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RÉSUMÉ

On a fait une étude préliminaire des sources lumineuses de synchrotron
surtout orientée vers la lithographie aux rayons x. On poursuit
énergiquement la lithographie aux rayons x dans plusieurs pays dans le but
de fabriquer des puces (microplaquettes) d'ordinateurs (grosseur normale de
0,25 fim) et pourrait obtenir du succès commercialement dans la prochaine
décennie. Il semble également qu'il vale la peine d'étudier de nombreuses
autres applications des rayons x mous. Le groupe d'étude a visité les
installations à source de rayonnement d'accélération de particules et a eu
des entretiens avec des exploitants et utilisateurs de cette source. Il en
a conclu que la technique d'accélérateur d'une source lumineuse de
synchrotron classique appropriée à la lithographie aux rayons x est bien
établie et correspond aux compétences des Laboratoires nucléaires de Chalk
River. En outre, on met au point des systèmes supraconducteurs compacts.
Leurs exigences techniques coïncident avec les compétences à Chalk River.
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ABSTRACT

A preliminary study of synchrotron light sources has been made,

primarily oriented toward x-ray lithography. X-ray lithography is

being pursued vigorously in several countries, with a goal of

manufacturing high-density computer chips (0.25 /xm feature sizes),

and may attain commercial success in the next decade. Many other

applications of soft x-rays appear worthy of investigation as well.

The study group visited synchrotron radiation facilities and had

discussions with members of the synchrotron radiation community,

particularly Canadians. It concluded that accelerator technology

for a conventional synchrotron light source appropriate for x-ray

lithography is well established and is consistent with skills and

experience at Chalk River Nuclear Laboratories. Compact

superconducting systems are being developed also. Their technical

requirements overlap with capabilities at Chalk River.

Accelerator Physics Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

1989 February

AECL-9886



TABLE OF CONTENTS

Page

1. Introduction 1

2. X-Ray Lithography 3

2.1 Basic Concepts 3
2.2 Status 6
2.3 Reference Specification 6
2.4 Some Development Requirements 7

3. Alternative Applications of Synchrotron Radiation 8

4. Synchrotron Radiation Sources 10

4.1 Basic Considerations 10
4.1.1 Fundamental Properties 10
4.1.2 Some Parameters 14

4.2 Configuration Options 16
4.2.1 Magnets 16
4.2.2 Lattice 17
4.2.3 Injection Energy 18
4.2.4 Injector 18
4.2.5 Insertion Devices 19
4.2.6 Particles 20

4.3 Synchrotron Radiation Beam Lines 20

4.4 Costs 22

5. Assessment of Technical Reguirements 2 3

6. Discussion 24

7. Acknowledgments 26

8. References 27

9. Appendices
I List of Lithography X-Ray Sources 30
II Magnetic Field Range Available 40

III A 15 Tesla Compact Concept 4 3
IV A 20 Tesla Pulsed Synchrotron 47
V Transition Radiation Source 49
VI Small Dipole Superconducting Magnet 50

Storage Rings
VII Pulsed Magnet Source 52

VIII Laser Plasma Source for X-Ray Lithography 54
IX Some Examples of Other Applications 59
X Memorandum Initiating This Study 65



1. INTRODUCTION

In the summer of 1988 Accelerator Physics Branch at Chalk River

Nuclear Laboratories set up a small group to perform a

preconceptual design study of synchrotron light sources, with a

primary focus on application to x-ray lithography and a specific

interest in accelerator components for these sources- Other

potential applications were not excluded. An important aspect of

the study was to acquire some perspective of technical

requirements. These would provide a basis for judging how well

Accelerator Physics Branch capabilities and interests match the

requirements and opportunities that synchrotron radiation sources

present. The group was expected to spend a total of about six man-

months on the study and to conclude with a report (see Appendix X).

Most of the study group activities were concentrated within a five-

month period and included discussions with several members of the

Canadian synchrotron radiation community and visits to three

synchrotron radiation sources. The latter included the National

Synchrotron Light Source, Brookhaven; the Synchrotron Radiation

Center, Wisconsin; and the MAX synchrotron source, University of

Lund, Sweden. An important part of the Wisconsin visit was a tour

and discussions with personnel of the Canadian Synchrotron Research

Facility at Aladdin (Bancroft et al., 1987).

It is clear that interest in synchrotron radiation sources for x-

ray lithography is international and evidently growing (Williams,

1988; T. Tomimasu, 1988; Wiley, 1988). Major programs exist in

Europe and Japan, and efforts are growing rapidly in the USA. A

specific capability that is being pursued vigorously is the ability

to manufacture on a commercial scale computer chips with critical

dimensions as small as 0.25 nm. This could lead to manufacture of

64 megabit (or more?) memory chips and presumably a strong

advantage in the semiconductor industry, especially for next-

generation computers. Present state of the art for computer chips
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is 1 Mbit (Redaelli and Cerrina, 1987) , but present production

methods, based on optical lithography, are not seen to be viable

at such small feature sizes.

In a review article, Blewett (1988) gives an account of the history

of synchrotron radiation and the first laboratory observation made

over forty years ago. In the intervening period, accelerator

designers have changed their view of synchrotron radiation from

being a nuisance to dedicating machines towards its production for

research and development applications. Winick (1987) and Miilhaupt

(1986) have compiled lists of over forty synchrotron radiation

facilities in operation, under construction or planned in 13

different countries. None are in Canada. However, in 1968 only

four facilities were in operation (Rowe, 1973).

Synchrotron storage rings have several advantages over other soft

x-ray sources. Among these are large radiated power, continuous

output, small source size, high collimation and good

characterization. The x-ray spectrum can be calculated from

fundamental principles and is well suited to applications such as

commercial lithography, where high throughput is desirable. Among

some disadvantages cited are large capital cost per unit and large

size (in the case of conventional synchrotrons).

This report is organized as follows. Section 2 presents some

fundamentals of x-ray lithography along with a representative

specification for a commercially interesting system and a brief

discussion of some areas that require development to attain 0.25 nm

critical dimensions on an industrial scale.

Section 3 notes alternative applications of soft x-ray radiation,

including medicine, biology, chemi/stry, development of advanced

materials, earth and surface sciences as well as traditional areas

of research.



Section 4 contains discussion of some features of synchrotron

radiation sources, the interdependence of basic parameters,

configuration options and some information about probable cost.

Section 5 contains an assessment of technical requirements.

Section 6 presents concluding discussion.

Finally, the appendices list x-ray sources dedicated to

lithography, give some information on other methods of generating

soft x-rays, present some speculations on high-magnetic-field x-ray

sources that may be useful in x-ray lithography, and give details

about some alternative applications of synchrotron radiation

sources.

2. X-RAY LITHOGRAPHY

2.1 Basic Concepts

Grobman (1983) and Redaelli and Cerrina (1987) review the basic

concepts of x-ray lithography in the context of fabricating

semiconductor devices. In general, a semiconductor device is made

by controlling, in a precise geometrical pattern, the addition and

removal of material to or from a substrate material or wafer.

These changes are made in one plane or level at a time. A device

often consists of several layers of these planes accurately aligned

with respect to each other. Lithography is a generic term used to

denote the technique of defining the geometry and location of

levels in a semiconductor device and their placement in the device,

for example, a large scale integrated circuit.

