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Foreword

Nineteen ninety and ninety-one were characterized by further efforts to take
advantage of major opportunities. Plans were put forth, jointly with the
Chemical Sciences Division, for a Chemical Dynamics Research Laboratory,
the centerpiece of which will be a state-of-the-art infrared free-electron laser.
In high-energy physics, LBL, the Stanford Linear Accelerator Center, and
Lawrence Livermore National Laboratory (LLNL) completed a Conceptual
Design Report for a B-meson "factory" based on the PEP storage ring at
SLAC.

Our researchers in magnetic fusion energy continued refining their plans
to help support the proposed International Thermonuclear Experimental
Reactor (ITER), and those in heavy-ion inertial-confinement fusion are
finalizing the design of the Induction Linac Systems Experiment, the logical
next step on their road to a fusion driver. Both ITER and heavy-ion drivers
received strong endorsements from the Fusion Policy Advisory Committee.

The Advanced Light Source, ;_ iLational user facility designed to be at the
forefront of synchrotron-radiation research well into the 21st century,
remains on target for its planned 1993 completion. Anticipating the availabil-
ity of high-brightness beams from the ALS, and continuing a variety of
collaborative programs with other institutions, the Center for X-ray Optics is
pioneering new applications for ultraviolet light and x-rays, along with
associated instrumen ta tion.

Our program in superconducting magnets continued its progress on two
complemerltary fronts: magnet development for the Superconducting Super
Collider and research and development aimed at superconducting materials
and magnets for the future. The first prototype of a full-length quadrupole
for the SSC collider rings was tested in 1991, and a technology-transfer effort
called the Magnet Industrialization Program currently has technical repre-

sentatives from private industry working alongside LBL personnel to learn
how to produce the magnets.

Support from the Department of Energy (DOE) Division of Nuclear
Physics for the Bevalac heavy-ion accelerator complex is slated to end after
fiscal year 1994; however, the National Aeronautics and Space Administra-

tion (NASA) is interested in an extensive, multiyear program to study space
effects. We have submitted a proposal to NASA to use the Bevalac's ability to
simulate cosmic rays for this program, in another spinoff of Bevalac research

and technology development, we have become inw_lved in the early design
of a proton-therapy initiatiw,' put forth by the University of California-Davis
Medical Center.

AFRD researchers were given a number of awards in 1990 and 1991. In

1990, R&D 100 awards-- Research and Development Magazille's recognition for
theyear's 10(1)most significant technical innovations--were won by the
inventors of the SXSA-447 Soft-X-Ray Small-Angle Scattering Apparatus
(James Underwood, Rupert Perera, and student Dana Berkeland) and of the
High-Fluence Laboratory XUV Source (a joint effort with Lawrence Liver-
more National Laboratory, with Underwood representing LBL). A 1991 R&I9
100 award went to the tligh-Resolutic_n Scanning Phc_toelectron Microscope;
Erik Anderson represented LBI_ in this project, which also involved the State
University t,f New York at Stony Brook, Brookhaven National l,abc_ratory,
and IBM. Alpher A. Garren and Klaus I-lalbach (an Engineering Division



staff member in the employ of AFRD) were named Fellows uf the American
Physical Society in 1991, Ronald Scanlan was given an Institute of Electrical
and Electronics Engineers Accelerator Technology Award, and Glen
Larnbertson won the U.S. Particle Accelerator School Prize. And in 1990,

Andrew Sessler was named to the National Academy of Sciences.
In the midst of these achievements came the Tiger Team Assessment, -1

comprehensive environment, safety, and health inspection conducted by the
DOE. The inspection went on for more than four weeks and preparation for

it took several months. In AFRD and in LBL generally, the Tigers found no
problems severe enough to shut down any research operations, and they
cited the Laboratory's strong management commitment to improvement. We
have come a long way in formalizing and strengthening our ES&H actMties,

and we will continue to incorporate them into our programs.
Behind all these plans and achievements are the skilled, creative, and

hardworking people of AFRD. Perhaps it is a clich6 to say that "their dedica-
tion made it possible," but there is no other way to put it. They may take
great pride in the accomplishments described in this report, lt is with pride
and fond memories that I move on to an associate laboratory directorship
and leave the Division to acting director Richard A. Gough.

Klaus H. Berkner

Associate Laboratory Director for Operations
December 1991
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AFRD: DIVERSITY WITH A
COMMON THEME

TItE ACCI-_I.,I_,RA'T'OI,_ANl) t:;USION I,H:']SEAI_,C!I DIVISION is not only
tile largest scientific division at I_,BI_,,but also one of the most diverse. Major
efforts include

• Investigations in bt)th magnetic and inertial-confitwment fusion,

• Design and construction of the Advanced IJght St)tlrfe, _1state-of-the-art
synchrt)tron-radiation facility,

• Research into advanced applications and instrum(:,ntation at the Center
for X-Ray Optics,

• Theoretical studies of accelerator phenomena and charact(.!ristics.

• Research and developnlent in support ()f the Superconducting Super
Collider and other high-energy accelerators,

• Operation of a heavy-ion acceleratc)r complex, the Bevalac, for nuclear
science and biomedical research,
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These efforts share a foundation in tile physics and technology of beams
of tons, electrons, and photons, This introductory section gives an overview
of AFRD's fields of inquiry and their relevance to current issues ill science
and technology, l.,ater chapters go into greater detail on each topic,

As the industrialized world contemplates its dwindling fossil-fuel supplies FtlSiOn Energy:
and tile e|avironmental costs of energy production, nuclear fusion h)oks ever lrnnlense Prornise and

more appealing, One _t: the most potentially efficient of ali physical pre,- Challenges
cesses that release energy, it is also attractive from a pragmatic viewpoint,
The fuel (the hydrogen isotopes deuteriurn and tritium) could be readily
obtained, and the reactions would not leave the long-lived, high-level
radioactive "asia" associated with fission,* Unfortunately, the only existing
large-scale examples of fusion are stars and llydrogen bombs; controlled,
self-sustaining fusion on a power-plant scale remains decades away,

The work being done today addresses two fundamental problems, One

ix how best to get the reaction started; a !emperature of about 1O0 million
degrees Celsius is required before random thermal interactions force the
nuclei cl(_se enougla to each other to fuse, (The nuclei are all positively

charged and therefore repel each other; to rnake them fuse when they meet,
the temperature must be kept high, meaning that they move fast and collide
hard.) The other problem is how to keep the reactants close enough together
for long enot|gh; the product of densi(y and confinement tinae must reach a
very higla value known as the l_awson criterion. Researchers in AFRI-)are

organized into two groups corresponding to different basic approaches to
these problerns.

Magnetic fusion, probably the most familiar scheme, uses a rnagnetic

field of great strength and rigorously maintained geometry to confine a
continuously reacting plasma and keep it away from the reactor walls, in
the largest and newest tokamak reactors, magnetically confined deuterium

plasmas** have been heated to temperatures at which fusion reactions
occurred, The best of these "shots" laave released about 80% as much energy
as was required to heat the plasma, or abcmt 10% of the energy that would
be nt:eded for igniticm (self-sustaining fusion). In the tokamak projects,
which tend to be very large and, increasingly, international, l,awrence
Berkeley Laboratory has played a major supporting role. The effort focuses
tm development of netttral-beam injector systems that pump larg(: quantities
of energetic hydrogen or deuterium atoms into a tokamak, thereby heating
tile already-hot plasrna tc_thermonuclear temperatures.

This presents scientific and engineering challenges: the atoms must
initially be charged so they can be accelerated, but then they l-nust be neutral-
ized so tlaey can penetrate the t(_kan,ak's magnetic fMd, AFRD's Magnetic
Fusion Energy (MFE) Group supports magnetic-fusion experiments by
developing ion s()tlrces, accelerators, and neutralizers. The group developed
tilt! C¢}mm(m lx_ng-I_ulse Source, tile standard neutral-beam plasma-heater
t'cwU,S, fusi{,a t:xperiments, and released it into ccmamercial production in

.................................................

* Thf Ilt'tlll't)llS emittt,d by fusitul t'illl aclivalt, tilt, matt,rials they slrike, inch lclhl/4 m,_ltrrials in

thf rt,achu', bul t'drt'ttll t'ht_ict, _Htlt'siglls ,llltl matt, rials can rt,dtlCt., tilt, i)mducthm _d hmM-Itvt,d

lltlclidt,s l(_ small dlllllllflts. 'l'htrrt, is als(_ a trilitlm ilivt'tlh_rv Ihill illtlsl ht, ctmtrt,lled, Ftisi(m ts

tht'l't'f(}l't' llt_t t!tul_plettdy "t'lt'dlL" I h,wt'vtq', l't't't'lll Wt_l'k shmvs thai d ttlSltnl l'(,,wttH" t'dll bl,

made ......wilht_tll i't,liant:t, tm active s,llt,ty s.vstt,ms (,' c(}lltainnat,lll btliltlings .....Ihal will mH, tlndt,r

,lily t:t_llt't, ivdbh, t irttllllShlll,:t,s, pr(_t:ltlt't, radiati_m ,ippr_,at'hing Mh,_l h,vt,ls at lhr' sill' btHIIILldry.

** Anti, in a It_t_l t'xpt,l'[lllt,lal t_t lhc ]¢fint I!tlr(q_t,an Tr,tris, a th,tlh,ritlln-lrilitllll plasm,i
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tile rnid-lgS()s, They are n(_w following, Lip that achievement by designing
ion s()urcus anti accelerators for next-generation tokamaks such as the
proposed In te rna tional Therrnonu clear Expuri men ta l Rea ct(_r (ITE R), In
order to rnaintain larger plasmas at highur tumperaturus f{.' l(mger pel.i()ds,
these reactors will require neutral-bearn systems based _m a dift'erenl techni-
cal concept, A pr(_posal for a pro(_t:-of-principle accelerator and a test facility
for it is being refined by the group,
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Another approach to tile two basic problems is inertial-confinement
fusion, which begins not with a plasma but with a peilet of deuterium-
tritiurn fuel. The pellet is shot at from many directions at once with beams of
laser light or energetic particles. This energy bombardment lieats and
compresses the pellet enough to induce fusion; tile reaction is over so quickly
that tile balance of fc_rces from ali sides is enougll to provide containment
and satisfy the Lawson criterion. (An inertial-fusion power reactor would
operate in rapid pulses, as opposed to tile corltinuous "burn" ill a tokamak.)

I leavy ions (as opposed to lasers or lighter ions) appear to be the best
candidates for the repetition rate, reliability, and efficiency that would be
needed ill a power plant. In AFRI.9, the Heavy Ion Fusion Accelerator
Research (HIFAR) Group theoretically and experirnentally evaluates the
possibilties for using lleavy-ion bearns as drivers for ir_ertial-confinernent
fusiOll,

Since 1982, they have been progressively scaling tlp systems that trans-
port and accelerate beams of heavy ions. The group recently concltlded a
multiyear experimental progranl with MBE'4, a four-beam induction linac
designed to provide basic dat?. on beam control fron_ which information

useful in the design of a ruskin driver can be extrapolated. The next step,
now in the engineering design phase, is ILSE, the Induction l_,inac Systems
Experiments. ILSE will contribute further knowledg_ t_}ward the goal of a
full-scale driver.

The discovery of the x-ray in 18c)5 revolutionized not only the work _t ALS and CXRO:

physicians, but also that of physicists. In two decades of excitement that Seeing the Future in a
helped set the stage for today's knowledge of the atorn, they studied the New Light
interaction of x-rays and nlatter. The results and the investigators---Roent-
gen, Compton, Laue, the Braggs .... are familiar ft'ore freshman physics and
fr_ml the roll of Nobel laureates.

After l:hat heady beginning, tile scientific and industrial uses of x-rays
continued to progress, growing very subtle and sophisticated. Nonetheless,
a backlog _t: interesting and potentially useftll x-ray work began to acctlrntl-
late, including studies of processes at interfaces and surfaces; microscopy
and holography; and the probing of chernical reactions. The convc, ntional
means of producing x-rays, which involves striking a material with a beam
of electrons, could generate tremendous power, but the backlogged ideas
needed qualities other than, het.l power: tiny, intense beams, perhaps _f just
olle precise "color," perhaps coherent, almost like, a laser bearn.

-File s(Hution was fc)ur_d ill tile lat_: 194(]s il_ what seemed to be a com-

pletely unrelated realm: the elect r_m synchrotrcm. When a magnetic field
makes an electr_m beam change direction, photons are t{i\'en _t:t:. This effect
was at first c_msidered a lltlisan,_'e for r(_bbing power from the beam alld
heating lhe accelerator and the experimental apparatus. But beginning ill the
1951)s, scientists began tc_realize that this nuisance had desirable qualities ....
that x-rays _t unparalleled intellsitv could be _btained. The pioneers of/

svnchr_tmn-radiation work obtained this radiati_n l..ara,'lllcall\ ft'cml
electron accelerat()rs n_eant ti)r high-energy physics.

In the 197()s, there appeared a second generation c_fsynchrotr_m-radia-
ti_,_ sources: a generation of electron steerage rings wh_se reascm fl_r exist-
L_,ncewas the pr_ducti_m t)f S\'llChl'otrtH1 light. AI;Rf) advanced this new
field by de\'elopil_g practical \'erM_ns _t inagnetic devices called "wif_glers"
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The multiple straight sections in
the AI.,S can each accommodate a

magnetic insertion device to "

enhance synchrotron-light _-"__production; the bending magnets
between the straight sections
produce useful synchrotron
radiation as weil. Research with

synchrotron radiation is both
conducted and supported by the

of recent work include this ;.

Fresnel zone-plate lens whose ., ' ' _'"_

uses include an award-wlnning x- .

ray spectromicroscope.
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and "undulators" that cc_uM further manipulate an eh.,ctr_mbeam, pr_,:lucing
radiati_m with selectable characteristics uf bandwidth and c(_herence.

l)uringtheearlyand mid-luH()s,AI::I_I.)began designinga third-genera-

ticm syncllrolrun-radiation facility. The hallmarks {_t the third D.,nerati{m an.'
l'_igh-quality electnm beams (small source diameter and l(}_,._,,transverse

energy), along with a ring design that h_,nds itself, b{Hh mechanically and in
terms of maintaining beam quality, to the insertion _1:numerous wigglers
and undulators. In 1c;_6, tile gr(_ups within the Advanced Light Source
project officially began the detailed design of the AI,S, a nati{mal user facility
expected to be conlmissioned in 1993. By the end of fiscal 1_9 I, the b(x_ster
synchrotnm was being commissioned with rf applied (that is, the beam was
being ac.ceh,,rated in ii). Meanwhile, work continued (m construction c_tthe
storage ring and in design and fabrication of insertion devices and
beamlin'es.

One of the organizati(i,ls eagerly awaiting cornph?tion of the AI,S is the
Center for X-Ray Optics. The CXRO has a tvvof(Hd charter in basic and.
applied research: demonstrati;,g the capabilities and usefulness of x-rays
and developing technologies to make x-rays more accessible as a tool for
science and engineering. By itself and through extensive collaborative efforts,
the CXRO has established an impressive program _f scientific demonstra-
tions and technology d eveloprnen t.

Some of the most immediately attractive applications are found in the
electronics industry, which, in its quest to miniaturize integrated circuits, is
approaching the fundamental lirnits of lithography and inspection tech-
l:iques based on visible light. X-rays are also being used for imaging and
characterization in materials and surface science and in the life sciences.

One measure of the Center's success in translating new ideas into
practical systems has been its five R&D 100 awards from Research mid Dev(,I-

(Vma'llt MaRazille, including two in 1990 and one in 1991. Nineteen ninety-
, one also saw particular progress in the developnlent of x-ray optical compo-

nents and detectors.

At the close of fiscal 199I, the CXRO was transferred to LBI,'s recently
formed Materials Sciences Division, where its strengths will complement
new and existing research programs. Continuing close ties with AFRD are

_ _.,_t x Fected, particularly through use of the ALS. Together, the ALS and the
CXRO _dfer the promise of sci:ntific excellence with which to begin the
second century of the x-ray,

The proposed Superconductirlg Super Collider, the most ambitious of Magnets for the SSC
particle accelerator projects, will have a pair of underground storage rings, and Beyond
52 miles in circumference, in which protons circulate in opposite directi(ms.
The two beams, each with an energy _f approximately 2(i)TeV, will cross and
ccHlide in several "interactkm halls." The high-energy physics community, in
its search for the basic nature of matter, needs such energies to put its
hyp(_thes6s to experimental test. SSC energies shc_uld be the hanting
grotlnds for particles that have been postulated but new_!r observed and
rneasured, such as the top quark and the Higgsb(_scm. I'erhaps its users will
even find particles, phencmlena, or parameters that do nc_t fit today's thec}ries
at ali ....an exciting prt_spect that has been a hallmark_faccelerat_n'-based
physic._;.

The design and ccmstructi_m of such a large facility has (_CCUFqedre-
searchers from many lab_)rat(_ries. AFI;_D's Superconducting Magnet Group
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has played a key role in tile SSC effort for several years, concentrating on tile
design and manufacture of the supercorlducting wire and the cable made
from it, and on design and testing of the dipole and cluadrup_de magnets
used in the collider-ring lattice.

