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The Livermorc X-ray Laser Program 

Dennis L. Matthews 
Lawrence Livermore National Laboratory 

ABSTRACT: 1 will report on the status of x-ray laser development and its 
applications at Livermore. I will review some of our recent results and comment on 
where our future research is headed including plans for developing a compact x-ray 
laser users facility. Finally, I will briefly summarize the results of an X-ray Laser 
Applications Workshop that was held in San Francisco in January 1992. 

I. INTRODUCTION 

We are entering an important period in the development of the x-ray laser. We are 
transitioning from the time of discovery into the era of optimization and application of 
this unique source. As many a pioneer has noted, this is when the really hard work 
begins. As reported at this conference we now have x-ray lasers operating at many 
wavelengths in the interval from ~ 33 to 3.6 nm and the promise that transitions at both 
longer and shorter wavelengths will be demonstrated in the next few years. Researchers 
also have demonstrated nearly full spatial coherence [Lewis in these proceedings], 
cavities, oscillator-amplifier geometries [Lewis, Shimkaveg; these Proceedings], output 
energies to the mJ level and beyond, narrow bandwidth |6xl0"5] and important 
applications such as the imaging of biological structure. 

Many problems remain, however, to develop the x-ray laser to its full promise. At 
Livermore, we are currently fully occupied with producing more efficient, practical 
collisional excitation x-ray lasers and in developing their applications. To develop more 
efficient x-ray lasers, particularly at short wavelengths (sub 5 nm) we are desperately in 
need of high reflectivity multilayer optics capable of withstanding the hostile 
environment of a plasma amplifier. MacGowan et al. describes our efforts to date on this 
subject in these proceedings. The lack of robust x-ray optics has prevented us from 
demonstrating high output energies at wavelengths of interest to biologists, namely, near 
and in the water window. Without these optics double pass amplification is impossible 
which leaves us with the problem of making higher gain or more efficient amplifiers. 
This effort also forces us to better understand our present amplifiers especially in terms of 
preventing refractive energy loss out of the x-ray laser beam. We are also interested in 
improving the coherence properties of the x-ray laser beam. Trebes has reported (these 
proceedings) our efforts to date along with our collaboration with colleagues at 
Rutherford Appleton Lab. It is now possible to measure the x-ray laser beam spatial 
coherence and to improve it. Again, however, withoutx-ray optics we will not be able to 
make powerful coherent amplifiers, at least with the oscillator-amplifier technique 
presently envisioned. 

Perhaps the most critical issue facing our efforts is the lack of dedicated x-ray laser users 
facility. As has been shown at this conference, we can now use x-ray lasers for x-ray 
microscopy and plasma interferomelry. Soon we will also begin to use them for materials 
science studies and other important applications. However, to captivate the interests of an 



enthusiastic sci of would-be users, we imisi provide them with a facility which they can 
obtain many shots and at a reasonable repetition rate. Furthermore, it is very important 
thai wc make the x-ray laser technology distributable, i. e., inexpensive and practical 
enough that a normal size university can afford one. l-'or all these reasons, we then have 
focused some of our recent efforts on developing plans and soliciting funds for a compact 
x-ray laser facility which would provide us all the pump energy that we now obtain at the 
Nova Two-Beam Laser hut at a fraction of the cost and size. In addition, we also would 
like a pump laser facility that can provide high average power or repetition rale for a 
certain number of our applications. I will briefly describe this facility later in this 
manuscript. 

II. SUMMARV 0 I : CURRENT X-RAY LASER PROGRAM EFFORTS 

2.1 X-ray Laser Physics 

We are continuing to emphasize development of x-ray laser amplifiers in terms of 
understanding how they function, their output characteristics and their optimization. To 
dale, we have demonstrated saturated output in the case of Ne-like Se and probably Ne-
likc Y. The onset of saturation is observed at - 15-18 gainlengths as expected from a 
simple calculation of saturation. Energy output at saturation is approximately 1 to 2 mj, 
in the case of Sc, and - 4 to 8 mJ for yttrium. Jeff Koch and co-workers (these 
proceedings) have also been able to measure the gain narrowing of the Se J=2-1 transition 
at 20.63 nm. Using a very high resolution time-resolving x-ray spectrograph they have 
observed the linewidlh decreasing to a minimum BW o f - 6x10"-'' which is about what is 
expected from the (GL)"" 2 scaling originally observed for optical lasers. Curiously, 
Koch et til. did not observe, as in the case of optical lasers, that the x-ray laser line 
rebroadens as the amplifier approaches saturation. 

Trebcs and co-workers have also measured the spatial coherence of the No-like Se x-ray 
laser. Shimkaveg et al. has measured the time-resolved coherence of Ne like Y. The 
results indicate that the coherence is very poor, essentially linked to the size of the pump 
laser's focal width in the transverse dimension. We were, however, able lo observe the 
coherence improve by using a narrow pump laser focus, which then makes the ASH 
origin smaller or more like a point. Time-resolved data indicaics Ihc coherence decreases 
as a function of time, i.e., as the plasma expands. Kato et al. and Lewis et al. (both have 
reported in these proceedings) have also measured the coherence of oscillator amplifier 
geometries in the case of a Ne-like Ge laser. Their results indicate that the amplifier acts 
like a spatial filter and that the coherence can be very good for short bursts of time. In 
my opinion, much work remains to demonstrate a powerful, fully-coherent x-ray laser 
beam. Because of problems with making short wavelength multilayer optics, we also 
need to develop architectures which use very few optical surfaces. 

