techniques that use coherent light at  

ever-shorter wavelengths—in the extreme ultraviolet 

and soft X-ray regions of the spectrum— 

is assuming increasing importance. 

s integrated-circuit technology advances, critical 
feature sizes have rapidly shrunk to below the 
wavelength of visible light. Advances in nano-

technology, materials science and chemistry have created further 
pressures to develop better ways of accessing the nanoworld.  

The extreme ultraviolet (EUV) region of the spectrum pro-
vides an opportunity to use coherent light at wavelengths that 
are 10 to 100 times shorter than visible light, at 1 to 100 nm, 
and at photon energies of tens to hundreds of eV. Given the dif-
fraction limit in imaging resolution, these wavelengths allow us 
to “see” smaller features and “write” smaller patterns than would 
be possible with visible light. 

EUV light is also exceptionally useful for a variety of spec-
troscopic applications, since its wavelengths correspond to the 
primary atomic resonances of most elements, allowing for ele-
ment- and chemical-specific spectroscopies. Using EUV light, 
it is possible to implement a variety of new tools such as ultra 
high resolution microscopy, spectroscopy, nano-scale patterning 
and materials analysis tools. 

A Unfortunately, however, developing the technology to 
generate and use EUV light has proven challenging. Great 
progress has been made during the past two decades through 
the development of synchrotron light sources. These facilities 
have made it possible to study magnetic materials, or to 
implement tomographic imaging of unstained single cells with 
high contrast at a resolution below 100 nm. 

These and a variety of other compelling applications have 
led to the construction of several dozen large national light 
source facilities in the United States, Europe, Asia and Latin 
America. The “fourth generation” sources that are currently 
under development are designed to provide highly coherent soft 
X-ray beams of greatly increased brightness, and will open new 
opportunities in science. 

Nevertheless, accelerator-based light sources have two major 
limitations: their cost (hundreds of millions of dollars) and scale 
(building-size). For this reason, the use of such sources has been 
confined to basic studies in science and technology, where the 
problem to be studied can be brought to the source. If EUV 
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techniques are adopted more broadly, the size and cost of EUV 
light sources need to shrink dramatically. 

In some cases, an incoherent “EUV light bulb” source can be 
used effectively. Plasmas created by laser or discharge excita-
tion can provide an effective source for the development and 
implementation of EUV lithography, which the semiconductor 
industry expects to use for the production of advanced micro-
electronics early in the next decade. 

For other applications, though, a much more laser-like light 
source is needed. One example is interferometry for optical 
metrology and diagnostics. Other applications require a variety 
of laser characteristics in the EUV, such as narrow linewidth, 
tunability, focusability or very short pulse duration. 

Fortunately, in recent years, there 
have been considerable advances in the 
development of intense tabletop coherent 
light sources in the EUV, using two 
complementary approaches. The first is 
to directly implement a laser in the EUV. 
Recently demonstrated high average power 
compact EUV lasers are the descendant 
of the first “collisional soft X-ray laser” 
implemented in the mid-1980s using  
the building-size NOVA fusion laser. 

However, now these lasers can be 
implemented on a much smaller scale and 
with higher average flux. In some cases, 
they occupy no more space than a typical 
laboratory YAG laser. The second approach 
is to use nonlinear optics to upconvert 
laser light into the EUV. This “high-order 

Now these 
lasers can be 
implemented on a 
much smaller scale 
and with higher 
average flux. In 
some cases, they 
occupy no more 
space than a 
typical laboratory 
YAG laser. 

harmonic generation” approach makes it possible to generate 
tunable coherent light at very high repetition rates, and with 
unprecedented characteristics such as high spatial coherence 
and ultrashort pulse duration. 

In combination, these emerging small-scale coherent 
EUV sources cover a broad range of pulse characteristics and 
wavelengths: energy from nJ to fractions of mJ, pulse widths 
ranging from nanosecond to sub-femtosecond, linewidths 
between Dl/l= 1310-2 to 5310-5, with peak spectral brightness 
several orders of magnitude larger than those corresponding to 
third-generation synchrotron beamlines. 

Compact high average  
power EUV lasers
The new, high-brightness EUV lasers based 
on laser action in plasma ions are, in fact, 
descendents of the visible argon-ion laser. 
In these lasers, material is heated to a high 
temperature, and electron collisions in the 
plasma excite laser transitions. In the Ar+ 
laser, the plasma consists of singly ionized 
atoms, and the laser transition is in the 
visible. 

