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ABSTRACT 

The goal of this program is the construction of an X-ray laser in the multi-kilovolt regime 
which can serve as a vital enabling technology in the broad and fundamental field of materials 
science. Experimental findings indicate that an entirely new technique for amplification at X-
ray wavelengths is feasible. This method involves the combination of (a) a recently discovered 
mode of multiphoton coupling to molecules which efficiently yields core excited ions, (b) a new 
channeled mode of propagation for spatial organization, and (c) an ultrahigh brightness 
subpicosecond laser technology. The concept of molecular X-ray laser design, which involves 
matching the conditions of excitation to the molecular structure, enables the inner-shell excitation 
to be selectively achieved. Basically, the molecular approach enables the copious generation of 
a highly excited species to occur rapidly in an environment characteristic of dense cold matter, 
a situation exceptionally conducive to X-ray amplification. High energy efficiency and 
wavelength tunability also appear as intrinsic features of this method. Experimental data 
concerning the study of five cases [Xe(N), Xe(M), Xe(L), Kr(M), and Kr(L)], spanning-
spectrally from ~ 80 eV to — 5 keV, have (1) established the important role of cluster 
formation, (2) verified the scaling of this phenomenon into the Mlovolt region, (3) demonstrated 
the production of hollow atoms having multiple inner-shell vacancies, (4) provided evidence for 
the crucial influence of coherent electronic motions on the strength of the multiphoton coupling, 
(5) led to the conclusion that a regime of strong-coupling exists in which multi-electron ejection 
from an inner-shell can occur with high probability, (6) revealed the scaling in atomic number 
which potentiy favors heavy atoms, and (7) combined the multiphoton induced X-ray emission 
from clusters with channeled propagation. The fundamental conclusion is that a new genre of 
ultrahigh brightness physically compact coherent X-ray sources based on the molecular design 
concept is feasible down to wavelengths at least as short as 1 A. 
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I. INTRODUCTION 

A new molecular concept [1] has been proposed for the generation and amplification of 

X-rays. Appendix A gives a full description of the original formulation of this idea. In order 

to evaluate the validity of this concept, five cases have been experimentally examined [Kr(M), 

Kr(L), Xe(N), Xe(M), and Xe(L)], spectrally spanning the range from ~ 80 eV to - 5 keV. 

It will be shown that these studies (1) verified certain general aspects of the original formulation, 

(2) revealed that the multiphoton coupling possessed an anomalously high strength, and (3) led 

to an important new understanding concerning the electronic motions involved in the nonlinear 

interaction. This report details these findings and establishes their relevance to the production 

of ultrahigh brightness coherent X-ray sources. 

H. DISCUSSION OF RESEARCH 

A. Experimental Tests of the Multiphoton/Cluster Model 

Experimental tests [2] with Kr, as described in Appendix B, demonstrated the important 

role of cluster formation on the X-ray production and established the scaling of this new 

phenomenon into the kilovolt range. 

B. Extensions of the Original Formulation 

The originally proposed model utilized single-particle electron-atom interactions to 

estimate the conditions for X-ray production and the rate of inner-shell excitation. Several 

experimentally observed phenomena demonstrated that such a picture was inadequate and could 

not account for the anomalously strong coupling seen. A description [3] of these observations 

and their interpretations appears in Appendix C. The important conclusion which emerged from 

this work concerned the important role of coherent electronic motions in the interaction [4-6]. 
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The outcome of this finding is that atom-specific power rates of ~ 1 W/atom can be generated 

in heavy materials, a value sufficient for the amplification of X-rays in the multi-kilovolt region. 

C. Hollow Atom Production: Xe(L) Emission at — 4 - 5 keV 

An essential prediction of the cluster model is the ability to eject inner electrons while 

simultaneously retaining a significant number of outer electrons in bound atomic states. This 

property was demonstrated in nearly pure form by the observation of Xe(L) emission from 

hollow atoms [7] as discussed in Appendix D. 

D. Multiple Electron Ejection of Inner-Shell Electrons 

An unexpected outcome of the experimental studies was the general appearance of 

multiple inner-shell ejection, an issue discussed in Appendix E. Evidence for this was present 

in all five cases studied. This anomalous feature could be explained by the coherent interaction 

[4-6] described in Appendix C. 

E. Wavelength Tunability 

A highly desired feature of a light source is wavelength tunability. Since hollow atom 

spectra are broad, as shown in Appendix D, we seek a physical mechanism that can be used to 

control the amplified wavelength. Superradiance from clusters may enable the desired 

wavelength control to be achieved, as described in Appendix F. 

F. Power Concentration in a Self-Trapped Channel 

The chief problem in developing an X-ray amplifier concerns the control of high power 

densities in materials, essentially at the thermonuclear level. Stable channeled propagation of 

subpicosecond ultraviolet (248 nm) laser pulses arising from relativistic and charge-displacement 

nonlinearities has been observed in cold undercritical plasmas [8]. As discussed above, 
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experimental tests of a concept for a molecular design associated with multiphoton X-ray 

production have shown that copious Xe(M), Kr(L), and Xe(L) emission can be generated from 

corresponding Kr and Xe clusters in the 1 - 5 keV region. Appendix G outlines the results of 

recent work which represents the first combination of these two highly nonlinear phenomena. 

The unification of these two physical processes represents a key step in scaling to multi-kilovolt 

wavelengths as described in Appendix H. 

m. CONCLUSIONS 

Experimental findings indicate that an entirely new technique for amplification at X-ray 

wavelengths is feasible. This method involves the combination of (1) a recently discovered 

mode of multiphoton coupling to molecules which efficiently yields core excited ions [1-3,7,9], 

(2) a new channeled mode of propagation [8] for spatial organization, and (3) an ultrahigh 

brightness subpicosecond laser technology [10]. The concept of a molecular X-ray laser design, 

which involves matching the conditions of excitation to the molecular structure [1], enables the 

inner-shell excitation to be selectively achieved. Basically, the molecular approach enables the 

copious generation of highly excited species to occur rapidly in an environment characteristic 

of dense cold matter, a situation exceptionally conducive to X-ray amplification. High energy 

efficiency and wavelength tunability [11] also appear as intrinsic features of this method. The 

principal fundamental conclusion is that a new genre of ultrahigh brightness coherent X-ray 

sources is feasible down to wavelengths at least as short as 1 A. Such amplified X-ray sources 

would enable the development of a new mode of seeing, one specifically suited for the 

visualization of solid matter. These coherent sources would be ideal for microholographic 
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imaging of living biological matter with molecular resolution [12] and a multitude of other 

applications requiring detailed structural information of condensed matter. 
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