Tlle magnet-developrrlent effort has culrrlinated in testing of full-lerlgth
collider quadrupole magnets. These rnagnets have to meet exacting perfor-
mance specifications, especially in terms of magnetic-field urHformitv. They
must al,_o be extrerrlely reliable in order to give users the high experimental
statistics needed at the frontiers of high-energy physics. Much effort has

gone into opt!mizing seemingly rnilmte design details that would affect'
performance under those conditions,

Anticipating the need for private industry to mass'produce the SSC's
thousands of magnets, we have embarked upon a Magnet Industrialization
Program to transfe, ;.he technology for buildtng them, F'ngineers from a
consortium of Babcock and Wilcox and Interatom are currently on the LBL

site, working alongside us to build collider quadrupoles. Our machine-
development program continues, anticipating additional requirements for
different cable designs, Meanwhile, we continue exploring the science and
technology of superconducting materials and magnets, including not only
high-field accelerator magnets but also non-accelerator applications of high-
field magnets (such as nuclear magnetic resonance), and new or neglected
superconducting materials,

Several laboratories are working
to support the magnetR&Dneeds . ,,
of the SSC. LBL'scurrent roles .......... '
inchide development of the
collider quadrupole magnets,
such as thls partial assembly of a
full-scale prototype, The q
technology for building these
magnets isbeihg transferredto
the private sector through the
Magnet Industrialization
l'rogram. CBB915-4055

"Nothing Happens The Exploratory Studies Group functions as a key element in several wf
Unless First a Dream" AFRD's diverse activities, assisting with immediate programmatic needs

and--as indicated by the Carl Sandburg quotation at left--also laying
foundations for future research. The Chemical Dynamics Research Labora-

tory, a new initiative designed for synergy with the ALS, continued to be an
important area of contribution in 1991. Members of the group continued the
detailed design of the heart of the CI)RI_ facilities: an infrared free-electron
las,_:, tlRIVEL) that features tunability, high power, and fine re.,;olution. By
bringing together the II_,I_EI..,undulator and bend-magnet beams from the
ALS, optical beams from a variety of lasers, and cold mtdecular beams, the
CDRL will offer unprecedented opportunities for studying pure and applied
reaction dynamics and a variety of topics in materials and surface science,

Topics of special reh:vance to the lligh-energy-physics c_mlmunity also
figure prorrlinentlv in Explorat_ry Sttldies efforts. Another maj_r initiatiw._
being spearheaded by the FLSGstaff, vw_rkirlg with colleagues from the
I'hysics Divisi(m, the Stanford l_,irlear Accelerator Center, and l,awrc, nct,
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l.ivt, rm(u'e Nati(mal l_ab(_ratory, is a B- U,S.ENERGYCONSUMPTION TheUnitedSlatescurrently gets

llleS()ll "factl)rv" based (ill [hL, exis[ing Intlre than cJO'/_(if its t.tal energy

1>f71>stilrage ring at the Shlrlford [.irlear _ frilm c¢nnbustion, s(i even ,unall
impr(Ivemenls in c(imbustt(lil

A.ccc'lc'rator Center. Creating B IGlleSollS

'}lild their antiparticles iii electroil- Nuclear efficiency c(luld have tremend(lus' benefits. The proposed Ct)III. is

:'p_lsitr(m c()llisiims thai have a moving / fuels _ Hydro part(if theCombustionl)ynamtcs
centc'rtiflll&"is, anideil()ri_irlated byl ). __ Other Initiative, aj(,tntundertaking

(.)dd(ult' (ii' l,Bl.'s Physics Division, will _%__j_ with sites at Lltl. and Sandia

" Nalhlnal l,abtlrai(iries in

spatially sepa ril tc, the decay pr(idtlcts, I,ivernmre, CA, The CI)III., will

rna kirlg detection sirnpler than it offer an unprecedented

W(!tilcl bu if til,., center uf mass were opportunity to bring together

fixed. This will enable high-energy various technol(igies f(Irprobing
physicists to study charge-parity xBt.0_2._6 energetic, transient chemical

" " reacthlns ,-ita very fine level of
violatitm and rare B-meson decay,;, detail. The community of

The Collider. hysics Group within l_xploratory Studies c(mtinued potential users is putting t.gettler
collab(watirlg in basic and applied research for the generation ()f high-energy a broad program (if pure and

accelerators beyond the SSC, Their efforts focusc, d on a futuristic electr(m applied studies, ranging from

linac called the two-beam accelerator, driven by microwave power fr(wn reaction dynamics to applied
work thai might ultimately help

either a free-electron laser or a relativistic klystron. Other c(mtributions to increase engine efficiency (lr

hlgh-energy accelerators c()me from members of the Beam Signal Electron- reduce air pollutitm,

ics Group. Their research emphasizes electromagnetic analysis and various
radiofrequency "gymnastics" to ensure proper beam behavi(_r '--a set of skills
that have contributed to a variety of projects in recent years, including the

ALS and the Tevatr(m, and are now being brought t() bear on the B fact(_ry.

A research con_plex that has been a centerpiece of I.,BI. facilities for many F'rornise of a New Era
,'_ ).',ears remains in demand today: the systern of two accelerators kn()wn as the for the Bevalac

Bevalac.

The c}lcler (_f the two, the Bevatron, was the most powerful proton
svnchr()tr(m (if tile early 1950s. lt was there that Segr6 and Chamberlain
disc(wered the antipr()ton, an achieverner_t that won them the Nobel Prize.
Two decades and a "zoo" of subatomic particles later, tile accelerat(w was
thought to be nearing the end of its career, but thanks t() an innovative idea,
stlme (if its brightest days were still ahead. The idea was to fec'd tile i

Bevatron with the bearn frorn the nearby SuperHII.AC heavy-tori linear !
accelerator, which itself was well kn()wn as the discovery teel for several
transtlranic elements. When tile Sclperl-lll_AC-to-13evatr(m transp(wt line was
completed in 1974, the restllt was a unique system that could accelerate
heavy nuclei t(_GeV-per-nucleon energies. In 1983 the Bevalac set a record,

which still stands, by accelerating uraniurn to 960 MeV per nucleon.
This high-c'nergy, heavy-i(m capability gave rise to the "Bevalac era" in

nuclear science. The facility still enables research that cannot be performed
anywhere else .... particularly studies (_fthe behavior (if nuclear matter at

extremes of temperature and presstlre, lt als() provides i(m bearns for
thriving and innovative bi(wnedical pr(/grams wh()se highlights include
experimental therapy of _)therwise-untreatable cancers.

Supp(wt of the Bevalac by tilt: I)epartrnent ()f Energy's nuclear-science
pr(}gr<trn will be phased (_tlt in the mid-lCJ9(ls, i towever, based (m discus-

si(ms with the Nati(mal Aer(mautics and Space Administrati()n, wt, anticipate

supp()rt f(_r a new pr(_gram that will use the Bevalac as a "c(_smic-ray fac-
t()rv" t(_evaluate the radiati(m hazards (if interplanc, tary manned space
c'×pl()ra ti()rl,
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An aerial photograph, with the

beam path superimposed, shows

how a geographlca! coincidence
inspired a singularly successful
idea. The Bevalac's combination

of energies and ion species have

ensured it a long and scientifically
productive life, which, we hope,
will continue for at least the next

several years as nuclear-science
research gives way to space-
radiation studies on behalf of
NASA,

XBB766-46'73
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HEAVY-ION FUSION
ACCELERATOR RESEARCH

EXPERIMENTAl_, SUCCESSES IN DICATE Tt-IAT TIIE "I"ECHNOIX)GY

being studied by Af, RI)'s t-leavy-lort Fusion Accelerator Research (I-IIFAR)

group--the induction linac--is a prime candidate for further technology de-
vek)pment toward the long-range goal of an inertial-confinenlent fusion

driver, The program addresses the generation of higl'l-power, high-bright-
ness bealns of heavy ions; the understanding of the scaling laws that apply in
this hitherto little-explored physics regime; and the v<t.._.aatic)nof new, poten-
tially more economical accelerator strategies, (The economy issue is espe-
cially important because an inertial-fusion power plant will have to be a

success not only in physics and engineering, but also in commerce,) Key
specific elements to be addressed include:

• Fundanaental physical limits of transverse and longitudinal beam
quality,

• Development of induction modules for accelerators, along with multiple-
beam hardware, at reasonable cost.

• Acceleration of multiple beams, merging of the beams, and amplification
of current without significant dilution of beam quality.

• Final bunching, transport, and focusing onto a small target.

The experimental program at MI3E-4, the Multiple-Beana Experiment,
was completed in April 1991. The HIFAR Group is developing a cc)ncept
called ILSE, the Induction Linac Systems Experiments. ILSE will address
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i IEAVY-ION I:"USION ACCI/,i_I_I,_A°I'OI_RI_SI,iARCI I

most of tile remaining beam-control and beam-nlanipulatton issues at approxi-
mately 1/1() of a driver's scale inseveral kt'), parameters, such as the iltlillber (}f
focusing elenwnts and lattice periods, Moreover, the. line charge density and
consequently the size of the ILSE beams _X,ill be at full driver scale,

A theory group closely integrated with the experimental groups contin-
ties to support present-day work and also to Io<_k ahead toward larger ex-

periments and the eventual driver, Much of the theory group's effort tn both
areas during 1990 and 1991 focused on studies of longitudinal instability,
The resistive and inductive components of acceleration-module irnpedances
can lead to beam instabilities that would become significant at the high-cur-
rent end of a driver, Because the heavy ions would be subrelattvistic even at
the high-energy end of a driver, these longitudinal instabilities would be
much more severe than for, say, electron beams, (Most of today's experience
base with high currents has been obtained with electron bearns, Because of
the low mass of the electron, they behave relativistically, and thus become
immune to these instabilities, even at low energies,) Therefl_re, we must
learn how to reduce ai,d suppress these instabilities effectively and economi-
cally, The theory group has also published a new techrHque for calculating
electric fields in complicated three-dimensional geornetries, which agrees
well with measurernents of the effective length of quadrupoles and the
strength of dodecapole fields in MBE-4,

Our Nrc,rtpc(.tct'ntrates ou the ntttltiph'-beant induction lipmc inc(Jrt;oratiJt,_ current Research with
alllpl!ficatiolt t-tswell as acceh'ratiolt, a c(ntcept that we consider to be a leading MBE-4
calutidate /i_rau ilt('rtial-fusion driver, The ultimate beam characteristics (iltchtding
energy, power, pulse leltgth, alld r,ari(ms measures of quality such as transverse alut
h.tgitttdilzal t'mittalt('t,) are estal;lished by the needs of the int'rtial-fusi(nt tatxt, t, so it
is imp(_rtant to c(nttnff lit(' leptgths of tit(' beaut I;ttla:h('s t;recist'ly, with minimal
dt'gradati(nl, thr(nigh(mt acceh'rati(m, The acceh'rating wav(']brms must be shaped
cart'fiHly in order to sh(.'teJt the t_llllclzh'n,_th (thus amplifying curreltt) alut to
ct.ztr(d h.lgittldiJml st;ace-charge h)rces, Small errors, especially in the hn(,-t'ner,_y
end of the system, can h'ad to curreltt spikes and beam spill andor to uleacceptabh'
ii!creases in emittallc(', The ._)CIISi#lg Illld h'aplsport systL"IH I_;_('(_S denla_uling reqtlire-
mellts as weil; the speed (q the beams increases b}/ as much as 20% during tit(' lel_Rth
of a pulse, The six-year MBE-4 tn'ogram, whMI c(._ch.led in 1991, provided

alm_uh¢_t data t(n_,arda_ ext;t'rim('ntal u_att'rsta_uti_l,_of tht'se phenome_m and
constrai_ts,

In MBE-4 (Figure 1-1), cesiurn ions are injected into each of the four Selected Highlights of
beamlines at 200 keV, Another energy boost of tlp to 30 keV is given at each the MBE-4 Program
of 24 accelerating gaps for a final kinetic energy of 920 keV. Current is
amplified by increasing the speed (through acceleration) and the line density
of the charged particles, The line charge density is increased through pulse
corrq_ression, which is achieved by accelerating the rear particles in the
bunch more than the front ones.

The parameters of MBE-4 gave beam dynamics similar to those expected
in the lower-energy, electrostatic-focusing end _f a driver, In the first three
years (during vvl_ich MBE-4 provided useful data even at partial stages of
completion), longitudinal beam dynamics and c(mtnd were studied; in the
last three years, using the complete machin.,, we concentrated {m transverse
beam c(mtr{H and the study of ernittance g, owth dtlring accelerati_m,
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I,,esearch wt iii M 13E-4

Figure 1-1, The MBE-4 apparatus,

now idle, has supported a highly

productive experhnental program
for the past several years, lt has
been used to study acceleration of
multiple beams 111a single
induction core, amplification of

current through pulse
compression, and issues related to
transverse and longitudinal
emittance.
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LorGitudinal Beam The charge distribution along the length of a bunch generates a longitudinal

Dynarnics electric field that will lengthen the bunch unless tile accelerating voltages
compensate for it. One of the trnoortant results of the MBE-4 effort was the
devel(_pn_ent of a scheme for d:_,,lsing the proper waveforms. This scheme
was ernb(;fii,,d in a c,:ml_,uter program called sl,[[, (Study of L()ngitudinai Ion
l)yrlarnics) and its extended version Si,li)lh which accounts for particles
overtaking one another during current amplification, slab was used itera-
tively during the design of the pulsers. The upstream (low-energy) pulsers
were designed according to the ideal waveforms from Sl,_l);then, to compen-
sate for their n()nideality, actual rrleasuren_ellts were fed into si.ii) to design

subsequent pulsers. The(Iretical studies of the effects and pr(ipagati(m of
errors were also conducted.

Transverse Beam "l"he latter parts (_f the MBE-4 prograna concentrated on understandirlg the

Dyriamics and Ctlrrellt forces that affect the beam transversely_parttcularly the pr(iblem of tlcceler-

Amplification atirlg the beam and amplifyii_g its cLIrrent with(itlt sp(filing its ni)rmalized
tral/sverse enllttance, In the earlier experimerlts, we had f(itincl that the
n()rmalized enlittance tended til illcrease arid that Illeastlrenlellls varied by as
nlLlCJlas twof(fld over long periods (a matter (if llltlllths), 'l"h_,trallSVt,rse-
ernittance increases appear t(I ['it: caused in part by irr'lprtlper c't,l-lterint., ,

illatchillg, alld aligllnlent. The bealll radius is c()nlparable t(i th, ,lperti.lre, sri

with()ui care irl these matters, tilt, (itlter p(Irti(Ins {.if tlw beanl may bi., outside

the linear, "go(ld-field" i'egi(in, There they ellc;(itinler dtldecapllle

1-3
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mmlineartties in the t'ottlsing fields, and the effect _f image charges on the
t'(K'tlSill_ electrt}dL, s is alst_ eXaCl,rbated,

Sltldying emittance grtm,,th in experiment (and, ,with excellenL quallta-
live agreement, in simulation), we found thaL Lhr, rms emlLtante varies
rapidly airing the lengill of the acceleratt_r, lt appeared to br, modulated at a
wavelengthl correspondtl,igl_ 2,3 lattice pelit_ds and also t_sclllated ablaut [hie
acceler,`ittu' aperture by 4--5 mm, or nearly 20';I, t_t' the aperture, "l'hest_
variatitms were a ctmseqtlence of a t:twtlsirlg, imperfection that kicked the
beam off axis, causing tt to t_scillate back and forth in the transport chlal,inel.
l'he retest recent experimLu,its have concentrated on carel:ul]y matthltng and
centering very "¢tdd" beams in the channel tr, demtmstrate curre_,t amplil:ica-
titan at ctmstant m_rmallzed emtttat,ice. ,'ks expected, when the beam was
prtq:_erly centered, the normalized emittance was preserved under drift or
acceleration,

ll,i ct_nclusitm, MBI!-4 was bothl a successful experiment and a harbinger oir The I_L'ssons of MBE-4
the ',vt_rk vet to be dtme. lt qtlickly relieved an initial ctmcern that the
multiple beams mighlt interact with each otlwr; this hlappen'ed truly at low
energy il,i thio injector, where the beams "see" each other's radial space-
charge electric fields for some distance. (At higher energies, magnetic

interactions play a strtmger role, arid some periodic coupling phwnomena
rnig, hlt conceivably arise,) MBE-4 also shmved that current amplification is

p_ssible and that Itmgitudinal c{_ntrtH can be exerted t_ver the beam by
taih_ring the pulser wavef_rms, althltmgh pulsers more versatile than the
thvratrt_n-based units in MBI_;,-4will be required,

l_reservatt,m o', low enlitLance ctmtilltles tr} be an irnptu'tant issue il1 our

experiments and scaling exercise: Acceleratitrn errt)rs cal.i be parth,illy
ct_rret: X,d downstream of the pt_i_t where they occur (the chaser the better),
Althoughl thlese corrections ctmtribute to longitudinal emittance, extraptfla-
ti_ms lr_m,i M1:?,ti-4data lead us to believe that this emittance g,rowtl_ might
not unduly ctmapromise the fil,iai ft_cusing of the bean,i tmtt_ the target. The
adrnittedlv long extrapolati_m tt_ a driver shc_w,ed a m{maenturn spread
(Al_/t_) t)[::1X 1(}-:_,which is ctmsiderablv better tlmn the 1 x lC)'2 limit sug-
gested by theoretical t:inal-ftwus studies,

l:igure ',-2 ctm_pares emittance g,rmvth in I'vlBiL-4,bt_thl in experin,iet`it al,td
in numerical simulatitm, ul.ider tw(_ st, ts O1:circumstances, In broth cases, the

beams injected intt_ the accelerattu' were very "ct_ld," that is, the initial

emittance was near its mi_inaurn possible value,* Witl_ great care in matchl-
ing and centering t_f the beam, we accelerated it withlout increasing t hle
nt.'naalized transverse emittance, the value of which was slightly beh_w (1,(13
mm-milliradian, In initial experiments withlout such painstaking n,iatching
at,td centering,, the emittance had increased, but nt_t t_ a very hligh valtlt,, Wt'
are n_w exph_ring, this phlen_m,ientm in It_l,iger devices, Stlt'h ,is a driver,
thlr_ugla numerical simtllatit,_ and extraptHali_n.

Wt' speculate thai twer the lengthl of a driver, ernittance will reach an

asympt,._te, hltqgefully at an acceptable level. Thus a driver might m_t Iwt,d the
great care we had to take in matchil,ig, cel,itering, and alignmet,it; the beams
w_uld center and matchl then,iselves, and tilt. ,icctmapanying increase in emit-
tanct_,may be aff(wdable, ObvitU.lslv, muchl I,i.i(}l'ereseat'cb is I,ieedt'd, esF_ecially

* An i{,n st: _ce haL,a lllillimtlln illllillsit t,nlilhllltt, dt,lt,i'lllint,d b,,, tile rdtlitls ,_1 the sl,til'ft' dlltl

lhr' r,_ntl_m_ thmmal t,m'rj,y _,1 thr emiltud i_l/S,

I-,l
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Figure1-2, l{mlttaneegrowfl_In 0,10 Upper curve: Initial experiments (data AMl]li-4 ha_ been exlenslvely
sludled both In exgerlnlents and taken at 10 mA; presentation sealed to 5 mA) A
In numerical _Imuln!lon_, Wllh "13 _,
great earl, in 111alchh1_and _ A data
eetltei'll_ of the beall_, we _ _-- 81nlulatlon I\
nel Increase In the normalized I_

such care, the emlltane_ Increased r- 0,05by a factor i'atlgh_g tlp lo 2:,:, We I_1
are now expl,)rlng lifts ,:_

phenomemm In longer devlees, I_ /% Isuch a_ a dr_ver, through

,,.,,,,,,,.,,,,.,,.,,,,,,.,., _4exlrapolallon, ,,--

O l l slnlLIlatlon

Z 0,00 ' ' ' ' '' ....
-5 0 10 20 30

Accelerator (LP0-30)

Lattice period

con_iderin_ the uxtunt _>t:the,extrapolation and the pauL'tty of C,Xl._c:rhl-luntal
l<nowlud_e about lon_ ,nductlun ion linacs, This will bu amon_ the Issues
explored In the addltkmal steps between Ml]l!i-4 and a driver,

Induction Linac 'l h_'Itr>.'/h_,_iralstrt_ _ul th_'n,ml h, _ driv_'r is II..,Y,l.;,l/ic hldtlcti_,_t Lictor Y,y._h'nt._
I-b,'t,_'rim_'_lts.Th_'mlllti-I,r_lm atU,iratt_,,.;¢l,ill I_n_,i_h' lltr'.first dah_r_ ,,4_,vrnfl

Systems si,_,,_ificm_tr_lt_al,ilitirs li/til _¢,=mhtI_' n'qllin'd (_,__ htrgcr sr'aic) i_ _t_h'i_,¢'r,"/'/tCt/
Expe ri m en ts i_wl_,h':

• C_u_llq_li_t,v,I_anllM i_utl_rm_s_hmtiHah'_lhl/,_/_r'_'chary,_',

• M_tki_,_t/tc tnt_l_iti_mJrrm_a_tHr'cln_shttir t_ _ nm,,_lHir I_r_tnt-tnt_st_u't
._il._l_'m,

