
LIGHT 

at the End of the 

Tunnel? Femtosecond Pulses 
Excite Short-Wavelength 
Lasers By Simon M. Hooker 

Hooker explores current 

work in the XUV and soft 

x-ray spectral region aimed 

at achieving "table-top" 

short-wavelength lasers. 

Ever since the first laser demonstration in 1960,1 

researchers have been striving to expand the laser 
spectrum toward both longer and shorter wave
lengths. The motivation for the drive to shorter 

wavelengths is both the wealth of interesting physics that 
continues to be unearthed, and the promise of useful appli
cations of coherent short-wavelength radiation. 

The realization of practical lasers in the infrared, visible, 
and ultraviolet spectral regions has had a profound effect on 
science and engineering in the past two decades. It is almost 
certain that opening up the short-wavelength region to laser 
techniques will similarly give rise to a variety of applications. 
Coherent radiation in the XUV and soft x-ray spectral region 
(see box, p. 22) has a wavelength an order of a magnitude 
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Short wavelength nomenclature 

Radiation in the region between 200 nm and 0.2 nm is 

strongly absorbed by the atmosphere, so experiments 

must be performed in a vacuum. Below approximately 

100 nm, no window materials exist, so radiation must be 

coupled between chambers through small holes, with 

high capacity vacuum pumping on one side of the hole 

to maintain the pressure differential—a technique 

known as "differential pumping." Thus, the 

100-200 nm region has particular experimental tech

niques associated with it and is known as the vacuum 

ultraviolet (VUV). The shorter extreme ultraviolet 

(XUV or EUV) wavelengths extend from 30-100 nm, and 

the soft x-ray region lies between 0.2 nm and 30 nm. 

shorter than that of the visible part of the spectrum, and a 
photon energy between 12 eV and 6 keV. Applications in 
lithography, plasma diagnostics and imaging, inner-shell 
photochemistry, and electron spectroscopy are likely. 

Perhaps the holy grail of short-wavelength laser 
research is a small spectral region lying between 
2.32 and 4.37 nm, known as the "water window." Radia
tion in this region is absorbed strongly by carbon, but rel
atively weakly by water. Therefore water window radiation 
may be used to make high contrast images of cells living 
in their natural, aqueous environment—unlike electron 
microscopy, a process that can distort the cell structure, 
because it requires that the sample be dehydrated. Fur
thermore, a laser operating near the water window offers 
the intriguing prospect of making holograms of living 
cells in order to yield three-dimensional information. 

Power problems 
The main reason that the XUV and soft x-ray regions 
are not as replete with laser sources as is the visible 
region, is that extremely large pumping powers are 
required. A traditional laser requires a population inver
sion in order to exhibit optical gain. That is to say, more 
atoms must be in the upper laser level than in the lower 
laser level. However, atoms in the upper laser level 
decay, thereby destroying the population inversion. In 
moving to shorter wavelengths, a larger energy gap 
between the upper and lower laser levels is required, and 
the decay of the population inversion by spontaneous 
emission on the laser transition itself becomes ever 

more rapid. Analysis shows that the pump power per 
unit volume required to overcome this decay and 
achieve a given gain is proportional to the m t h power of 
the output laser frequency, where m varies from 3 to 6, 
depending on the line broadening mechanism of the 
laser transition. 

This rise in the required pumping power may be 
illustrated by imagining scaling down the well-known 
argon-ion laser line at 514.5 nm to shorter wavelengths. 
Argon-ion lasers typically require a current density of 
around 103 A c m - 2 , corresponding to a pump power 
density of 1 kW cm - 3 . To scale this laser down to 50 nm, 
by running in a higher ionization stage, would require 
an increase in the pump power density by a factor of 
between 103 and 10 6—into the region of tens of 
megawatts per cubic centimeter. The delivery of such 
enormous pump powers in a controlled manner is the 
key to making short-wavelength lasers. 