The geometrical pattern is defined in a thin layer of light-

sensitive material covering the wafer called a photoresist (or



simply a resist). The smallest elementary piece of a pattern is

called a pixel. To define a given feature of a pattern tne

characteristic dimension of a pixel must be smaller than the

smallest feature dimensions. This property is usually described

as resolution. Fabrication of a multilayer device requires that

the layers have correct alignment with respect to each other

(overlay accuracy). Within a given layer, the pattern must stay

within well defined limits (line width control). Thus a system

with 0.25 nm resolution would have 0.25 nm as the characteristic

dimension of the smallest feature and the overlay accuracy and line

width typically might be 0.025 urn. each for a ten-level device.

Series and parallel writing methods are used to generate

geometrical patterns. Precisely controlled, focused particle

beams, particularly electrons, can directly trace the geometrical

pattern in the resist in a series fashion with high resolution but

the process is slow. In the parallel writing method the

geometrical pattern is defined on a mask, which is illuminated with

appropriate radiation and the pattern imaged on the resist. The

parallel method may have an optical system to produce the mask

image on the resist or it may have the mask placed in near

proximity to the resist-covered wafer. Figure 1 shows

schematically a typical layout of source, mask and resist.

Absorption of radiation causes chemical changes in the resist which

define a latent image of the mask pattern. Chemical processing

leads to removal of resist and exposure of the semiconductor wafer

in the desired pattern for additional processing to remove or add

material according to the requirements of the device being

fabricated.
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Fig. 1 Schematic layout of source, mask

and wafer for x-ray lithography.



2.2 Status

Optical lithography, a parallel writing method having focusing

elements in the path between source and wafer, is used currently

to mass-produce integrated circuits. Minimum feature sizes are

greater- than 1 /xm in production systems (Williams, 198S) . However,

these minimum sizes have decreased markedly over the past 5 years.

As this trend continues toward smaller sizes, the optical method

will inevitably encounter serious problems (Wilson, 1985) and may

not be able to go below 0.5 fim.

Lithography with soft x-rays offers the prospect of minimum featute

sizes of 0.25 fxm and perhaps smaller, while alleviating some

difficult problems associated with optical lithography, such as

depth of field, diffraction and dust contamination. However, x-

ray lithograpny has not yet advanced to the point of commercial

exploitation, although 0.25 Aim features have been successfully

produced in a resist (Lai et al., 1986). IBM researchers report

fabrication of test chips with a spacing of 0.5 fim between

components using soft x-rays (Silverman et al., 1988). Current

reviews of the field (see, for example, Wiley, 1988; Williams,

1988) predict that manufacture of semiconductor devices on a large

scale with minimum feature sizes of 0.25 urn should occur during the

next decade.

2 . 3 Reference Specification

The requirements for an x-ray lithography system to produce 0.25 /im

lines in a CMOS process were discussed in a workshop at Brookhaven

(Brookhaven, 1986a). The acceptable photon energy range is

determined by considering diffraction effects, photoelectron range,

mask contrast and shot noise. Diffraction effects set the upper

wavelength limit while the other effects tend to set lower limits.

A window of 0.6 to 1.2 nm seems to be acceptable.



The radiation energy density required at the resist to got

acceptable exposure is typically 100 mJ/cm'. For an exposure tine

of one second and an area 25 mm (vertical) x 50 mm (horizontal) the

radiation power required is 1.25 W at the resist. Ivhen

characteristics of a beam line are taken into account the required

power radiated at the source per exposure field area is 12. v-> \i.

If the resist is located 10 m from the source, subtending a

horizontal angle of 5 mrad, then the radiated power at the source

becomes 2.5 W/mrad. It should be noted that current work on high-

sensitivity resists may lead to an order of magnitude or nc: o

accrcasc in required energy density, which would correspondingly

reduce radiated power required (Seligson et al., 1988).

In summary, a set of reference x-ray lithography requirements arc

as follows (critical wavelength corresponds to the median energy

of the radiated power spectrum) :

critical wavelength 1.0 nm

minimum characteristic dimension 0.25 yum

line width control 0.025 /xm

overlay accuracy 0.05 /zm

exposure field size 25 mm x 50 mm

resist sensitivity 100 mJ/enr

throughput/beamline 30-60 wafers/hour

2.4 Some Development Requirements

Areas requiring research and development to attain 0.25 /in

production were discussed in workshops held at Brookhaven (1986a)

and Wisconsin (1987). A detailed status of some of these is given

by Redaelli and Cerrina (1987) . Briefly, the major areas of

concern are fabrication of acceptable masks (including inspection

and repair of defects), alignment of mask and wafer to meet the
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stringent tolerances on overlay accuracy, and development and

characterization of photoresists. Of these areas, mask development

appears to be the most urgent task and represents the highest risk

to successful production. Evidently, existing electron beam

lithography is not adequate to write mask patterns with 0.25 urn

minimum features, and major development of this equipment is

required.

For reference, some of the requirements a mask must satisfy are:

dimensional stability 1 part in 106

flatness ± 1 /̂ m

defects 0

lifetime 10 000 or more exposures

3. ALTERNATIVE APPLICATIONS OF SYNCHROTRON RADIATION

Synchrotron radiation has many other possible applications besides

x-ray lithography. Synchrotrons and storage rings provide a

powerful tool to users of vacuum ultraviolet and x-ray radiation.

A large part of their attractiveness stems from the fact that

compared to traditional sources, such as x-ray tubes, they provide

five orders of magnitude increase in photon intensity across a

continuous spectrum. Monochromators may be used to select a

particular wavelength over a large range of the spectrum and still

have an output of generally useful photon intensity. The greatly

increased radiation intensities from synchrotron sources

immediately lead to much-improved resolution, which, depending on

the application, may be in energy (spectroscopy), angle

(diffraction), space (microprobes) or time (kinetic studies)

fSutton and Stephenson, 1988). Also, the large intensities allow

observation of phenomena having smaller cross sections.



The breadth of applications of synchrotron radiation is large

(Winick and Doniach, 1980; Huang et al., 1988) and growing, and

includes fields such is atomic and solid state physics, chemistry,

medicine and earth sciences. A few specific examples illustrate

the range:

x-ray absorption

x-ray diffraction

x-ray tomography

time-resolved spectroscopy

x-ray absorption spectroscopy -

x-ray scattering

angiography, for detection of

heart disease.

study of large biological

molecules, such as DNA,

chromosomes, and viruses,

fast, chemical specific, three-

dimensional imaging of small

objects.

detection of changes in

biological material on a time

scale shorter than 1 ns.

probing sites of specific atoms

in complex materials; for

example, catalysts, alloys,

ceramics.

investigation of oxidation,

corrosion or wear on surfaces.

These and other applications of synchrotron radiation are discussed

in Appendix IX. The range of photon energy required is wide, with

some, angiography for instance, requiring much higher energies than

x-ray lithography.
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4. SYNCHROTRON RADIATION SOURCES

4.1 Basic Considerations

4.1.1 Fundamental Properties

Relativistic charged particles radiate when they are made to follow

a curved path, for example, that resulting from passing through a

magnetic field. The radiation is emitted tangentially to the

particle trajectory, as illustrated in Fig. 2, and confined to a

small angular spread perpendicular to the plane of the particle

orbit. Figure 3 shows a typical radiated spectrum for a

synchrotron light source (Aladdin, IOC mA circulating electron beam

at 1 GeV) which covers a wide range of energies from near infrared

(1 eV) to soft x-rays (~ 10 keV). The spectrum is a smooth,

featureless continuum.