• Adu,k,nrlic MHdiH,k'_l'._l_err-rhm'g_'-d_nuinutrdi_ntl_runt._',

• Anltqi.lii/i_F _urn'llt I_1/"drift nu_qm'_._i_u_,"

• I-i,_'H_i/lg,i_u_I,rmm; precisely _mt__ ,,4m_fllst_t,

Cl,_n't_ttml .,.;IHitir__,f th_'_qU_lnltl_.,-;iln' i_ lu'l,,,,,rc,,4,,-;,mid ii _l,ill I_rpnU_sl'd liu' _l

ii.Sl! l'hy,_ics l'uint The _,'iginal I1.,51i_'_nc_,ptual LlesJ_n, i__ublished in I_)HH,called ft,' 1n bunms

Design t_ b_,acculuratud and uh.,ctr{_stati_:ally li_¢usud, thun c¢_mblm,d intr_ Ik_ur
i_uams (thus pr{_vlding data {ma key driver reaturu), '['hu l._uamsart, further
ncculuratud, this time with maKnutic l:{_cusinp.... ,_n_Hh,.,rimr_rtant driver
luaturu, 'l'hun thrL,u bunm.:,aru dumped and the f_urth ts tlsud l{_r uxpuri-
mun(,_ in clrifl c_m_prussir_nand final I'_._ULIS,

In lighl _I' lhu km_wledge l_ainud l'r_m_Ml]Ii',-4, ns well a,_duvul_pmunts
ulhewhuru i_ the hu,lv\,-i_n lusi_m _xm_munitv, we have hu_un rudu._l_ninl_,
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I1,_1,:.'l'hu new cunflguratl_m, shmvn tn I:lgLIrc' I-3, Sial'tS with fl_LIrbi,cirus
aim c(_mbtnus thern Int_ UhV, Tllis ¢clsi-reductng sirnplit'lcatk_n wns Inndu
p_ssiblu bv lhc success ul' Irl BI:,-4 arm by surnu pr_lolypu ilssurnblv wc_l'l<_1'
colriD_nerlls i'or the t'lrst II,Hl-_dusi_n; rnl.lltll_lU-bunm Ir_ductt(_nc,_n'usand
oi lwr c'_mlp_mc,nts pr_vL,d l_, bu inure slr,i l_hllk_l'wn rd lha rl wu had ux pucied,
'l'he rlc,w curll'igtlr<lti(_rl is utherwtsu strnilar t,._the,urlgll_al,

"l'hu dc,slgrl has been irnp['m, ud in a varluty ul: waw, lt t,[kus ndvantagu
,,f rL,cunt tuc'hnolu_y duveloprnents, inclL[dln,_ buttur l'vtc,tglns lndLIcii_,i>c'_,ru
miliurial, c_m_n_erciallv ,_vi_llable nltgnmul_l svsten> thnt. c,ln achiuvu (),()()l-
inch I.,rvcislun, a[_d b,.,tturc(_[_tl'(_larm dala-acqLIisitl(msvsterns,

Thu nc,w II ,,ql:inlso has [hu same Itnu chnrgu dunstlv, tn buarnt',lF_ustri' lhu
s,_rnc,d hlmuter, ,I_s the uluclr_sh_llcall v ftlcLIsc,dso,Cttrill (li' a p(Istti hl tud d rl vi'r,

' II ,.ql! will thus allow tls to lust Lhls drl,,,er parnrnc, tur at lull scnlu, l)thc, r
pararnut(,rs ('l'abl,., I-I) ai'e scillud d(_wn c(_rnpared l(_ th(Isu o[a drive, r,
A[_other i['np(wh_ill charlgc, thai may tLIrrl (ull t_._be highly rL,ic,varll t(I ,1drlvc, r
is a set (_f pr_vlsluns ttlr t'l,ct['c'tllalillg <_ccelu['ailun,

l-c'(m_.m_icstud ic,s_t' rc,circulatirlg trldLlctiun i(_n i[c['{.)l{-'l'/.l[()['_, purti_['mud
al I awrcu_ce I,ivur[n_wu NaIl(real I_ab_['ai:urv (I,I,NI.,)in Ctfllabtu'atitm wtth

_n.lrgruLIp, havu ii_clicalud lhat such a d['lvur rnight be ctmstdu['ablv Ic,ss
uxpunsivc, than the, r_urlrucircLIh'_ttng tl"ldL[c[t('l|_l lt|'_./(.'s thatwu have buurl
urlvisi_rling, I Imvuvc,[', rnulc'h lc,ss is kritlv,,,[1ab(_ut lh,., Physics oi'
['ecircLIlaJin,_ tndtlc'lit_rl J(ulacculerat_rs, Va['tmls schumes a['u bt,J[lg studlud
lu D_ssiblv uxlund lhr, I1,%1isuqtiunce of u×perin_ents h_ctwur the,ussuntials of
Ihu rucil'ctllaling appr_mch, assum Ing that Ihuorutical st:tlctlusconfl rm thu
dusirabililv of pert_rmir_g thuse uxpurtmunts in Ii,,_E,

l'hu I'usult _t' lhu phy,,dcs cleslgn c,t:f_rt, which is still ulldurwav, will bu a
"p_finl dusign" --n sc,lf-consislei_t dusi_n, sc,lucted t:r_m_a broad c_mLinuurn
_t_p_ssibililius, tlmt besl acldressus _tll' UXl._urimenlal lluects withtn mir
rundir_,_ pr_,spucts, l.ak, r wu plan I_ prup,_ru a C_mcuplual l)esigrl i,k,p(u't,
('_i_sll'tic'li(_rl _,_1:thU ac'culural_.u"W(mlcl start tn fiscal I_-m4under thc, c'LIrrent

2 MeV

Inloc'tor _--7.__--"1(oloclroslalic ---- _J Accoleralor (llla[jnollc focuslri,El)

,.__......._./--_,. ____./ l_o,,,,,k _ _\
conlbinaliorl ............... \'_

I_ Fig,urr, t-3, il,.ql!, tl_e Induetlun
C ]J--f ............... -...................... >_li;j i.lniu: Sysien,, i!xi,l.,rlnil,nl.<i,Is
I F°cu'i I(, [.}fill illlfl COlllIJIftSBi()ll K ---i'_ tile llext step iii Iltll' expt, rinlt'nhll
L Jk, l"-_.................................................. -'/'Xi'- prli_l'alll, ()rll.ltn,llly prill'llisi, d Iii

liT)MoV ItlfiS, II,HE is n(iw being

ii) A rl.,de.,ilgned Iii antlclpalllll_ .f ,i

×Bi. ':_l<.l.llito_l e(lll.'.ilruclliln _lai'l [11fl,_c'al lllll4,

I -(_l



Induction l.,Ina¢ SysLems !!xpertments

Table 1-1, Key parameters of I.III:AR expurlmt,nis and a p_lsiulaled drlvur,

ILSE ILSE Pl,,,liulaied
SBTE M1tE-4 ('1988) (1991) driver

Ion spech.,s Cs+ Cs-t- C-t. Ne-t- Bl3 v or I-Ig3t

NLi 111bl)i' (li' bei1111,'-t I ii 1i_4 4-->1 64--->'16

Injection voltage (MV) II,I{_ (i,2 2 2 3

I:lnal vullage (MV) ll, l (_ 1 Iii I {) 3300

I"lnal Ctll'rellt per beat11(A) li,{)23 (),24 ,1 1() {_(ll)l)

FIniii beani energy (J) li,I)7 (l,08 55 87 3x 1()0

f,'lnal Ion velocliy/c (},()()IC_ 0,0Ii4 0,0,1 0,03 0,3

t ,, .eleratlng grildh.,ll[ (MV/m) Ilia li,l)7 (),22 [I,22 {),8

Burich length (rn) 8,0 1,1--)0,25 5,6--)4,,1 8,8->8,8* 70->1()*

Pu lsu wld th (I.ts) 20 2-->0,4 1--_0,35 2--_I 24-_0,1

Th,asv pulse lenglh._ drf given at the i,:;J oi thu acct,leralor suclhu'i, In a driver, drift t'tlillpi'esSloll wt_uld' tllli'ther shtwltrn
lhc pul.gt,, Nult, also ihal smaller, le._sli_len.4ebeams coil be c'tuilpresst,d further,

Meanwhile, the search for an iI.,SE site continues, The leading candidate,
whose cttn'lenstonal constraints are betrlg assumed iri tlle point design, is
Building 58 (lqgure 1-4), which currently houses MBE-4, However, we are
also weighing the nlertts ot:other possible l_)cattorls orl the IA3Lgrounds.

_....... ..'lOO.O MS_ig,!/_,,g ........ [!-Iooi_ r_ii_lli_i I ............ O_,L_ioI'O r ................ M ii g-iiO'iC i0%tl9--B OCii0d ........................ I _l_O(l(01n_

l:lgurt! I-,1, II,SE Is shllwn here in mlIII[[i_l f- I:]

Ilulldtng 58 (the current Mill!-4 Dlslrlbtlllorl ._ttlhslallonpad 1silt, i, which appears iii be the Illlmt

prlibable hlcot hul, i_
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Until It_t)1,most of tilt. II_Sl-iion-source eff(,'t concentrated upon a carb_m- ]ol]-S()tlrce and Injector

vactlum-arc clevlce that turned _n and came up to full current rapidly, based Dc'vt'l()plllt!llt
on a prtHtffyl.W developed by a grmlp from tl|u University t_l New Mextct'_, Ii
was used tn conjtlncttor_ wltll an electrostatic plasma ct)ntqnenaent device, t,'.
"plasrna switch," which ,lllt_wed beams to be extracted ntd t'r_m the ntdsy
stream of i:,lasma h't,rn the catllc|de spot, but rather from a layer t_l iorls
capttl red by Sl_',ace-cllarge t:(n'ces near
tile grtd of the plasma swttcll, Willie

studying wavs to optir|aize tile pe|'fo|'- Selecting an Ion
llhlllCe ()f the cal'bt)ll-arc S()tll'Ct,alld

. ILSE could accelerate a range of elements at various charge states.
plasma switch, we used lt ftu' tests t_t: Choosing the best one for a particular experiment is subtle and
tile c)44-kV t:irst-I'lalf ctdurnl_ of the 1O- complex.
bealn injector. In ILSE, the capabilities of the magnetic beam-transport section

The SOtll'Cehas als()successfully will play a major role in the decision, as they will in subsequent
produced long pulses (abt_ut 5(1Ms)at a systems. The force that can be exerted by a given magnetic field
ct_rrt.,nt of 210-230 mA, which was depends on the velocity, and thus the energy, of the ion beam. The

limited bv the extractt()n ge()metry heavier the ion, the bigger and more expensive the accelerator
used in this test. It was encou raging to required for a given energy, lm ILSE, a 5-MEV beam of an ion species
set, that such long pulses could bN of moderate mass, such as C+orNe +,will allow approximation of the
transported reliably at tile full voltage beam physics of 85-MEVU +.

Also important are the ease and reliability with which
o1:the half-ctdunln. Despite consider- multiampere quantities of the ion can be produced in the desired
able efforts, thotigh, it appeared that charge state. The rf-drlven so[lrces from the MFE Group readily
tile emittance of this source would produce high currents of tl'te gaseous elements with reasonable
exceed ILSE's tolerances. Accordingly, transverse emittance.

we began R&D on other ion-soL|fCC In principle, higher charge states are desirable because they
approaclles, multtply the force that a given electric or magnetic field can exert

The new ILSE point design t|ses a upon the ion. (The charge of an ion is the "handle" by which it is
25-crn-d ia meter rf-powered sou roe in manipulated.) In practice, however, sources capable of higher charge
which the plasma is confined by a states tend to put out the lower ones as well. Separating the
multicusp magnetic field, much like undesired species does not appear practical for the purposes of ILSE.
the Magnetic Fusi_m Energy Gr_)up Another factor, more significant for future experiments than for

ILSE, is that the actual beam current is ltkewtse multiplied, posstbly
st)u|'ces described in Chapte|' 2 of tlw crossing into a region of high-current instability for the energy in
A I-'RD S IIntn/ary o1",'/ct i_'it i('s. The very question.
l_w ion temperatures reported for Subject to these considerations, Ne + was chosen for the ILSE
these sources sht)uld permit develop- physics point design. Ar+, which, within the ILSE parameters,
ment of flexible, lm,v-emittance sc_u|'ces requires magnetic focusing forces that are stronger by about the
st,iitable for mir needs, The higher line square root of two, is also being considered, (The rf-driven ion
charge density t)t: these beams also sources are quite flexible,)
supports the gr)al c_tmt)deling stmae As heavy-ion IFE progresses to target shots, the desired power

characteristics ol:a driver. Finally, deposition in the target will become an important factor. Tlie
these stH_li'COSCall provide a variety of driving beanas have to deposit roughly 1015W cm"2in the outer shell
i_)laspecies, includilay various nt)ble of the target over a period of about 10-8 s. To acl'deve the correct

combination of power and range, heavier ions need higher energies
gases, which is interesting because but correspondingly lower currents, which helps avoid high-current
II,SE can ht, tq)erated with ion species instabilities. Economic considerations also come into play; doubling
ranging in mass fix)lal carbon to the current would double the risk of high-current instabilities (and
ptdassiulaa, q'he chtdce t)t"i(Haspecies is the required strength of the focusing fields) but would also halve the
a c_,mplex isstle (sid('bar); the physics length of the accelerator. Studies indicate that Bi and Hg_ probably
pc_int design assumes thai II,Sl- will in a charge state as high as +3, with the +1 and +2 ions magnetically
accult, rate Ne' Backtlp w_wk t_n ' separated_are promising candidates.
tht, rmit_nic Cs +and I(' st)tll'Ct)S is illS()

Ix, iny, ct)niint|ed,



Long-l<ange Research and De,,pelol_ment

Long-Range Alllam,_h prcsclsl-day amt Ja'ar-/tl/ure research/Jrograms _cclqJy mvsl o1_ltr
Research and alh'uliolt, ,'l,cals_ cn W,_c iii _,m'ivtts e.Vl_erilm'uhllalnt c¢mceplual e.[itbrls(ostrselvcs

rout ill ccdlab¢_mliollwith colh'agtws iii the ilwrtial /llsioll _'ll_'rN!/commu,it!/) that

Development I_,ol,/urther do_l,n tlw r_ad to a _h'ivcr.

Modei Driver Core /ks part of our program to evaluate longitudinal instability at driver param-
' eters, we fabricated a model of an induction-accelerator core at nearly full

scale. The model duplicates the rf properties of an actual acceleration
module from a driver. Data from these rf studies will be used to validate our

computer models of how the ion beam in a driver would react with the
accelerating units at frequencies relevant to the longitudinal instabilities.
ILSE will not bN long enougla to fully test these instabilities.

The model core, shown in Figure I-5, is quite large, with an inner diana-
eter of 1 m and an outer diameter of 2 m. The area between would be filled

with ferromagnetic material in a real core. In this model, about 1 out of

every 10 cna along the radius is filled with Metglas 2605 CO ferromagnetic
tape; the rest is filled with alunainuna ducting to maintain the approximate
capacitance of a real core. This allows us to test the core at 20 kV rather than
200 kV and also provides a way to probe voltages and currents at various
points within.

The Road Ahead Figure 1-6 shows an artist's conception of an inertial-confinement power
plant based on a heavy-ion driver. Obviously this installation will bN much
larger than the present-day experimental systems. Between ILSE and a
driver, at least one intermediate step will be needed, probably at an energy
of about 10-100 kJ. This will allow us to understand two key areas of physics
that cannot be addressed at: a smaller scale.

Figure 1-5. In an early look at
some characteristics of a driver,

we are experimenting with this
model of a driver-sized induction

core. lt is only 10¢_ filled with

ferromagnetic material, so we can

experiment at about 10'Z, of a

driver's voltage. The aluminum

ducting helps model Ihe

capacitance of a driver core,
overcoming the effects of the
partial filling.

CBB,qo,q-_l'27
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:/:"::_ _i.> :.:s_:., " :;, ',;.,;, ........,:::',,,_:.,-,,;'.. " .... Figure 1-6. A conceptual drawing
• '.................. ' .... "_:_" shows the scale and some

postulated technical details of a

power plant that uses heavy-ion
induction linacs as drivers for

inertial fusion energy. (IA_NL
illustration)

CBB913-1379

The first key physics area that would be explored is cc_st-effective
avoidance or control of possible high-current instabilities; such research can
be done with good confidence only in an experimental test at this scale. The
second kev physics area is the interaction of high-power ion beams with a
high-temperature, solid-density plasma (at a temperature of approximately
I()0 eV, ns compared with the 200-250 eV needed in a power-plant target).'
Bv proceeding directly from the "front end" of II.SE rather than building the
two projects in strict serial order, 10-kJ results could arrive before the year
2()()(). (The front ends of both machines are similar; the difference comes

further dc, wnstrearn, where many more accelerating units are needed t_
reach 1() kJ.)

lt may prove to be prudent to have another experiment at about the 200-
kJ level: a few times more energy than is currently produced by the Nova
laser at IJ_NI., but at an accelerator's rate of pulses per second rather than
the pulses per clay of present laser technology (silh'l;ar). This apparatus,
which c_mld c_mduct target experiments at s_m3e 200 eV in plasma tempera-
ture, w_uld validate the final driver technc}logy at a satisfact_,ily large scale.
l:;rom this level onwards, the approach would be t_ build hardware large
em_ugh to re-use as part of a full-scale driver (implying that design work .m

nle e,aj_lule hea\,v-i_m facilities shc_uld be getting underway),

" llw I()-t_-It)()-kl tar vt,t will m_t reseml',l,., ,in avtu,iI ,.h,utvrit_m-trititlnl t,_,,,,'vr-planl "twlh,t, ''
wlu,.h rni,_ht ht, either a ()m'-_r tw_-stag, t' direct-.d rivt, aldative target _r an ;udir_.',:t-drivt, tarMut
/_t the ctJrrenllv cl,lssilit,d tvtw tlsed in thvrmtm,lch'ar wt,,_plms. "lhtls thr, rt,_,,,art 11ccn_ld ht,
c(mduch,tI iii ,in t_pt,ll t',wironlllt'llt. II..'--;1will Ix, ,i Iv,am-maniplll,ltitm at,l_ar,_tt_s tirol will _u_t
inx(dvt, a prlh,t.
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l.,ong-Range Research and l.)evelopment

Meanwhile, research in other areas will have begun at other laboratories.

The critical technologies of inertial-confinenlent fusionwdriver, target pellet,
mass-production pellet factory, and reactor--are all equally necessary, like
the four legs of a stool. There has been strong support in major review
committees for a facility that would use 1- to 2-MJ lasers to explore pullet-

implosion physics in the ignition
regine with significant gain. Prelimi-
nary planning for such a facility is
beginning at several DOE laboratories,

Reactor ideas have also been

investigated at several laboratories
and industrial firms worldwide, lt

would be appropriate to begin their
further development in earnest as the

pellet-implosion results become
available.