We have also been attempting to improve the gain available from our Ni-like \-ray lasers, 
in particular, Ta. Principle efforls to date have centered on opiimizir.g pump laser 
irradiance conditions (i.e., pulse lenglh, intensity) and e ,ploding foil large! thickness. 
Using the Nova 0.532 Jim wavelength pump laser we have determined thai 90 to 100 
jigjcml thick tatgels and 0.5 usee EVVUM Gaussian or trapezoidal pulses arc near 
optimum. The typical optimum pump laser intensity (total from two sides) is 2- 3 x K)1"1 

W/cm-. Unfortunately, these conditions limit the total length of the amplifier we can 
pump to 3 to 3.5 cm which is below that necessary lo achieve saturated output. As a 
result, we have only obtained - 10 |iJ output at 4 48 nm, whereas - 3 mJ should be 
available at saturation. More efficient pumping or double pass amplification will be 
necessary to improve the output energy. We are also exploring pumping these amplifiers 
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wiili a traveling wave irradiation geometry so as to provide belter coincidence of the 
propagating x-ray laser pulse with the existence of gain in an amplifier. We have also 
begun efforts to pump x-ray lasers with long, low intensity pulses in order to produce a 
plasma with optimum propagation conditions. We then reheat this same plasma with a 
subsequent short-time-duration, high intensity pulse. These irradiancc conditions are 
predicted to produce 20 to 25 times more efficient amplifiers. 

Wc have done no research recently on understanding refraction effects in our amplifiers. 
Unfortunately, the shorter Ni-like amplifiers may be more adversely affected since they 
operate at 5 lo 10 times higher electron density than the neon-like systems. Considerable 
effort needs to spent on comprehending refraction effects on both exploding foil and solid 
target amplifiers. Unfortunately, given our emphasis on applications of x-ray lasers and 
the optimization of their energy output, we will not study refraction problems in the near 
future 

As discussed in some detail by MacGowan et al. in these proceedings, x-ray optics are a 
critical component of our current research program. Although double and nrihi-pass 
amplifiers have been demonstrated at relatively long wavelengths (-20 nm), there have 
been no demonstrations of high reflectivity multilayer mirrors operating al normal 
incidence. In addition, MacGowan has found that mirrors catastrophically fail when 
exposed to the levels of thermal x-rays and scattered optical light that is emitted by 
typical x-ray amplifier* Since the demonstrated mirror reflectivities are well below those 
predicted, i.e., 5 to 7% instead of 30%, one solution is to just develop higher reflectivity, 
more robust mirrors. The other solution is to make x-ray amplifiers that produce their 
gain over a longer lime interval so the mirrors can be placed at a greater distance from the 
plasma amplifier. We are currently pursuing both of these solutions. Special alloy 
mirrors, e.g., show promise in that they delay the time before failure, thus giving time for 
a single reflection of the x-ray laser pulse. 

One final segment of our current research program which is receiving litlle current effort 
is the development of shorter wavelength x-ray lasers. It should be possible, using all the 
power of the ten-beam Nova, to make even shorter wavelength, though subsaturated Ni-
like lasers. Unfortunately, even if we were able to make, e.g., uranium la.se, we would 
only be able to produce a -2.1 nm x-ray laser. Clearly, we need a new path towards 
making short wavelength x-ray lasers, in particular, a laser which can operate al ~ 1.2 nm 
or 1 keV photon energy. The two most promising ideas are 1) K- shell photoionization 
lasers such at suggested by Kapteyn , Murnane and Falcone (Kapteyn, 1 yy 1J or 2) the 
exploitation of An= 1 or 2 transitions in the current neon- or nickel-like systems. The 
former concept will require the development of 10 to 100 J, sub 100 fs pump lasers and 
efficient production of short-pulse-duration continuum x-rays, both of which are yet to be 
demonstrated. The latter concept requires that we demonstrate and optimize gain on 
transitions that already exist in our current neon- itnd nickel-like amplifiers. 

2.2. Applications 

Applications of x-ray lasers, in particular the nickel-like Ta, have been the focus of our 
recent research efforts. Currently, we are interested in developing 3D imaging using zone 
plate microscopes, holographic imaging and x-ray diffraction. It is also important for 
biologists that we use these techniques to view hydrated samples. As a first stage in these 
efforts, DaSilva el al. reports in these proceedings on our first images which are of non 
hydrated rat sperm. These images mark an important milestone because they illustrate we 
can observe zone-plate resolution limited images (- 500A in our case) using the 4.4S nm 
nickel-like Ta laser. Next we will try imaging using higher resolution zone plates, using 
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a higher resolution x-ray CCD camera as a detector (instead of our current niicrochannel 
plate) anil with more output energy from the Ni-like Ta laser. These improvements will 
enable us 10 produce higher S/N images and to demonstrate multivicw 3D imaging!. 
I iolographic imaging of biological samples will require development of a highly coherent 
Ni-likc Ta laser. Diffraction microscopy is also ongoing pending development of 
synthetic apertures. We are also developing a wet or hydrated cell holder so that we can 
demonstrate living cell imaging as soon as practical. 