In the EUV lasers, a much hotter and 
denser plasma creates and excites highly 
ionized atoms with laser transitions at 
much shorter wavelengths. Research-
ers have successfully used two different 
schemes to create this hot, dense plasma. 
One is a fast electrical discharge through a 

Desktop-size 46.9 nm capillary discharge 
EUV laser. The laser emits 10 µJ laser 
pulses at a repetition rate up to 10 Hz.
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capillary tube that contains the laser material. The other is an 
intense ultrashort laser pulse to heat a plasma. 

The discharge-pumped EUV laser benefits from the efficient 
deposition of electrical energy into a plasma. The key to making 
this laser work is to create a very fast, low-impedance electrical 
discharge that creates a very uniform plasma. In this scheme, 
the electromagnetic force generated by the current pulse rapidly 
compresses the capillary discharge plasma to form a dense, 

[ Generating laser-like beams in the EUV region of the spectrum  ]

EUV interference fringes

Coherent EUV beam

Gas-filled hollow 
waveguide

Ti:Sapphire laser beam

A 25 fs laser pulse is focused into a 150 µm diameter hollow waveguide filled with gas. Phase 
matching of the conversion process can happen at optimal gas pressures, leading to the generation 
of fully coherent EUV beams.

[ Spectra of the output of EUV lasers  ]

EUV lasers pumped by a tabletop 5 to 10 Hz Ti:sapphire 
laser. Lasing is observed in transitions of the Ni-like ions at 
wavelengths ranging from 16.5 to 10.9 nm. 
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needle-shaped plasma column, in which lasing is generated in 
transitions of Ne-like Ar (i.e. Ar8+) ions. 

This laser operates at a wavelength of 46.9 nm (26.5 eV 
photon energy) and can produce an average power in excess of 1 
mW operating at repetition rates up to 10 Hz. These lasers have 
been used in numerous applications, including high resolution 
imaging, interferometry of dense plasmas, the measurement of 
optical constants, materials ablation, the characterization of soft 
X-ray optics and nanopatterning. 

More recently, an even more compact and truly portable 
“desktop”-sized version of this capillary discharge laser was de-
veloped. The laser occupies a table area of 0.4 3 0.8 m2 includ-
ing the vacuum system. It emits 10 mJ pulses of l= 46.9 nm 
laser light. It has recently been used as a single-photon ioniza-
tion source in nanocluster spectroscopy studies. 

For creating lasers at even shorter wavelengths, electrical 
discharge technology has not yet delivered the required power 
densities into a sufficiently uniform plasma column with all the 
characteristics necessary for lasing. Thus, for lasers operating 
at shorter wavelengths, such as 13 nm, a plasma created by a 
visible-wavelength laser can be used. Fortunately, both the laser 
technology and the methodology for using laser light to create 
EUV laser action have improved greatly since the first such 
electron excitation lasers that used NOVA to heat the plasma 
(at a repetition rate of a few pulses per day!). 

By using a picosecond Ti:sapphire laser operating at 5 to 
10 Hz, and a multi-pulse technique for creating a plasma that 
can be transiently heated to a very high electron temperature 
at optimum density using a novel optimized grazing-incidence 
geometry, researchers can now implement the same lasers with 
only one joule of laser light (more than 1,000 times less than 
the first experiments!). 

The figure on the left shows on-axis spectra corresponding  
to a series of EUV lasers obtained by electron collision excita-
tion of transitions of Ni-like ions at wavelengths from 16.5 to 
10.9 nm. With average power of microwatts at wavelengths 
down to 13.2 nm, these tabletop lasers emit picosecond pulses 
with peak brightness that is orders of magnitude higher than 
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[                               ]

third-generation synchrotron beam lines. In addition, the EUV 
lasers produce highly monochromatic light and pulse energy 
higher than any other tabletop source.

Coherent EUV sources based on  
high harmonic generation
The second method for generating coherent EUV light on a 
tabletop is to use nonlinear optical up-conversion of a visible 
or infrared laser in a process called high harmonic generation 
(HHG). This approach follows a method that has been very 
successful in the development of visible-wavelength laser 
sources; for example, most high-power, visible-wavelength  
lasers today are near-infrared lasers that then use second 
harmonic generation to upconvert into the 
visible. 

In a harmonic generation process, 
intense light passing through a transparent 
crystal causes the electrons in the lattice 
to move in response to the electric field of 
the incident light. However, when the light 
is sufficiently intense, the motion of the 
electrons is no longer purely sinusoidal. The 
result is that this motion re-radiates electro-
magnetic waves not only at the driving laser 
frequency, but also at higher harmonics of 
the driving laser field.