The decision point for extending
driver developrnent to the megajoule
level is at least 15 years in the future,
and will depend on two main factors:
results from the target experiments
and the national need to move for-

ward to the Engineering Test Reactor
(ETR). The ETR would bring together
the essential new pieces of an ICF
power plant: the reaction chamber
from the new reactor-studies program;
targets designed in the EMF program
and mass-produced in the pellet
factory; and heavv-ion driver experi-
ence from the 10-i<.{-plus test facilities.
We define the ETR as a full-scale test

of everything involved in a reactor
except conversion of fusion energy
into electricity and recovery of tritium.
Given adequate support, the ETR
could be operational in the 2015-2020
period.
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MAGNETIC FUSION
ENERGY

T I H M{MONU(,IA_AI{ I:_XPERI-HE PROPOSED INTERNATIONAL " e ' _'

MENTAL REACTOR, or ITER, in the next logical step in the worldwide
magnetic-confinement f'usion program. Its goals include "ignition" of the
plasma and nell'-sustaining "burn" tbr as long as two weeks at a time,
Since 1988, the major porLion of' our Department of Energy-funded work
has been directed toward this ambitious project, In 1.990 ,lhd 1991, we
continued refining our design fi)r a prototype neutral-beam .'njeetion sys-
tem tbr ITER and our proposal to build a test theility capable of' accommo-
dating a 1,8-MV negative-ion system at eur|'ents of 1 A m' better. We
have also continued development of' ion sources and accelerators,

Our expertise in these areas is hoe limited to filsion research; activi-
ties have been diversified considerably during the past few yearn. Ion
sources and accelerators have industrial Lines such as ion implantation
lhr semiconductor processing and metal surfhee hardening, Our pr(igram
also has an academic e(imponent centering on advane, ed plasma theory.

\V Km_kel' t_,,:_,. I, I,'.,h'_ R.I.ilth'iolu( '. Wild_, A. Kilb.m'ne

W I_.,i.,_ (_:_,,.p h,,ah'_, R. NI,u( ;iii M, William.. I ), NM h,nahl
(., ;\l'kl'rllblll T. N,h \"_,igh A Y_,mlg I, Nh_l,,ht.,Id

(I, r'X_l_¢_"._'l_' I,, Mill'; Adndnlstralive Suppmi J R_ddfin_
I. Ih,,wn IL Nh.'_e*' I. II_,mascan

t ( hdll I 1, N,l_,ll_,_d A Ailkell_, ( " hhll/ill

J Ih,\ z_,. I' I'ur'g,din W _,_harll NI van I _,V

'xi. I H_kilv._,n ,\, 14,_v,'hn,-, B l'hil_mh,,m II "_t,

f.. I hh,i.,' I l.h,_,,indh_ Sludenls
Vlslh,rs

I. F,fl,m ',I I' I'h,'..,ML, I_ lla,.hln,m

K l.t_wlt,r" I. u,_m_ka X,l l{n'wt,I W. l)iVt'r:,_ili, h'_ll_,llltdlll}

I ( ,dl'..'ill _\' %h"llll"+ I' ( 'h*,n I. l"l,l, l IlllV_,initv ill I rol11',.l_(N_IW,I\')

I'_ I I,,_,I,' W '-',h.'h' I'. t 'lul.,k I I ,u".,-,_,n, IliHver',ilv _I | lill_',i (%v,'ed_.n)
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MAGNETIC FUSION ENERC;Y

th'atiJtx, a plasma h_thermc,nuch'ar h'mt,eratures is _,te _,flhc maJly sign!ficmtt Neu tra I-B eam
chalh'jlges in fu._ic,l-euer._yresearch. Theprimary f_,c'llsof the MI-'E (3rolq_at .,til, is

Injection for ITER
de_,eh_t,mellt of itt'ulral-l,eam in iech,r systems !i,r this Imrp_,se. The _,,r_,ttp's2() years
(g w_,rk in this fie/,/l*egan _t,ilh til(' iln,enti_,n _,.1:ttovel multiantl,ere 1,osilive..iojt
sottrces rout of improved, c{_lJJpllh'r-o/Hinlizedacceleration Sl/sh'lJlS.The iIJOS/
pronlinont acllie_,elJJeljtt/tits fcJrhas been t/le design, der,eh_pJllont, aJtd trtttJsh.r h_
iJuhtstrt/_!/ the ConJnt(_lll.on,!,,-l:JttlseSource (CI, PS). It is ttsed iJJthe Tokanmk
l:jtsi_,lt Test Reactor (TFTR) al PriJJcetonaltd the D-IIID tokamak til Gelleral

Atomics, two _!1:the tJrilJcipal MFE ext,eriments now rllmJillg in the LI,S,
The CLPS has I,eelJhi,_,,hlysuccessful, l,ltt its t,ositive-ion at,pn,ach h, neutral-

beam/,roduction has a fundanlelJtal elu'ry,y limit aroutat a few hundred keV.*/n the

next generation of tokamaks, Imser plasmas will require higher injection e_tergies---
an,Jtnd 1 MeV, as ot,p_sed to the 120-keV perhn'JJJant'eof the CLI_S--to etlstn'e

adequah' pettetration. AccordiltNly, zoestart iltstead with itegative Jolts, acceh,rcJtiltg
them to the necessary ettery,ies and sttbseqttently netttraliziJl N them by the sintph'
t,nwess of detrtchin.,_ the extra electron, hJ coJttrast lo systt'lllS l,ased oil positive ions,
the Iteutral-l,artich' yield does not decrease with increasing enel:W. However, ii is

d!fficult to prod_tce lar,,_equantities of Itegative ions. Efforts to develop sttital,h,

sottrces of itegative //l/d/'o_elJ imJs al the anti,err' oi' multiampere h'vel tire IJOW

lllldt'l'Wlll/ ht'Ft" llJJd al SCU('J'II[ OHl(,l" hlboratorh's,

Desi.,.,,lJ,co_lslructioJl, alJd tesliny, _gt,rc,tott/pe accelerator syslenls Jntlst ,_o ]ltlJJd

in hand with development of a negative-ion source, so a sttbstantial e]fi_rt has been
dt"ooted lo arcoleralor devL'lolnn_'lJt,

After our design aim testing efforts, production of ITER's comph'nteltt qf fttll-
scah' m'tttral-twanl nlodtlh's wottld be haJJdh'd bt/ private iluhtstrl/, as with t/to CLPS.

In ITEI;L neutral deuterium beams with a total power of about 75 MW will be Neutral-Bearn Test

injected to heat the plasma and to drive the toroidal current in the center of Facility Initiative
the plasma during steady-state operatkm, as shown in Figures 2-1 and 2-2

and explained in the sidebar. The energy needed to ensure the required
plasma penetration, 1.3 MeV, is an order of magnitude greater than that of
the CLPS. Beam steering ix another necessary feature, as ix steady-state
operation for as long as two weeks. This combination of energy, current, and
pulse length has never been achieved; further, the plasma generator and
accelerator must be compatible. To meet these needs, we are proposing a
neutral-beam injection system based on negative-ion sources and our con-

stant-current, variable-voltage (CCVV) electrostatic accelerator design. A
basic design is in place and is being refined in the course of extensive,

ongoing interaction with our fellow participants in the ITEI_. Engineering
Design Activity.**

' l'_,,itivu i(m', could ht, acceluratud just as well at higher unurgius. Thu pr{,l_h,n_ i,, in rh(,
nuutralizt.r, where the deMrud t'ffucl, t'h'ctr(m caplurt,, is ()tllwt'Jjgh(,t.[ bv lilt' incrt,aMng pr_bal_il-
it',' _fl rt,,,tripping.

*" The _thur thrt'v rl-liR partnur'_ (thu l'I.tlll)lT_t,anC_,mmttnities, lhr, UfqSI'Lanti Japan) are

('xarnining varialitm,_ _t a difft,rent t'h'ctrt_static act t,lt, rat_,r tt,tlal_l_g,,, thai t_s_,s ('h,ctn_htatit'

wt.a k ttwu'.,ing f(_r "*]l;|('('-t'ht|l'_L_(" ('( Hl[r( _1and nla_.;netit: fi('ltl,, h _rset_ mdarv-parlicle c( mind.

lh.t aube. t_f th_. ri_,k alld lhr, tight dvadlim,, tlau ITER R&I)plan _alls l_r t_mrurrt,nt th'vehq_nent
t_f b_ d ]1 d ]-_p)'t ,;It:ht'_,.



Nuutral-l_ean t Inj_7,ctlon h_r ITER

b

XBL908.5557 .

Figure 2-1, The proposed
International Thermortuclear

Experimental Reactor is an
ambitious scientific and

technological step toward a
demonstration power reactor,

LBL's role within the U,S, effort , iinvolves the design and
development of neutral-beam
systems to heat the plasma and

artists' renderings show
/

approximately how ITER's "core" • ./
(right) comp,_res in size to that of , '_ '
the Tokamak Fusion Test Reactor

now running at the Princeton
Plasma Physics Laboratory,
(al_twt') (After PPIJ[, and LLNl.,

artwork,)

XBL908.5560

Snubber

Neulron _ Source ....
SF_-7 shielding--1 I_-.... /-. Power&water /- Neulra,zer

--7--.... /

l Cryopumps (til

560m. (,1opot,[llfflg. 2Hego.otalmg) ,

Cryopumps (4)

(2 Operating 2 llogonoralmg) ,,

Ion Dump

L .... ,-O, opar,o,,/ ".....
Arc& filament / _ Accelerator Iondumps ..1powersupplies-.J &deflector -- ' '

, t lOulralt,,ot_ (2)

''; r ( C_ _l _ COli)XBL905.1822A x.t 90',._:2A :/
>/

Figure 2-2. The ITEI{ conceptual design calls for three .,,,,tacksof '//4/["/ .....//

three 1,3-MEV neutral-beam injector modules providing a total of

75 MW, Each injector can provide 10 MW, so ITI-R can continue to
operate If one of them is down for repair or modification, The

performance specifications are ambitious, especially in terms of
pulse length--two weeks, as opposed to a few tens of seconds for

today's NBI systems, (Overall layout diagram courtesy of I.BI. and
Grum m a n.) X[Jt!)ot_.r,55tl
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IVlA(.',NI:_TI('I:UHII:)N liNIi_l,ti.',Y

After _everalyears, t-lev,,lupmenl t_l the exF_erlmeuhll(.'(."VVacceleraltw
hasturn,.,dIncreaslnl.,lylow_irdthel'l'l,',l,tInltlal:Ive,AfterIm,-accelerail_nt_l
the beam tu 25()kV, a shlwi malchtn_,_iage I't_t'tl_es tl!e bean_and acct,lerales
lt l_ 3(111kV; then ea¢l',acceleratlun.,4ageIncreaseslhc beam el_ergyby as
nltlt'h as 25() kt,V, The at-'celeratl_mstagesurn.,elet'tr{_.,.HattcquadruFx_le_tiw
t;{)CllslIIA, The prupused I.,BI_i_ru()t'-uf-prtnctple h.,stfiw the I'I'ERacct,leraltw
design t._sl',uwn In I::tgtlre2-3,The hardware will heMilli nt an exlsttng slit,,
,,{ultablymodified, within the Ik,vatmn accelerat_u'cumplex, l'hls ,isalready a
c{mtr_dled-accessradhltlim area,and featuressuch as enclosed fluor space,a
large uverhead crane, adequateutilities, and concrete shielding bh_ck_are
avallabh.,,

The goal _f the tesi.is tu accelerate1,4A uf tt- to 1,3MeV fur I.wuset'..
ends, "f'histestwill represent a single channel of the accelerah>rp_,'ttun uf the
actual mull:icl'lannelaccelerator rnodule fur ITEI,_neutral-beam tnlectlun,
Each{_1:the '1t-_-channt,l ITEI,tbenin modules wtll also anu Im!ltlde a berlin
neutralizer and ion-beam durnl_s,The system must pmvtde a 1,3-MEVD(I
beam that would havea current of 7,7A If charged,

An lmF_urtarltobjective of this erfurt is the transfer ul: technology t{_U,S,
industry, Acct_rdlng tu the ITER R&D Plan, the twu accelerator designs--
ours and tl_at _1_the other I'I'ER partners--will undergo l:m_tGol_-prlnctple
tests, The design that is selected will he incorporated tn a Scalabh., Model
Beamline l.)ermmslratlon, whlcl_ will deliver tw_-week-long I)_ pulsesat the
full ene.rgyand about oi'_e-t:ourtl_the power of an ITEI#,neutral-beam t'n_d-
ule, Otlr prool=of-prlnclplu test tsexpected to Include industrial Involvement
s_ thai t:_otenth_lbMders in the private sector can ramp up tuward the
Scalable Model l]uarnline test and the acttlal l'l'EI;tsystems,

', \,

I/ ,"_

# 13-MV power _upply
#

i '''I ',I:I "'
, I!Ii'_i' " ,i_nermor))

I:,SF_ storagor_ !
,l,i. ,!I sol I;Igtlre 2-3, Thf. gual .f lhe IJII.

' _ Acceleratorwator _ymem t_rmff-.f-twlm'ltflv le,_l1_h_
• • aeeelerate 1,4 A (ft' I1-" Iu 1,3 MeV

' ' ' ii " '
...... " ' " ftu' tW(_ sect)ntl_ In thl_ pr()lm_t,d

"_ ! " /](( _ facility, which could ht, built In

[

' the Ilew_lac cmuplex, This te,_t

•1, C_/c 1 " l, olive beam durnp aelual mulll-ehannel aeeeler.llormudule fl_r I'I'Ei{ nt,utral-bt,,_m

Eloclrondumr)-' tnjecthm. Each IT!!R neutral-

i ,, _1,, i) t ! beam mmlule will ,sls(_ Include a
]. bvam neutralIzer, II II1L1£1t_mvtde

0 1 2 3 ,1 5 Beam dun_) water svqtorn a l,3-MeV 1)L)bt,,lm 15,1t w_)uhl
haw, a etlrrelll (ft 7,7 A If chary, cd,

XEIL tj li.ii'II19
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Nutllr, ll-I]u,tn_ lllju_'lh_ll I_,r I'I'I",R

X til; BBO. 1()flOg

,|tct, lt, r,lh,r wllh I£S() I'ocu._lilg, ' i i : , :_, ,It

ii 'i,,is_,_lt, d.Ul, Vt,r_,lm_fulw,,vt, , , I "_'I'i". I '_'rI!.... '.i , '_i,'i

have bt, t,n w_u'l<lllq with ._tllt't, ........................ ..........

Ig_,t'17(plmlo) wilh tlU,_drUl_lt' !:' - : ;._ ;!: ;_ :i, :,. ;: :;. ;.;, _:, :,, i." ' ....

larger In It.tag, lh atm tli,_lnelt'r.

•"BI _1 i,//_
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M A{:;N !!'I'IC I;'USI{}N lgN12,:I_{.-',Y

An c,lc,ctlt'}static. Imv.enevg_, [yam tranHpt_t't sv_tc,nl, {}r I,l!lrl: ......a spirit}rf. I'Pt}m l!',luctl't}sl.a tic I.........I,'1]'1' I'{}l'

{}ur CCVV ac'celeralm' Pes|.'ard>-,_l:,l,.'arsLt}bl, well sultvcl fur ust, In tlw l [tgh-l:gnergy
lnB.,ctor system, of acceh.,Patt,'s ft,' hlgl'_-eut,rgy i'}hyMc.,4,sut'h as the SH{.'{}r Accelt, vaLt}Ps
the pml:U_sed Large I ladv{m {?t|lllcler al the l(un}lX, an Center I't_PNtl¢lt,ar
I,k,search, The InJe¢t{,'s f{_Pthe._em,_chlnes are t|peratecl with slu,'t pulses al
Imv clutv cycles, Under these c{mcll-
titres, stable gas r_eutl'allzatltm of the
It}w-energy beam, as needed In nat}st

rnagrwtlc I,EItTs, Is hat'd lt} aclaleve, Neutral Beams a,d Current Drive

Our I.,I:,IWtnct,'pt,'ates l:iSQ t'twttslng In addition lo their primary role of l_eattng the plasma, Injected
In the bearn-lrar_sl, t_t't stage, along with neutral beams help confine and control tC,In a tokamak, the plasma
ata c,leetrt}statl¢ l'lng It,ns tc} rnat ch the ,is confined by the combination of two principal magnetic fields: a
br,am tntr} an rl'-quadrtIF_t}le acct,leratt,' toroidal field In the plane of the tort:ts and a poloidal field wrapped
(RI:Q), Compttter rnt}dellng and test- around lt, as shown belti:w,

stand naeasttremt,nts (with a slmulatecl A plasma ts very hbt, t,e,, the particles move at high speeds, In
RF:Q) sbr}wed that the system Is noise- the absence of a magnetic field, they move randomly; the toroidal
fl'ee ,llacl stabh, and tllat lt c,ltlSeS field guides them clrcumferenttally through the torus, spiraling

negligible erntttance grmvth In I1 and along the lines of for_e, This field Is generated by external coils,
I-le' beanas, In cases where t:,unaplng ts ,Under the influence of the toroidal field alone, the plasma would
uf nu ctmcc, rn and the distance be- move toward the outer wall, so a poloidal field is added, The'

polotdal field is tho result of a very large electrical current--about 20
tween the tc}last}urce and the fll'st MA tn ITER--coursing through thehlghly conductive plasma,
accelerating stPuctttrt, rnust be kc,t:,t as This current in the plasma ts Initiated Inductively by the

sht}rt ,as I.X}sstble, the system ct}uld bL, poloidal-field coils; they may be tlmught of as the primary of a
red uced tc}t}lle t}l' [Wt} simple electrt}- transformer tn which the plasma Is the secondary, Dui'lng the initial
static ring lenses, physics phase of operation; when ITER will be used for "shots" less

Since the denatmst|'atlt}n t}f the than 200 seconds long, the plasma current can 'be driven by the coils
electr{|static I.,I':BT,we have pursuecl alone, However, the subsequent technology-phase experiments wtll
various lines of tnclutry tc}make the involve sustained burns of up to two weeks; this ts far beyond the
dt,stgn t}f such devices easlc, r, Wt, llavt, ability of a transformer system to store and deliver power, so

derived simple armlvttc t't}rrntllas tc} supplemental nel,Inductive drive will be required, In these longer
replace the ct}replicated Cou ralat- experiments, the bulk of the current will be driven by the neutral
Snvder matrix svstc, rn tn clett_,rnalnlr_g beams, which primarily affect the center of the plasma,

• Additionally, up to 50 MW of rf power wtll drive the current around
varit}u:-_aspects t}f bt_,am behavior, Wt., the edge of the plasma,
hart, alst} dc,rived lrnprt}ved envuh}pe
equatltms and lnct}rpt}rated thern Into "
a new mt}cleltng c{}dc,,a beam c,nveh}F_e

ct}de called I{_itjAt'l'l'hts ct}de prr}rides _a,fo_,," ," elnt_lr_llngIOftlS

the t}ptit}n t}l: using actual field rasps ...... ,m,, ' - , ,,,,ur,,,Io,oltJal....;f;i;a'i'_t_,ni;' ..... _ _ ,._On,,,oflol,J

