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Progress in Compact Soft X-ray Lasers *) 
and Their Applications 

S. Suckewer and C. H. Skinner 
Mechanical & Aerospace Eng. Dept. and Plasma Physics Laboratory 

P.O. Box 451 
Princeton University, Princeton. N. J. 08543 

Abstract 
The ultra-high brightness and short pulse duration of soft x-ray lasers provide unique 
advantages for novel applications. A crucial factor in the availability of these devices 
is their scale and cost. Recent breakthroughs in this field has brought closer the 
advent of table-top devices, suitable for applications to fields such as x-ray 
microscopy, chemistry, material science, plasma diagnostics, and lithography. In this 
article we review recent progress in the development of compact (table-top) soft 
x-ray lasers. 
Keywords: soft x-ray, laser, plasma, recombination. 

I. Introduction 

Exciting results announced at the recent 4th International Colloquium on X-ray Lasers brought 
the prospect of readily available compact (table-top) VUV and soft x-ray lasers considerably 
closer. Lasing at 46.8 nm was observed in a capillary discharge,l gain on the Lyman-a 
transition: Li III 13 .5~1,  induced by optical field ionization,2 was reported, and recombination 
table-top schemes pumped by low energy lasers showed continued progress.3.4 The emerging 
technology of soft x-ray lasers is in a transition phase between the first laboratory 
demonstrations of gain and the widespread acceptance of soft x-ray lasers (SXLs) as practical 
tools for novel applications. A key element here is the cost and availability of these devices and 
intensive efforts are being made to develop soft x-ray lasers that will conveniently fit on a table 
top and be suitable for applications in the laboratories of researchers in academy and industry. 
These recent results augur well for the availability of table-top W V  and soft x-ray lasers in the 
near future. 

We began work on application and miniaturization of SXL shortly after the demonstration of 
lasing action in 1984 at 1 8 . 2 ~ 1  in hydrogen-like carbon ions (CVI 3-2 transition).5 In this work 
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the gain medium was a rapidly recombining plasma, created by a 300J C02 laser pulse and 
confined in a 50-90 kG magnetic field. The soft X-ray laser output energy of 3 mJ was ample 
for the first applications of soft X-ray lasers to microscopy.6 The C02 laser and magnet are 
housed in a classroom sized room and has a repetition time of 3 minutes - nontheless it was not 
what we would call a compact or table top system. To be useful in the widest range of 
applications, miniaturization to a table-top system is desirable. 

To produce gain and lasing action in a soft x-ray laser a highly non-equilibrium condition is 
required in which an upper excited level in an plasma ion has a higher population than a lower 
level - this 'population inversion' is necessary to amplify light by stimulated emission. In our 
approach to compact soft X-ray lasers we choose to continue to work with a recombination 
scheme due to its high quantum efficiency (see Fig. 1). This was first proposed for the soft X- 
ray wavelength region by Gudzenko et a17 and its principle is as follows: a plasma is generated 
by a conventional laser pulse focused onto a solid target or by an electrical discharge. Electron 
collisions in the hot (>100eV) plasma ionize the atoms until most are totally stripped of 
electrons. After the "pumping" pulse the plasma is rapidly cooled by adiabatic expansion, 
radiation cooling andor thermal conduction to a low temperature (=lOeV) leading to rapid 
recombination. The plasma density is high so recombination occurs through a three body 
process in which an ion and two electrons collide. Recombination occurs preferentially to highly 
excited levels in hydrogen-like ions which cascade through collisions and radiative processes to 
the ground state. The upper state populations depend on the recombination rate which strongly 
increases at low temperatures - hence rapid cooling is essential to generating gain. The first 
excited state (n=2) is depopulated particularly rapidly through Lyman-a radiation and a 
population inversion and gain builds up between levels m=3 and n=2. An analogous process 
occurs when helium-like ions recombine leading to population inversion and gain on transitions 
between the 4f, 5g levels and the 3d levels in lithium-like ions. 8 

An alternative approach to creating a population inversion is to exploit differences in collisional 
excitation rates to selectively populate a specific upper level in an ion - this is know as the 
collisional scheme. The lower level of the lasing transition is strongly depopulated by radiation 
(as in the recombination scheme) creating a population inversion. Recently P. Hagelstein and 
his group at MIT has shown that gain can be generated by the collisional scheme with low laser 
beam energy.3 The collisional approach was also used in the exciting demonstration of high 
gain in a capillary discharge1 (see later). Both of these systems are being developed as table top 
soft X-ray lasers. 

2 



Mirrors are an essential part of conventional lasers, permitting multiple passes through the gain 
medium to build up intensity and create well defined laser beams. In the soft x-ray range 
however, materials are only weakly reflective. Fortunately rapid progress in the development of 
layered synthetic microstructure mirrors has produced soft x-ray reflectivities in excess of 50% 
and enabled two-pass and cavity experiments.5,9-11 The mirror separation in a cavity must be 
short due to the limited gain duration but not too short otherwise the mirrors may be damaged by 
debris from the plasma.12913 To date most experiments have demonstrated lasing action in a 
single pass. 