The big guns are wheeled out 
To date, the most successful approach to this problem 
has been to use the huge driving lasers developed for 
studying inertial confinement fusion. Much of the pio
neering work has been performed at Lawrence Liver-
more National Laboratory (LLNL) using frequency-dou
bled beams from the Nova Nd:glass laser. Here, two 
oppositely directed laser beams are focused onto a ~100 
nm thick foil of the target material. Each of the Nova 
beams delivers 0.5 nsec laser pulses with energies of up 
to 3 kJ, focused into a line approximately 300 μm high 
and 1-5 cm in length. The plasma created by the intense 
pumping is rapidly heated by the driving laser, to elec
tron temperatures of about 1 keV, and expands to form a 
relatively uniform cylindrical plasma of several hundred 
microns in diameter. The target material is rapidly ion
ized by electron collisions, and for the same reason that 
rare gas atoms are particularly stable, ionization stages in 
which all the electron shells are full are relatively stable 
against further ionization. Consequently a large fraction 
of the target material is converted to a closed-shell ion 
stage. The hot electrons of the plasma then excite the 
ions by electron collisions. Much early work was per
formed on ions with a neon-like structure, and the first 
ever x-ray laser was demonstrated2 at LLNL in 24 times 
ionized (neon-like) selenium at 20.64 and 20.98 nm. 

The LLNL approach has been extremely successful, 
with a large number of new XUV and soft x-ray lasers 
being demonstrated, from 50 nm down to 3.56 nm, 
which is in the water window. Output pulse energies of 
up to 1 mJ were achieved at the longer wavelengths.3 

In a different approach, electron-ion recombination 
has been used to achieve lasing in the XUV and soft x-
ray regions. Here, the plasma is allowed to expand and 
cool rapidly. Once the electrons have cooled sufficiently, 
they recombine with the ions to populate preferentially 
the higher lying levels of the ion, and in particular the 
upper laser level. This technique was first demonstrated 
in the soft x-ray region by Suckewer and colleagues at 
Princeton University.4 

These first XUV and soft x-ray lasers were impressive 
achievements, and their study revealed many important 
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physics. However, the prohibitive cost and size of pump 
lasers has lead to an effort to reduce the pulse energy 
required of the driving laser. To achieve this, the use of 
two driving pulses, 5 , 6 or picosecond 7 rather than 
nanosecond pulses, has been somewhat successful. How
ever, driving lasers are still typically of tens of Joules 
pulse energy, and have relatively low repetition rates. 

Mention should also be made of a novel approach 
based upon fast capillary discharges, which has been 
very successful in demonstrating8 high gain at 46.9 nm 
in neon-like argon. For the remainder of this article, 
however, we will concentrate on new femtosecond-
pulse-driven short-wavelength lasers. 

Femtosecond lasers 
The recent development of high-power femtosecond 
lasers means that it is now possible to deliver extremely 
high pump powers from a small-scale, high-repetition-
rate source, which raises the prospect of the so-called 
"table-top" x-ray laser. The discovery of Kerr lens mode-
locking9 in titanium-doped sapphire has made the gener
ation of 50 fsec pulses routine, and optical pulses as short 
as 10 fsec are possible.10 The pulses from a mode-locked 
laser can be amplified to hundreds of millijoules using 
the well-known chirped pulse amplification technique. 
This type of laser system11 is able to generate pulse ener
gies in excess of 100 mJ in a pulse of less than 50 fsec—a 
peak power of several terawatts, approximately the same 
peak power as used in the LLNL experiments. Further
more, good beam quality may be maintained, and the 
pulse repetition rate can be as high as 50 pulses/sec.12 

Light at the end of the tunnel 
Such compact, high repetition rate, and powerful lasers 
would seem to be an ideal pump source for short-wave
length lasers. Following the suggestion by Corkum and 
Burnett,13 a process called field- or "tunneling" ionization, 
which occurs at high intensities, may be used to generate 
the ions and electrons with a terawatt, femtosecond laser. 

If the femtosecond laser beam is focused to an intensi
ty of approximately 1016 W cm - 2 , the electric field associ
ated with the electromagnetic wave of the laser radiation 
is on the order of 1011 Vm - 1 , which is comparable to the 
electric field experienced by an electron bound within an 
atom or ion. Figure 1 shows how the potential energy an 
electron sees at the peak of the oscillating electric field of 
an intense laser is distorted to form a potential barrier. It 
is possible for the electron to quantum mechanically tun
nel through the barrier and be ionized. We would expect 
the time for the electron to tunnel through the barrier to 
depend very strongly on the magnitude of the electric 
field. In fact, the ionization rate shows a threshold-like 
behavior with laser intensity. Thus, for intensities above 
the threshold, the atom or ion ionizes extremely rapidly. 