Interact with a thrc,t,-dtrnensl{}nal

il S A R( ;t YS,,

.*=--.. !,/
-, , ' Noolfalbeam_

' ', Toroidal outrenl help ddvt_ lhc
sol_ up a poloidal Iomldal cu_re;ll
ml:tgnollo Ilekl
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1011 _01.11'C(,2_ lt is ..1 y,,I Heur .,hieh _J/'s_,uer.I .et_'.lit,e.iun ,_.urc,e leehll<dc_h4e,'_will he
be,_l suilml l_Jlhc hihrh._,llrrelll, h.lA_.plll,_e/leeds _['[iltl/re .elltrctl.bectm
I'll,j_'Ull'Oll,r,vt4/elllS,(gild o['ul/l' e.rliesl el'lbl'IS, ct "Sll/'/ileC'.Uolluersiul_"SOl//'ue
i. t_,hiuh hydp_Jge, iu.s lut,re prmhlt,ed _m the Slll'/'flt!d 0['(I t,esium.umttml
mulyt.h,ll..i eh,Hr_.h, i. . hydr_JA,e. pl.,+m., ctehiel_ml lh,e /i'l'St ,'+h,ctdy.
sttlle yield O]'/llO/'l' Ihutt tilt (l/lll_#l'l'_J['lt-, llutl,et,Vl', die pcl/'ticll dd,'.¢/',l/lll
umtttltg--/equirml iii order It_t_pli,'.ize the lull yiehl--.hrtd th.e tlltdesil'.hle
,,+idee/Ti'ut _,/'doll ICl/ltillcttiltA_die cte_,eh,rctt_.'dml,lt sI/'ect//I,

Wo/'/¢ uu/lli/lue,_ oil ,'¢II/'[CIUe.UO//I_O/,'+IO/I,_OIll'dU,q, U,s'i/lt4 UdHilllll ct/I._l Io,,.¢,'4.

tJul+¢ttih,emtliltt4 .t¢lh,rictl,_ ,,.tuuhcls tmrium .tld ttlctt4/le,'.¢it/m,A ,,+¢ut.l.tl
dO/lll)tJ/Idll/ oi'oil/'/oll.,'¢Oll/'t'd ]+J/'OAr/'<llll/bc'l/Sd,_ Oil "O01lll/l_,.pl'OC/tldtiOlt"

,'.lOl/l'ddS I/Iclt /,_/'oNllue i_,l,'+ I/II'UUt.4/IOIII ct OO///llld o/'14¢1.,_/'CII/let' t/ICl/I Oil t/le

8II/'/'¢IUU O/'HII eh,elrmh,, 'l'he .I.ill g_ml is t_ illerect,'wt/It' ,_te.dy-,.¢lclle.
dill'/'diii UCtpcll.lity _['the,'.¢e ,_olll'd¢,_, hl the /lld._l/ltilllP, lOd herod I'd,S'll/lled

depehumlettl _['¢;tI+.'umisillgt I'/'-drit_ell ,.+tlr/'aue.uulll_er,,+i_mseh.em.e;it uullhl
eOelttllctlly ,_tlpplctttl t._lll l/le I,_dtlme.I.'mhtuliull ctlld l/le sttr['ctue-uu/tt_er-
,'.tiu/isoil/'ees lbl' i_ery,h.mg.p li IS¢ ol++_¢l'clIi_nl,

Volurne and SLII'[:_ICO" In v(dunae-prt_ductl_m suurcc,s, y,as-phase rt:acttuns, as t_t.+pt_sc,d t_ t_lectrun
C(._llvers((.)n,._t)LII'CUS capture ¢ma mulai stlrl'ac'u, play a rnajtw rifle tn I:twrnln_ I I l_ms,! Itwvt,ver,

the,rc, Is c,vtdc,ncc,that _tlrfac_.,prucesses at the dlschargc,-chambc, r walls art,
aim, significant (sitl('l,.r). In IO_-}()wt, dc,munstratvcl that II t't,rnmtttm tn (mr
ronail mt_lth.'usl_mmrcc, t't_tllclbe m_bstantlally enhanced by n_-'_.,dln;4tl_e
phlsmi_ with barltlrn _1'by phwln;4 a barium waslwr at the, c,xtractlun ape,r-

100 , ' _ _..... I + _ '

m 17,1kW (withcesium)
• 12,3kW (wlthooslum)

80 x 12,8kW (purehydrogen)

E ...a..

---'4" 60

i.

E 40 " +_ '+ * _--_
mO)

0 , i , i ,,_ I ,
Figure 2-5, ()he (_1'uur vt]lumu.l+r()duclltm .smlrce.% 0 10 20 30 40
upvratvd ',villi cesltlnl, has achieved a current uf 75

mA, at ,, currenl density uf ,IS,?rnA/cnt2,,lt the Source Pressure (mTorr)
extr,_cthm ,lift:rtr=reIlla 270-ms pulse, (The plot dues
n(fl shtp,v the ?5-mA d,_lum,) xl_t.+_(m.;-":_:_,lA
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tun,, _ The waslu,t' aral phlsnm
ell,ctn _tle wt,re l,lvct I'Icall v isr)la ted Production of Negative lans i

fnun the st_ul'ct, chambt,v s_ thai wt, Voltnrm production and 8tlrface conversion are two fundamentally
ct_tlld bias liwill di Vdl'Jt_tlsvigil,Igt,s, different ways of producing negative lens, Both types begin with a gas
'l'}lt' ft'stills cit'di'iV illtlit'dlt' till of the desired species (hydrogen or deuterltlnl 111our work) that Is
etlllant,'ellWll[ t_l tl'w II sl/4na]; tilt' partially Ionized by any of several means, but thereaftm' the two
,,li]ld.lit',,lilt, ni ].+l't)t't,sst_i]TH't_dtlt'tlt_ll tnethods diverge at tile level of basic chemical physics.
t}['l [ t_l_tilt, stlt'l'dt'l, t_['tilL' bavlttm In surface conversion, a negatively charged element (either a coated
washt,r, converter/cathode era separate, coated converter element) draws

/\s shtv¢,'l_ tn [:Igtlr,, 2-5 ,ht, tri't_tlr post,Iv,fly charged Iotas from the plasma. Some of th6m are back-
vt_ltltlw-pn,tltwt ltm sou rt't,s, tqxu'a led scat,err+d, a process tn whtch they sorest.lines become transformed Into
with ct,sl,lab achlt, vt,d ii t/tll'l't,nl t_t'75 negative Ions by capturing two electron++from the metal surface.
n_A (cure,ni density of ,18.7mA/cre :_) Meanwhile, the surface Ims been adsorbing the species that makes

up the plasma, Of the tncomtng positive Ions that are captured ratherat the t,xtractttm ,ipt, rttlrt' In a 270-ms than back'acattered, some sputter the adsorbed atoms out of the
pills,!. 'l'hts was a ct_llsktt, rablt, surface; the atoms that are sputtered out can emerge as negative ions.
,M_lt,vt,mt, nt [irt' hmg-ptllst, tq_t,ratitm Tile sheath of positive tons that surrounds tile converter..--a sheath
t_l'hlrgt'-,Ipt'rtttrt' st)til','ts,s. I:tltuve a few tenths of a millimeter thick tn nn Intense discharge--accelerates
lnvt,stigatitms will ltwlucle reducing the negative tons. Thosethat leave the source by this means are said to

w,lrmtlp time, vt,dttctng ct,sltlnl have been "self-extracted,"
In volume-production sources, gas-phase reactions are domtnantctmsUlnptitm itri' stlbsttttttttm t_l a

m_,'t, bi,nigh vt't etluallv t,fft,ctivt, (though surface conversion can take piace at the chamber walls) and
• vlbratkmal excitation of dlatomtc hydroged _ttoms ts thought to play a

m,ltt,rial), and incrt,asing the crnl'rr,ni key role, Our model involves a tWo-step reaction: .th,nsitv in a w,lv that is rt'lativt,lv

tJt_iftu'm ,wt't_ss tilL't,xtr,wlion apt,rtUl'e. (1) HZiv" = 0) + e- (_.25 eV) _ .H2 iv" _ 6) + e-
In etrr ring(flag wt,rk wills (2) H2 iv" _:6) + e- (,+"1eV) --+H° iv" >-6) + H-

Stll'l+ilt't'+t't_llVt'l'Sit_llSt)til'Ct'S, Wt' ]ldVt'
Reaction (2) can also work tn reverse, which Is thought to be an

tt_und that the prt_dut'titm t_l itms at important mechanism for H- loss In the discharge,
,i b,|ritltll ct_nvt, vtt.r di,pi, hds ht,avilv
,lpr,la ,}at.,gt,t)tllt, tr.v t)t tilL' plasma
_4t'nt,r,lt(_r. Wt, ,irt, nt_w testing a new

st+urct_,,last has an anrlt_lal +plasm,i gt, nt,ralt+r with tlw intent tsf t+ptimizing
the t_ntlt_rmitv and qttalitv t)f lilt' plasma delivt, red tt_ the ct_ll\'t,t'tt!r. This
st)til'Ct, is tlt,siglat,d t(+pl'tKltlt't ' 2()()111/\t_f l) in tilt, stt,adv state.

I lilG]_-frt,qttt't_cyrf (drt+tllltt 1.7/'vii Iz in t+tlr prr,st.at wt,'k) ()ltt, rsa tlifl:t,rt,nt and I,_F-l)rivell !i St)Lit'Ct'
pt+tt,ntially lilt)rr, n_bust al+pn_ach tt+gt,lwrating thr, plasma in bt_th vt_lt_lnt'+
]+n_ductit_ll and Stll'lilt't,-t't)llVt,l'si(Hast+tlrt.'t,s,(,)til' l't+tll'ivt,n si+til','t, is bast,d t_l_tilt,
same "bt_ckt't" with a multicusp magnt, tic field as tilt, tlwrmit|nic-cath(|dt, it_tl
st_urct.. [ [+,_wt.vt.,t',it has a ptwcelail>t't_ated dlltt, tllld instt,ad tsl'a filamt, nt iu"
c,ltht_tlt,. "l'ht, ,irltt,|ana is irnmt.rst,d in tilt' plasm,_ ins,str,sd t_l external t(_ the
dischat'ge chambt.r as in straw designs, q ht' antenna's h,G-tt,rm st_rvivabilitv ila
thf ph_sm,_has bt,t,n dt, m(mstvatecl; ,ht, ptwct,laita-c(_att'd illltt, nlld t'iln iTlaintain a
Cit'di1 pldSllld ill t'(_l_til_tlt_tlstqx, ralitm tt.' ,_wt,t,k t_t't_at)rt,,This is an atlracti\,t,
ft'atUrt' in high-pi _wt,r, sit'stir-state, applicatit,tas, l'ht. rf t,,let'b,y,st,ts rtp an
t_scillatinl+, I11¢lgllt, tit fit'ld, which, in till'Ii, pl't+tltlt't'S iln electric fit'ld.

Sil'_t't' ts,II' \vt+rk with it I.+t,g,lllill Ic)St+j,\vu hi/\'u lllddt' ttmtintling im-

priori'mt'ats in tsr+lrrf-drivt, n II--st+til','e. A tlnit lass bt.t.n cit,rsi,sped, t_nttt,r
tt)lttl'dt't lt) /\t't'SVS 'l't'ch|ttflt_git,_+, I'(H'calibr,tlit_n t_l dt,tt,ctt)|'s iii tilt' Stll;+t'rt't>n-
tltlt'tita_,. Stlpt,r ('t_llidt, r. All()tllt.l' is Ix,ing de\,t,lt_pt.c[ I(_r tlst, ill the SS(."s

' l llt'st',II'('tx'-.'t)Itllld,lll|t'llt,llJvdillt'rt'Itl ,ll,l,lt_dtIIi.'-,.I lit' +"-,t't't["lwlh't'-,t_l'l+,_I'ill_l_art. l,lact',l ii+
ll_t' l,t,tttm+ t,l thf' _,t Hll','t'; tlwv ,It,', t_llStllIlt.l ill flu, tll'-,t']hlrt+',,',llltl tlw l+arit_m l_t't'_Hllt's,I
,_lll}+t_Ilt'llt t_ltl_t' l,l,_,,In,_ list' w,l,-,la,r, _,tx the tflht,r l;,_ml,,. l_,,_,,_ t,t)llx't,l,-,it Hl _,tll'l,|tt',

++-(
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I_)ll_,)IIl't_'_

I:i_ure2-h,Wt,rectmt!v,,uccL,ed(,dit1u_i,lg,i nitr(_vn-l,l._(,r
l_h(m)c,dhudt'sy.,.,temh)_Uzrtth_:rf-drlw.mH-_(_urc_,,'l'hI_
_cht,mt,,,*,'IIIt,miI',It,u,,_m t,IImlmlt_,II'u.,lullg_I(.,nfIIamlml,',vI'=h.'h
I'la_,IIImltt,dlift,lira0,Imlc(mlrlbuh.,_Imi_uflIIesh)thf,i1h1_m,1,

CI.][J f) 1II.(i!);.!;'

I'lwvI-drivunILl....s_uro.'l_ut:d_d_Ul;,pIy_It'It't:tr_H_t_u]_.,..;t_rt,rt'Ii,_blt,

pI,_Fn,'_bru,:Ikd(_w_v,'lwntlwrfi_,_I_pIit'tl,'I'n_dili(_n,_IIv,thf,t,lt,ttv_m,-,I_dvt,

bt,t,nl_V'_vitlt,dby ,__nu111lil,_l_t.,_l,i'Vt,v't,t't,ntlv_ticct.,t,dt,tli]_t_._ing,il_I_t_-

c_-Itht_dt:._vstt.'tnto triY,gt_l' thf rt-dvivt,_ s_uvt:u, I]1this _t,t-ttl_, .'-,l_t)w=_in

st_rt,wt, thv(_tlY,l'__ s_,_ll _,,,i_:l_,' in thf b,_ck lh_]_Y,t,(_1:the i_n s_tlrct', wht'n

This i_)l_(d(_.:,_tl_t)dt,.,.-;cb(_'n_t,will _.'Fulblt,u_ t() _.'li=t_ini_tt'thf tut_g._tt,n tih_lw]_t,

/Ksp,.Irt_I,_str=dr_Itl_e.,II l_,n_ducti(_nnwtl't,_nisr__i='__'Il._h_svn,._.,.-,,v,,'¢.,

m,,,,.isL=rudthft:lut'tr_.mt,n,_.,rgydistribuIi_m.I,,ingmt=iv-I:,rCd_t,n,_FnpIin_st,=kt,I_

,_ldiIIt,rt,l_ti_h,_su,s_fthfrft'vclL,indit',_t_,II'u_ttl_t'__,It,t'tr_l_dt.,nsilv_.I_.,s=_I

v,_rv.,-.,i,_=_iIi,.',_ntlvtlt.=ri]_y_II_e_.\,tI_.,,

(_'Vk']()[l'()ll_v'l,:'I5,_ Ill_'_ll,_b_]',_ti_nwithI.I_I."..;l'hv.'-,i_'nI)ivI.'-,I_H,wt'v__'ct.'ntlvl:_t,_d=_d('vt'l_,p-

t_'..'d f(_r t_ltv,_,t'n_itivt.' ,itt__,l(,r,ll¢_rm,_.i_ ,-,]_t,ttr(_ll_t,llV, rt.,l_h_tit_g lhr, bulky,
ttllllbt,l!_ _mt,. ,_lltl llltlth ill()lt, t,\I:_t'n,-,i_,'t_,Vdll fit' (il'ddlf !.',t'n('r,lt()l'_ t_t_,_ll,,,

,-,i×t, -ii will ht, i:_t)rt,_blt,,tla_u:,_,l_l_t il_ thf _,t,ll:_t_(_1I_t'ill_.', c,iFri('d I_VI_,llltl
tl_t' ._\'_tt'n_ will Ii,l,,'t' th_, i._dt,nti,_l l_v y,rt',lt I_nlctic,_l I_t'_t'lit. I:_>rt".,d_l_lt,,

r]l,_tt,ri,ll'-,. N'lt_Ft't_v('r,tl_t' iF_.'-,tF_el_tt'llI'_I_rt'tlit tt'tt _,t'J_r-,ilivitvwill ,lll(_w

,<,_li_l__1 ,I i_n '-,_)tll'tt' tla,_t tl_,t.__.;d'-,t._tl_,('()()1' ('(), F,Itllt.F I1_,1_'_l,t_llt'ri_v _1



IVlAGNETIC FUSION ENEI_G.Y.

The pelili,'mallce, dumlfility, clputec_,Jamlic attracliveJless oI:today's hi k,h-techlt_lo_y Material s
t_mductsarc oflelt t_rt'dicah'd Iq_,l st_e:'ializnt mah'rials mtd ttp_mefli'ctive, a/ford- Modification
abh' tt'chuiqlles for Inaltll.liT,tllrin,1 them. A bmllch qf the MI'E GrolltJ, ii1 closc
ilttt'ntiscit_liJu_rl.iccdlabonltioll with c_lh,agllesfrom LI_,Laud elsewhere, iuvesti,k,ales and Synthesis
plasma mid i_m-beamtcclllliqtles Ibr ,adit)/iJl,y and sy:ttht'sizilL_,,luaterials. _I71e
program has threr ptir/s: ,h:velotmteut of the Metal Vapor Vacullm Arc (Mevva) toll
soui'ce,rest'arch ol_techlliqlles .for depositill,_ metallic thill films mid mllltilayers
iisiJlg metal-plasma glllJS,mid ath'!upts to dq,osit ilalustrially Izse.f_lldia,amd
coa/it_,4s_,_s_d:a:'es.

In 1990 and 1991 we continued development of the fifth version of the Metal Mevva Development
Vapor Vacuum Arc ion source (Mevva V, shown in Figure 2-7), characteriz- and "Mini-Programs"

". ing its output and integrating it fully into our activities. The Mevva program
comprises three parallel components: ion-source development, ion-beam
characterization, and ion-implantation research. Mew, a V, built in 1989, is
designed specifically for implanting ions in the surfaces of metals. The
features of this pulsed source include high current (more than 1 A at peak),
broad extracted beam ar _"(10 cm diameter), and, with the IS-cathode

"Gatling gun," easy switching from one ion species to another.
The major challenge ahead is development of a direct-current (continu-

ous-beam) Mevva ion source, This requires not only a dc version of the
plasma arc itself, but also an extraction area of unusually large cross section
to accommodate the high-power beam. Thus fnr, we have demonstrated dc
production of a metal plasma with ion currents as high as 6 A at the extractor
location. A 6()0-mA, 20-keV dc beam of Ti has been produced using an 18-
cre-diameter extractor, and a 10-A, 100-keV pulsed beam of Ti has been
formed with a 50-cre-diameter extractor (Figure 2-8). Our goal is to integrate
fl_ese technologies, producing a dc beam with the very large extractor.

The Mevva V test stand has evolved into what may be considered a
complete "Mevva ion implantation facility." Ions of 4.9different elements
have been used, and the effectiveness _f the Mevva technology for high-dose
metal-ion implantati_m has been successfully and thoroughly demonstrated.

Figure 2-7. The Mevva V ion

source was designed specifically
for ion implantation, lt
incorporates a broad-beam
extractor (ltl cm in diameter_ and ,'

multiple cathode assembly (18

separate cathodes). The "Gatllng
gun" cathode array, like the
Mevva concept itself, is a fairly
direct spinoff from injector

research and development for the

...... !:' SuperHILAC heavy-ion linear
CBB 892.112,1 accelerator.
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Figure 2-8. This set of 50-cre-diameter beam-

formation electrodes was used to produce a

10-A, 100-keV beam of Ti ions,

CBB 913-1344

We have carried out a wide range of ion-implantation "mini-programs" to
demonstrate its applications. Recent additions to our program of collabora-
tive investigations include tribology (the study of frictional characteristics),
anomalously deep penetration into a metallic surface, corrosion resistance,
and hydrogen embrittlement.