HHG takes this concept to an extreme. 
At laser intensities of 1013 to 1016 W/cm2, 
the laser field becomes strong enough to 
rip electrons from their bound states. The 
motion of these ionized electrons is very 
complex and non-sinudoidal, and results in 

re-emission at much higher frequencies. In particular, for atoms 
and molecules in a gas, the ionized electron can move away 
from its parent ion, but then return as the direction of the laser 
field oscillates. 

The maximum (cutoff) photon energy emitted can be 
calculated from the recollision energy of the electron, and is 
given by: Emax = Ip + 3.2Up , where Ip is the ionization potential 
of the atom, and Up  is the ponderomotive energy of the 
electron, given by Up  = e2E2/4mv2 ~I l2, where e, E, m, v, I, 
and l are the electron charge, field amplitude, electron mass, 
frequency, intensity and wavelength, respectively. The average 
kinetic energy of an electron oscillating in response to light with 
intensity I is designated Up , and 3.2Up  is the maximum kinetic 
energy of the electron at recollision. 

To date, photon energies from the UV to multi-keV energies 
have been generated. Because the generation process literally 
rips the medium apart, HHG is implemented most frequently 
in atomic or molecular gases.

HHG is usually implemented using femtosecond laser 
pulses, for a very simple reason. The process relies on laser-
field-induced ionization of an atom. This requires a high peak 
intensity. The neutral atom can only be ionized once, so it is 
most efficient to hit the atoms hard and fast with a very short 
pulse to ionize all of them with a minimum total energy in a 
laser pulse.

HHG has a major advantage in that the cutoff photon 
frequency is linear with the intensity of the driving field. 
However, this advantage does not come without limitations. 
For efficient frequency conversion, the harmonic radiation 
emitted from all regions of the nonlinear medium must add in 
phase to build up the strongest possible signal—i.e., the process 
must be phase-matched. This is a particular challenge in HHG 
because, in the ionizing gas (i.e., plasma), the plasma-induced 
dispersion causes the laser light to outrun the X-ray light by 
traveling at a faster phase velocity. 

Fortunately, there are ways of 
controlling the propagation of laser light 
to obtain phase matching of HHG. For 
example, when a focused laser beam is 
guided through a gas-filled, hollow-core 
waveguide, the laser and high harmonic 
beams can co-propagate over an extended 
length with a controlled intensity and 
phase. This leads to the generation of 
bright, coherent, microwatt EUV beams 
that have been used for many applications.

One very attractive characteristic of 
HHG light is that, under the correct 
generation conditions, the EUV beams 
that emerge from the process can be fully 
spatially coherent. When the conversion 
process is well phase-matched, as can occur 
in a waveguide, coherent buildup of a fully 
coherent EUV spatial mode is possible.

The microscope uses a compact 46.9 nm laser for illumination. 
Lines of polysilicon, each 100 nm wide, are visible.

An attractive 
characteristic of 
HHG light is that, 
under the correct 
generation 
conditions, the 
EUV beams that 
emerge from 
the process can 
be fully spatially 
coherent.

Image of a computer chip  
obtained with EUV microscope 
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A second very attractive characteristic of HHG light is  
that the EUV beams that emerge have very short pulse 
duration—shorter than the driving laser pulse. Each time  
the ionized electron returns to the atom, it releases an 
attosecond-long burst of EUV light. Thus, the HHG light 
emerges as an attosecond pulsetrain with a total duration  
that is typically less than 10 fs. If a single attosecond pulse is 
required for very fast timescale electronic response experiments, 
then one can obtain sub-femtosecond EUV pulse durations  
by using a 5-fs laser pulse and selecting the highest energy 
HHG photons. 

Applications of coherent EUV light

Some applications of coherent EUV light, such as high-
resolution microscopy, are already pursued at synchrotron 
sources. For those, the availability of improved compact, 
coherent, EUV sources will bring the source 
to the application, allowing scientists and 
engineers to perform experiments in their 
own laboratories. 

For others—including nano-ablation, 
probing ultrafast molecular dynamics, 
cluster spectroscopy using EUV light, dense 
plasma diagnostics, or probing thermal 
transport on nano-scale dimensions— 
no other EUV source can be used,  
and these applications can only be pursued 
because of the unique source characteristics 
of the new compact, coherent, EUV light 
sources. 

Nanoscale imaging
Future advances in nanotechnology will de-
pend upon the development of instrumen-

tation capable of examining nanometer-scale objects. Compact 
EUV imaging tools that are capable of nanometer-scale spatial 
resolution can serve this and many other applications. The best 
image resolution demonstrated to date, at 15 nm, was obtained 
at the Advanced Light Synchrotron source at Berkeley. 