A schematic representation of a synchrotron radiation source is

shown in Fig. 4. It is essentially a ring-shaped vacuum chamber,

in which the charged particles are constrained to circulate along

a fixed trajectory under the influence of one, two or more bending

magnets. Quadrupole and eextupole magnets may be used to focus the

beam. A radio-frequency cavity provides enercry to accelerate the

beam up to full energy if necessary and to make up for energy lost

to synchrotron radiation. A kicker and a septum magnet are used

to inject the beam from a linac, a microtron or a booster

synchrotron. If injection is at less than full energy, then as the

beam is accelerated the magnetic fields in the ring are increased

to maintain the beam trajectory in the ring. The ring may also

include wigglers or undulators to increase radiation brightness.

Beam lines channel the radiation from the magnets into stations

distributed around the ring.
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Beam
Orbit

Radiation

Fig. 2 Schematic illustration of an x-ray beam emitted from a

synchrotron storage ring. 7 is the ratio of relativistic

particle total energy to its rest energy, 0 is angular

width in the plane perpendicular to the beam orbit plane

and 6 is angular width in the orbit plane.
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The photon flux is in units of number of photons per

second per milliradian per 0.1% bandwidth.
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Fig. 4 Schematic representation of a synchrotron light source.
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4.1.2 Some Parameters

Consider the synchrotron radiation from electrons of energy E (GeV)

traveling perpendicular to a magnetic field B(T). (See Winick and

Doniach (1980) and references therein for basic equations.) This

radiation has a broad spectrum with half the energy at wavelengths

shorter than

1.86

B E2
(nm) (1)

For the x-ray lithography application, \c ~ 1 nm is desired and

Equation (1) can be rearranged to give

1.86

E = — g ~ , (2)

which shows the trade-off between B and E for Ac = 1 nm. Relation

(2) is shown in Fig. 5 along with a corresponding curve of bending

radius p(m) given by

B3

The power P(W) radiated into an angle 8 (mrad) in the plane of

electron orbit by a beam of current I(A) is

(3)

(4)

A nominal requirement for lithography is P « 2.5 W/mrad which gives

a bean; current requirement of

I = ^ ^ . (5)

This curve is also shown in Fig. 5.
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E(GeV)
KA)

pirn)

P =2.5 W/mrad

Fig. 5 Relationship of beam energy E, beam current I and bending

radius p to magnetic field B for a synchrotron storage ring

radiating a power of 2.5 W/mrad with a critical wavelength

of 1 nm.
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These curves are used to classify several proposals fox' dedicated

x-ray lithography sources listed in Appendix I. These range iron

examples based on well-proven synchrotron storage ring technology

to some highly speculative concepts.

4•2 Configuration Options

4.2.1 Magnets

The trade-oft between magnetic field, B, and beam energy, E,

specified by Equation 1 reduces to a choice between normal and

superconducting nagnets. A synchrotron that uses normal magnets

generating 1.8 T, a practical upper limit, would require a beam

energy of about 1.0 GeV at a beam current of approximately 300 mA

to satisfy the specifications in Section 2.3 for x-ray lithography.

In contrast, a radiation source based on superconducting magnets,

with <j magnetic field of 5.0 T, would require a beam energy of

approximately 0.6 GeV only, although the beam current would have

to be increased to about 500 mA. Also, a superconducting system,

hav;ng a smaller circumference, would have shorter damping times,

facilitating injection (Vlalker et al., 1987).

A significant feature of a superconducting system compared with a

normal system is the potential for size reduction. Equation 3

shows that the bending radius is a strong function of the magnetic

field. In fact, for a normal system the bending radius, p, would

be about 1.9 m, while for the superconducting option p would be

only 0.4 m. However, other components contribute as well to

overall facility size. The photon beamlines are typically 10 m

long. An injector must be accommodated in addition to the dc and

rf pov/er supplies and, in the case of the superconducting device,

cryogenics.
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Superconducting magnets offer the possibility of compact

synchrotron light sources with only one or two bending magnets.

Some compact machines are currently being studied or constructed

(see Appendix I) . As yet, none of them have successfully stored

a circulating electron beam. Some advantages and

disadvantages of compact synchrotrons for x-ray lithography have

been discussed in a workshop at Brookhaven (Brookhaven, 1986a).

4.2.2 Lattice

Lattice designs for synchrotrons and storage rings based on normal

magnets are well developed and their characteristics well

understock. ("Lattice" refers to the periodic arrangement of

magnets in the ring.) Typically, such machines devoted to x-ray

lithography would have four or more dipole magnets and a minimum

circumference of a 2 0 m. With the introduction of superconducting

magnets, more configuration options become interesting and the

minimum circumference may be reduced by a factor of two or more.

(See Brookhaven (1986b) for discussion.)

The simplest lattices contain one or two superconducting dipole

magnets. Decker and Craft (1987) have considered the beam optics

for small rings. They concluded that a single dipole machine would

be marginal at 5 T for meeting the requirements of x-ray

lithography, but a symmetrical racetrack configuration (two

dipoles) is promising. Walker et al. (1987) have investigated

lattice designs for compact machines having two or more bending

magnets. They claim that, in principle, the most compact ring that

meets x-ray lithography requirements is a racetrack configuration

with quadrupoles in the straight sections. They point out that a

conventional synchrotron designed to achieve the same specification

would be much less compact and would require much higher injection

energy for comparable damping time at injection.



A compact 3ynchr.ouron has been designed and construction started

in Japan (Takahashi, .1987) based on n single dipole. This design

features a novel nalf-integral rosonance-injection method

(Takayama, 1087), a method of changing the tune of the machine

during aocelenticn to overcome beam lifetime limitations, and

compact rf and va-.vjun pumping structures that iit into the small

magnet gap. W LI ] lams (1988) references two compact machines under

development that have a racetrack configuration: COSY in West

Germany and a machine for ] WA from Oxford Instrunents in England.

Alco, a preliminary dcuign for a superconducting racetrack

synchrotron was doveloptd at Brooknaven (Brookhaven, 1986b).

4.2.3 Injection Energy

The choice of injection energy seems to be a compromise between

technical and economic considerations. The preferred technical

choice is to ir-irct into a storage ring at full energy. This

avoids ramping the magnetic fields of bending magnets in the ring

during an acceleration ph.~t:;e. It also tends to reduce beam losses

during accumulation of bean in the ring (van Steenbergen and

Grobman, 1983';. Economic considerations, however, tend to favor

lower injection energies which usually imply relatively compact

inexpensive injectors. Append '</. I lists injection energies for

systems that have been studied for x-ray lithography applications.

4.2.4 Injector

Beam is usually introduced into a synchrotron by a magnetic septum.

A fast kicker is activated to shift the stored beam radially toward

the septum, minimizing coherent betatron oscillations of the

injected beam. If the injection energy is less than the full energy

of the synchrotron, the stored beam is subsequently accelerated by

an rf cavity while the beam transport elements are ramped to

maintain synchronism.
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There are several possible injectors for a synchrotron storage

ring. The simplest is a stand-alone linear accelerator. No other

injector can produce the beam current of a linac. However,

assuming that only proven technology were used, the 1 GeV roach-.ne

required for full energy injection into a normal ring would be

quite expensive and very long. But, if a linac could be operated

at the voltage breakdown limits demonstrated with test cavities

(Tanabe et al., 1986), a full energy injector might be as short as

a few metres.