Metallic Thin Films A new part of our research program, recently funded by the DOE Office of

and Multilayers Basic Energy Sciences, will further the applications of our pulsed-metal-
plasma-gun technique for fabricating metallic superlattices, multilayers, and
thin films--items interesting both for fundamental science and for applica-
tions. Muttilayers will be synthesized that are relevant to x-ray optics and to
magnetic and magneto-optical recording media. Fabrication of thin films of
high-temperature superconductors will also be investigated. Our pr(Gram, in
collaboration with materials scientists at LBL and elsewhere, will apply the
technique in these three fields. This fabrication technique is l_ev¢and has not
yet been explored except in our preliminary testing.

Diamond Synthesis Along with LBL's Materials Sciences Division, we have established a pro- i,'
gram to investigate the synthesis of polycrystalline diamond thin films on
substrates that are of technological value. The metallic substrate is immersed
in a microwave-produced hydrogen/methane plasma, and diamond films
grow from the plasma state by chemical vapor deposition. The goal i,; to
develop industrially applicable techniques for depositing diamond thin films
onto large, three-dimensional substrates. We are now able to grow uniform
films of high purity and good crystallinitv on substrates of silicon and ,,ilicon

nitride I inch in diameter. The next step is to investigate po_;ible techniques
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for bonding tile film to tile substrate more strongly--an important require-
ment for moving such diamond films out of tile labtu'atory and intu applica-
tions,

7'lie M/.'I:' (;rmq_ etlLH/. m_ii.lahi,s' a plasm.-lheorv/.'.m'h o/_er_lhi,t¢i_i lhc/..'der- Plasma Theory
/mid _'/ier('/dly,s'i(',s'hh'ml,s' him .ir_lhe.i_fi,'s, Theh" pure am/Upldied smdi(',s'help alld Nonlinear
oi/icl" I'(',Y('Hr('ll('r,Y IltiJ('l',Vl(llld Iii('/)h('li(Hll(,li(I o/_,V('l'P(.d i¢i liol I_/UA'IliH,Y(111(IIii('

/_r_,v,s'i/,ililic.s' /i_r,/hlure (levelolmieHl, 7'/i(' id_l,v/u_.l lheori,vl,Y llcl_,t' ,vo.A,/H /ie_v w_/v,Y _t/' Dynamics
('o.i/_r('hemlin,_,,t_yrore.Ymtc.i/alJ,_'mT_limt;Hieir ,Lieu/i,vlo mu/ep:vtmldl/u' /diysi('s r!/'
Hiep/lcre.ro'mm mu/lhercl_v des('ril_eii i. ,vi.ipler .ialhemclli('a/ lerms, /heir .'m'k
has vie/d('d mJl mi/v ,vi.ildi/i'ed maH_emali('a/alq.'om'lies, /ml _i/so i.si,_,/ils i.lo Hie
t,,('o.i('l/3' r!/' _l'_lP(' pro/_Gg,_ilioH iii cl Id_l.s'Hl_l,

The imnlediate purpose of this work is to understand heating and transport Wave Dynarnics and

in plasmas--in particular, gyn.'esonant absorption of energy, Ion cyclotron Gyroresonant Energy

range lH:t:requellcy (ICRF) heating, one ()f the iihp(arrant heating schemes fur Absorptiontokamaks, involves irradiation of tile plasma by a coherent rnagnetosonic
wave, This radiation is partially absorbed at a resonance layer, where the
wave frecluency (t_matches either twice tile local gyr(ffrequency of a domi-
nant ion species or the fundamental gyrofrequency ot:a minority species, In
studyin_g g),r()resunant abstu_pti(ul, it is important to understand mode
c(ulversion (how and where the waves couple into one another)inside a
tt_knmak. Wt., have (_btained tile first completely explicit, analytic formula fur
the c()n\,ersi_)n coeft:icient of a magnetosonic wave into an it)n Bernstein
wave, and als() for collisionless abs()rption associated with the passage of a
Illdgnet()st)n icwa ve across a minori ty-i()n gyrt)resona nee layer, 'l'hese rest.I]ts,

based t._ a slab model, agree well with nclmerical appn)xin_ations that came
t:nul) sulving the wave equations on a c(maputer, The next step in this re-
search is tta treat realistic tokamak ge()metries,

Working with realistic tokamak geometries, we have ct)me up with tile
first analytic s(Huti()n t() the reflection pn)blem, In this work, we studied the
interaction and propagntitu_ of ballistic: waves as tile nlechanisnl by which
mngnett)s(mic waves are reflected by the gyr(wesonant layer,

l'he systematic treatment _t:guiding-center and oscillati(m-center plasma
dynamics by Lie transt:()rm methods has been extended t:r()nl the ! lamil-
ttulian Vlast)v equation to irreversible kinetic equations describing collisions

()r t)ther statistical effects, And the linearized Vlasov-Maxwell system,
heretut:()re treated as non-self-adjoint, has been sh()wn t()have a I lermitinn
structure in a I-lilbert space with indefil_ite metric,

A new fornaulati()n of wave prupagatitm ft)r mt_lticomponent fields has
led tta significant c()rrecti(uls tta the 13(dar-Stm_rnert:eld quantizatitua c()nditit)n
fur eigennx)des, l'his wtu'k has applications wherc, ver the lkd_r-S()nlmerfeld

t.lunntizati(.1 ((mcli(it.) applies, including _()t tully cunfinect plnsmas but also)
mldecular and nuclear structure. In this work, the us(' _)f(.;utzwiller trnce

t:()rnlLllas i1"1quantulln cba(as is interpreted in terms ()1:the ge()metry tit:I_,a-
grnnginn mnl_ifulcts, leading ttadeeper Lll_clerstandil)g clnd sin_pler deriva-
tit}ns, 13ecause ro(ast real systems have st,nw symmetry (leading tta ctmserva-
titan laws), the Gutzwiller trace f()rmuln has alst)been generalized t(_deal
with s),nlnletrv
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configurations," AppI, l'hvs, Lett, 57, _
(1900); also published as l.,awrence Burkeley A,T, Yuung, G,C, Shltzln, K,N, l,eung, and '

Laboratory report LBL-28835 (1990), W,B, Kunkel, "11 I:ormallon in volume-
pr(_dtlcllon hm sources," NPB Technical

C.F,A, win O8, K,N, l_eung, and W,B, Syrapostum and Scientific Interchange
Kunkel, "Phlsma-generator-hKluced effects (Btmlder, CO, l 9{Ii),

(lil the dyllamics of a negatlve-loi_ surface
COlWerSloll source," J, AppI, I:'hys, 69, 6 A,T. Yotlng, 1>.Chen, W,B, Ktlllkel, K,N,
(ICtgl), I.,eung, C.',Y. I.,i (I,BI,) and J,M. Watson (SSC

I.aboralor),), "Qtianlum ytelcl ineasuremenls

C,F.A, van O8, A,t;', Lietzke, K,N. [.,t,tlllg, of phtltocathtldes illuminated by pulsed
and llk4,[]. KtlllkL'[, "lOevehlpmenl {if a ]argt! tllh'aviolel laser radtaliun," ItJtJl 111111.,',[>arltcle
al'L,a,lolv pl'OSStll'L!8tll'lacg COllVOl'Si{lll 8{}til'Ct' Act'{?lt,rallll' C(}ll[t, rtqlct, (Sail [;'l'allCiSCtl,(lA,
almecl ai procluciilg 200 mA of Ii tll steady 1991); I_awrt, llCe Berkeley l,abnrahlry rfp{iri
slate," 1t)91 11'I"E Particle Accelerator 1.1t1,-2997(_a(ItJtJl).
Conference (San Francisco, CA, I rig[ );

Lawrence Berkeley l.aboratory repur[ I,I_1_- A,T, Ymlng, P. Chert, W,B, Kunkel, K,N,

29075a (10gl). l_mmg, C,Y, IJ, and G.C, SLulzin, "l,aser

diagnostics of I/ formation in a magnulic

C,F,A, vail Os, J,W, Slt!arns, A,t:. I.iolzke, mtlitictlsp hill stltll'Ce," lCJgl II_EE I'arlMe

K,N, Letlllg, aP,d _/V,B. Ktlllkt_l, "A dc low- Acci)lt, ralor (.'Ollft, l't,llCt) (Sail [?l'allt'iscib (.lA,

pressure 19 source fur ITEI4 neutral beam 1991); I_awrence IJ,t,rkelev I_aborahu'y rt, piu't
system," 32hd Annual Met, ling {if lhc IJTil,-2t_987a (1991),
American Physical Society, Division til
I'lasma I'hysics (19g0); abstracl also

published in Lawrence IJerkeley l_abiu'alory Beam Physics arid Technology
reporl IJ31,-29221 (199(I),

t).A. Anderson, "Nim-matrix analysis tri A(;

M, Wada, R.V. Pyle, and J.W. Stearns, i,rllbMns with space charge," iii I_rocn'dings

"l)ependence of I-I twllduc'tion tlpUll lhc iii' thf' 2nd liuropt,an I'arlich, Accelerator
work ftlncfioll ota ik/hl stlrface in ii cesiated (Tullft, rt, llt't, (Nice, t?rallct ', lqg0); also

hydrogen discharge," J, Appl, l'hvs, 67, III ptlblished ,is I.awrt,nce Berkeley I,ab(irahlry
(I 9q(I), i'upurl 1.1_I,-29074 (199(i); abslract also

t_ublishud as l,awrt.,lli'e Ik, rkeley [.,abilr/liory

1].1-1.Wang, I..I, /\nlsltir, [;'.W, Mcl_aflt,rty, rt,piirl I,Bl_-28228a (ItJg(}),
alld I,C;, []riiwI1, "Mtqa] vdp{ir v/iCtllllll ilrc as
a ]._l'illlary iilll siitlrc{, fiir socondarv-ioll nl/iss (].A. Alldi.'l'Silll illld 1,. ,q(ir{ika, "A high-
Sl_ech'(llllc,ir.v," fill, ], Miiss S]_t,clronl. [iii1 oilrrt,ll( MV dc t,lucil'{_n acct!lt,i'ahlr," I tltll
Ih'oct,sses l(lli, 51 (I tjt)()). IEI-I! I'artich, Accelt,ra llll' ('llnft,rt,nct, (S/iii
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l;rancl_u_,t'A,luul);ab,_Irm'lal_ publl_hud (_.A,/knLler_n,W,,_L(.'_iGx,i.,W.IL Kunkel,
In I'ltlll, Am, I'hv_, .'4_u, (IC-lUl), K,N, I.t,tlng,/\,F, I,Mzke, (.',I;,A, ,,',lh ()s,

I,, f-i_tmka, ,W, Ne,lrus,,lutl IJ,l', Wt,IN

(._.,,k, ;\n,.h.u'sm_ ,lud I,, ,'4_u'_k<l,"NL, w ,.le_lF,l_ (I,Itl ,),_ud M, k,l,llsLl_k4, Y, (.)ktllllLil',l,
I",muedures ftu' au m.lvarwe_.l i.,h.,dl'_hllic M, ,,\klb,i, M, Ar,lkl, M, I hlu,_l,_, "1, In_u_,,
l.l!lrl'," Nl'l_Tedlnh.'al Syrnl_usillm ,rod II. K,_Jlnm, M, Kllrlv4m,I, Y. tvl,llSlldm
Sul_.,nlll'iu Inh.,ruh,_nF,e (l'l_,uld_.,r, (.'t't, Icl_l), M, k,llzun_,, Y, ( H_4r4, M, ."4_.,kl,.,4, 'l'_ln,_k,_,

,itu.I K, Wilt4il,fl'_e (IAliRI), "Nugalivl, ll,n

tl,,,\. /\_tders_m, (.;.I). /\_.'k_,lm4n, (.',F, t'han, s_llrut, and m'rt,h,l',lhu' _,_,_lt_msftu' lU,lliral

W,S, (£u(G_t,r,(L.I, cb,Vries, W.P,, 14unkel, Ix,4m injeclior_ In hlrg_.,hlk,lm,_ks 1_4rl A:
!,W. Kwiln, I,, Suu'_ka, ,lud R,I', WNIs, I ,iml_ere/d_,ll'mN I) s_ur_'_.,,iml I!S()

"l'e_tln 1,the tT['\/V ,w_'eh,i'atur wilh Ile' m'¢l,h,ral_w tlll' lusl(m i't,,ic'hw IlUilli'41 Ix,am
beams," 32hd ,,\nml,_l k,leelin_4 i_l lhc Injecli_u_," tu I_n_c_'_'fli_l,_,,s,_1the, 13lh
/\lllt, rt¢illl I'hvtdu41 ._ktdc,tv, I'_ivisi_m _1 Int_,l'n,illuu,ll (.'_.Hl[t,l'(,llt't, iii1 I'lil.S111,1I'hv_lus
I'lasm,i I'hvsk's (luu()); ,fl_str4cl als(_ 4hd (.'_u_tr(dh,d NIwh,,ir t,'llsi_l_ I,_ese,lrch

put',lt,,-',l'_edtn Bull, Am. I'hvs, .'.4oc.(l_-mi)), (I,,\1!/\) (\'Vashin_,.l_m, IL(',, lU_ll), in pre.,.is;
,lls,) i',ublish(,d ,I.,-_I,,_wr_.,nL._,,I'h,,i.kL,l_.,v

('_./\. ,'\ud_,rs_u_, I,. S_r_ka, C',l,', (.'h,_n, R,I'.

Wdls, C;, I<c_N_h,r,W.S. [',t_lG_.,r4hd W,IL
ktlr_k_.,l, "l,'\/ch,_niu.,l liSQ I_ ,l_.'ceh,r,lluu' I_u' t'.F. (.'h,_n, (L,,\. Am.h.,rs_u_,W,H. (.'l_UlX,r,

I'1'1,:1,_ill,tlll',ll t1{,i1111injeuthm," 17lh I£1'S A,I,', I,il, lzke, 4hd I,, S_u'_ka, "(._t'_ti_'dc,_lt.n iii
(.',.Hllt'l't'lll;I.' Oll (.'_mLrollt,d I:LI_4I_H1 and I'l,lsrn4 an I-aral', rweilct'(,h.u'al(_r t(_l' stlrl4t't,

I h.viting (/\nlsterd411l, Thu Nt, Lht,rl,lnds, u_mvershm I% ._tlrt'e," 32m_1Armti41 Meelitlg
I_-mih; ,-_ls_i',ul',lished ,is I,awr_.,n_,e I'M'kN_,v _t lhc/\rnL, rican I'h,,,sk',_l SlwM,,,, I)lvNi_m _il
I,ab_u'i_l_rv rC,lXWLI,Hl.-2HSu3 ( I_.}_-I(b, l'lasm,i I'hv:d_!s (l_mil); abslrac'l 41s_

I_ublish_.,d in I,awrence B_.'rkde.v I,,_lvu',_hu'v

t).,,\. /\nd_,rs_n, 1,, S_r_ka, I,W. K,,van ,_m.I '" '-" ':"""

R.I'. Wc,lls, "/\pl_llrali_m of {,ledr_sl,lti_
W,.'4, (.'_G-_,u', "14eltifl_llil$, analy.,-&,__t' ,in1,1,:1-11'ht hi l.h energy m.'der,lhws," in

I'r_,c_'_'fliu,v,s,_t the 2m:l I,:L_mlX,an I'arlich' I'I'I!R m,ulral Ix,am s.vsh,m," 32hd /\mUl41
/\cceler,lL_u' t'_mterunue (Nicu, I;ram.'e, I_-m()); trh,cling _1 lhc,American I'hvsl_:al 5_ch,lv,

,l}_slr,lcl ,llSt_ ptilqished as I,awrt, nc'e II_.,,'k_,l_,_,, I_ivisi,m _f I'lasma I'hv,,-;ics(Itmll); al_slr,wl
als_ publisl'_.,d in I_ull. Am. l'hys. S_u.I.,fl-,_r,lh_rv i'el_rl l.P,i _r__';",-.......... ( I c_.li)).
(I _mi)).

Ct.i\. ,'\mler_n, I,, Slu'_ka, ,W. Kwan,,llld
I,LI'. Wells, "l,:h,clrl_t41iu I,I!P,T I_u'b_,am J,W. Kw4n, (;,1). /\_'kt,rman, t),/k.

tran.'-;l_wl alul mald'dng inht an 141,'()," ,'\nderslm, W.S, (_'_G_el', t',l:, (.'hart, (;,J.
al_str,lcl sllbmitted tl_ the S_,_'_ll_lNel.llral di,Vrlus, W,I'L Ktlnk.el, I,, Sl_mka, W.I:,

l'artk'h, Iteam 'Ik,dmiv,iI .'4ymt',_sillm (Nay,ii Sh,_.,h.,,and 14.1',WL,IIs, '"l'_.,slinF,_1 a ht_,,h
(._ce<lnSvst_'ms (..'enter, San l_i_']4t_t'A, l_U()). _'urrc,nl dc I!SQ ,u'ceh,r4tl_r," I_ml I1!1!1!

1'4rlM_, ,,\cct,lc,r,lh_r ('onlerc, n_'e (San
I"r,lm'ls_'_t,(.'/\, I_-ml); l,ilwrl,nce I_erkelev

(.).,'k. Amll'l'S_m, I.. S_,'_k,I, I,LI'. Wl,lls, W.S. I,,fl_urahu'v relx_rt I,I}1,-2_m7,l (Itml); ,fl_slr,wl
[.'lllll_er, and W.B Kllnl,,t,l, "1 ,imt_u't,/ ,llsl_ pul_ltshed ,is I,,Iwrt, ncl, Iterkelc'v
t;h,lnill,] I']_(.} I) acct,hu',lhu' I_ll' 11"1':1{nl,tlll',ll

I,,il_llratlli',7 i't,l_lll'l I.It],-2lJti7_l<i (ICru I).
I_t,,im ii_il,clilm," s_,'i_l_t_si<_tlu' lhc, I/\l{t\ 13lh
IIilerll,ililln<il (.'llllll,l't'llC't, llll I_],iSlll4 I'hvsic's i , ,,
,illtl (.'llilli'lllh'tl Ntluh,,Ir l"tmilu_ I,_/,st,ilrl'h l't,lt,r I illg,ill_ ilill.I ihl, I,HI. ITI!R it,ilnl, "ITI!I4

(W,lshinghu_, I),[.'., lllll()); I.<lWl'l,llt'l, Iterkt'h,v Iii,lift',li I'1(,<1111.,4),._itt,lll,I.I.S. t'llllt't,lllllill

I,,llxu',lhlrv i'ep_wl 1,111,-2HH2H(li.roll). dt,sigil," ITI,:I4 Nl'tllr41 Iteiinl Six,chlli._ls
ik,,h,_,ling(( ;ilrchin__;, (lt,rlllillly, Iri(iii),

( ).i\. /\lllh,r,411il, W.I.I. KIiill,.t,I, W._. (.'lUll_tU',
i\.l,. I.Mzke, K.N. [,i,tlng, (',l,'.i\. V,ill ( )s, I'. I'tii'g,llis, ()./\. /\l_clt,i'Sllll, (.'.1". t'hiin, W..K.
[,. _lli'lll_<l, I.W. _lt,41'l_S,<il_ll R.I'. \'Vl,lls, t'(_Gv'l" ( ;.I, I;)l,Vrh,s, W,It, Kullkt,], I.W.

