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EXECUTIVE SUMMARY AND RECOMMENDATIONS

The initiative and momentum behind the effort to coordinate a US based pro-
gram for the source for X-ray lithography continued at this second workshop.
Designs for three storage rings (one superconducting and two conventional) meet-
ing the specifications established at the March workshop were presented and
evaluated. Several R&D and other items relating to synchrotron radiation sources
and their application to lithography were discussed. More importantly, however,
the workshop identified the next phases necessary if this effort is to succeed. In
order not to miss the "window of opportunity" for implementing a US based X-
ray lithography program, a pilot manufacturing plant including an X-ray source
and full wafer processing facilities must begin construction immediately to be
ready for operation in 1990. This pilot plant would have the X-ray source based
on conventional technology as discussed in the workshop, and a high energy
injector. On this prototype, studies of lower energy injection would be made so
that cost-effective copies of the source could then be manufactured for distribu-
tion to semiconductor manufacturing companies. In addition, a program to con-
struct and evaluate the superconducting machine discussed at the workshop
should proceed in parallel with the other efforts. It is possible that such machines
may ultimately prove to be the X-ray sources of choice. A small planning
workshop to identify the cost and manpower required to implement the described
program within the required time-scale should be held as soon as possible.

It should be noted that, in the interim between now and the implementation of
this program, some lithography effort can proceed at NSLS at Brookhaven, SSRL
at Stanford, and SRC at the University of Wisconsin.

•Sponsored by the National Synchrotron Light Source and the Office or Research and Technology Applications.
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This workshop was attended by some 76 delegates representing the national
laboratories and the various industries interested in both building and using
machines for this new technology. It was the second such meeting. At the first
workshop, held in March 1986 (BNL Report 52005), the parameters of an X-ray
source and an approximate time-scale for its construction were discussed and
defined.

The report which follows represents an attempt by the editors to amalgamate the
individually submitted sections into a readable single document. If some specific
contributions and ideas have been missed in this process, we apologize as this was
not the intent of the editors.

Thanks go to Ms. Dorry Tooker whose assistance with a multitude of arrange-
ments was appreciated by all of the workshop participants.
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1. Background

Synchrotron X-ray lithography is the leading technology for the fabrication of mi-
crocircuits in the 1990's. Projections of present trends in integrated circuit
manufacture indicate that single chips capable of storing sixty-four million bits of
information, utilizing circuit elements one-half micron and smaller in size, will be
manufactured in that decade. It will take several years of technical effort and ex-
perience to develop synchrotron sources and all the associated technologies to a
point that they are ready for manufacture at these exceedingly fine dimensions.
Development of a process technology should begin immediately with pilot
manufacturing capability by 1990. Yet there is at present no United States -
based program in this area.

Recognizing this urgent need, and keenly aware of well-advanced synchrotron
developments in Japan and West Germany, Brookhaven National Laboratory be-
gan a series of workshops in March, 1986, to assess and address the issues at
stake. That first meeting was attended by representatives from the national la-
boratories and the semiconductor industry. It was the consensus of that meeting
that a United States response in this technological field was urgent and necessary
and that a "window of opportunity" exists which is in danger of being missed.
Immediately following the meeting, the semiconductor industry in collaboration
with the machine builders defined and established a set of parameters for the X-
ray synchrotron source. This first important step was crucial, because it allowed
preliminary work to commence on suitable synchrotron machine alternatives. The
present workshop in August, 1986, was held in part as a forum to present the al-
ternative designs. It was also undertaken to define the next required steps and
strategies in the mission to provide United States industry with a source for X-
ray lithography on the urgent time scale required.
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2. Need for Synchrotron Radiation

The overwhelming advantages of synchrotron X-ray sources for submicron lithog-
raphy have been discussed at length in the technical literature and at US and
international conferences . To summarize the current understanding:

a) X-ray proximity printing provides excellent resolution of features less
than a quarter micron in dimension.

b) X-ray uses a photoresist process which is overwhelmingly simple com-
pared with other lithographic alternatives, such as electron-beam direct writ-
ing and optical projection printing.

c) A synchrotron source of X-rays provides the high intensitjr demanded for
very high throughput in IC (integrated circuit) manufacture. Throughput
considerations rule out electron beam lithography for mass manufacture.

d) Small spot size and high degree of collimation of the synchrotron source
facilitate very high resolution ~ well beyond the practical capabilities of opt-
ical projection printing.

Considerable effort is needed to obtain these great benefits. Several existing tech-
nologies — especially those associated with precisely fabricating, patterning, and
adjusting the required X-ray mask that serves as a master for printing the silicon
wafers — must be developed in parallel beyond present capability in order for the
entire program to be successful. Some completely new technology — namely, the
compact superconducting synchrotron — may be required in order to make the
synchrotron a practical manufacturing tool. The key elements of a complete syn-
chrotron lithography program are discussed below together with the technical
risk and magnitude of effort involved.

The high development cost of the synchrotron itself and the scope of technologi-
cal development involved in bringing synchrotron lithography to fruition make it
difficult for US manufacturers to proceed in developing this technology. Much of
the expertise for developing suitable synchrotrons resides in the national labora-
tories. Some new form of collaboration between potential vendors and the labora-
tories with financial support from government and industry is probably necessary
for US industry to be able to utilize this technology.

* (See, Tor example, SPIE proceedings, vols. 448,471,537, and 632. Also yearly proceedings of the Int. Symp. on
Electron, Ion and Photon Beams published by the American Vacuum Society, and Proceedings or the Interna-
tional Devices Meetings published by IEEE, yearly, 1079 to present).
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3. International Competition

Whereas only a few US semiconductor companies, working individually, have stu-
died synchrotron radiation lithography, there exist highly co-ordinated and richly
funded synchrotron lithography programs in both Europe and Japan. These pro-
jects are well known from descriptions in the industry press and from personal
contacts between US and European workers. The German effort began at an
existing accelerator facility, BESSY, at the Fraunhofer Institute in Berlin, West
Germany. It is a heavily backed effort by the German government to gain a
significant place in the dynamic memory market and is a joint effort by several
big German electronics and equipment companies. They are at the point of intro-
ducing a second generation wafer stepper for their X-ray beam lines. The Berlin
facility includes a large IC manufacturing development area, and prototype cir-
cuits have already been fabricated at somewhat relaxed design rules. In parallel
with this effort, another project is well underway to develop a compact supercon-
ducting synchrotron.

The Japanese effort is more recent but very powerful. NTT, a Japanese telephone
company, has three storage rings under construction exclusively for lithography
purposes. The Japanese Ministry of International Trade and Industry (MITI),
jointly with the Ministry of Post, is coordinating four other storage ring construc-
tion projects. These projects, aimed at developing synchrotron lithography, have
the potential for dominance of the world-wide super computer market; they also
appear eager to become the dominant world supplier of compact synchrotrons.
Recently a consortium of Japanese manufacturers, SORTEC, has begun work on
still another synchrotron ring. They wish to develop the beam line equipment and
wafer stepping cameras that will be fabricated to outfit synchrotron sources
throughout the world.