The microtron is a popular alternative (Mileikowsky, 1987).

However, to date, the highest beam energy achieved by a suitable

microtron is only 108 MeV. An equivalent linac would be simpler,

generate a higher current and be similar in size.

The booster ring option features a small synchrotron to increase

the electron beam energy from a low-energy linac prior to injection

into a synchrotron storage ring. Younger et al. (1987) propose

such a system as the most economical way to provide a 350 MeV beam

for injection into a ring of 1 GeV maximum energy. This option has

a repetition rate orders of magnitude lower than a linac.

4.2.5 Insertion Devices

Insertion devices, such as wigglers and undulators, probably have

no role to play in modest brightness applications like x-ray

lithography. The spectral improvements they offer over bending

magnets are not relevant in this case and they accommodate fewer

beam lines per device than bending magnets. Insertion devices do

offer a method of reducing the circulating beam current in a ring

for x-ray lithography (van Steenbergen ana Grobman, 1983), which

may be important in low-energy compact rings. Of course, straight
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sections ol adequate ]ourjth must b-2 included in any ring design

that might use insertion devices.

4.2.6 Particles

Only electrons and pesitronr. are practical choices for synchrotron

radiation sources, because they can bo accelerated to relativistic

speeds at relatively low enerqies. (Protons require orders of

magnitude more energy because of the difference in rest mass.)

Use of positrons rather than electrons eliminates the possibility

of ion trapping, a potential major source of beam loss. However,

electrons must be accelerated to at least 200 MeV to generate

sufficient positrons, which must in turn be accelerated to a

minimum of POO MeV to obtain a small enough beam to inject into a

ring. ion trapping is more easily dealt with by electrostatic

clearing electrodes mounted around the entire circumference of the

synchrotron (Rowe, 1987).

4.3 Synchrotron Radiation Beam Lines

Radiation beam lines for x-ray lithography have three major

requirements. First, it is necessary to transport the x-rays to

the mask and wafer assembly. Gince the radiation is emitted in a

narrow horizontal fan (Fig. 2), it must be vertically scanned over

the exposure field. This is most efficiently achieved using a

scanning mirror. Secondly, it is necessary to remove the unwanted

soft part of the spectrum with a beryllium filter. Finally, for

system safety and reliability, it is necessary to have a system of

fast valves in case of vacuum failure or loss of beam control.

Figure 6 shows a schematic of a beam line structure for x-ray

lithography and Okada et al. (1988) give a detailed description of

such a beam line developed by the NEC Corporation for the Photon



21

Beam
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Exposure Station

Fig. 6 Schematic illustration of an x-ray lithography beam line.
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Factory ring in Japan. At the front end of the beam line (close

to the ring) are various kinds of safety devices. These may

include pneumaticailv actuated fast-closing valves, an acoustic

delay line to impede propagation of a pressure front resulting from

vacuum failure, water-cooled masks and radiation shutters. A.

beryllium window might also be included, which also acts as a low

energy x-ray filter.

The scanning mirror used in the NEC beam line consists of chemical-

vapor-deposited silicon carbide on a high-purity graphite

substrate. This material is resistant to radiation damage and

thermal deformation. The mirror is scanned during an exposure at

a frequency of a few Hertz to give a uniform exposure area of

approximately 2.5 x 2.5 cm2.

The exposure station contains sophisticated equipment for loading,

aligning and stepping the masks and wafers (Silverman et al., 1988;

Lai et al., 1936; Cerrina et al., 19S5). The mask and wafer may

be in a low-pressure helium atmosphere to provide cooling of the

mask to control thermal distortion. This equipment must be capable

of meeting tight alignment and overlay tolerances specified in

Section 2.3.

4.4 Costs

Presented here are some estimates of approximate hardware costs

based on studies at BNL (Brookhaven, 1986c) and Lund (Eriksson,

1988) for storage ring sources. Development, escalation and other

project costs are not included. The numbers are Canadian dollars

and are intended to be used more for comparison of systems than for

absolute costs.

The highest quality system with fewest development costs, the 1 GeV

normal magnet storage ring with a 1 GeV linac injector, would cost
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15 M$ (Project cost 20 M$). A 1 GeV synchrotron storage ring with

low energy injection, say a microtron, world be 8 M$. The compact

racetrack synchrotron storage ring with low energy injection and

5 T superconducting bending magnets would be 7 M$. (BNL include

a 10 M$ magnet development program, giving a project cost of

18 M$.) A compact circular 5 T synchrotron storage ring with low

energy injector might be cheaper than the racetrack. Other

concepts involving small high-field magnets may lead to lower

costs; these have not been assessed in sufficient detail to give

estimates.

Projects for lithography require some number of beam lines and

irradiation stations costing 1-2 M$ each. Storage rings can each

feed many beam lines, so that beam line costs can become a najor

component of the project cost. The exposure station is a major

cost in the beam

There are a number of concepts for non-storage ring sources,

usually pulsed. These generally have limitations that make them

unsatisfactory for "production" installations but quite adequate

for development work. For example, a complete laser plasma system

might cost 1.5 M$ (Pepin, 1988). Some of the other concepts

warrant further study (Appendix I).

5. ASSESSMENT OF TECHNICAL REQUIREMENTS

After visiting three synchrotron light sources and discussing

technical issues with researchers involved with these facilities,

it is clear that accelerator technology required to build a

conventional synchrotron light source suitable for x-ray

lithography is well established and consistent with skills and

experience at CRNL. In particular, injector linac, magnet, rf, and

control systems technology fall within CRNL experience. Compact

synchrotron storage rings, which are still developing, use
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superconducting magnet technology. CRNL has experience with such

technology through design, construction and operation of a large

superconducting magnet in a compact superconducting cyclotron.

CRNL experience on large vacuum systems is generally restricted to

high vacuum rather than ultra high vacuum. However, technology for

the latter is well known and sfould pose no serious problems.

CRNL has no resident experience in synchrotron design specifically.

However, a strong background in accelerator design (both linear and

circular machines), beam handling and accelerator construction does

exist. Furthermore, it is evident that expert advisors and

consultants are available at several laboratories who would be

willing to assist if required.

6. DISCUSSION

Based on information gathered through discussions and literature

surveys, the study group offers the following observations:

(a) A general opinion does pervade the synchrotron radiation

community, particularly among those involved in x-ray

lithography, that commercial success will be attained during

rhe next decade in producing 0.25 iim minimum feature size

en i ps.

(b) X-ray lithography is an activity for large, wealthy

corporations. Despite some early back-of-the-envelope

calculations that predicted that the world may be able to

support hundreds of commercial facilities, it seeirs much more

likely that the actual number will be an order of magnitude

smaller. Furthermore, the synchrotron radiation source

appears to be only a small part of a complete production

facility.
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(c) No compact x-ray synchrotron industrial source has attained

operational status. Some are in construction phases but are

having technical difficulties and are behind schedule. It is

probably true that compact superconducting systems still need

development work and, consequently, represent an opportunity

to contribute to the art and science of accelerators.