Since the tunneling ionization rate exhibits a strong 
threshold behavior, it is possible to control the stage of 
ionization that is reached by adjusting the intensity of 
the laser. This type of control means that one is not 
restricted to generating ions with closed electron shells; 
ions with closed sub-shells can also be produced in a 
reproducible way. 

This greater control also applies to the energy of the 
electrons produced in the ionization. If the incident 
electric field is linearly polarized, a given ion stage will 
tend to ionize near the peak of the electric field (see Fig. 
2a, page 24). The electron is born approximately at rest, 
and is then driven into oscillation by the electric field of 
the driving laser, with a mean energy called the "quiver 
energy." The full motion of the electron, shown in Fig
ure 2b, consists of the driven motion plus a small drift 
velocity that arises if the electron is not ionized at exact
ly a peak in the electric field. In a real experiment, the 
incident radiation consists of a pulse of light. In this 
case the electron is driven to greater quiver energies as 
the amplitude of the laser pulse increases, but returns its 
quiver energy to the laser field as the pulse subsides— 
and eventually is left with just its small drift velocity. 

With circularly polarized radiation, the magnitude of 
the electric field is the same at all times, but its direction 
rotates at the optical frequency (see Fig. 2). The total 
electric field can be considered to consist of two orthog
onal linearly polarized fields, with a phase difference of 
90° between them. There is an equal probability of the 
electron being ionized at any time, but this can always 
be considered to correspond to a peak in one field, and 
to a zero in an orthogonal field. Consequently, the result
ing motion of the electron consists of driven oscillations 
in two orthogonal directions, and a drift velocity that is 

Figure 1. Tunneling ionization in a strong electric field. The distortion of the 
atomic potential by the electric field of an intense laser pulse yields the net 
potential shown. Atomic electrons may then quantum mechanically tunnel 
through the finite potential barrier that is formed. In linearly polarized laser 
radiation, the amplitude of the electric field oscillates at the laser frequency 
so that the case shown corresponds to times near the peaks in the field. For 
illustrative purposes, the atomic potential in hydrogen ion has been used. 
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much higher than in the case of linear polarization, since 
for one of the fields the electron was born 90° out of 
phase (see Fig. 2d). At the end of the driving pulse, the 
electron retains this large drift velocity. 

Thus, tunneling ionization has two distinct cases: lin
ear polarization which generates highly ionized ions and 
relatively cold electrons, and is likely to be favorable for 
a recombination laser; and circular polarization which 
results in ions and extremely hot electrons, just what is 
needed for a collisionally excited laser. 

Some approximate numbers will illustrate just how 
effective tunneling ionization might be in a collisionally 
pumped XUV laser. The average electron energy can be 
as high as 1 keV, and an electron density of 101 7 cm-3 

can be created with a rise-time equal to the duration of 
the driving pulse, which might be only 30 fsec. These 
numbers correspond to an effective current density of 
30 MA cm-2 and a power deposition into the plasma of 
500 TW cm - 3 . Of course, this energy is in the electrons 
and the real question is how quickly this can be trans
ferred to the upper laser level by electron collisions. If 
we assume that the cross-section excitation by electron 
collisions is of order 0.01 τra 0

2 , where a 0 is the Bohr 
radius, we find that the rate of energy transfer to the 
upper laser level is of order 100 M W cm - 3—exactly 
what is needed for a short-wavelength laser. Obviously, 
while the raw pump power requirement is satisfied, 
some form of selective excitation is also necessary if a 
population inversion is to be created. 

A collisionally excited laser in Xe 8 + 

These ideas can be illustrated by the XUV laser in Xe 8 + 

that was recently demonstrated at Stanford University.14 

Figure 3 is a schematic of the apparatus. A circularly 
polarized 70 mJ, 40 fsec pulse from a Ti:sapphire laser 
system is focused into a cell containing xenon gas, at a 
pressure of several Torr. Differential pumping is provid
ed by two pinholes drilled in situ by the Ti:sapphire laser 
beam. The average beam waist between the two pinholes 
was approximately 30 μm, so that the intensity was large 
enough to produce eight-times ionized xenon by tun
neling ionization in the region between the pinholes. 
The XUV radiation from the plasma is coupled out of 
the cell and into a grazing incidence spectrometer where 
it was detected by a microchannel plate. 