In the case of both Japan and Germany, the commitment of industry with the
backing of government provides a cooperative environment to undertake complex
technical ventures. The potential for success is greater than in the normal US
environment in which individual firms separately pursue their own development
paths.

4. Technical Feasibility of X-ray Lithography

X-ray lithography was first suggested by Dr. H. Smith of MIT about 15 years
ago. The superior resolution advantages were quickly recognized and demon-
strated. Research and development were initiated in many laboratories to resolve
the many technical requirements such as exposure sources, resist, and mask mak-
ing. Conventional X-ray sources were successfully employed for one micron
lithography of large scale IC's, and even for submicron test devices. The principle
problem of low throughput, due to the limited brightness of conventional X-ray
sources and low sensitivity resists, was ignored for a period of time in the belief
that future improvements in resist sensitivity would resolve the throughput prob-
lem. The superior brightness of synchrotron radiation was recognized, but the
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large expense appeared prohibitive. It is now believed that improvement in sensi-
tivity will probably be achieved only at the cost of reduced resolution. Synchro-
trons, however, can provide high throughput with high resolution, using moderate
sensitivity resists.

X-ray lithography, which is a parallel writing scheme, has a throughput advan-
tage rivaled only by optical lithography. Furthermore, compared to optical
lithography, it has vastly reduced diffraction effects with the result that resolu-
tion down to 0.2 micron is achieved with excellent linewidth control. It has been
experimentally verified that the exposure dose is completely independent of sub-
strate (no reflections) and is only a weak function of resist thickness (low absorp-
tion coefficient). An important factor for production worthiness is that the
linewidth is nearly independent of such process variables as exposure dose and
development time. Production is simplified by the few controls which must be
monitored.

The great penetration power of X-rays also has a favorable impact on IC yield,
since the numerous organic dust particles cannot absorb or refract the radiation.
X-ray immunity to most particulate contamination is especially important to sub-
micron lithography because the number of particles rapidly increases with
decreasing size.

Synchrotron X-ray lithography, with its superior resolution/linewidth control,
high throughput/capital cost ratio, and superior yield characteristics will, in all
probability, dominate in the production of submicron IC's.

5. Synchrotron Performance Specifications

The previous workshop in March established performance parameters for a syn-
chrotron source. An additional analysis of machine requirements was presented at
the workshop . The parameters, however, have not changed as a result of the
discussions of this session. It is then sufficient here to repeat those specifications:

a) Critical wavelength range of 6 to 10 A. The energy and magnetic field
have been chosen for each of the designs discussed at the workshop to gen-
erate a radiation spectrum with a critical wavelength of 10 A.

b) Power. The power achievable in the designs presented at the workshop is
2.5 Watts per milliradian. This is the upper limit of the power required as
suggested by the March workshop and, thus, should be conservative.

c) Beam emittance. The designs of the workshop were prepared to generate
a beamsize of 1 mm and an angular divergence of 1 mrad in both planes.

•Note contribution "Beam line and front end considerations" by Franco Cerrina on the agenda. Cerrina's work
will be published as a separate BNL report.
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This matches the most stringent estimates of the lithography requirements
as stated in March.

In addition to these parameters, there are other important characteristics of the
machine that were listed as parameters in March and which received considerable
discussion again. Safety is very important and radiation levels must be below
background. The machine must be reliable and operable by a small staff. The
supplier of the synchrotron must provide documentation and maintenance ser-
vices. The questions related to footprint and size received a very large amount of
discussion. For example, a "portable" machine can be commissioned in the
vendor's factory and then set in place as a working device in the user's facility. It
is generally perceived that some level of portability can be achieved with a nor-
mal magnet machine, but is obviously easier with the smaller superconducting
version and this feature is one that strongly favors the superconducting version.

6. Synchrotron Construction Options

Conventional Magnet Storage Ring

The workshop endorses, as a first and necessary step, the construction of a con-
ventional magnet storage ring in a semiconductor processing environment. Hav-
ing the associated semiconductor processing capability in close proximity to the
lithography source is crucial.

During the workshop two preliminary designs of conventional magnet machines
were discussed. Descriptions of these machines are contained in Appendix C. A
conventional magnet machine would have a circumference of about 30 meters and
an energy of about 1 GeV. It was the consensus of the workshop that a machine
with the performance required by the X-ray lithographers could be built with
present technology and little risk. The details of an optimal design for the ring
require additional study.

It was also the consensus of this workshop that full energy injection does much to
assure design performance and rapid commissioning. Of course this preserves the
opportunity to explore, during the commissioning phase, the suitability of lower
injection energies in order to improve the economics of future "commercial"
machines. There exist a number of options for the type of injector for this
machine, as mentioned in the proceedings of the previous workshop. At this
time, no recommendation for the specific type of injector is made. It is recog-
nized that several injector options would give adequate performance and that this
question would be resolved in a detailed design.

Preliminary time scale and cost estimates were presented. However, further
detailed design study of a specific machine is necessary to confirm the cost esti-
mate. It is believed that the time estimate for construction (about 3 years) is
realistic. Accelerator physics and engineering staff for basic machine design are
potentially available at various accelerator laboratories. What is needed at this
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stage, however, is the formation of an effective consortium of machine builders
and future user participants in order to bring about the next stage in facility
designs in an effective manner.

Superconducting Magnet Storage Ring

A conceptual design of a storage ring using superconducting dipole magnets was
also presented at the workshop. A description of this machine is also given in
Appendix C. This machine is, at first glance, simpler than the normal magnet
device in that it is physi ally smaller and has less magnetic components. In fact,
it is probably somewhat more complex in actual number of magnetic circuits, it
has a lower order of symmetry, its orbit focusing functions are less conservative,
and it would be more difficult to incorporate full energy injection in this option
for a low risk commissioning phase. A machine of this general type could surely
be built (with the same caveats about injection and commissioning as described
above) once the superconducting dipoles are available.

The consensus of the superconducting magnet experts at the workshop was that
suitable magnets could be built with today's superconducting technology, pro-
vided they were suitably guided by the machine designers. The resulting
machine could be loaded on a truck; its footprint being 1.8 x 4.7m. In addition
to overall reduced size advantage, superconducting dipoles would significantly
reduce operating power costs. The magnets would be conservatively designed
using the advanced materials and magnet technology developed in the past few
years for high energy physics and magnetic imaging programs. The magnets
could possibly employ cold iron C-shaped yokes for field shaping, controlling
fringing fields, and improving mechanical integrity.

The estimate of the superconducting magnet experts is that the time to comple-
tion of magnets in operating machines would be three years from funding of ini-
tial development. The general feeling in the industry is that the superconducting
machines would ultimately be more attractive to maintain a cost effective US
semiconductor industry provided that their reliability could be guaranteed. In the
interim, however, the larger conventional machines could enable them to demon-
strate the technologies necessary to large scale volume megachip production on a
faster time scale and with less risk.