(d) The choice of injector depends on details of the storage rin^.

In general, full energy injection avoids the need to ramp

magnet currents and reduces difficulties with beam

instabilities.

(e) Injection may offer an interesting area where development work

could contribute substantially to x-ray source development.

Of particular interest might be high-gradient linac

development, which could be fruitful in its own right.

(f) A synchrotron radiation source suitable for x-ray lithography

also could be used for other applications, including research

and medicine. Specific commercial applications other than x-

ray lithography were not identified. Kowever, it seems highly

probable that a range of applications of commercial interest

could emerge if an appropriate source were available.

(g) Other soft x-ray sources, particularly pulsed high magnetic

field devices, may have a role complementary to synchrotron

radiation sources for some applications.

(h) The Canadian context suggests that a Canadian synchrotron

light source should be multipurpose rather than dedicated to

one application.
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APPENDIX I

List of Lithography X-Ray Sources

Examples of possible lithography x-ray sources are listed in

Table 1-1. This list includes examples of projects, studies and

concepts. It is meant to include examples of important

configurations but is not intended to include all projects.

Sources are listed in order of increasing magnetic field in the

radiator. The electron energy and beam current are also listed and

generally conform to Fig. Il-l in order to fit the lithography

requirements. The first section is "CW Sources" which are all

electron storage rings increasingly more speculative in nature.

The second section is "Pulsed Sources" which extend to still higher

magnetic fields attainable in only small magnets.

The last two sections include concepts based on the use of

transition radiation and plasmas.

Additional information is given in notes following the table.
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TABLE I-I

List of Lithography X-Rav Sources

B
(T)
(A)

1.8

1.8

1.8

1.75

?.3

i

E
(GeV)

I
(A)

CW Sources

1

1

1

1

1

1.5

0.7

0.3

0.4

0.5

0.2

0.4

0.5

0.2

Injector

1 GeV Linac

10 MeV Linac
+0.35 GeV

0.1 GeV
Microtron

L GeV Linac*

25 MeV Linac

0.15 GeV
Microtron

0.7 GeV
Microtron

Radiator

Storage Ring

Synchrotron
Storage Ring

Synchrotron
Storage Ring

Storage Ring*

2.3 T Magnets
in 1.5 T
Synchrotron
Storage Ring

Synchrotron
Storage Ring

Racetrack
Integral with
Microtron

Status

Study

Study

Study

S tudy

Study

Study

Study

Note

(1)

(2)

(3)

CO

(5)

(6)

(7)

Reference-

Brookhaven
(1986)

Younger
(198 7)

Eriksson
(1987)

Shiinano
(1987)

Maxwe11
(1988)

Einfeld
(1988)

Mileckowskv
(1987)

0.6 0.5

4.4 0.65 0.3

5 0.43

0.6 0.5

0.6 GeV
Lin.ic

0.15 GeV
Microtron

8 MeV Linac

50 MeV
Microtron

Circular Concept (8)
Storage Ring

Circular
Synchrotron
Storage Ring

Circular
Synchrotron
Storage Ring

Racetrack
Synchrotron
Storage Ring

Const. (9)

Study (10)

Const. (11)

Takahashi
(1987)

Trinks
(1982)

Heuberger
(1988)

supe re onduc ting.
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B E I
(T) (GeV) (A)

In j e c t o r R a d i « t o r S ' a : us N'ott- Kff ore

5

7.5

10

IS

!.5

0.

0.

0.

0.

0.

0.

6

6

6

4

35

35

0.5

0. '>

0.2

0.7

1

1

700 Mt-V

I.iiiac

n. 1 GeV

0 . 1 GtV
Micro:run

0.4 GeV
Linac

0.3b GeV
Linac

0.1 CeV
Li n.ic

Racetrack
Synchrat von
Stur;ige Ring

Svnc hrvit. troii

Storage Ring

L'ndu 1 a t a r

in 1.8 T
Storage Ring

Circular
Storage Ring

15 T Bending
Magnet Storage
Ring

1 .8 T
Synchrotron

Const.

Concept

MAX

Concept

Co nee pi-

Concept

(12)

(13,

(l'»;

(13)

(16)

(17)

Wilyo
(1988

?£?,

' • ' " • • '•'

0.35 ] 0.35 GeV
L inac

Storage Ring
with 15 T
Radiator

Circular Concept (18) App.ll
Storage Ring

«; K1 Pulsed Sources

>0 0.3 1 Gun

20 0.3

20 0.3

0.3 CeV
Linac

0.3 GeV
Li nac

70 0.3 <1 0.3 GeV
Linac

Circular
Pulsed
Synchrotron

Model (19) An<-vt;)-

20 T Pulsed Concept (20) Felber
Magnet (1987)
Radiator App. VI

20 T Super- Concept (21)
conducting
Magnet
Radiator

20 T Super- Concept (22) Felber
conducting (1987)
Beam Trap



B
(T)

200

2000

(C)

E
(GeV)

0.1

0.03

I
(A)

3

10

Injector

0. 1 GeV
Linac

0.03 GeV
Linac

Transition Radiation Source

0.1 0.0001 0.1 GeV
Linac

33

Radiator

Z-Pinch
Radiator

Z-Pinch
Radiator

Be Foil
Stack

Status

Concept

Concept

Concept

Note

(23)

(24)

Fellx-j-

(1985)
Lainpe 1
(1989)

Felbc-r
(1985)

M o i\i::

(1980;
App. V

(I)) Plasma Sources

Laser

Focus

Plasma

Plasma

Model (26) Pep in
(1988)

Model (2 7) Ebi-rK-

Gas Puff
2-Pinch

Plasma Model (28) Kitav.i:
(1986'

Notes on Table 1-1

(1) Full energy injection alleviates several problems associated

with injection and with ramping the magnets. The magnets can

be made very accurate at the fixed field so that very hicjh

beam quality should be attainable. However, the injector is

expensive.

(2) Here, the linac in (1) is replaced by a low energy linac and

booster ring to reduce the ramping range of the magnets. The

cost is probably similar to (1) but without the advantages of

full energy injection.
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(3) This is based on experience with the existing MAX ring which

has successful low energy injection.

(4) In this study superconducting technology is used in the linac

to obtain high gradients and the option of alternative cv:

linac operation. The storage ring magnets have non-saturated

iron cores with superconducting windings and therefore have

very low power requirements.

(5) The injector energy proposed here is much smaller than it used

in existing systems or in most proposed systems. Small high-

field saturated iron magnets are used for radiators. These

presumably are not large enough to seriously effect the orbit

dynamics. This is surprising considering the large ramp range

required to accommodate the small injection energy.

(6) Energy and magnetic field are higher than required for

lithography, i.e., \c = 0.23 nm. This synchrotron-storage

ring is based on four superconducting 90° magnets patterned

after high-energy synchrotron magnets. Scaling to ~ 6 T, the

field level now demonstrated for superconducting cyclotron

magnets, and to \t = 1 nm, would result in a quite interesting

possibility for lithography.

(7) A storage ring surrounds a 0.7 GeV, 20 turn racetrack

microtron and uses the same 5 T superconducting bending

magnets. The field at the storage ring orbit is reduced to

4 T so that the orbit is larger and can have a weak focusing

gradient.

(S) Has the advantages oi (1) with a less expensive injector.