We have also now begun experiments which use the neon-like Y x-ray laser (15..S nm) to 
probe plasmas, in particular to determine their electron density by using x-ray 
interfcromeirv David Ress, Jim Trebes and Luiz DaSilva from LLNL are pursuing two 
methods for these measurements. One uses Moire deflectometry to gel ID electron 
density information, whereas the other will use a ring interferometer to get 2D density 
information. Preliminary results using the simpler Moire technique have been obtained. 
Plasma electron densities > I Ox critical should be accessible with these techniques. 

The final focus of our current applications effort concerns ihe development of x-ray 
lasers for materials science studies. We have learned in our interactions with scientists 
who study materials properties that the x-ray laser would benefit their work because of its 
narrow BW and in some cases, brightness. The most common type of measurement they 
perform involves the measurement of the energy spectrum of ejected photoelectrons. 
Spectral resolution in these measurements is directly related to the BW of the incident 
photon source. They also commonly perform measurements using high average power 
and tunable photon frequencies. In spite of its low rep rale, we plan to perform some 
near-term proof-of-utility experiments at Nova where we will use the neon-like Y x-ray 
laser to fluoresce contaminant atoms on the surface of solids. We will study either the 
ejected Auger electrons or characteristic photo emission. In the longer term, once we 
have a high rep rate facility, we will turn our attention to the study of clusters and other 
exotic atomic configurations which cannot be studied with any conventional x-ray 
sources. 

2 3 Facilities 

The Nova Two-Beam Laser Facility is ihe only current location at Livermore for 
producing x-ray lasers. It is an extremely useful and versatile facility, but it suffers from 
low- shot rate, even lower shot availability and in the near futare, it will probably be 
disassembled 10 make room for the Nova Upgrade (1 MJ) Laser Facility. These realities 
have prompted us to design and request funding for constructing a modern, medium 
power solid slate laser facility. Requirements for the facility are that it have at Ieasi two 
beams, produce at least 1 kJ of 1 iim light in a 1 usee pulse/beam, be upgradable to l b 
repetition rales, be as compact and carry a price tag of 3 to 5 MS. Many of these 
requirements can be met using a laser design put forth by John Hunt of LLNL (Hunt, 
lyyi). In addition, we discovered that Lloyd Hackel and his co-workers at LLNL have 
been developing almost exactly these types of lasers for other applications. Benefiting 
from the symbiosis with their laser development, we now believe they can build a laser 
system which meets or exceeds all our requirements. The basic philosophy is the design 
of these lasers in the maximization of energy extraction per component and the space 
savings which comes as Ihe result of omitting spatial filtering. These lasers can use 
commercially available oscillators and regenerative preamps to get ihe energy up to a few' 
mJ in a 30 nsec pulse. After this the beam mutipasses a zig-zag Nd-Glass slab amplifier 
before going through a phase conjugator and then is re-injected for more passes through 
the zig-zag. What results is that - I kJ of light is produced on an optical bench ~ 2 x 10 
in in. size. They then compress the pulse to 1 nsec by using a Raman pulse compressor. 



Because of the use of the phase conjugator and high quality optics they produce a beam 
that is ~ 1.4 x diffraction limited and with a square aperture. If funded, wc will be 
producing x-ray lasers with such a facility by 1995. Wc believe this facility will be 
capable of making all the x-ray lasers currently produced at the Nova Two-Beam and due 
to its rep rate and accessibility, we should be able to ma"ke much more rapid progress in 
the development of shorter wavelength and higher efficiency x-ray lasers. 

III. SUMMARY OF X-RAY LASER APPLICATIONS WORKSHOP 

The purpose of this workshop (London, Matthews, Suckewcr, 1992) was to get advice on 
shaping the development of the x-ray laser for users, to educate the scientific and 
industrial public as to what are the current and future x-ray laser's capabilities, and to 
illustrate what applications we have already begun to exploit. To accomplish these 
objectives we chose the pleasant climate and attractive charm of San Francisco in January 
as our meeting location. We invited some of the best scientists available whose research 
required high brightness or high power x-ray sources. 

In general the workshop was extremely useful for the organizers and it appeared that the 
audience also benefited from the time they spent both listening and in discussion. We 
learned that there is definitely a niche for the x-ray laser among the bright x-ray sources 
such as synchrotrons, undulators, laser produced plasma and laser harmonic generation. 
Applications to biological imaging, atomic and molecular physics, semiconductor 
developmeni and x-ray holography all look feasible. We also iearned what needs to be 
done in the way of future development of the x-ray laser. It was emphas zed numerous 
limes that shorter wavelengths, high repetilion rale, tunability, good coherence and 
polarizability would all be welcome improvements along with and most important, the 
developmeni of readily accessible dedicated x-ray laser facilities. 
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