7. Recommendations

Conclusions:

1) There are several technologies necessary to establish a viable X-ray
lithography capability to manufacture 0.25 micron IC devices.

2) Industry, with technical support from the national laboratories, can
develop all these critical technologies. The synchrotron X-ray source, which
would be an integral part of a manufacturing X-ray lithography system,
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would benefit most from laboratory support.

3) A productive partnership between national laboratories and industry must
be created to compete with similar foreign partnerships.

Proposed Actions:

It is the desire of Industry to implement a program based on these conclusions:

1) Establish a plan to build, at the earliest possible date, a prototype syn-
chrotron source. This machine should be located within an IC processing
environment so that the other manufacturing associated technologies can be
developed.

2) Establish a parallel research and development plan on critical technolo-
gies which could improve the cost effectiveness of the synchrotron source.
These include, in particular:

a) Superconducting magnets
b) Low energy injection options.

3) Distribute a small number of second generation prototype synchrotrons
to other IC manufacturing centers to expedite the commercialization of the
synchrotrons as well as the other technological components.

These three recommendations will be developed in more detail in the discussion
below. Specifications and system plans should be prepared in the next few weeks
and endorsed by the potential final users, prior to being used to support requests
for seed funding from appropriate government sources.

An immediate conventional magnet synchrotron.

The development of a bright X-ray source for X-ray lithography is deemed to be
an essential part of a national program to maintain (or possibly recapture) techn-
ical leadership in sub-micron integrated circuits. While critical, the X-ray source
is not the only critical item in this chain. Notwithstanding, the existence of such
a source is essential to complete the development of other critical elements and
complete the transition to pre-production development and pilot line production
of X-ray lithography. Further discussion of the matching of the synchrotron with
the other required technologies is provided in Appendix D.

Accordingly, there is an immediate need for at least one machine having photon
output flux specifications as described in section 5. The most expeditious program
is to proceed immediately to the design of a conventional warm-iron magnet
storage ring. The physics questions of a storage ring meeting these requirements
are well understood. The question of injection energy is not as well settled. A
prudent approach would dictate full energy injection; this approach insures that
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the initial machine is commissioned as soon as practical.

It must be emphasized that the object of the initial machines is to facilitate the
completion and qualification of X-ray lithography in a production environment.
Accordingly, these machines must be located in and incorporated within a state-
of-the-art IC fabrication line facility. In addition, IC fabrication will not be pos-
sible unless the accompanying mask, stepper and resist technology are available
for use in this facility. An IC manufacturer's commitment will first require access
to the synchrotron and associated technologies so that IC processes can be
demonstrated. It is important to note that current national laboratory facilities
do not have such production facilities within reasonable proximity. To accommo-
date proprietary development it will be necessary to accommodate several mutu-
ally exclusive lines. It is not the specific intention of this report to develop the
means of managing such a facility. It is, however, recognized as an essential
ingredient of an overall successful program and, thus, it is recommended that a
companion and closely allied program be initiated expeditiously.

Superconducting magnets

It is generally accepted that there may be economic shortcomings with synchro-
trons as described above. The first and most obvious problem is that the machine
is large. This size is a major impediment to the type of portability that is desired
for the industrial application. There is also the hope that from size arguments
and power considerations, the superconducting machine can be cheaper to con-
struct and operate. West German and Japanese compact sources using supercon-
ducting magnets have been under development for some time and the consensus
of the chip manufacturers is that, to protect their industry, they would purchase
such machines if they were economically superior to US based sources. It is there-
fore recommended that a parallel program be launched to develop appropriate
superconducting magnets for these small machines. There is every reason to
believe that the technology to build these magnets is now in place and, therefore,
this program should be started immediately.

Other technological problems with the synchrotron

In numerous references in this report, the problem with injection energy has been
mentioned. Full energy injection essentially assures design performance but is not
economically feasible for production synchrotrons. Provision must be made in the
prototype machine facilities for accelerator physics research on injection for the
purpose of reducing the injection energy. Most experts believe this program can
be successful and that reduced energy injection with adequate performance can
be achieved for incorporation into production machines.

There are other problems which must be addressed as part of the prototype
effort. The synchrotrons are to be used in an industrial environment in which
high levels of performance in terms of reliability, simplicity of operation, radia-
tion safety, and matching to user requirements must be achieved. The initial
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program of synchrotron development and the operation program at the prototype
facility must include resources to address these problems.

Commercialization

The transfer of the technology required to produce synchrotron X-ray lithography
sources from national laboratories into the domain of production tooling will
require close cooperation and coordination between the hardware manufacturers,
the users, and the involved laboratory personnel. The development of the proto-
type synchrotron to be embedded in a production environment should evolve by
a joint effort of industry and laboratory personnel in the specific areas of design,
construction, and commissioning.

It should be a major goal of the development of a prototype source to provide
adequate engineering and documentation to permit inexpensive replication of the
source for distribution to a number of users. The plans for a lithography program
must include a provision for distributing a small number of these synchrotrons to
users at a very early date.

8. Near-term Plan

In order to define the resources required to successfully complete the program
outlined in this workshop, the group suggested that another meeting be held in
the near future. Group members have been asked to have their experts review
the program outline, develop the resources required in their areas of expertise,
and assure that their experts are present at the next meeting to assist in finaliz-
ing a realistic budget and schedule for the program. Areas to be considered, as
recommended in the section above, include:

1) A synchrotron based X-ray lithography research and development facility.
This includes a prototype synchrotron (possibly with full energy injection) in
a complete semiconductor processing environment.

2) Synchrotron development program. This program includes design and
development, scheduling for construction and commissioning, field installa-
tion, and costs for both construction and operation.

3) Superconducting magnet synchrotron. This program will initially be pri-
marily magnet development but must include an appropriate level of
accelerator physics input.

4) Accelerator physics. Estimates must be provided for the amount of
accelerator physics required to convert conceptual laboratory designs of syn-
chrotrons into commercially viable machines. The problem of cost effective
injection was the most frequently mentioned issue at the workshop. There
are clearly other design problems that must also be studied.
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Upon completion of this meeting, the group will have a complete recommenda-
tion including a realistic projection of the resources required to successfully intro-
duce a synchrotron for X-ray lithography. The plan will include an organizational
format and an outline of the steps required for implementation.
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Appcndiz 01
Conventional Magnet Storage Rings For X-Ray Lithography

NSLS Staff

Mario Bassetti, Ken Batchelor, John Galayda, Henry Halama, Richard Heese, Hank Hsieh, Sam
Krinsky, Jim Murphy, Arie van Steenbergen, Gaetano Vignola

Back-Of-The-Euvelope Ring Design

A rough estimate of the parameters of a conventional magnet (B < 2 Tesla) storage ring to pro-
duce bending magnet radiation with a critical wavelength of 10 A can be obtained from the fol-
lowing formula for the critical wavelength (Xe), the energy of the ring (E), the circumference of
the ring (C) and the white light power emitted by the electron beam (P).