"1 illlll_t,rt,,/t.h,illnl,I I) _,(itll't't, ,lllll I,'_S() Kw,in,/\,1". I,il,tzkl,, I,, _(u'lli.,il, ,illtl I,Ll'.
,ict'l,h,riilllr I<li' lllSi_ln i't,,it'lllr ill,illr,il bl,,lll] WI,IN ( ,111,);W.It. I.iiMqiiist <inil I..I,,

iniuuli_u_," clul_l_inecl exh,lllll,iI <_vnlll_sis ftu' I,_,giil,lhl li,,!wi'(,nt'e I,ivt,l'nl(irl, N411Ulliil
lhc I/\1!,;\ 13lh Inlern,ililli_,ll {'l_lltt,i'l,iu'l, _lil l,,ll_llr, ltllrv); and I)..%,_lt.N,y (( h'llnlln,ln
I'hlsi_i<l I'llvsiu<_ ,llill (_llnlrlllh,tl Nlil'h,,ir _-_l_iltl, _v:dl'lns I Iivtsilln), "ITI':I_ ni'tllr,il I>l,4nl

I,'ti_i_ln I,_l,suili'cl_tlV,i<d_iilt,,llm, 1).( I_l(Jli); ,_'_,_ilt,li_ill-_d,ih,," 32nll t\llllll,il Mi,ulill/, lit lbl,
I,<iWl'el_u_,Itl,l'k(,h,v I.,ll_ll'iltlu'v i'l,l_lut I.III ,- Allll,ric, lil I'hv_m',ll .%lcil,Iv, I )ivi_iilln _lt
2Hll_7 (llll.l(il. l'la<qll,i I'h,,,,dt'<i(lira(I); ,ll_.<ili'm'l,il_ll
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published In I,awrence I]urkeluy I.,ab(|t'al,t.'v mulal lun ..(utree," U,S, I'atenl Nu,
rep.rt IA:ll,-2_J221 (1_)_)()), (17,72_,5(_6;( I 1luly I_iL_I),

1., 14eglnatl_, "Mudulalur at_l,llcatllnl,_ In high I,(;, Brown, X, (;(JdecluH, and I<,M, Yu,
elltq'gy at'¢elt, l'altll'..," I(tlh lJuwur M()dtilal(.' "N(wel nwlal 1()11stll't'act, nu_dlflcatlul_
Synlpo._hlnl (ItltlO), I,awrencu I]urkeley technlqtlU," AppI, i'hys, I,elt, 58, 13!J2
I,abtli'ail_ry i't!ptlrl 1,1]1.-2t)1(}3(ii)tj(I), (ICJtJl),

I], Abrallalll-Shriltlllt, l'aild O,A, /\lldel'stln, I,C;, Iii'tiwi1, X, cllldt,chl_l, alltl K,M, Yil,

"Spact!-eha i'gt! effecls In wa )'ni ll_n shuvl "I_la.,llld lil_illt, i'slllil' sri i'fatt, ill)_d I1'1caIN_i_
bei.llll_ In tilt, Vla,_lw-Ma×well appruxi- with metal llln phlslna," Sl_rlnl4 Meellllt4 tfr
illalltln," Phys, I,'luids B 2, tj (.lc}riO);alsu Li,lt,M,iM'lals 14u._t,iircllf4t_c'lt,l_,,(/\llaltt, lln,
ptlbllshed as l,awrulK'e Iturkult,y i_abtll'illlll'v Calif_rnla, Itltll); Mal, 14t,._,Slit. Sylnp,
I'eptll'l LBl,-2,133!J-14(ItJCJl)), I'rtl¢, 223,371 (I till I),

Materials Modlftcattori and I', Iluckluy, I,,,I, I,.wcler, 14, Bl't,Wll, J, el,

Synthesis Cuwle, and I,(;, Itl'l_wil, "Nt_ble nwtal
Inlphllll,dlioil tt_ rr,di)ct, hydritgell

M,A, I]rewer, I,CI, Bi'own, M,R, Dlcklnsun, umbrlttMnenl Iii ._teels," liltt, rilallllllal

J,tL GaMn, alld M,C, Salvadurl, "Shnple, (..'tlllfel't,n¢t! on Metallurgical ('oallngs alld
._afe 7111d t'¢olllnlllCal Ii11¢l°owavt, plaSlllil Thhl I:llnls (Sail I)lt'gu, Callt'llrnhl, I tltJi),
asslsiud chemical vap{u' dupi_slillln fa¢llll,y,"
subn_llted Iii Rev, S¢1, illSlJ'tl111, (ltJ_Jl), W, Cal, W, Tlan, R, Wtl, X, (;udeclu}l, and

I,C;, Itl'tlWll, "Sttidv iii l,ilt, ¢llri'tMllll I'ale

M,A, Bl'uWUl', I,G, I]l,llwn, M,14, I)ltkhlson, buhavll,' til loll hnplanlt,d Fu-based alluys,"
J,E, Gah, ln, ILA. MacC;III, and M,C, Suvenlh lilturilatltulal Clllltt,rellt:t, till Stli'fa¢t,

Salvalhu'l, "Sln1ple and Ine×peilsive Modlflcatllln til" Mt, lals by I_i_ Ill,ares
illlt'l'liWilVe plilSlllfl a..slstt, d C\fl.) facility," (Washlll_4itln, D,C,, [_Jg]),
,14th t\llilLlal GilSt_oLISl]le¢l,roillcs Ctlllft, rt, lltt,

(Albtlqtlel'tltle , New Mexlcu, t)t)l), (;, [.)t,arnalt,y, .I,1,, lllg, S, SUgdt'll, I,(l,
I]l'l_wn, ancl X, (;utle¢ilul, "/\ill_nlallltl._

I,C;. lh'in,vii, M,R, I)ltklnsun .I,E. Galvln, i'allgt!s til' Ill)is lnq_lallit,d Intl_ ¢al'l)lln,"
X. (.]odechul,, alld R,A, MatGIil, "lJr{latl- St,vt, ill,h Init!rltalliillal (.'llllft,l'tqlct' (iii SLIl'fi;l¢t,

beam, high current, nletal kin lmt_lantal,ltm Mncllfltalltm _ff Mul,als by llul Ituan_s

facilll,y," Iii I'rlweudhlgs uf lilt' 8lh (Washlnglun, I),(_',, l_.Jt)I ), '
Illterilaitt)ilal ffonferen¢e till Ion Inlplailhll,lt_n

Tethntdt_gy (C;tilldfurd, LJK, ItJtl()), Ntl¢l, X, GlldvchiH, M,I], Salillt,i'llll, D,I,'. Oglel,r|!e,
lllslrilill, /Vluih. B 55, Silt>(lCJtll); I,awri.,lleC, J,l!, (;alvin, R,A, Mac(till, K,M, Ytl, and I.G, '

I]erkelev l_abtli'attll'y rr,pott L1]1,-28(_85(lC)C)()), IJi'liwn, "Thh_ film synthesis tishll4 illhllalurt,
pulsed mt, l,al v/lpof vat.tltllll ai'l: plasilla

I,G, I]i'nwll, M.R, I)ltkhlsiln, J,l!. (]alvin, gilllS," Matt, rials Resl;arch SucMy Spring
X. (;odechlll, and 14,A. MacCHli, "S()lllt, Meel,lllg (,_i111llrall¢lsc¢l, Callfln'nhi, It)tj());

illlvel stirf<'lcl_,n_(idlflc,-illtiJ1 iippIltal,l_uls i>f ii Mat, 14us,Silt', Syinp, Pl'O¢, 190, t)5 (lCjlll),
new ktnd ot: high til)Tr, ni i11ptal llln Implanla-
tliln faellll,y," .I. Mater. Elll4. 13, 217 (ltJCJl), I',Y, I-hill, I.G, Browll, illld .I. Slringt,r,

"Sttldy tit tilt, el:feet iii' reacLIve ell!nit,Iii

IX.l, 13r+lwll, M.R. l)lcklnstln, .I.F., (.;al'¢lll, acldltllul by Illlplanlillg nletal ltlllS Ill a
X. (.;_duch¢_t, fllld R./\, Mac(till, "Vi,rs,lille pl't,ttll'nlt, ci llxicle hlyel'," NtlI:I, lnslrtllll,

high ¢tlri't,ill illt, l,al il_n hnphll/ialltlll facility," k,Mh. B 59/6(I, 13,15(19ql)j 7lh Illll!rnalltlilal
St,Vt,lllll Inl,el'nilliilllal {_'tillft,l't,llCt, tin Stll'filt'L, L'tlilt't'l'elll'C, llll Itlll Itealll Ml_diftcalllul iii

Modiflcalilul iii ML'lals by llln Bl!illllS Materials (Knl_xvillt,, Tt,nnesst,t,, lt)tj()),
(Wasi_tilt4ttlll, I).C,, IClql ),

I'. Ihlu, V. Cilia, and I, Ilrllwll,"Dlffti._illnllf

I,CI, Brliwn, 14./\. k,hlc(.iill, aild i.E. (ialvin, ion-iinplanlecl ytlrillill in Ni-2dwi')_.(ii',"

"ApI;_arali.is I(li' t't_aling ii sl.ii'fdr:t! wtih a nlvLal ._-_l,vt,illh lnlt,rilalhlllal C)llilft,i't,ilt't, till Silt'filet,
utilizing ,i plasi_l,i slllll't't,," 1.3,S, I'a(t, nl Nl_, Mutlllic'dtilli_ iii Mt,(als by 1till Iii,anlr;
_,(ll 3,578 (7 May ltJt)l ). (Wa.<;hlngl_m, I;).( '., It)til).

I,(L Brtlv¢ll, R,A. Mac(fill, 1,1:.,(;alvin, alltl V.('. Kailildlt, A.I, I;ill_, ,)nii I,(;, Itl'_lWl_,

M,R, I)tcktilsl)n, "('tlilltntilltis high ct)iTr'Iii "Mi.'lHl_lll,gy _lf Ilrdllhlirl I-,'eCtl_lhtius iii
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s+lllt,,m," 12lh llm,rn,_lhm,iI <.'_m_-m,.'+_+mr M,L', !-i,llvtldt_rl, M.A+ Ih'uwt,r, J,W, ,'\i4t'r III,
lih,drlm Mlrru,,.'(_l,V (,'4u,ltth,, Wi_.dlln!.,,t_m, I,( ;, Ih,t_wn, ,1nrl K,M, 14rl,,-+hll_,ln,"Thf t,llt,d
lUUl)), t_l ,I )_r,Iphllt, htfldt, r (m dhm'ttmd +.+.vnlhu_l,-,b v

Illh'l'tIw,Ivt' phl._llldH_umh',_l V_lj_(u'

(.:+S, I'tmlrunkl ,, k,l,I.L ._ctdl, R,I,, I h,l_4uhtdd, dul_t_llhu_," ,Wrul+lt,d I't_ri_llblh,_llhm In
'I',K, Yl'l_, ,lllll I,( ;, I]l'l_Wll, "l'ht_h_- I+ I!ll,drt_d_umlr,fl _t_cll,lV_ i,nWl't,lWu
hlmlnu_+tmt.',_,_t' lhr, ,.:tjnh.lu ur,_nhlm I.h_,rkuluvI,,ib_u',lhu'v n,l_tU'l I,lfl ,-2_Ju_4_-_( luuib,

hnl+hmh,d Inh_ bln,_rv ,rod h_,rt_,lrvIII-V
_,mlcundtlcltu'_," M,_l'ch m_,ullny ul lh_, W, 'l'hllh R, Wu, W, ('_11,R, W,_n_,
/\l_lt'l'tl',li_ I'hv_ll'_l .g_'ll,t_,' (/\n_lhulll_, (.'A, X. (;t_dut'hul, _nd I,( ;, IIrt_wll, "llll'hltulc_., t_l

Iqq()), ItLIII. /\lh, I'hv._, 5t_c, S,q{Iqql)), I_+ ml.lltl-i.,It,lllt,liI hm I_t,,illl I_tlIll}_,ll'_+llll+,,lllt_n thu
_12(), ctu'l'_sltm I_t,h,_vh_r t_l 11',111_11_1.,-+h,t,l,".Nt'VL,IHh

Illll'l'll_llltHhll(.'IH11t'l'l'lll.l'1111_tll'IdcI'

I+( ;, lh'uwn, ,_nd I.'4, Suhmmn, "Acllnldl, (W,_._htngl, m, I _,( '., lUUl),
,wllv,lh.,d hltllIIlt'S_'l,IWl,IlltIl'dIllIllll

imlq,_nludIII..\",_,mluunducUm_,"I+AppI, (;,I,V,_i_dvnh_I_,M. K,lw,_._,ikl,R,k,I,Nix,
I'hv_+, I_?(l_Ul)), Ix 2()-1(I, I,( ;, I_rt_wn, M..'4,1lmvrtm, ,iml ( ;,,'\,

.'-.iumtu'jnl,"Thu I(_rlll,llJtm t_l h),drt_gt+,n,-ih,d
X.Y, (..+i,_n,I:_, L',_rl, I, Ih,n,_.'.+t_,N,W, i_mt_rt_h_ls v,_l'btm Illm,-, ul L'tmlruh,d

_.'ht,tmg, M.,'\. I,it,l,urm,_lul.<. ;, Ih't_wn, 1,1!. Imrdnt,:+.,,t rum ,_ mt,llml_t, pht.,.+ln,u"I'hy_,
(',,_lvin, I,LA, M,_t.'(;lll, ,_l_ctM+I, (.'tll'l'tgtl, Rr,v, I] 41 (IqUl)), p..t2()(),

",,\ I,l,_n'm lmmur.,-+hm hm lmt,h_nh_thm
ru,wlt_r I'(u' tII.._-flIubrtc,lthm," Nucl, Inntrtlm. K.M. '_'u, Ii. K,ItZ, I,(', Wtr, ,Ind I.( ;, lh'turn,

Mt,lh. I_ ._._,HS,I(lUul); _Ih Intt,rn,_thm,iI "l:tu'm,_lhm t_l iridium mllcld_., I,ivur l_), high
I.'(,nlt.,r_,nrt, _u) hm Iml_l,11fl,llhu) 'l'l,chnoh)_.Lv d()_(, Irh.llurn hm hnlflilnlalitm tnt_ .,.+lilt(m,"
((;ulldttu'd, Llnlh,d Klngdtm_, I_Ul)). Nucl. In._lrllnl. Mt,lh, I_1_i_,27 (lU_il),

X.Y. <.)i,_n,M.I I. Ki,_ng, I. I Itmny,, Ii), (..',_rl, "l'ht_H'y
N.W. L'h_,tlny,, M,,,\. I.lubt,rm,_n, I.( ;. Itr(_wn,
K.M. Yu, ,_nd M.I. Llll'l't'lll, "l'l,_sm,_ /\l,_in I]rlz,_rd, "(.'unst+,rv,llh)n i-_rtg_urtlt,.,.+(_1',_

iil_lnt,r,-,hm Ikl h)ll imt_l,_nl,_lhm st,t,dlllg 14vrt_klnuli_ I"()kkur-I'hmt'k ct)lll,,-+hm
I_,lth,rn h_rln,llhul ftu' st,h,dlvt, t,h,ctr_dt,.'.+'.+('u _l_t,,',lh_r," In I'r_r,'rdhl,,,,,_+ul thu lU_-_()
Ifl,_tinV,," Nucl. In,+lrtlm. X'h,th. I+,,_, HH,_ .Sht,rw_ud I'ttshm 'l'ht,tu'v (.:t_llt.,l'l,lll'_.,
(lu_l_; ,";lh Inl_,rn,_li_m,_l (.'tmlt,n,nt'u t_l_lun (Willtnmsl+uri4, VA, lU_()); I ,_wrunc_, I]_,rkuluv

Iml,l,_i_t,_ti,m 'l't,l'hl_dt_y,.v ((;tllMh_rd, t.lnitt,d I,,fl_tu',flu,'v rt,l_t_rl I.U,I,-2H(+?,2,_(I<-_<-_()).
Kingd(un, IU_;l)).

,'\h_ln I_lrtz,_l't.I,"l_t,riv,ilhm (_1,_rt,t_ltwud

X.Y. ()i,_n, M,I I, Kinn_.+,,N.W. ('ht,uny, I.( ;. kinutit' (,gtmlhm using I,h,-tr,lnsl_rm
Ih't_wn, X. (;t_dt,rhtd, I.IC (;,_lvin, R./\. tt,t:hl_h.lut's," in I'mrrrrli,,_._ _,1Ihu lUUl

M,w( ;111,<.llltl K.k,I. YII, "iX,h,l,iI V,ll+(_rs,'tll'tltllll 5ht'rwu(_tl I;u_+hm 'l'h¢'t_rv(_'(mlt, runrt, (Su,llth,,
nl'C hm irrtl+,lant,'.tltm ftu' .,-,t,t,dln;_t,l t,h,rtl'tdt'ss W,'\, l_+J_+JI ); l,ilwrt, nc+.,Iit,rkt,h,v l.,11_tU',lh_r),

Cu l+httin++_,'' Ntlcl. In.,-+Irtlm. M_,th. I+_.=i,_(J2, rt,l+,tu't l.l,II.-_I()2,u¢_(lu_l).
(lq_-)l); _-+Ih]lllt,t'll,ltltut+ll ('(mlL, rt,lWt, <_llhm

Imlq,lnt,_thm "l't,chn_dt_+,), <C;uildl+tu.tl, t.Jnitt,d Alain I. l+riz,lr+.l, "C;vrt_klt+tt,lit, dt,st'ril_thm t_l

Kin_4dtm_, I_-+u()). h_w-lrt,+.ltlt'l_¢y ntmlllw,lr t_l,_snt,_tl},,l_,_mh:.,.+,"
._21_tl,'\nnu,_l Mt,fling _,t thf ,,\mt,ri_',=n

M.L'. fg,_lvm.h_ri, I.W, :\gt,r III, ,_l+_lI.( ;. I'h'<_+ir,IISt,cit,lr, I_ivish,n _,t I'h=sm,+I'hvsit,,
llrt,v,'n, "I )iilml,ntl Ki't,wllt tm sllic_m nilrh.h, (lU+'Jl));l.il ,Vl't,lldt, lltu'l,.t,h,v l.+il_t,l',Itt,rv rt,l+tU+I

I,v Illi_.'l'{i++%'tlv(,I,l,lSlll,i du,luh:,tl V,_l+_,r I.lll ..-"iu221 {luqt}).
dt't+,{_'-,ititm, '' ,,t_bmittt,tl t+_/ >h,m_mlmid

I_,+'hm'+lA,hm'ri+d,,. Al,_in I]rtz,_rtl, "N_mlint,,tr y vrt_lltlltl
t,gth_thms I_r hi___h-.l+t,t,_h_k,llnnk I+l,_hm,_s,"

_1.( . f4,_lv,_tlt_ri,I.W..,\l_,t'r II1, I._;. Ih'_wn, NuN. I.'tlshm (l"N,rthlrv ItJtJll); I,dwrt'lltt'
,Iml K+M. Kri'-,hm,_n, "1+i,_m_m,.Is,<nlht,_,h,Iw IIt,rkt,lt,,,, I.ubt_r,_ttu'v r_,l_tU'lIX,I ,.-2_lql+,(luuil).

mhr_w,lvt, I,l,_,,m,_(. 'VI ._tl+.,iny _._ralfl_itt,,is,
Iht't,_rl+_,l_ ,-,_,tlrt't,," ,\l+l-_l. I'h,,,,,. I.t,ll.._._, I),_nit,I R. ('_t_k ,_ntl ,,\ll,ll_ N. K,_t_tm,_,

2',Ht_(lU_l); I,,_wr_,nt't, Ih,l+kt,h,v I.,ib_,r,_l_,rv "Multil,h, mt_tlt, c_mvtu'shm," in I'r,_'_'+li_,,t.,
rt,l,t,rl l.l.tl r--'l()'_::_ (It/til). _I lhr, ]uu(i 54ht,rwt_t,_I I"u'-,itm 'lht'tu'v
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I'tt bl le_lll(;ns n nd i:q'usun lu th;ns

c'CllflUrellt't, (WIIIhim_l_zlrl_, VA, Itlt_l)); .'blid._. _nul I'hlid,, udllutl I_y W. I_l_zlnus L_.