II. Compact Soft X-ray Laser Development 

1. Recombination Scheme 

In this approach the large C02 laser is replaced by a small-scale Nd laser which is brought to a 
line focus on a cylindrical carbon target. In the first experiments the plasma was confined in a 
magnetic field and high gain (G=Xcrn-l) was measured for the CVI 18.2 nm line using a 15J, 
3.5nsec Nd laser pulse.14 [Gain is defined in the usual way for amplifiers: output = input x 
exp(GL), where G is the gain per unit length and L is the length of the gain medium.] Later 
similar results were obtained without the magnetic field by surrounding the plasma with a 
miniature chamber with stainless steel walls and blades (see Fig. 2).15 This was a significant 
simplification as the 9OkG magnet and associated capacitor bank could be dispensed with. In the 
new configuration the plasma initially expands rapidly allowing fast adiabatic cooling. After 
reaching the stainless steel walls and interacting with iron impurities from the laser ablation of 
the blades, the plasma is additionally cooled by thermal conduction to the walls and radiation 
losses from the iron ions. Medium Z ions such as iron have many strongly radiating transitions 
and the associated energy loss rapidly cools the plasma. In this way the optimum plasma 
conditions for high gain is created in the vicinity of the blades. 

To further improve the gain we replaced the smooth carbon target with one consisting of many 
cooling "fins". The fins are 0.2 mm wide and separated by 0.06 mm. The plasma created on the 
tip of each fin can initially expand in three dimensions and the faster expansion augments the 
adiabatic cooling and recombination rate. In Fig. 3 are shown the spectra in the vicinity of CVI 
18.2 nm and 13.5 nm lines for 3 different target lengths: 2, 4 and 6 mm. The spectra were 
obtained from a plasma region between 0.3 and 0.5 mm from the target surface and for a 
separation of 0.8 mm between the cooling blades and the target surface. In the spectra one may 
see a strong increase of the intensity of both CVI lines with increasing plasma length. This 
increase in line intensities is faster than linear indicating high gain. A maximum gain of 
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7.1 cm-1 for 18.2 nm line was generated with a remarkably low input laser energy of 4J in a 
2nsec pulse.16 (The intensity of 13.5 nm line should be divided by 3 in order to take into 
account 3 times higher sensitivity of the spectrometer at 13.5 nm than at 18.2 nm). In this figure 
we can see a linear increase of the CV 18.6 nm line intensity whereas the iron lines show a lower 
than linear intensity increase, which is an indication of significant opacity in these lines. 

The observation of gain ( G m s  = 6.5cm-1) on the 4-2 transition at 13.5 nm line was new for the 
multifin targets. In the smooth carbon targets the 13.5 nm line increased linearly with plasma 
length. Extensive checks showed that the measurements could not be attributed to target 
misalignment and the origin of gain on the 13.5 nm line is not well understood. 

Control of the gain region in the plasma was demonstrated by changing the influx of iron into the 
plasma.16 The amount of iron ablated from the blades into the plasma by the Nd laser is 
controlled by the distance between the cooling blades: with closer blades more iron ions are 
introduced in the active medium. The increase of the influx of iron shifts the gain region toward 
the target surface and allows us to reach higher gains. This demonstrates the importance of 
radiative cooling in the recombination soft X-ray laser schemes and illustrates the possibility of 
controlling the recombination process by varying of the iron influx into the plasma near the 
lasing region. 

One might think that once gain has been demonstrated that the generation of high gain-lengths 
and useful output energies would be simply a matter of generating longer plasmas. However in 
many different compact recombination systems this has not been an easy task - typically the 
gaidcm decreases as the plasma length increases, limiting the maximum gain-length achieved. 
One possible reason for this is refraction of the stimulated soft X-rays out of the gain region. 
The solution, as was demonstrated for the collisional scheme, 13 is to use multiple short targets 
pumped from opposite directions to guide the rays back to gain region. This approach should 
also work if there are other deleterious features of long plasma lengths. Currently we are using 
such a system of two relatively short (6 mrn) targets pumped from opposite directions. We have 
further reduced the laser energy by shortening the laser pulse to 1.5 nsec and optimal gain has 
been demonstrated for a single target with a 2.55 Nd laser pulse. 