( A ) = 18.6
B (T)E2{GeV) (1)

E {G*V)=.3B (T)p(m) (2)

C (3)

P (w/mrad)= 0.0787 E (GeV) I (mA )
K (A) (4)

Table Cl . l displays the implications of choosing a conventional magnet or a superconducting
magnet (B«i 4.5 Tesla) to construct the ring. A conventional magnet ring with a critical
wavelength of 10 A will have an energy cf 1.1 GeV and just the dipole magnets will account for
14 meters of circumference. Because the energy of the conventional magnet ring is necessarily
higher than its superconducting cousin the required current to achieve the desired average power
output of P = 2.5 watts/mrad will be lower in the B = 1.6 T machine. Accounting for the decay
of the stored electron beam, the maximum fill current should be on the order of 500 ma.

Table Cl. l

K(A)
6.
6.
6.

10.
10.
10.

B(T)
1.6
2.0
4.5
1.6
2.0
4.5

P{m)
2.9
2.1

.61
2.2
1.6

.48

2irp(m)
18.
13.
3.9

14.
10.
3.0

E(GeV)
1.4
1.2
.83

1.1
.96
.64

•fV—ioo
1.8
1.6
1.1
.85
.76
.51
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Eleetron Beam Size and Power Specifications

The x-ray lithographers specified the source requirements in a previous workshop held in March
1986 at Brookhaven National Lab (see BNL 52005). Ideally the electron beam should have a size
and angular spread given by,

<rXtt< 1 mm, a1 » t, < 1 mrad (5)

where a and or1 are given by, . •

^ " = - n~^r «j = X«» (6)

«,7, +»/2o-p ff/,= v / V ^ " Tf.'= " a (7)ft

There are two contributions to the beam size; Ve3 due to the eraittance of the beam, and t}crp

due to the energy spread of the beam (trp), and the dispersion (77).

Ignoring i\ for the moment, and taking /£=* 10 m, implies that the emittance should satisfy,
e ^2 10"7 m rad, a not unrealistic demand. But, the 17 contribution is not negligible! For a 1.1
GeV storage ring constructed from magnets with a bending radius of p= 2.25 meters the energy

spread, o"p= <\ / (—~j—), is on the order of c,,*** 1X10"3. To achieve the 1 mm beam size the

dispersion in the magnet must be less than 1 meter.

In a storage ring the length of the electron bunch and the energy spread in the beam are in gen-
eral proportional. As the current in a given bunch is increased the length of the bunch is simi-
larly increased, due to a phenomena known as anomalous bunch lengthening. The resulting
increased energy spread means that to insure that the source specifications are met, the dispersion
in the magnet will have to be reduced below the 1 meter value mentioned above. As a margin of
safety Op^ 2X10"3 is a reasonable assumption for the energy spread implying that the dispersion
at the source point in the magnet should be about 0.5 meters.

First Pass At A Lattice

As a first pass at a lattice to meet the lithographer's specifications a 4-fold symmetric, gradient
FODO cell lattice using B = 1.6 Telsa C-magnets was considered. The details of the ring are
given in tables Cl.2-4. A scale drawing of the ring which is 30 meters in circumference is given in
Figure Cl . l . Figure Cl.2 is a scaled drawing including 8 meter beam lines and models of the
lithography end stations.
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Table Cl.2 Main Ring Parameters

Energy
Circumference
Critical Wavelength
Lattice Structure
Number of Superperiods.
Long Straights (4)
Horizontal Betatron Tune, v2
Vertical Betatron Tune, u9

Maximum Dispersion, t}max
Uncorrected Chromaticity, gx ,£s
Momentum Compaction, a
Damped Emittance, e

1080 MeV
29.74 m

10 A
Combined Function

4
1.5 m

3.14
1.18

.73 m
-3.8, -3.2

.068
4.79X10~8ni-rad

Table C1.3 Magnet Complement

Type
Number of Magnets
Magnetic Field Strength
Bending Radius
Bend Angle
Length
Field Index, n
Full Gap Height

Combined Function Dipole
8

1.6 T
2.25 m

45'
1.77 m

2.95
60 mm

Type
Number of Magnets
Maximum Gradient
Pole Tip Field
Magnetic Length
Inscribed Aperture Radius

Quadrupole
8,4

20. T/m
. 6T

15, 30 cm
30 mm

Type
Number of Magnets
Maximum d2B /dz2

Pole Tip Field
Magnetic Length
Inscribed Aperture Radius

Sextupole
8

150 T/m2

.068 T
15 cm

30 mm
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An RF frequency of 21 MHz, implying the harmonic number is 2, was chosen to provide a long
bunch to ease injection and maximize the Touschek lifetime. It was envisioned that the ring
would be operated in one bunch mode to eliminate the deleterious effects of trapped ions and cou-
pled bunch instabilities. The possibility of two bunch operation is not ruled out should it be
deemed desirable from the point of view of increasing the Touschek lifetime. For comparison
Table Cl.5 lists several RF frequencies along with the RF voltage to achieve an RF acceptance of
± 1.5 %. An estimate of the axial length of the cavity is also given. Depending on the injection
energy either the RF cavity or the injection hardware will determine the length of the longest
drift space in the ring.

Table Cl .4 RF Related Parameters

Energy Loss Per Turn, Ut

Revolution Period, T,
Damping Partition Numbers, / , , Jy, J(

Damping Times, TX,T9, T€

RF Frequency, fRF

Peak RF Voltage, VRF

Synchronous Phase,- <f>,
Synchrotron Frequency, fg

RF Energy Acceptance, sRF

Natural Energy Spread, <rp

Low Current Bunch Length, ct

53.4 KeV
99.2 ns

1.7, 1., 1.3
2.3, 4., 3.1 ms
20.16332 MHz

124.5 KV
154.6

15.1KHz
1.5%

.077%
16.4 cm

Table Cl.5 Rf Frequency Options

h

1
2
3
4
5

20
50

far (MHz)

10.081
20.162
30.244
40.325
50.407

201.627
504.069

V(kV)

95
124
152
180
207
602

1385

Mm)

1.5
1.5
1.25
1

i-i

.6

.8

The betatron functions, @x and 0t, and the dispersion function, rjx, are plotted in Figure Cl.3.
As it stands the ring is a "one knob" device, all of the quadrupoles are horizontally focusing, the
defocusing quadrupole is incorporated into the dipole magnet by shaping the pole face.

To correct the chromaticity, focusing sextupoles are located close to the quadrupoles and to
achieve good decoupling between the two planes a defocusing sextupole would be cut into the pole'
face of the dipole magnet. A few additional defocusing sextupoles are included to provide for fine
tuning. At this stage the placement of the sextupoles has not been optimized. It has been sug-
gested that for a ring with this modest magnitude of negative chromaticity that the betatron tune
spread may be tolerable and the head-tail instability could be tamed with a feedback system thus
eliminating the sextupoles. This last point of course requires further study.
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A plot of the beam size versus azimuth for half of a superperiod is given in Figures C1.4. The
emittaace coupling, x = «»/**> w a s t aken to be unity and the energy spread was taken to be .2
% to account for anomalous bunch lengthening.