Beam quality is limited by weak focusing, perhaps a strong

focusing configuration is possible. This is a lower field
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version of the concept described in Appendix III.

(9) This compact storage ring now under construction has the weak

focusing limitation and additional problems with low energy

injection which requires the superconducting magnet to bo

ramped. A new one-half integer resonance-injection method is

planned (Takayama, 1987).

(10) Has problems of (9) for a much wider field range because of

the very low energy injector. Uses a magnetic perturbation

for injection.

(11) A commercial development of a racetrack source now under

construction and testing. There are difficult technical

problems in the "D" shaped magnet and in the way leakage

fields affect the beam.

(12) A comi'^rcial development of a racetrack source intended for

installation in an integrated circuit laboratory. This has

the same problems as (11) .

(13) This concept is similar in configuration to that shown in

Appendix VI. Low energy injection could lead to a vjry

economical source but fringing field problems associated with

ramping the 5 T magnets could be difficult.

(14) This is an example of using a high-field undulator in a

relatively low energy ring to obtain a spectrum suitable for

lithography. This can feed one or possibly two beam lines.

(15) This is a larger low-field version of the concept described

in Appendix III. The magnet is well within technology limits.
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(16) In this concept, the hiqh-fi^ld magnets are not ramped to

reduce fringing field problems and because of the high-field,

the injector energy is rr.odest. The configuration if similar

to that shown in Appendix VI.

(17) A possibility to use a relatively low energy injector and

synchrotron-storage ring with a high-field radiator. This is

similar to the Maxwell concept. See (5) above.

(18) A conceptual design for a high beam quality source at

relatively small co;-,t is described in Appendix III.

(19) A very compact source which has been experimentally tested to

the 10 T level. No injector is required. This could be a

very economical pulsed source. See Appendix IV.

(20) This could be a "Table Top" pulsed radiation source. Would

require a suitable compromise between linac and pulsed magnet

parameters. Peak intensity could be comparable to storage

rings but average intensities would be lower.

(21) This 20 T superconducting magnet would be at or near the limit

attainable but only about 1 cm" of high-field volume is

required.

(22) Would require a ~ 100 mm diameter, 20 T superconducting magnet

with a method (absorber?) for trapping the beam to orbit

inside the magnetic field so that it continues to radiate a

significant fraction of its energy. This improves the

intensity by ~ 10'\

(23j Highlv speculative, depending on using compression of a coil-

generated field by a plasma pinch. However, 200 T is a small



37

fraction of the 10 000 T possibly attainable by the method and

the volume required is of « 1 mm3.

(24) An extreme case of (2 3) but perhaps a true "Table Top" source.

(25) The production of transition radiation has been verified

experimentally (Piestrup, 1985) and parameters given for a

lithography source. See Appendix V.

(26) An experimental model of a source has been used to demonstrate

use in x-ray lithography. Intensity is adequate for

development work on masks (Pepin, 1988). See Appendix VIII.

(27) An experimental model has demonstrated that the x-ray spectrum

and intensity would be adequate at least for development work.

(28) An experimental model has been used to demonstrate x-ray

lithography exposure times of 20 s. Electrode life time is

an inconvenience. It is expected that both Z-pinch and plasma

focus devices providing radiation powers of 10 mW/cro2 will

soon be available (Heuberger, 1988) .
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APPENDIX II

Magnetic Field Range Available

Compact synchrotron light sources under construction use magnetic

field levels near 5 T requiring, for xc - 1.0 nra, an electron

energy of 0.6 GeV. In principle, for a given value of xc, if

magnetic field B is increased, then electron beam energy can be

decreased and the scale size of the bending magnets also decreases.

Figure II-l shows Bp vs B, i.e., the bending power of a magnet of

bending radius p. The points are for normal synchrotron magnets,

superconducting cyclotron and synchrotron magnets, magnets in high-

field hybrid systems to provide "background" fields between 3 and

15 T and for 21.4 T, the maximum currently achievable in a small

bore. An iron pole has been assumed for the hybrid magnets, i.e.,

2 T added to the open solenoid fields.

The dashed line indicates a technology envelope. The solid line

shows the Bp value required for synchrotron bending magnets that

generate synchrotron radiation at \c = 1.0 nm.
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APPENDIX III

A 15 T Compact Concept

This appendix outlines a speculative concept for a compact

synchrotron storage ring that has the following parameters:

Magnetic field 15 T

Beam energy 0.35 GeV

Magnet bending radius 0.078 m

Beam circulating frequency 600 MHz

RF frequency 1200 MHz

Energy loss/turn 17 keV

RF voltage 2 x 50 kV

Mass 1100 kg

Yoke outside diameter 0.7 m

Yoke height 0.8 m

Injection would be at full energy from a 0.35 GeV linac, so that

the magnet would not require ramping. This also means that the

magnet need be "set up" for only one field level, making saturation

and leakage easier to cope with. The magnet is well inside the

technology limit as discussed in Appendix II.

The magnet poles are segmented into four hills and valleys and

shaped to provide strong focusing. This should be a challenging

design problem. An rf accelerating cavity is then fitted into one

or perhaps two of the four valleys. The other two valleys are used

for injection elements. RF drive, vacuum pumps and diagnostic

elements are accessible through the axial central hole in the pole.

A partial vertical section is shown in Fig. III-l. The coil

sections shown are qualitative only. The magnet would have a warm

bore and beam gap. Coil supports across the beam gap could be
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either cold posts or warm insulated supports. The coil v/ould

probably be Nb3Sn operating at 4.2 K.

Injection is critical. The Sumitomo design (Takahashi, 1987) uses

a half-integer resonance to allow more time for inflectors and

radiation loss to move the inflected beam towards the equilibrium

orbit. At 15 T and fo - 600 MHz the inf lector elements must

operate faster, but the elements are smaller so this system may be

possible here also.

With full energy injection, a continuous or quasi-continuous

injection system would reduce the requirement for high current from

the injector and high efficiency for injection. That is, injection

could continue at the linac repetition rate and be required only

to make up losses from the beam.

With frf = 1200 MHz, the injector linac could be made to operate at

the same frequency which would allow the use of rf inflection

elements phased to deflect only the injected beam.

A scheme for quasi-continuous injection might be as follows. The

beam from the linac enters the ring through a magnetic channel at

slightly higher energy than the circulating beam. An rf inflector,

in the adjacent upstream valley from the rf cavity, is phased so

that the linac bunch is deflected out and the circulating beam

crosses at zero voltage so as to be undeflected. The linac bunch

then passes the rf cavity at maximum deceleration phase to shrink

the orbit radius. The rf cavity must operate at a peak voltage ~ 5

times the average energy loss so that the linac bunch can be

decelerated by ~ 5 times the average energy loss. A second rf

inflector, if necessary, could further shift the linac bunch, this

time inward to clear the magnetic channel. On subsequent orbits

the linac bunch "cool" into the circulating beam.
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Fig. III-I Partial vertical section of 15 T electron

synchrotron radiation source.
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APPENDIX IV

A 20 T Pulsed Synchrotron

Anevsky et al. (1987) describe an experimental model (Fig. IV-l)

of a synchrotron light source based on a pulsed magnet. They

demonstrated operation up to 10 T producing synchrotron radiation

pulses of several milliseconds. Injection was directly from an

electron gun at zero field. Acceleration was by a combination of

rf accelerating field and betatron action as the magnetic field was

pulsed. The device was expected to operate up to 20 T giving

Ac « 2 nm at 35 mm radius. About 100 kW in synchrotron radiation

would be obtained from 10 a electrons and an rf power of 2.5 MW.
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Solenoid Glass Envelope Single Turn

Groove

Resonator Gun

Fig. IV-1 Sectional view of a pulsed synchrotron radiation source.