New, compact, coherent EUV sources are being imple-
mented for practical imaging systems, and will soon attain 
comparable resolution. For example, we recently used a 46.9 
nm capillary discharge laser in combination with a reflective 
condenser and a zone plate objective lens to image integrated 
circuit features with a resolution approaching 100 nm. 

To extend these measurements to even shorter wavelengths 
and higher resolution, we combined a 13.2 nm laser with 
diffractive zone plate optics. The figure above shows an image 
of 50 nm half-period gratings obtained using a 20-s exposure. 
By imaging gratings of decreasing period, we demonstrated a 
resolution of better than 38 nm. This is, to our knowledge, the 

highest spatial resolution reported with an 
EUV imaging system based on a tabletop 
source. Still higher image resolution, in the 
sub-20 nm range, should soon be possible 
using objective zone plates with narrower 
outermost zones. 

Nano-scale ablation
The high intensity, short wavelength, and 
small penetration depth of EUV laser 
pulses offer the possibility of modifying 
materials at the nanoscale level. In an 
initial demonstration at Colorado State 
University, sub-100 nm ablation craters 
were achieved by focusing a compact  
46.9 nm wavelength capillary discharge 
EUV laser using a free-standing zone  
plate lens. 

The best image 
resolution demon-
strated to date, 
at 15 nm, was 
obtained at the 
Advanced Light 
Synchrotron source 
at Berkeley, which  
is within reach of  
the new compact 
EUV sources. 

[ Zone plate microscopy  ]

(Left) Schematic diagram of zone plate microscope that uses 13.2 nm EUV 
laser light for illumination. (Right) EUV image of 50 nm grating. The spatial 
resolution is better than 38 nm.

From l = 13.2 nm laser
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[ Atomic force microscope image of EUV laser-ablated craters  ]

The figure above shows a very clean ablation crater in  
poly-methyl methacrylate, with a diameter of 82 nm. The 
smallest features were obtained by operating the zone plate in 
third order. The size of the crater can be varied by changing the 
EUV fluence on the surface of the sample. This new EUV laser 
ablation technique can be used for the direct nano-patterning of 
materials, as well as for the development of new nanoprobes. 

Probing molecular dynamics 
Recently, we used electrons and X-rays generated from a mol-
ecule to probe internal dynamics within the same molecule. 
In this work, a molecule is first irradiated with a femtosecond 
burst of light to initiate vibrations in the molecule. Then, a 
second, more intense femtosecond pulse ionizes the molecule. 
The liberated electron escapes and is subsequently recaptured by 
the same molecule when the laser cycle reverses. 

In an atom, recombination of the fast moving electron with 
its parent ion generates high harmonics. However, when a 

molecule is used to generate the light, the brightness of the  
X-ray emission is extremely sensitive to the detailed shape of  
the molecule. This is because, for electron energies of 20 to 
100 eV, the de Broglie wavelength of the recolliding electrons 
is in the range of 1 to 3 Å. It is therefore well-matched to 
interatomic distances in molecules. Thus, high harmonic 
generation shows great promise as an in situ spectroscopic 
probe of femtosecond and even attosecond nuclear and  
electron dynamics in molecules. 

This work is notable because, in contrast to other 
spectroscopic techniques to follow molecular dynamics that  
are sensitive to certain vibrations, this coherent electron 
rescattering is sensitive to all shape changes in the molecule. 
It is also sensitive to 1,000 times fewer molecules than the 
equivalent ultrafast laser spectroscopy. Finally, this approach  
can detect better than a 0.1 percent modulation in molecular 
bond length, corresponding to about 2 milliangstroms of 
motion.

[ Using coherent electrons 
and X-rays to probe internal 
molecular dynamics ]
At time zero (to), a femtosecond 
laser excites the Raman-active 
vibrations in SF6 by impulsive 
stimulated Raman scattering. 
The vibrational wavepacket then 
evolves in time, until time t=t1, 
when a probe femtosecond 
laser pulse generates high-order 
harmonics from the vibrationally 
excited molecule. The strength  
of the EUV emission depends  
on the position of the atoms 
within the molecule, with a 
sensitivity of 2 mA.

Craters ablated 
focusing a 46.9 
nm EUV laser 
beam. The 
cross-section 
of the image 
shows a well-
defined 82 nm 
diameter crater 
with clean 
walls.
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Tabletop EUV laser interferometry 
Interferometry is one of the most powerful metrology tools 
available. The use of EUV light can greatly enhance the resolu-
tion of interferometry and can also allow the measurement of 
materials that cannot be penetrated with visible light. EUV 
interferometry has been demonstrated using large light sources, 
such as synchrotrons or laboratory-sized X-ray lasers that are 
only available at a few national facilities. Tabletop lasers now 
make it possible to conduct interferometry at EUV wavelengths 
on a tabletop. 