The circumference of this ring is approximately 30 m. Its lattice requires eight 45 * dipoles, twelve
quadrupoles, and eight sextupoles. The magnets are configured mainly from engineering and cost
considerations. The dipole magnet is a " C " type sector magnet. Its pole will be shaped to provide
a weak quadrupole component. The aperture height is 6 cm. This should provide a stay-clear
aperture height of approximately 5 cm. The median plane central dipole field strength is 1.6
Tesla. In view of the large bend angle, a curved yoke design is adopted to minimize the pole
width requirements. An appropriate number of wedges will be inserted into the magnet body to
produce a sector type yoke. Magnet end plates are made of glued laminations to assure dimen-
sional uniformity and accuracy without the high cost of precision machining if solid end plates
were used. A moderate current density of 4 Amp/mm is chosen to lower the power consumption
during operation. Detailed specifications are given in Table Cl.6 and a picture of the magnet is
shown in Fig. Cl.5.

Table Cl.6

1080 MeV Storage Ring Dipole Magnets

Magnet Designation
Number of Magnets
Field
Gradient
Magnetic Radius
Magnetic Arc Length
Bend Angle
Gap Height
Core Arc Length
Magnet Overall Arc Length
Core Weight
Pancakes per Magnet
Turns per Pancake
Conductor Dimensions
Cooling Hole Diameter
Conductor Area
Amp Turns
Current
Current Density
Resistance @ 34 ' C
Power
IRDrop
Coil Weight
Water Flow Rate per Magnet
Water Pressure Drop
Water Temperature Rise

60B1770
8

1.6 T
2.0 T/m

2.25 m
1.77 m

45 *
60 mm
1.71 m
2.15 m

8500 kg
4

14
25x20 mm

10 mm
396 mm

89076
1590 Amp

4 Amp/mm
12 mf2
30 kW

19 V
1000 kg

6 gpm
32 psi
20* C
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Twelve quadrupoles are also required. The maximum gradient is 20 Tesla/m. The magnet has an
inscribed aperture diameter of 6 cm which will yield a stay-clear aperture of approximately 5 cm
diameter. The quadrupole magnet yoke is of four quadrant design so that a reasonable current
density of 5.2 Amp/mm can be realized. The yoke is of welded construction with glued lam-
inated end plates for cost saving and pole shape uniformity and accuracy. Detailed specifications
are given in Table Cl.7 and a picture of the magnet is shown in Fig. Cl.6. The eight sextupole
magnets and the orbit correction magnets have low enough current density to permit simple air
cooled solid copper wire type construction.

Table Cl.7

1080 MeV Storage Ring Quadrupole Magnets

Magnet Designation
Number of Magnets
Max.Gradient
Pole Tip Field
Magnetic Length
Inscribed Aperture Radius
Core Length
Magnet Overall Length
Core Weight
Turns per Pole
Conductor Dimensions
Cooling Hole Diameter
Conductor Area
Amp Turns
Current
Current Density
Resistance @ 34 * C
Power
IRDrop
Coil Weight
Water Flow Rate per Magnet
Water Pressure Drop
Water Temperature Rise

60Q300
8

20
0.6
0.3
30

0.27
0.409

200
29

7.9x7.9
4

50
7520

260
5.2
35

2.4
9.1
H I
0.5
56
20

60Q150
4

2G
0.6

0.15
30

0.12
0.256

93
29

7.9x7.9
4

50
7520
260
5.2
23

1.6
6.2
73

0.3
16
20

T/ro
T
m

mm
m
m
kg

mm
mm

mm

Amj>
Amp/mm

mfi
kW

V
kg

gpm
psi

• c
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Appendix CS

AN ELECTRON STORAGE RING FOR X-RAY LITHOGRAPHY*

A.Jackson, F.C.Younger, K.D.Jenkins, P.F.Meads, L.S.B.Ng

This is a first-cut conceptual design for an electron storage ring and its associated subsystems,
dedicated to the needs of an X-ray lithography program. It is not optimized from either the point
of view of accelerator design or engineering and cost, but can be used as a basis for cost estimates,
and to get a "feel" for what such a machine might look like.

In designing the various systems, special emphasis has been placed on conservative or well-proved
designs.

This facility is designed to meet the requirements of a commercial X-ray lithography program
based on synchrotron radiation with a critical wavelength of 9.3 A. The X-radiation for ihe lithog-
raphy program eminates from special high field (2.0 T) beading magnets that are embedded in an
otherwise conventional 1.0 GeV storage ring. The radiation power density in ths spectral range
between 6-12 A. is about 250 mW/mrad for a circulating electron beam current of 100 mA. The
storage ring systems have been designed for a beam current of 400 mA.

Figure C2.1 shows a schematic layout of the technical components that make up the facility.
Electrons are injected into the storage ring from an injection system comprising a 350 MeV, 5 Hz
booster synchrotron, and a 10 MeV linac.

a..Beam energy. If one chooses a beam energy of 1.00 GeV and a field of 2.0 T, we get
Xe =9 .3 A, in line with user requirements. However, many parameters of the storage ring
systems scale with B or B . For example, the accelerating field required in the RF cavity
scales with B, and the dipole power supply rating goes as B . Also, the users will only be
able to accept a small portion of the total 2ir radians of radiation emitted by the ring. In
attempting to achieve the correct balance between field and circumference, we chose to keep
the circumference below 40 m; the resulting structure has main dipole fields of 1.2 T and
includes special high field, short length magnets at each port to increase the synchrotron
radiation.

b.Beatn intensity. If one integrates the synchrotron radiation spectrum from 6-12 A, we get
an intensity of 1.2x10 photons/s/mrad/mA at an average energy of 1.33 keV. This
reduces to 2.5 mW/mrad/mA. Because the lithography program requires powers > 250
mW/mrad, the storage ring must operate at electron beam currents > 100 mA.

A separated function FODO lattice has been chosen in which the unit cell contains 2 long (low
field) bend magnets, 2 special, short (high field) magnets (from which we extract the X-rays), and
2 quadrupole magnets. Six such cells make up the full machine. The layout of l/6th of the
machine, together with the usual optical functions is shown in Fig. C2.2. The main parameters of
the lattice are given in Table C2.1. The lattice also contains the usual sextupoles for contr lling
chromaticity to avoid "head- tail" instabilities.