2. Gain Generation by Optical Field Ionization 

Another avenue to the development of a compact SXL seems to be open by recent exciting 
results of Nagata et al (FUKEN).2 They used a low energy (50 mJ), high power subpicosecond 
KrF laser (1017W/cm2 in 0.5 psec) for optical-field-ionization (OFI)l7 of the plasma column 
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created by a second, very low power (200m.T in 20 nsec) KrF laser. [In OFI the plasma is 
ionized directly by the ultra intense electric field in the laser focus in contrast to the case at lower 
intensities where the plasma is ionized by electron coIlisions.] During the fast recombination of a 
2mm long plasma created by OFI they measured gain (G = 20 cm-1) between the fust excited 
level and the ground level (2- 1 transition) of H-like Lim at 13. 5 nm. This is a very exciting 
result since the creation of a population inversion between an excited and ground level was 
previously considered to be extremely difficult as the ground state population is typically very 
high. 

R. Falcone and his BerkeleyLivermore group18 and our group16 have attempted to repeat these 
results from RIKEN. Although in both experiments conditions were not exactly the same as 
those in RIKEN, nevertheless both groups obtained similar results. In the BerkeleyLivermore 
experiment a Ti: Sapphire subpicosecond laser was used at the fundamental (-0.8p.m) and at the 
second harmonic (-0.4p.m). In our experiment which was only a slight modification of our earlier 
setup for a fast recombination plasma in a two-laser scheme19 we used a powerful KrF 
subpicosecond laser (max power: 2xl018W/cm2 in 0.3 psec) operating at power density 
=1017W/cm2, which is close to optimum for this experiment. We used a Nd/Glass laser for 
creating the initial plasma column from a LiF target. Although our spectra in the vicinity of the 
LiIII 13.5 nm line (Fig. 4) were quite similar to those of Nagata et al2 with maximum gain 
G = 17 cm-1 for a 2 mm long target, unfortunately we cannot yet make a definite statement 
about the measured gain in our case. This is due to the large line intensity fluctuations and 
difficulties to obtain a plasma column larger than 2 mm (probably caused by subpicosecond laser 
beam divegence). Hopefully applying a new method,20 recently developed for longer plasma 
generation with short laser pulses, it should be possible to obtain significantly larger gain-length 
and hence lasing action for such systems. 

3. Discharge Pumped Soft X-Ray and VUV Lasers 

An exciting breakthrough was reported recently in the generation of gain media for VUV lasers 
in a capillary discharge.1 Discharge pumping of soft x-ray lasers has a strong advantage of 
technical simplicity and potentially much higher efficiency than laser drivers. High efficiencies 
are very advantageous because of the potential for associated cost and size reductions. In these 
experiments 200p.m diameter plasma columns are generated by fast discharge excitation of 
capillary channels filled with preionized gas.21 The fast excitation pulse rapidly detaches the 
plasma from the capillary walls (as in a Z-pinch) enabling high plasma temperatures (Te>150eV) 
to be achieved. Initial work was aimed at generating gain in recombining plasmas where fast 
cooling was achieved by radiation and heat conduction to the capillary walls. However the most 
dramatic results were obtained very recently in collisionally excited neon-like argon' (Fig. 5). 

5 



Gain-lengths in excess of G L 7  at 46.8 nm were generated in capillaries of up to 12 cm length 
by pulses with a current risetime of 30 nsec. Initial estimates of the output energy were 0.1 mJ 
for only 50J electrical energy input in the discharge. While this wavelength is in the VUV rather 
than the soft x-ray region it is very suitable for applications in photochemistry for example. We 
expect that by changing discharge parameters (e.g. faster rise time) and medium (gas) it will be 
possible to obtain lasing action below 20 nm in near future. 

Amplification at soft x-ray wavelengths in a capillary discharge was also reported at two other 
institutions. At Pohang University, Pohang, Korea, soft x-ray gain was observed in a 
recombining plasma generated in a capillary discharge.22 Gain of 2.8 cm-1 was generated in a 
capillary 16mm long on the 18.2nm Balmer alpha transition in hydrogen-like CVI. At Ruhr 
Universitat, Bochum, Germany, gain on the same transition was observed at the time of the 
second current maximum in the discharge.23 

It is clear that these exciting advances in several independent approaches to the development of 
affordable table-top VUV and soft x-ray lasers will soon turn the promise of such lasers into a 
reality. 

4. A New Method of Gain Measurement 

One of the experimental difficulties in systems in which the gain-length is low is that the 
stimulated emission intensity does not greatly exceed spontaneous levels. It can be difficult to 
identify the presence of gain and hence difficult to optimize the experimental conditions in order 
to increase it to more obvious levels. An additional difficulty in laser produced plasmas can be 
the presence of a high density region close to the target surface emitting intense spontaneous 
emission which obscures the stimulated emission from a gain region of lower density and limited 
spatial extent. A new method for detecting the presence of stimulated emission at low gain- 
lengths down to G L  0.1 was proposed24 and implemented.4 The method is illustrated in Fig. 6 
and is based on the major difference between stimulated and spontaneous emission, its 
directionality. An additional "probe" plasma is created some distance away from the "candidate" 
plasma by the same laser. On the opposite side of the candidate plasma is a multilayer mirror, 
reflective in the wavelength range of the gain line. The mirror provides spectral isolation of the 
gain line and reflects the light from both plasmas to the detector, a thinned back illuminated 
CCD (charge coupled device). A 1500A Al filter is used to reject visible light. When gain is 
present amplification of the emission from the probe plasma will be apparent in an enhanced 
intensity in the far field but only within the solid angle encompassing both the spontaneous 

6 



emission region in the probe plasma and the gain region in the candidate plasma. A feature will 
appear in the far field pattern that can only be caused by directional, that is stimulated, emission. 

