
T H E • D E C A D E • IN 

OPTICS 

In the past decade, there has been 
a technological revolution in our 
ability to generate, control, ma
nipulate, focus, and detect x-rays. 
The past few years have been 
witness to significant advances 
in the development of normal 
incidence x-ray mirrors and beam 
splitters, diffraction limited x-ray 
microscopy, x-ray holography, x-
ray waveguides, and CCD x-ray 
detector arrays. 

Using these new capabilities, 
workers in the field are taking 
the first steps toward the devel
opment of sophisticated soft x-
ray optical systems, including 
soft x-ray interferometers, high-
intensity x-ray lasers, and pro
jection optics for x-ray lithogra
phy. 

High 
brightness x-ray sources 
The progress made over the past 
decade in the development of 
soft x-ray sources has been truly 
extraordinary. The emergence 
of x-ray lasers and synchrotron 
insertion devices has increased 
the brightness of source 8 to 12 
orders of magnitude over what 
was available in the '60s and '70s 
(see Figure 1). 

In 1984, Lawrence Livermore 
National Laboratory and 
Princeton University jointly an
nounced the unequivocal dem
onstration of amplified sponta
neous emission (ASE) at soft x-
ray wavelengths. The work at 
Princeton focused on three body 
recombination in hydrogen-like 
carbon atoms, producing ASE at 
182 Å.1 The Livermore work 
centered on collisional excitation 
of neon-like selenium producing 
ASE at 206 Å and 209 Å.2 In the six 

years since this early work, re
searchers have demonstrated soft 
x-ray ASE on more than two dozen 
different l ines. The shortest 
wavelength at which laser activity 
has been reported is 44.8 Å.3 

X-ray optical components 
As a result of the progress 
achieved in the past decade in 
optical component development, 
it can now be said that virtually all 
the standard optical components 
taken for granted at v is ible 
wavelengths also exist (albeit at 
lower efficiency) at soft x-ray 
wavelengths. Fresnel zone plate 
lenses that have a demonstrated 
spatial resolution of 300 Å have 
been developed for application in 
x-ray microscopy.4 Multilayer x-
ray mirrors with normal incidence 
reflectivity (@ λ 130 Å ) greater 
than 60% have been demonstrated.5 

Soft x-ray beamsplitters6—multi
layer coatings on thin (~ 300 Å) 
silicon nitride membranes—have 
been developed and used as x-ray 
laser cavity components at λ ~ 130 
Å and 206 Å (see Figure 2). Finally, 
synthetically generated soft x-ray 
reflection holographic optical 
components have been produced 
by combining nanometer lithog
raphy and multilayer deposition 
technologies.7 

Research applications 
Newly developed high brightness 
x-ray sources and high perfor
mance optical components are for 
the first time being integrated into 
sophisticated soft x-ray optical 
systems. Normal incidence mul
tilayer mirrors and beamsplitters 
have been integrated with soft x-
ray gain media to produce 
multipass x-ray laser cavities. In 
cavity demonstration experi
ments, soft x-ray output power 
was increased by more than 20X, 
and source brightness by more 

Figure 1. The extraordinary advance in x-

ray source capabilities is illustrated. Spec

tral radiance of bending magnet, wiggler, 

and undulator beamlines are compared with 

the more conventional laboratory sources 

that dominated x-ray research in the late 

1960s and early 1970s (discharges, electron 

impact on stationary and rotating anodes), 

and with the new high-power, laser driven 

x-ray sources now under development (x-

ray lasers and laser-produced plasmas). For 

laser-driven sources, peak values are shown; 

for other sources, average values arc shown. 
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than 500X.8 High performance Fresnel 
lensing elements are being used in syn
chrotron based x-ray microscopes for 
the investigation of microbiological specimens. Images 
of "wet" samples with a spatial resolution of 500 A have 
been re
ported. Fi
nally, x-ray 
h o l o 
g r a m s 
have been 

recorded both at high spatial resolution (~ 400 Å using a 
synchrotron undulator beamline at NSLS)9, and at high 
temporal resolution (~ 200 ps using an x-ray laser 
source at LLNL).10 

Emerging applications for the future 
Armed with new capabilities and initial success in micros
copy, holography, and laser cavities, researchers are 
developing new applications that could redefine the field 

of x-ray optics. A particularly interesting 
synthesis of x-ray source and optics 
technologies is the proposed develop

ment of a high intensity x-ray laser. It would consist of a 
cavity amplified soft x-ray laser coupled with a reduction 

lens (Fresnel zone 
plate or multilayer 
mirrors) that 
would image the 
output to a small, 

high intensity spot>1014Watt/cm2.Such a high intensity laser 
capability could launch a new field of nonlinear x-ray optics. 

The availability of high performance x-ray mirrors 
and beamsplitters, as well as high brightness sources, 

Revolution in 
X-ray Optics 

Figure 2. Soft x-ray beamsplitters—the analog of "two-way" optical mirrors—have been developed using multilayer technology. 

A schematic illustration of the performance of such a multilayer beamsplitter is shown, along with plots of measured (at ~ 0.5° off 

normal) reflectivity and transmission for a beamsplitter designed for use at 131Å. 
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is a strong invitation for the 
development of interferometry 
of soft x-ray wavelengths. Such 
a capability will be an essential 
ingredient in the development 
of diffraction limited multilayer 
coated imaging optics. 

Perhaps the most interest
ing industrial spin-off from the 
revolution in x-ray optics may 
be the development of a new 
technology for the mass pro
duction of high density inte
grated circuits. Soft X-ray Pro
jection Lithography 1 1 (SXPL) 
uses multilayer coated reduc
tion optics to project an image 
of a reflecting x-ray mask onto 
a resist coated wafer (see Fig
ure 3). The ultimate resolution of this technique far 
exceeds that of any other technology proposed for 
high throughput I.C. production. Recently AT&T dem
onstrated a resolution of 500A using a SXPL system 
with 20:1 reduction optics at 140Å.12 

N .M . CEGLIO is Program Leader for the Advanced X-ray 
Optics Program at Lawrence Livermore National Labo
ratory, University of California, Livermore, Calif. 
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The decade of the '80s was the time when many of the 
dreams of the '70s in laser cooling and trapping of 
atoms became reality. It was also a time when acciden
tal discovery led to totally new areas of research and 
deeper understanding of the basic ideas of laser cool
ing. Indeed, the "technology" of the manipulation of 
atoms has exceeded the expectations of the first pro
posals during the 1970's.* 

Early theoretical work 
The laser cooling of atoms was proposed in 1975 by 
Hansch and Schawlow1 and Wineland and Dehmelt.2 

The key idea was to use the Doppler shift to create a 

velocity dependent force on ions or atoms. Atoms 
moving in a region of counter propagating laser beams 
will scattermore photons from the beam opposing the 
motion if the laser is tuned to the low frequency side of 
the atomic resonance. Also during the '70s, a number 
of theorists— notably Minogin, Kasantzev, Letokhov, 
and Stenholm—developed a deeper understanding of 

Figure 3. A possible projection x-ray lithography system using a reflecting multilayer 

x-ray mask and a pair of multilayer coated mirrors for high-resolution imaging 

optics. As an advanced technology, this system would allow industry to benefit fully 

from the resolution advantages of operating at shorter wavelengths. 

light i n d u c e d 
fo rces . 3 In 1978, 
A s h k i n p r o 
p o s e d des igns 
for laser traps based on the dipole force that results 
from the induced dipole moment of an atom in a strong 

*The spectacular advances in ion trapping that have 
also occurred during this time are not addressed here 
due to limited space. 
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