This material was excerpted by the editor from Proposal Number 7300-1090 of the Brobeck Corporation, 1235
Tenth Street, Berkeley, California, 04710-1593, August 1986
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Table C2.2 Main Ring Parameters

Circumference (m)
Injection energy (GeV)
Maximum energy (GeV)
Current (mA)
Orbit period (ns)
Betatron tunes - radial

- vertical
Momentum compaction factor
RF harmonic, 500 MHz
Damping times, 1 Gev - radial (ms)

- vertical (ms)
- energy (ms)

Natural emittance, 1.0 GeV (mm-mrad)

36.0
0.35
1.0

400
120.0
2.28
1.39

0.237
60

7.06
7.18
3.62
0.41

Since the lengths and strengths of the magnets are defined by lattice considerations, the major
parameter left to he specified is the aperture. In the radial plane, the vacuum aperture of the
stoiage ring must accommodate: large amplitude betatron oscillations (in order to cope with elas-
tic scattering off residual gas molecules), large energy excursions (to give a large quantum life-
time), and closed orbit distortions caused by misalignment of the lattice elements.

a. Needed for Betatron oscillations: + / - 15<r, =33 mm.

b. Needed for Quantum lifetime: + / - <rt—ll mm.

c. For closed orbit distortion: x (c.o.) = 5 mm.

Thus (a) and (b) are added in quadrature with (c) to obtain a total radial aperture in the quadru-
poles of 40.0 mm. in the vertical plane, there is no energy dispersion and the maximum vertical
beam emittance is 0.5 x radial emittance, corresponrling to the case of "full coupling". Then, the
aperture required in the bending magnets for vertical betatron oscillations is 33 mm x \/oT5 x
y/0mi /Anmx=17.3 mm. In this plane, the closed orbit is usually smaller than the radial plane.
Thus + / - 20.0 mm was chosen for the vertical vacuum aperture in the bending magnets.

The dipole, quadrupole, and sextupole magnet construction is straightforward and is similar to the
details given in the NSLS proposal. Some comments are in order for the special high field mag-
nets. The function of the high-field bending magnet is to produce a 10 mrad fan of X-radiation.
At 2.0 T, the magnetic length of such a magnet is only 17 mm, which is a fraction of the required
magnet gap (i.e., the magnet is all ends!). For the purpose of this study, the magnet has been
given a 2.5 * bend, which translates to a 75.0 mm long magnet, with a nominal field of 1.94 T.
Figure C2.3 shows a cross section through this magnet.

Accumulation of electrons in the storage ring is by the well- proven technique of stacking in radial
phase space, injection taking place from the outside of the machine. Prior to injection, the storage
ring closed orbit is deflected close to the edge of a septum magnet. Three kicker magnets are
powered individually, and are capable of producing a deflection of 40 mm at the position of the
septum magnet. A pulse of electrons is then ejected from the booster synchrotron and transported
through the injection septum magnet into the storage ring. The kicker magnets are then turned
off in a time corresponding to about three orbits of the storage ring to prevent the new beam from
colliding with the septum. This newly injected beam then undergoes coherent motion about the
closed orbit that is rapidly damped by the process of synchrotron radiation damping. The radial
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betatron damping time at 350 MeV is 165 ms. This process is repeated at the cycle rate of the
booster synchrotron (5 Hz) until the desired current is reached. The kicker magnets have to be
switched in a very fast time. We have chosen to power the magnet with a half sinewave pulse
with a duration of six ring revolutions, i.e., 720 ns. The field is produced by a series of conductors
placed around the beam.

The purpose of the RF system is to provide sufficient accelerating voltage to make up beam
energy losses to synchrotron radiation. The amplitude of the accelerating voltage should be ade-
quate to provide for sufficient beam quantum lifetime and Touschek lifetime. At 1 GeV, the
energy lost to synchrotron radiation amounts to 33.5 keV per turn. In order to provide good quan-
tum lifetime, a voltage of greater than 7 times this energy loss is required. An "overvoltage" of 10
is considered to be conservative. In order to produce this voltage, a 500 MHz system is proposed.
The principle reasons for this choice are that this voltage can be generated by a single 500 MHz
cavity, and the cavity will readily fit into the small amount of straight section available in this
compact structure. In order to sustain the beam in orbit, the RF system must provide 33.5 kV to
the circulating current of 400 mA, i.e., 13.4 kW. To provide the extra margin for stability, higher
mode losses, etc., a total RF power capability of 40 kW is suggested.

Injection into the storage ring must be made at an energy that is sufficiently high to provide a
rapid damping time of the newly injected beam. Since injection rates of about 4 Hz or above are
operationally desirable (it is difficult to optimize systems below this frequency), the damping time
should be smaller than 250 ms which corresponds to a minimum storage ring energy cf 305 MeV.
An injection energy of 350 MeV has been chosen, where the damping time is 165 ms, and an
injection rate of 5 Hz. The most economical way to provide an electron beam at this energy is
with a small electron synchrotron. This booster has a combined function FODO lattice, with a
superperiodicity of 4, and a circumference of 15 m. Like the storage ring, injection is via a septum
magnet into radial phase-space. However, unlike the storage ring, this process is utilized aot to
stack the beam, but to allow sufficient time for the injection kickers to switch off after the beam
has entered the booster. The current required in the booster to fill the storage ring to 400 mA in
100 booster pulses is about 20 mA average current. This is typical of synchrotrons of this size.
Acceleration is provided by a 500 MHz RF system. The choice of the same frequency as the main
ring permits bucket-to-bucket transfer between rings. Ejection is achieved in a single turn through
the use of a single fast kicker magnet and a thin septum magnet. The thin septum is almost
identical in design to the injection septum in the main ring. Prior to extraction, the beam is
moved close to the extraction septum by a relatively slow "beam bump provided by special wind-
ings on the main magnet back-legs.

The linear accelerator is an S-band machine operating at 3 GHz. A 50 ns pulse at a peak current
of approximately 0.4 A provides a match to the booster requirement for the filling rate described
above.
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Appendix CS

Superconducting Magnet Storage Rings
for X-Ray Lithography

NSLS Staff

Glenn Decker, Ben Craft, Mark Barton

Introduction

A synchrotron tight source using superconducting magnets can be made small enough to allow
transport from the manufacturing plant to the users facility without disassembly of the main va-
cuum chamber or the magnetic lattic i. It could be tested before leaving the factory and installed
as a working unit.

Two superconducting machine designs will be investigated here in terms of the beam size and an-
gular divergence that can be expected in each. The first is the Klein-ERNA type (cylindrically
symmetric) machine which uses "weak focusing" in a 360 ° combined function dipole to give
stable circular orbits. The second is a symmetric racetrack design using two 180 ° combined func-
tion dipole magnets separated by straight sections containing room temperature, "strong focus-
ing" quadrupole magnets.

Background

The horizontal beam size and angular divergence are characterized by the quantities ax and <7X

given by

l+ax + (V
1/2

(1)

(2)

There are contributions from the emittance, €x and the dispersion, T}. Here <7e is the fractional
rms energy spread, 0X is the horizontal beta function, and <XX = —(l/2) 0X

 } . The energy
spread <Te can be written

(3)

where OeQ is the rms energy spread at zero current. The energy spread enhancement factor K is
caused by current dependent instabilities (e.g. the microwave instability), and may be as large as
K — 2.5 for large beam currents.