By slightly modification of the experimental arrangement, an image of the plasma (e.g. in 
18.2 nm light) can also be produced on the CCD using a simple pinhole. This is an extremely 
useful technique of aligning the two targets in two-plasma experiments and observing spatial 
characteristics of the plasma emission, for example, in the vicinity of the cooling blades.4 

III. Example of Application: Soft X-Ray Reflection Microscopy 

X-ray microscopy offers the opportunity of obtaining images of cells at resolutions much higher 
than available from light microscopy and free from possible artifacts due the intensive specimen 
preparation necessary in electron microscopy. The potential for x-ray lasers to be used in 
biological imaging of living cells was recognized early on and the first images of cervical cancer 
cells obtained using a x-ray laser were reported in 1990.6 X-ray microscopy has also been 
performed using soft x-rays from synchrotrons and laser produced plasmas. 

Besides conventional transmission x-ray microscopy it is also possible to form an image from 
reflected x-rays25 with potential application to high resolution inspection of lithographic 
products and the observation of surfaces (or membranes) of biological cells. A proof-of-principle 
experiment at Princeton has demonstrated imaging of a test grid in reflected x-rays from a soft x- 
ray laser beam.26 Such a SX reflection microscope with compact SXL as a source of SX 
radiation will be an attractive instrument. It will have important applications in materials 
sciences, for example in the characterization of semiconductor heterojunctions, for investigating 
buried interface structures, and the detection of precipitates inside silicon surfaces. The 
electronic properties of heterojunctions, namely metal-, semiconductor-, and insulator- 
semiconductor interfaces, depends critically on the morphology of the interface. This 
morphology can be drastically affected by chemical reaction and interdiffusion that take place 
during interface formation or during subsequent processing steps. Thus a detailed 
characterization of the structure of these interfaces is extremely useful. Very few techniques are 
suitable for investigating buried interface structures. Most of them such as transmission electron 
microscopy, are destructive in the sense that the sample must be drastically modified, thinned 
down or cleaved. The reflection microscope will not require such sample preparation and the 
optimal wavelength range of 10-20 nm makes soft x-ray laser the ideal source. It should be 
particularly powerful in the visualization of features and contrasted interfaces buried under 
overlayers 10-20 nm thick. A resolution of 50 nm is insufficient to provide an "atomic" picture 
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but should provide valuable information on large scale inhomogeneities that exist at some 
interfaces. 
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Figure Captions: 

Fig. 1 Energy level diagram for H-like and Li-like ions showing the generation of gain in the 
recombination scheme. 

Fig. 2 Experimental setup for the table-top soft x-ray laser. The plasma is surrounded by 
flexible steel walls to provide additional cooling. The Ng:glass laser beam enters through 
a stainless steel slot, =0.2mm wide. Part of the upper blade and side wall has been cut 
away in the drawing to display the target. 

Fig. 3 The spectra of the carbon target with 2,4 and 6 mm length. Laser energy is 4J (for 12 
mm line focus), slot distance from the target is 0.3 mm, the distance between the target 
and the blades is 0.8 mm. 

Fig. 4 Spectra in vicinity of Li III 11.4 nm and 13.5 nm lines generated by the interaction of 
Powerful Subpicosecond (PSP) laser with 1 mm and 2 mm plasmas produced by a 
Nd/Glass laser 100 nsec earlier. Non-linear increase in intensity of the 13.5 nm line may 
indicate high gain. 

Fig. 5 Variation of the intensity of the spectral lines in the neighborhood of 48 nm as a function 
of capillary length. For a 3 cm plasma column, the 46.8 nm J=O-1 line of Ne-like Ar is 
observed to be less intense than the surrounding lines from Mg-like and only about twice 
the intensity of the neighboring 48.5 nm 3d-3p Ne-like Ar line. In the 6 cm capillary, the 
laser line is significantly more intense than its neighbors, while in the 12 cm plasma 
column the J=O-1 line totally dominates the spectrum. 

Fig. 6 Schematic showing the probe plasma, the candidate gain plasma and the far field 
detector. The expected far field emission pattern is shown with a feature due to the 
amplification in the candidate plasma of spontaneous emission from the probe plasma. 
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