Figure 4 shows the spectrum recorded for xenon pres
sures of 3 and 12 Torr. The low pressure spectrum is 
essentially a Xe 8 + fluorescence spectrum, since the pres
sure is too low to produce a large single-pass gain. How
ever, increasing the pressure by a factor of four increased 
the intensity of the Xe 8 + laser line at 41.8 nm by over two 
orders of magnitude. The gain in this system was 13.3 
cm - 1—the highest reported for a table-top XUV laser at 
the time. The laser was also the first XUV laser to operate 
at a pulse repetition rate as high as 10 Hz. 

Gain has also been reported using linearly polarized 
femtosecond driving radiation to promote recombina
tion. Nagata et al. used 1 5 linearly-polarized 50 mJ, 
500 fsec pump radiation to generate L i 3 + ions. Subse
quent recombination generated gain at 13.5 nm on the 
Lyman-α transition of hydrogen-like lithium. 

A bright future 
These first uses of small-scale driving lasers in the gen
eration of coherent short-wavelength radiation demon
strate the promise of this approach. Yet any new tech
nique is not without its difficulties. Perhaps the greatest 
hurdle is the defocusing of the femtosecond pump radi
ation by the plasma that it forms. Since the intensity of 
the pump laser is greatest on the axis of propagation, 
the resulting electron density profile has a maximum on 
axis, so that the refractive index experienced by the 
pump laser increases radially. Consequently, the pump 
radiation is defocused as it propagates, limiting the 
length over which gain can occur. 

Several approaches to overcome this problem have 
been considered. Surprisingly, pump radiation at an 
intensity of 1017 W cm-2 has been successfully16 guided 
in a hollow capillary over a length of 3 cm. In an alterna
tive approach, a plasma waveguide has been generated by 
forming a long, uniform plasma that is then allowed to 
expand. The rapid expansion generates a density 
decrease on the axis, and the resulting refractive index 
profile forms a waveguide17 for the main pump pulse, 
which is subsequently injected into the guide structure. 

Very recently,1 8 in an exciting development, the 

Figure 2. Motion of the ionized electron in linearly and circularly 
polarized laser f ields. (a) Linear polarization. The atom is most likely 
to be ionized near the peaks and troughs of the laser 's electric field, 
a s shown. (b) Once ionized the electron is driven by the laser field, 
the motion cons is t ing of a driven oscil lat ion at the laser f requency 
plus a smal l drift velocity that d e p e n d s on the exact moment of ion
ization. (c) Circular polarization: The atom has an equal probability of 
being ionized at all points in the laser cycle. (d) Once ionized, the 
electron mot ion c o n s i s t s of driven osci l lat ions in the x- and y- direc
t ions, plus a large drift velocity. In (b) the ionization is taken to 
occur near to t=0, and for (d) the ionization occurs when the electric 
field is in the x-direction. 
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group at Princeton University has successfully used a 
plasma waveguide to demonstrate gain in a recombina
tion laser scheme in hydrogen-like lithium at 13.5 nm. 
The plasma waveguide was formed by ablation and ion
ization of material from the inner wall of a LiF capillary, 
and was able to guide 250 fsec pump pulses over a 
length of 5 mm. 

Using these or other, approaches, it is probable that 
the problem of defocusing can be overcome within the 
next few years. The development of high-power fem
tosecond lasers is likely to continue to the extent that 
table-top lasers delivering 10-100 TW at high repetition 
rates will become routine laboratory tools. Further
more, new femtosecond-pulse-driven laser schemes 
should be anticipated, leading to the prospect of truly 
useful, high repetition rate, table-top XUV and soft x-
ray lasers. In the world of short-wavelength lasers, there 
may indeed be light at the end of the tunnel. 
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Figure 3. Schemat ic diagram of the experimental apparatus u s e d to demonst ra te las
ing at 4 1 . 8 nm in X e 8 + . Xenon is flowed into the inner chamber , which is maintained at 
a constant p ressure by differentially pumping the outer c h a m b e r through two pinholes 
drilled by the driving laser. The circularly polarized driving laser radiation generates a 
p l a s m a of X e 8 + ions and hot e lectrons by tunnel ing ionization. Amplif ication of the XUV 
laser transition occurs in the direction of propagation of the driving laser. 

Figure 4. F luorescence and laser spect ra of X e 8 + . For both spect ra 
the pinhole separat ion was 8 m m . The s ignals have been normalized 
to allow for the different M C P vol tages. 
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