Klein-ERNA Design

The cylindrical Klein-ERNA design is characterized by the critical wavelength Xc , the dipole
field strength B , and the horizontal field gradient n defined by

— if-
where p is the radius of curvature. The horizontal rms beam size and angular divergence for this
machine are given by:
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K'
n(l-n) (l-n)(3-4n)

1/2

(5)

at, =1.38 X" 5 1 / 4

n

1/2

(6)

Here, for Xc in units of angstroms and B in units of Tesla, ax

ters and miliradians, respectively.
and Oxi are in units of millime-

An interesting feature of equations (5) and (6) is that dimensional parameters \ c and B have
been separated from the dimensionless geometrical factors involving n . In general, the geometri-
cal factors would be more complex expressions involving focal lengths of quadrupoles and drift
lengths but the overall factor would be dimensionless. This clearly indicates the effects of varying
Xc and B . As Xc is decreased, both the spot size and the beam divergence increase. Though a
cylindrical machine may produce acceptable spot characterstics at Xc = 2 0 A (the original
Klein-ERNA design value), both the spot size and divergence are at best marginal when scaled to
Xe=10A.

As the field strength B is reduced, the beam divergence improves slightly but the spot size
increases significantly. Machine designs utilizing conventional dipoles can counteract this B ' 4

dependency of the beam size only by resorting to more complicated geometries.

The effects on the cylindrical design of scaling Xc and B are given in Table C3.1. The nominal
value n = 0 . 5 has been used to generate this table since this produces maximal coupling and
therefore maximal Touschek lifetime. The results Gx #• — j and <7X K=2.5 correspond to energy
enhancement factors of 1 and 2.5 respectively. In the special case of cylindrical symmetry, Gx i
is independent of K .

Table C3.1

(A)

20

20
10
5

20
10
5

B
(T)

1.5

3.5
3.5
Z.5

5.0
5.0
5.0

(mm)

3.09

1.07
1.80
3.03

0.69
1.15
1.94

ax K =2.5
(mm)

5.12

1.78
2.99
5.02

1.14
1.91
3.22

fmrad)

1.02

1.26
1.50
1.78

1.38
1.64
1.95

Symmetric Racetrack Design

Since the "weak focusing" cylindrically symmetric storage ring fails to satisfy the lithography
requirements for spot size and divergence, alternative mothods of focusing must be considered. A
symmetric, "strong focusing" racetrack design using two superconducting 180 * dipoles, two nor-
mal conducting defocusing quadrupoles and four normal conducting focusing quadrupoles is
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presented below. Though this design requires more quadrupoles than an asymmetric design, the
siymmetry offers potential advantages to the lithographer by reducing the amount of variety
among the ports. Additionally, at this point in the development of a design, the symmetry
greatly simplifies the study of parameter space.

The aim of this design is to take advantage of the focusing properties of dipoles and quadrupoles
to obtain small beam size and divergence for an x-ray source. For a machine which is symmetric
about the center of the dipoles, a minimum value for the emittance ex exists, and depends only
on the radius of curvature and field gradient of the dipole. Figure C3.1 shows a contour plot of
€x as a function of 0XO and 7}xo , the values of the betatron and dispersion functions at the
center of the dipole. The values assumed for the dipole are p=0.69m and n = 1 . The machine
functions fi and 77 inside the the dipoles of a machine with this symmetry are given by

0x (« ) = (7)

and

) = «-Ki—? f ] +-p^y (8)

where s is the distance along the orbit from the center of the dipole. The natural energy spread
oi0 is also simply related to r} in the dipoles, B , and n .

Having expressions for ex , /3X (s ), rjx (s ) , and cr€0 , a machine design can be optimized for ax

and <JX 1 at the locations of the ports. Since a function of merit detailing the relative importance
of spot size and divergence at specific port locations was unavailable, minimal spot size in the
center of the dipole was taken to be the goal of optimization. The basic machine parameters that
resulted from assuming B = 3 . 5 Tesla and n = 1 are shown in Table C3.2. The machine func-
tions for one superperiod (one half of the machine) are shown in Figure C3.2. The basic machine
layout is shown in Figure C3.3.

Table C3.2

Energy
Current
Critical Wavelength
Radiated Power
Circumference
Length
Width
Number of Superperiods
Straights(4)
Betatron Tunes

Vertical
Horizontal

Uncorrected Chromaticities
Vertical
Horizontal

Maximum Dispersion
Momentum Compaction
Damped Emittance

728
440
1.0
2.5

10.2
4.2
1.8

4
0.7

1.60
1.56

-2.52
-2.05
1.44
0.23

0.425

MeV
ma
nm
W/mr
m
m
m

m

m

um-rad
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In this design, the focusing and defocusing quadrupoles control the horizontal and vertical tunes
respectively and have little effect on the other tune. Consequently, the horizontal beam size and
divergence are roughly independent of the vertical tune. Figure C3.4 shows Ox and (Jx i as a
function of horizontal tune for ports located at 0 ' , 20 *, and 40 * from the dipole center for
K. = 1 . The vertical tune is fixed at Uy = 1 . 6 0 . Figure G3.5 contains the same information for
K =2.5. The value of Ux = 1 . 5 6 yields a reasonable compromise among the ports and puts the
operating point in a reasonable location with respect to resonances in the tune diagram. Though
this operating point is close to a stop-band, dynamic tracking with sextupole corrections for
chromaticity indicate that the aperture is sufficiently large and that reasonable variations in tunes
are acceptable. The beam size and divergence at the various ports is summarized in Table C3.3.

Table C3.3

Port
Angle

0 '
20°
40*

K = l

°*

0.42
0.50
0.69

1.03
1.07
1.20

K=2.5

0.46
0.57
0.87

Ox<

1.03
1.28
1.85

The natural chromaticity of the racetrack design is small in magnitude, about -2 in both planes.
The chromaticity can be made positive, to control the head-tail instability, by using field shaping
within the dipole in conjunction with sextupole magnets adjacent to the quadrupoles in the center
of the straight sections. The specifications of the magnets are given in Table C3.4.

Table C3.4

Dipoles
Number of Magnets
Field Strength
Kl(quadrupole strength)
K2(sextupole strength)
Radius of Curvature
Bend Angle
Length

Quadrupoles
Number of Magnets
Kl(focusing)
K2(defocusing)
Pole Tip Field (max)
Magnetic Length
Aperture Radius

Sextupoles
Number of Magnets
K2
Magnetic Length
Aperture Radius

2
3.5
2.1

8
.694
180

2.18

6
5.3

-5.1
.6
30
30

2
18
20
30

Tesla
ni-2
m-3
m
deg
m

m-2
m-2
Tesla
cm
cm

m-3
cm
cm
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The parameters of the fundamental RF system and the damping times are presented in Table
C3.5. The harmonic number was chosen as low as possible to maximize the Touschek lifetime.
The peak voltage of the RF cavity was chosen to yield a forty hour quantum lifetime. Realiza-
tion of such a cavity within a 0.7 meter straight section is not unreasonable by typical standards.
A harmonic cavity with h = 4 should be considered for utilization in the bunch-lengthening mode.
Such operation would lead to an increased Touschek lifetime. Also, such a cavity can decrease
the energy spread enhancement factor K by lengthening the bunch without introducing energy
spread.