The magnet is a spiral solenoid, with thickened central

loop and groove to shape the field. The electrons start

from a gun and orbit in a glass envelope and are driven

by a resonator.
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APPENDIX V

Transition Radiation Source

Moran and Ebert (1986) discuss the possibility of using transition

radiation for x-ray lithography. Transition radiation is produced

when electrons cross a boundary between two media. The source then

consists of an electron beam passing through a stack of foils to

give a number of media interface crossings. The radiation is in

a narrow forward cone with the width depending on electron energy.

The spectrum depends on foil material and the thickness of the

stack. The essential features of this radiation have been verified

experimentally (Piestrup et al., 1985).

A possible source would be a 100 NeV 100 /xA linac and a stack of

60 Be foils, each 1 jum thick. At 1 m x-ray photo resists could be

exposed to 100 mJ/cm2 in 50 seconds.
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A speculative con' i qar<V. i *..n r'or a ^t^rar,r; ring v:fh high-field

solenoidai geometry co i! L is; shown for a 10 r! hexagorial ring in

Fig. VI-1. The focusing quadripoles and rf cavity v;ould be sirciiar

to those used in lov/-fic] i rinqs. The dipole fringing fields v;ou 1 j

complicate the orbit dynamics but the circular geometry eases the

high-field magnet problem^. Plausible dioole magnet dimensions arc

an iron pole diameter of 0.15 m and a yc):e outrfi.de diameter cf

0 . 3 m.

Ramping the magnets woul' complicate the orbit dynamics, ^u taii

energy injection is suggested. The required energies are modest.
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Fig. VI-1 Schematic of an electron synchrotron storage ring having

10 T bending magnets which radiate at \c « 1 nm.
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APPENDIX VII

Pulsed Magnet Source

Pulsed magnetic fields have been generated in small volumes i .

discharging capacitors through single or few turn coils. Fielu-.-

are limited by material strengths to about 20 T for reasonabJe

repetition rates, i.e., not requiring coil replacements between

shots. Passing a 0.3 GeV electron beam through the 20 T fiel i

would generate a pulse of synchrotron radiation. A possible-

configuration for such a table top source is shown in Fig. Vll-l.

A suitable linac might deliver 1 A peak current of 0.3 Go'

electrons in a 10 us pulse with a repetition rate of 10 Hz. Th

pulsed magnet could be driven by a 20 kV, 0.15 JUF capacitor bank.

The 20 T magnetic field would be generated over a volume of 1 cm .

The synchrotron light radiated would have Ac « 1 nm and a pulse;

power of about 2.5 W/mrad. See Table 1-1 in Appendix I fc

references to pulsed sources.
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Fig. VII-1 Schematic of a pulsed magnet source

of synchrotron radiation.
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APPENDIX VIII

Laser Plasma Source for X-Ray Lithography

It is now well established that pulsed, high-intensity lasers

produce high temperature plasmas when focused tightly onto solid

targets. Such plasraas emit x-ray and UV photons as well as charged

particles such as electrons and ions. It has been recognized for

some time now that the x-radiation from these laser-produced

plasmas could be used for x-ray lithography. A detailed discussion

of this subject is given in a collection of papers compiled by the

NRL group (Whitlock et al., 1987, and references therein).

A simple laser-plasma x-ray lithography exposure system is shown

in Fig. VIII-1. A pulsed high-power laser beam is directed into

a vacuum chamber and focused to a diameter of several hundred

microns onto a target. During the laser pulse, the plasma is

heated to a temperature of several hundred electron volts, and

emits x-rays. The x-rays radiate away from the target in all

directions and pass through masks which are aligned with their

semiconductor wafers. The spectrum of a laser-plasma x-ray source

above a kilovolt in photon energy is composed of emission lines

and continuum, both of which are characteristic of the target

material as well as plasma properties such as the degree of

ionization. A typical spectrum of a copper target taken with a

3 ns, 1.06 /xm laser is shown in Fig. VIII-2 (Pepin, 1988).

Conversion efficiencies on the order of 10% are possible with

laser-plasma sources (Gilbert et al., 1980).

The laser characteristics required for x-ray lithography are

reasonably well defined. Conversion efficiencies from laser light

to useful x-rays of 10% or more, require laser intensities of

1013 W/cm2. Assuming a laser pulse length of 2 nanoseconds focused
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Fig. VIII-1 A simple laser-plasma x-ray

lithography exposure system.
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Fig. VII I -2 Theore t i ca l and experimental spectrum of
copper taken with a 1.06 /zm 3 nanosecond
laser (Pepin, 1988).
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down to a spot 100 /zm in diameter, this translates to a laser

energy of approximately 2 joules (peak power of lO'* W) . The

average laser power required is approximately 100 W, which becomes

10 W of useful x-rays.

Although there are a number of different laser systems which could

be used, the two most likely candidates are the solid state ii-j

lasers and the gaseous excimer lasers. Nd systems produce high-

quality, low-divergence beams which can produce the necessary

irradiances for x-ray production. However, present commercial

systems do not generate high-enough average powers. (For instance,

a 2 joule, 2 nanosecond system would have to be operated at 50 Hz

to yield a peak power of 10J W and average power of 100 K.)

Although KrF lasers with 100 W average power are commercially

available, the beam quality is generally poor and the required

irradiances cannot be produced. It is very likely that current

developments in laser technology will result in laser systems which

meet the requirements for applications in x-ray lithography.

However, the reliability of such systems will need to be

demonstrated.

Although the potential for x-ray lithography applications of this

technique clearly exists, further developments in laser technology

will be necessary to meet the requirements for a commercial system.

However, recent work on high-sensitivity resist materials may lead

to easing of x-ray flux requirements by a factor of ten or more

(Seligson, 1988). It is possible that because of a smaller,

initial capital layout, laser-based systems will be needed in the

short term for small-scale activities in the area of x-ray

lithography. If such systems were demonstrated to be adequate and

reliable, it is possible that on a longer time scale, they could

complement synchrotron light sources in that small-scale operations

in x-ray lithography could be carried out.
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APPENDIX IX

Some Examples of Other Applications

This appendix gives details of some of the large variety of

applications for synchrotron radiation other than x-ray

lithography. See Section 3 for additional references. These

applications include the following:

A. X-Ray Absorption Spectroscopy (XAS). This has emerged in the

past decade as an exciting method for probing the sites of

specific atoms in complex substances, using techniques of

Extended X-Ray Fine Structures (EXAFS) and X-Ray Absorption

Near-Edge Structure (XANES) (for references see, e.g.,

Margaritondo, 1988 and Ternov et al., 1988). These tv;o

techniques are based on the fact that in all media (except the

inert gases) oscillations in absorbance occur (extending to

more than 1 keV in photon energy) on the high energy side of

x-ray absorption edges (K-, Lx, L2 3-shell, etc.). XAS is an

element specific, local-neighbour sensitive technique. The

tunability of synchrotron radiation permits investigation of

elements and the high intensity allows XAS studies even if

the element in question is dilute in the medium. A major

advantage of these techniques is that they do not rely on long

range crystallographic order. The frequency and intensity of

EXAFS oscillations carry with them information about the near-

neighbour environment of the absorbing atoms (interatomic

spacings with the precision up to 0.002 nm and coordination

numbers). XANES examines very precisely the shape of the

absorption edge which in turn allows study of chemical bonding

and electronic structure. Both EXAFS and XANES have been

widely applied in molecular and solid state science, materials

characterization, catalysis, chemistry and biology. The

measurements are possible in a wide range of detection modes
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C. Applications in £>iology and Biophysics. Synchrotron radiation

is extensively used in biological sciences, with about 20-30%

of boam-time beinc; allocated to such studies at various
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facilities. An early application was the use of X-Ray

Diffraction to study the structure of large molecules (DNA,

RBA, chromosomes, ribosomes, etc.)- Real-tine X-Ray

Crystallography seems to be especially useful in structural

molecular biology. It allows structural studies of biological

samples in their natural state (in vivo). Thus it bridges the

gap between high-resolution electron microscopy and optical

microscopy. Small-angle X-Ray Scattering using synchrotron

radiation enables resolution of features at large spacings

that would have been inaccessible a few years ago. It allows

diffraction studies on non-crystalline materials, with r.any

applications in structural molecular biology and biophysics.

For example, structural changes during the contractual cycle

in muscles can now be studied. High brightness of synchrotron

radiation sources permits grazing incidence scattering

experiments to investigate thin (10 nm) , poorly crystallized

layers, as might be encountered in phenomena such as

oxidation, corrosion, and wear. With the help of special

phase micro-zone plates, a monochromatic x-ray beam can be

focused to a spot of about 0.1 fim in diameter. This allows,

for instance, soft x-ray contact micrography of biological

samples in their natural state (x-ray microscopy).

D. High Resolution, Element Specific X-Ray Hicrotomography. f.'cw,

very efficient scanning techniques are presently being

developed for fast, chemically specific, 3-dimensional imaging

of small objects (Kinney et al., 1988). Three x-ray source

parameters play an important role in determining the* spatial

resolution and the sensitivity that can be achieved in

imaging: the x-ray intensity, the energy spectrum and the

divergence of the incident beam. A synchrotron can provide

intensities necessary to achieve micron resolution in a few

seconds of exposure time per projection, while hours (if not

days) are required using conventional laboratory sources.
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Using a double-crystal r.or,ochromator, the energy resolution

is typically of the order ot O.l-C.01% over an energy range

from 4 keV to 70 keV. The large depth of x-rjy penetration,

as well <is tlie elemental specificity of absorption cross

sections, allows x-ray imaging to characterize the chemistry

of internal structures in microscopic objects v/ith little

sample preparation. Syncnrotron sources routinely provide

divergence of less than a milliradian, which cannot be

achieved by collimation or use of laboratory nicrofocus x-ray

sources without reducing the x-ray flux below that required

to achieve, high sensitivity in the measurements. Cheir.ical

computer tomography systems presently have spatial resolution

in three dimensions of 4-5 ^m (which is determined by the

present quality of the charged coupled solid state arrays used

as the detectors) with a contrast sensitivity better than 10%.

It is expected that a spatial resolution of 1 nm and contrast

sensitivity cf 1% can be ultimately realized.

Photo- and Radiation Chemistry. Intensive research is going

on and many application? have been postulated in the chemistry

of excited Molecules produced by breaking of chemical bonds

by synchrotron radiation (using ultraviolet and near-infrared

quanta) and ior.jzation or dissociation (using x-ray quanta).

Chemisorption and physisorption studies with synchrotron

radiation, pneton simulated desorption, and various

coincidence experiments have been extended considerably and

have applications in the nolecular science of the gas phase.

Time-resolved Spectroscopy. The use of synchrotron radiation

has enabled the difficulties of low quantum field, short

lifetime and short excitation wavelength associated with

fluorescence to be overcome in many cases. Single photon

counting with time resolution of 50 ps or so has been

demonstrated. This has extended the range of applications of
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this technique to photo-induced luminescence in solids and

gases over a large spectral range, as well as studios ol

intramolecular dynamics. Time dependent depolarization ol

synchrotron radiation is also being studied.

Development of New Manufacturing Processes and Fabrication of

Submicrometric Mechanical, Optical and Optoelectronic Devices.

Synchrotron radiation technology stimulates new developments

in high-precision engineering, especially in manuf acturir.g

opto-mechanical devices. For example, focusing synchrotron

radiation x-rays demands large, totally reflecting mirrors

with surfaces accurate to within 1 nm. The completely new set

of tools developed for fabrication of such mirrors can bo

applied in many other fields. Using techniques of x-ray

lithography, one can manufacture devices with very line

structure such as condenser zone plates, special VU7 laminar

gratings for synchrotron radiation monochromators, holographic

phase match filters, and position sensitive semiconductor

detectors with submicron lateral resolution. The fabrication

of a variety of other miniature electro-opto-mechanical

devices, such as micro-metric engines, microphones and

integrated sensors is already in progress in several

laboratories.
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APPENDIX X

Memorandum Initiating This Study
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MEMORANDUM

RADIATION APPLICATIONS AND ISOTOPES
Accelerator Physics Branch 1988 June 29.

TO: c
c
N

J

.R.

.B.

.A.
T.
J.

.H.

Hoffmann
Bigham
Ebrahim
Taylor
Sawicki

OrmrodFROM:

Thank you for agreeing to participate in the pre-conceptual design
study of synchrotron light sources for x-ray lithography. As I
have mentioned to you individually, I hope the study can be
concluded in about 4 months, with Clarence, as chairman, devoting
approximately half of his time and the rest about a quarter of your
time.

The request for this study was precipitated by a number of factors
- all suggesting that synchrotron light sources are on the brink
of commercial exploitation, especially in the semiconductor
industry (see Williams1 technical review in the May issue of
Synchrotron Radiation News). The main purpose of the study is to
get an in-house perspective on this perception from a technical
standpoint and to determine how well our technology fits the
requirements. If both signals are go, we can then address the
issue of finding a partner or client.

Specific questions that I should like answered are:

(1) What are the preferred electron beam parameters in the ring
(energy, current, number of bunches, emittance)?

(2) Assuming the energy in (1) is of the order of 1 GeV, what is
the best method to achieve this - a high energy accelerator
injecting into a fixed ring or a lower energy injector (say
100 MeV) and ramping the ring to get the final energy?

(3) Is there an advantage to using superconducting magnets?

(4) What type of accelerator is best as injector - linac,
microtron, double-sided microtron - and what are the required
beam parameters?

(5) What would be the cost of such a facility, manpower required
and time scale to build it (rough estimate only)?
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2 1988 June 29.

I expect other questions will evolve over the course of this study
and I leave it to your good judgment to decide what should be
incorporated in your report. As a guide for the level of detail
to be included, I suggest that it be set by the time constraint I
have recommended.

Let us meet on Tuesday, July 5 at 10:30 AM in Bldg. 145 Conference
Room to discuss this further.

JH0:mt // J.H. Orrarod.
is

cc: H.K. Rae
J.H. Rolston
R.N. Hargreaves.
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