Combining a capillary discharge EUV laser with an inter-
ferometer that uses diffraction gratings as EUV beam splitters, 
Colorado State University researchers mapped the evolution of 
dense plasmas that cannot be probed using visible lasers due to 
their large density gradients and size. 

The investigators have also collaborated with scientists at 
Lawrence Livermore National Laboratory to demonstrate for 
the first time soft X-ray interferometry with ultra-fast temporal 

resolution, in the picosecond time scale. Further work should 
allow the detailed mapping of the electron density distribution 
in plasmas of interest for inertial confinement nuclear fusion.  

Photoacoustic spectroscopy  
using high harmonic EUV light

Time-resolved interferometric imaging techniques have 
attracted much attention recently because of their ability to 
precisely monitor dynamic changes in space and time. This 
technique has been used to study femtosecond dynamics 
of electrons at metal surfaces and in semiconductors with 
lateral spatial resolutions approaching 1 mm, and with 
phase sensitivities of l/1000 at 800 nm. The use of extreme 
ultraviolet (EUV) radiation for interferometric detection offers 
the potential for sub-angstrom displacement sensitivity and 
increased lateral spatial resolution, because of the shorter  
probe wavelength. 

(Left) The compact 46.9 nm capillary discharge laser used as light source is seen in the 
top left corner. (Right) EUV interferogram and corresponding electron density map for a 
1.8 mm long line focus laser-created plasma. A density depression is observed on axis.

[ EUV laser interferometer for the diagnostics of dense plasmas  ]
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(Left) Experimental geometry for time-resolved photoacoustic Gabor holography. An EUV beam illuminates a sample. A perturbation, 
in this case created by a line-focus visible-wavelength laser pulse, expands the surface locally by tens of picometers, coherently 
diffracting the EUV light from the previously flat surface. (Center) A differential image of this disturbance. (Right) The time-resolved 
response of this perturbation, which corresponds to an acoustic wave traveling into the thin film, and reflecting from the film-substrate 
interface several times.

[ Time-resolved photoacoustic Gabor holography  ]
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In recent work, we applied ultrafast EUV Gabor holography 
to study the dynamics of optically generated bulk longitudinal 
wavepackets in a thin metal film with simultaneously high time 
resolution and spatial resolution in the vertical dimension. A 
femtosecond infrared laser pulse is used to launch the acoustic 
waves, while a fully coherent EUV beam probed the subsequent 
acoustic oscillations of the surface of the thin film. 

We obtained excellent sensitivity to surface displacements, 
with phase resolutions approaching l/1000 at 30 nm. In other 
work, high frequency acoustic dispersion in thin films was 
measured. In the future, this research will be extended to other 
transient dynamics, such as thermal transport in nanostruc-
tures, which have important applications in the semiconductor 
industry and in medicine.

NSF ERC for Extreme Ultraviolet  
Science and Technology 
In response to the exciting scientific and technological advances 
in coherent EUV light source technologies, the National Sci-
ence Foundation established an Engineering Research Center 
(ERC) in EUV Science and Technology in October 2003. The 
EUV ERC includes Colorado State University, the University of 
Colorado at Boulder and the University of California at Berke-
ley/Lawrence Berkeley National Laboratory as core partners. Its 
vision is to make EUV light available in a broad variety  
of settings. 

Another of the Center’s critical missions is to educate a 
diverse group of engineers and scientists in this technologically 
important research area. The EUV ERC has many active indus-
trial members, with several active collaborations to apply the 
unique coherent EUV sources to new technological frontiers. 

More than 150 faculty and students, from the three core uni-
versities and 20 other institutions, are collaborating to advance 
the science and technology of coherent EUV light. For more 
information, please visit euverc.colostate.edu. 

The authors thankfully acknowledge the support of the National 
Science Foundation and the U.S. Department of Energy. They also 
acknowledge the enormous contributions of many students, postdoc-
toral associates and collaborators to their ongoing research efforts.

[ The authors are part of the National Science Foundation Engineering 
Research Center for Extreme Ultraviolet Science and Technology. Jorge 
Rocca (rocca@engr.colostate.edu) and Carmen Menoni are with 
Colorado State University. Henry Kapteyn and Margaret Murnane 
are at the University of Colorado/JILA. David T. Attwood and Erik H. 

Anderson are affiliated with the University of California Berke-
ley/Lawrence Berkeley National Laboratory.  ]Member