Table C3.5

Energy Loss Per Turn
Revolution Period

Fundamental RF System
Harmonic Number
Rf frequency
Peak RF Voltage

Damping Partition Numbers
Horizontal
Vertical
Longitudinal

Damping Times @ 728 MeV
Horizontal
Vertical
Longitudinal

Damping Times @ 100 MeV
Horizontal
Vertical
Longitudinal

Natural Energy Spread
@ 728 MeV
@ 100 MeV

35.8
33.9

2
59
65

1.546
1.000
1.454

0.89
1.38
0.95

0.34
0.53
0.37

.088

.012

KeV
ns

MHz
KV

ms
ms
ms

s
s
s

%
%

Magnet Issues

There are several problems that must be solved in order to produce the superconducting magnets
required for this option. Some of the issues are:

1) Current distribution. In a superconducting magnet, the field shape is largely determined
by the placement of the conductors rather than by the shapes of iron poles. Calculation of
the coil positions is a difficult problem, particularly since there are other constraints intro-
duced by mechanical, cryogenic, and economic arguments. The problems are increased in
difficulty for the 180' magnets indicated for the racetrack machine because of the large
influence of the magnet ends in these designs.

2) CoU support and quenches. Quenches, i.e., transitions from the superconducting to the
normal state, are triggered by motion of coils. A major problem in the fabrication of such
magnets is the design of coil supports to avoid such motion in the presence of the very large
magnetic forces but with suitably low cryogenic heat leak. If quenches can occur, it is neces-
sary to provide some safety system to remove or control the deposition of the large amount
of stored energy to prevent damage to the magnet.
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3) Iron. An iron yoke offers some advantages. It enhances the amount of field that can be
obtained with a given amount of superconductor and it may provide a convenient means of
controlling the fringing field. The disadvantage is that saturation effects are introduced
which complicate the operation. If it is decided to use iron, then the next decision is whether
to use cold or warm iron. Cold iron enhances all of the advantages of using iron and, in
addition, could provide a convenient support structure for the coils. Unfortunately cold iron
also enhances the disadvantages of using iron; in particular, the saturation effects become
much worse.

4) Ramping the field. Superconducting magnets are inherently more difficult to ramp than
ordinary magnets and it is extremely unlikely that full energy injection can be used to avoid
this problem. Superconducting magnets are troubled by hysteresis and saturation effects in
iron (if present), by magnetization of the superconductor, and by eddy currents in the super-
conductor and in the mechanical structure. The field shape can be expected to vary with
field strength and ramp rate. The gymnastics required with the correction coils will surely
complicate the commissioning.

The existence of so many simultaneous problems, each formidable in itself, should not discourage
one from approaching the superconducting option. The relevant industries have made enormous
progress in the last few years in the development of magnets for the high energy physics program
and for other applications such as medical imaging. The problems for these other applications,
while different in detail, are of equal difficulty and have been solved with complete success. The
resulting products have excellent reliability and economy of construction and operation.
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Appendix D

OVERVIEW OF A COMPLETE LITHOGRAPHY PROGRAM

A synchrotron-based X-ray lithography system is the key tool required for the establishment of a
manufacturing capability for high-density super computer chips.

The ultimate goal of this project is to provide the U.S. and world semiconductor manufacturing
industry with a functional synchrotron X-ray lithography tool capable of mass-producing IC's in
the 0.25 to 0.50 pm design rule area. Throughput improvement and defect reduction resulting in
lower cost per IC is to be anticipated when compared to contending technologies (i.e., E-beam and
UV step and repeat). Another consideration for commercialization of X-ray synchrotron systems
13 the expected lifetime of the technology when compared with competing technologies. It is
becoming apparent that optical systems are rapidly approaching practical limits in resolution,
field size and depth of field. These limits, even assuming that optimistic current projections are
realized, are generally accepted to be 0.5 pm for resolution, 2 x 2 cm field size, and 1-2 fxm depth
of focus using excimer laser sources. Synchrotron X-ray systems overcome all the aforementioned
limitations by exte&dirg resolution down to 0.25 pm, field size to approximately 4 x 4 cm, and el-
iminating the depth of focus problem completely.

However, the synchrotron and supporting X-ray mask and resist technology are but one ele-
ment of the many required to establish an integrated circuit chip manufacturing capability
that can compete in the international marketplace.

There is virtually no single element of a less than or equal 0.5 micron capability that does not re-
quire engineering development and considerable research risk. Thus, attacking the synchrotron
problem is only a portion of the total effort required and has value only if the other technical
problems are also addressed. However, this workshop, directed to the synchrotron technology, has
not specifically addressed other technologies and process steps and can only provide an approach
to acquiring the synchrotron technology. Other similar workshops should be held to address each
of the other technologies.

The Table labeled "Super Chip Initiative" presents one group's estimate of relative difficulty and
significance of each of the major technology areas. The Table labeled "Lithography Elements"
presents, in the same format, an indication of the difficulty and significance of each element for
the synchrotron technology. As can be seen, other technologies, particularly etching, design and
inspection have as much or greater risk than the synchrotron. It is also clear that although the
effort required for the lithography effort is considerable, the synchrotron is well under twenty per-
cent of the total. However, it is the most program-critical element of the technologies that must
be emplaced in order to reach the pilot line and demonstration manufacturing facility levels.

The coordinated project must show viability in a time-frame consistent with the lithography
demands of the IC manufacturing industry. Hardware must come from a producer that can
respond to the demands of the industrial marketplace. Although the scope of this workshop only
reaches to the X-ray output of the synchrotron, the workshop has to stress the importance of the
other technologies and disciplines needed to manifest a completely marketable tool. These in-
clude mask technology, stage technology, wafer handling, and registration technology.
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SUPER CHIP INITIATIVE

Program Elements

Chip Design
Lithography
Etching
Depositions
Implantation
Inspection
Packaging
Testing
Pilot Line Facility-
Manufacturing

Technical
Risks

8
7
8
3
3
7
5
5
-
-

Scale of Program
Effort Critical

100
132 •
60
10
10
15
20
50
100 •
50 •

LITHOGRAPHY ELEMENTS

Key Items Technical Scale of
Risks Effort

Conventional Ring 4 20
Superconducting Ring 8 40
Injector 2 8
X-ray Mask 6 25
Mask Inspection/Repair 8 20
X-ray Resists 1 4
Alignment System 1 17

Program
Critical