I,,1,,vrt,nt'u I_i,rkt,h,v I,_d'_ur,lh_ry rt, l_n'l 1,1'11,- I, A, 'l'tt_zynskl (W(_rh.I F;t'lunllflt', hin_4_G'_tn'u,
2H,qTkl_t(ll)_lI)), lUUl, ISIIN _)HI-()2-()3Hh-I ); I,dwi'ullt'e

Ik, rkuli,y l.nh(iv,lh_rv vup(n'l I,I_II,..2%1_2(l_.Itll)),

17}nnk,l{.'uuk, Alhln N, l<nul'nun _ind l_tl_,unu
R, Tr_il'y, "I{.iI_I: ,i_'Ii_I_ Irnn._l'el' l'mm A,N, l<,itl[lllilll, I%R, (.hll)k, II, Yu,
m_ik_i_ulu._nl_'h_ it,ll llern._h,ln wnre," II_ I,, l:Vil,dhilld, nlld R,A, {.'_ilrns, "Annlylll'
/JI'II(TI'I/JlI,_'._til' tilt' lurgi sht,l,_v(_<_dI:tL_l(_n derlv_llun til ruflt,c:lluli t'clul'fh'lulll Iii

Thum'y t,unfuren_'u (Suilltlu, WA, l_lUl)i )_yl'til'U_iillillll rf hunllnh,," .,LVnul_sl._l'i_r lhu

.]11,1(I(I(l_Itll), l'hlsmn lq£vslt's ,m_l {;_nlmllt,d Nll_'l_,ilt'

I;ttshll_ I,_esu_lt'c'll(Wnsl'flt_lllil, 1;},.('.,lt)U(l)l
l._,_nhqR, c'uuk, I!tlgunu R, Tr,\'y, l'(_r Hn, I,_lwrell_:u Ilurkuh,y I.,,ll_;l',ll(_;'), ;'(,1_(_;'1I,Itl,-
I-Itlilllt, htlll Yt,, _ll_d AIInn N, Kiltlfnl_lll, 2H7_)l_(It)_l()),

"Ai_lyllt" uxlvilt, lltm uf the llut'n._h,ln wavu In
gymresun,lnl huililn_," 32hd Annual Muulln_ k,lll_til_ Kun_ ,_t_tl Alhm N, Kntlfm,ln,

til' [hu/\lllt, l'l¢(lll I'hysit:,ll S()t'luty, 1.91vlshm ut "At:tlull-13rln¢lplu ilt_pr(i,it'h iii selt-¢lmsl._tt, lll

I'hlsillil I'hv._k's (it)gll); I,illvreiit'e Ilt,rkule)' Iltlnlllle,lr wflvi,-l_,ll'liclt, llltur, lutltlll," 32ilcl
I,_l|_lll'_ltnl'y i't,l_Ul'l I_IJ1,-2(.1221(ItJtJl)), Alliltlill lvluulllltl uf lhu Atllul'lt'all I'hy:ilc'ill

Slit:lt, I)', l:)lvlshlil t)f lqii_nlil Iq£vslt's ( Itltlll);
S,C', Ci'c,_ll_lh_lllcl R,(I, l_ltllc,l(_hn, "SUlnl- I,ilwrunue Ilui'kuluv I,_li_tli'_lhli'y i't,l_urt I,Itl,-
chls._lc'al li'lieu ful'nltllll._ In lhu j._i'u._t,llc'Uiii' ?t)22l (Igqll),
Cllllllllil(iLl._ s.Villllletl'les," iit,cepted I._yI'hys,

14uv, A (IcJgl)j I.,_wi'l!ilc'e I_lt!i'keluv l_il[_l)i'illrll'), 1411l_t;rl(;, I,Iltluil)iul, "( ;ullilll,irlt:iil il_l_c,c,t._(if
rupllrl I.I#l,-_(i7(iil (llJcJl)), ti'nc'e flli'nluJi_,_," I,awl't.,ilt:u Iturkult,),

I.,_lhl)i'nllli'), i'ul_t_i'l I,Itl,.2_lTItl (ltJtJll),
Siephun U, Cre_lgh ilild 1411l_eriCt, I,Ilileil)hil,

"Suirilt:l_issh,,ll ti'_lce f(li'mulil._ f(ir syshmls 14t)bei'l (;, l,lilluil)hn, "St,illlc'l_l.,t._lt:ill _trut, ltlru
with illlil-/\bt, Jiilll ._),nlnlt, lr),," I,ilwi'ellc'e (if h'iit'u fnrmtihl,_," I.ilwrc, llt_l_I#ul'kuluy
Itc,i'ktquv l,_ll_urilhll')' rt, l._urt I,Itl,..'tl173.'1(l_/9(i) I,al_urilltlr), i'c,l_l_i'l I,lll,.2kifOkl (ItJg()),

Sluphun C. (.ii't!nt4h, J_lll_ilhilil [vi, 14obl_ln!,, 1411bui't(;, I,Illleiuhi_ ailtl WIIIhlm (;, I;I),nn;
nnd 14_)burl(;, l.,lii It,li _1_n, "Ciu__inc,l i'k' "( h,umul fit" phi_st,s _ind Ihu I#_,hi'-,_nii mt,rfl,H

prl_l_t,rlll,._ (_t k,l_l._hw Ir,dlt_u._Iii thu sunll- qtlilnllz_ltlull of miiltlcun_l_lmc, ilt w_vr,
t'lnsslc!ill ti'_it'u flli'lllLIhl tilt lhc duilslly ()f fluids," J,ilWl'l,lltX, Ilurkt,le.v I._lhlli'alllr), rl_l_lll'l
status," stil_mtth,d til I'hys, 14uv. Al I,I11.-3().312(ItJqli),
l,nwrunt'u Iturkt,luv l,_ll:l_i'ntllrv l't,t_l)i'i I,Itl,-
.'ltll)hf_( I cJtJl)),

Rllbt,rl (;, I,IIIlejllhn ililtl WIIIhlin (;, I:l),nn,
"( h,(llnt,ll'lc I_llil._t,fi Ill ihu ii,_),nll_illlh' llll!lli')'M(lrl,1 I!ktul-lezuwska, Tllr I;hl, iiilcl Alldll NI,

Kiltll_lllNi1, "Mudtlhliillllill de._hil_lllzaihm iii iii i:llllplt,d wave etlll_llhlll.,i," stllmfltlt,d l(_

Jill Ull,c!trllnl,i)411c,tlc' w<lvt, I_.VI_ili'tlt:h'._ Iqws, 14uv, t\i I,ilwrt, llt:u Itt,i'kl,luv I.iil_lll'iiillrv
rt,_(illillll wilh i1_t4r(lllp vt,l(_t'llv," .'1211tl rt,}_lll'l I,IH..3liFiSf_ (jqiJl),
Ailnliill IVh't'lini4 (_f lhc, Anli,l'it'dll I'hyslt:ill
Sue'it,I)', l.llvlsl(_n (_f I'l<l_lllii I'hvsh's ( ItJtJll); I lilillll:htln Yt, illlcl Ali _ll N. Killifil_,lll,
I,awieilc't, Ilt, l'kc,lt,v I.ill_l_r,lll)l'), l'Upllrt I.Itl.- "{;t,,l'(_l'l,S()lliilltTt! t'l'l_._i_lllg,_lilil_iiJhltqil'
2{)22l { li-Ill(i), clit'ti.Islilll illlt.J t'lillSUl'Viltillll laws Ill

<i×l._),n_lnulrlt' l{ll'(lld<il IqiiBlll_l," III IJr{ll_'_'dJll+k,s

t\lhlll N, Kdtll111,lll "l'hdst,-._l'_ili:t, I'l<lsln_l- ill lilt, ItiClll _ht, l'Wlillll I:tlslilll Thl,iil'y
Al'li(iii I'rlnt'il_lr, s, I.llledr M(idu (_'(lllVt, l'_iilll, ('(lllllJl'tqlt't, (_4/llJhllll_l_tll'll, ks,,\, Itl!ll));
,libel lilt' ( h,llt,i'illizl!d I"llurh,r Trilllkihlrlll," Iii I.iiwrt,llt't, Itt, rkt, h!v I,iil3(ll'dilll'V rl,j:llll'l I,Itl.-
N_llllJlll'lll' IIII11('/llllilJi' I;/It'llllllll'llll iii I;hl_;lllll$, :_Ftlffl()(ll-ltill),
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ADVANCED LIGHT
SOURCE

TI !1.]AI.)VANCI:il) 1.1(.',1lT S¢.)UI,K.'I_,bc.illwutlwr t_l'tl'..' thlccl gerwi'atlt.'t t_l'
synchmtrtm-radtatlor_ stulz'ces, t,t_l_tllltlt'S its pl'tlgl't'SS t_ward tlw c,xptictt.id
spring ItJt_3stavtup, C?t.lstructlt_ntit' thf building Is ct._lplt'tv, The,Lt,d_nh.'al
systk,ms ctmttt'luc,cl Lhc,lt' stt,advct_tti'.,4ethrtmgh pr_t_Lyplnv, _t't:lt,rln_,, mantt-
I'actut'lnl4,Inspc,ctlt_n,and, In many cast,s, tnstallatltm and ct_mmlsslt_ning,

'l"he sch_,nttflc t."ll'()gl'iIllllct._tlntwd hlktn v shape as wull, 'l'lw maitu' c,m-
phasls Is tm crualtng a "user-fl'lendlv" research unvlmnmunt arm cm being
l'c'ildy til pt'l'fut'nl l'L'Stq,ll'Ch i'l'tlllltile i'll'st day t_l't_l._tiratltm,'l'lw ht_,h brlt.hl-
hess t_t'the, AI.,Sbeams will enable f_t't,t'i'l_ntrc,search in a vai'lt,tv t_l sclt,ntlt'lc

cllscll_llncis,

llrilIt,cl Mdthl_,lt, lllt, lll (, ,.\lldlIHhli ii _1 ( Ilhl I 'ltiiliU, l _, I ll'lmUUll'/ I I '1H'

I.N Mar. _ /,iil.' I IhiWll'. _,1 Wht.,i,iihiIliI I' Ih,vl,I N "_i

I' ll,lul..i,n" I. (itri,Iii, I Ilthllh ' l{ '_dd,lllhl Ii Ihmll_h,it,., {.llllYl, llllillhll

I klUl.mL' I' tlulllk'.t,n M I,Ihm., R ll.q., l, Mlilh, sO

•\ IUq,liHl* }.. ll,lJl,,.h' t, (,,li,l,I Eh, clrM,m,¢' I l-iu'., W I,,in/'
I¢ t_,uld' W Ihl,,.i,il,'ahl 14. ( ,a.,.,Iwav k ( .la', k k.niu'll_, I I'lti,l,'ll
I /l'lvl'i I' Ih'ilihlllil R (,l'iV,i',lllli I \hilhill.', \1 t'.lil',lhl'l

I ,'\ ily,Ii.'.
k! lh,weil', ,'\ (,i,Vl'l I <,lhiill/ I I,IIIIII/l'll

lC Ihikl'l
_t'h'lllilh'llllitl r'llll Z Ilii,,'.,illi I IIIIli.'.l'll t,\, ,Ni'l'.ltll t I,,Iwtt'llll'

I I ii,Iii
l il, vl, hillilil, lll c, hit k° II Ih_lilu", li ,,\d,illl.. I I,I,

,\ <. him IIh'l x.' I,,}.,llitllq I hil k.,llli I , iCl'i', I I iIIilli_. II I,It,illll' ,'
W I .I."

:\ IClll,lll.llll ( t, ti I hlhliMiill (, I'i'll'l',illi 14 ll,_ \1 Mtlilhl
I I.l' I. li,ill,iii I I'lllllil". W l,,w \I I i.,t,i,.

Accl, h,r,illlr by.lh, iii!, I i li., I Itllhill I i h,illllh,i I' I till
I I',.&''\ I,l_l.-,i,ll

', M,ill.-' .'\ t'-.lll',l'l II M,.(,iil
Mi, rhalilt,iI .l-lyMiqll_d I. IGiVIllt_lld

I Ill'lW, l',._,ii W ,\llkilllll,v ( ( I _ I kl,illll.
,\ I',ih,i.lql I %ilhq

14 Ilil_kh_li MI. %h,h/i,l' t. I ti_htlli ] ,k,hqli'llhl'ltl'
I Akit' li _,,Jlil,ih,I

<, ( h,llhq,allliv,l', 14( ( I'l,il,i°i I I iii/ I Mill,lilll

,'xl .\iulil-.i,ll I "./,il,,il, 14 h, mh,li,
II (idlili,," li Iqll,hill i, M,iy.',',ilv Ilmr\vi,iv 14 _,h,i',v
I I,_ii,..I I._ <;dvtp," I' Mlllili,lii I l i_lullli
_. Ihlu_l I._ I,,hhlt'h'l' kl Nil,hill ,\ Ilhltk li I'hlh, lC hhtliilli_

I llillllVll I _iiii,li
.,\ I,llt_l, kl !,hh./lillll,I I i I ihlhllhi,l li I{t,iliil,i_
I_ l'.t,lh,I I l illlti,ll

I t.,lin li ',hti I I ilh,li_ II { ,ivh,i kl ICelliil,i., AlhllhilMr,lllvi, .llilllllliil
_' iii'hi' II I'l'h'l',till F, ICi,< I ,\ii.mi I1_,1.,

I , I ,llill,l,il.,_ill 1 I hdli I _,d_,lt,,Ihilill
t, llllt't. %.1 I'l.,m. I t llili <, IIIIIh'l

I_ \lp,,,_,Mli V \,ihh'/ I, I'_lllllhllill 'x7 l""ill" \1 i tllllhlll
14 Milh'l \1 ( llll'lii,ili

I, ',lil,l,l,i ,, lilllllllll_ i
,\ _k',il_,'<lll (, i'l_lll'i I I tllllllllll!( <, I %lv,lill I I'.,,l.,

I I XTl,,hlllllll,i I I_i'llllhih, I I I iii ,l'llli,iill I I,ili,il,l'
I_ 1411illi_lq I;h'l'lrlcalSv'dl-'ni"° ,,\ 141hhlP 14 l lihilh, <, \hu,lh,-,

I %,h,ilhllll,,i,i II Idlltd.dl't {, 14il',_lu'i I' l llll' I I,ih., I I'hlbill,,_ili
I '.'ll,h li Ihllh'V .\ 16,1_1, t.. li,illll, I I,ivhll N I,il,_ll

I \_.,ll.vi", l.; II,il,li.,Iv (' "l'_'l'i II Iw_' I Ih_lNp<.l,ll .\ Ihl_l,II

I,_,lll, rllllt, llhil fiVsll, lll_ I Ihi_ li,iii,iii \1%',ilbh,l I I lili,,idi,,ill I , I iel,_
- l( (,illlh'l,illl, II I,i',<h,I I <'iiil"h I \lqlllq'-> (, \li'll,III IXIllt aid _'_ ,I,iwt,,

i t ( ,lillilitlldlll ( I IIllll""i I lh ildi'l',tilt lC _\',ilil],h'i I I _\lllit',
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/\,_ l:i_L11'u3-i ,_how,%lhu /\I,_ ctm,_i,_t._t_l'n1_ulucllxm ._LmI'L_U,a tlnoar

willboav,llh_ble,l'_rInltlaldovobpmunl,

'i " ii_'...._!'_"A'_i_'' ;,_',), _,',:

l:I/4ur_3.1,In lhc,AI,S,a linacand

_ ' "' :,, ,.` ." ...," , ".......i ,l,.mo._tersynchr{flronlnj_,¢t
'"_ 'y" electronbunch_.,sInh),I._lut'ag_,

rlng,"l'h(,mulllple._Iralghl

I _ecllon_ In the ._torage ring can
each acetllnlU()d,_le ,111In._t,rlh)n

d_.,vlce to enhance F_roduethm of
._ynehrotrCm light from th_.,very-
h_w-e,lnlth_nee _le,clt't_tl beatn_ lhc

btmd Imlgn(:ls al,,i(i I_roduc_., tl,_eftil
._ynchrmrun llght,

x_L_._o

3

."litorthree .tic.rs_,lr_,tstrm'ti_,l, th_'AI,S I,ltihli_tgis r_,ml_Mc(F'i,,,,,.rr.:,-_.),/Is /,,t/vr Construction

.'.;ct'li_,_,'_rh',.;rribr,l,'_,k,rc_,,.;,,ilhi_t /lrl,grI/.g_,hrCll mM'_I,_,'lhJl,hl A,'Irl.I/I 9_.II,_'h'Cll'(,ll,g Progress_I,_'rci_ljcrh'di_IIi_lhr rr_._',llt/_'_,,Flclc_ll,o_.,.;h'r..;ym'hr_#l_mtold _'ir_'tlhlh'd_,ilh_,l
fl('¢ch'rrtli_ll li,r "1(/() llll'llS; rl_'_'I'h'l'flliI_ll h'sts fll'C ll_?I' lilIIlt'l' ?(_III/. MI'flll'_O/lih', llie

s/(.'.,_urhl,_i_ I_'i_,_m_svmlM'_l,thefirst i_scrli(u; _h"_,irci_ I,_'i_,_li_l,rir.l_'_l,.l_,l I_,_
ilt..,crti_.l-dr_.,irvI,t'rlmliln'_,.n' I,_'i_l,,,__h'si,,,,,_.'_l,

"l'hr_lq,:h_¿_ttII/,'_' rlrli_,iiir._,_'._.'h'_t.qi_,rh'_till,,,,mid _,_'rificrtli_,/.,I,'k ,,u.';
l_'rli.'m_'_l_inh'r lhr r_.iI.'cl.'.._i_,r iI.rdil.tl-r_._._Irrtm'cl,_,li¢'ic.__!I'/IIi' AI,.Nl.'i_ji'¢'l,
.'IL._;_'._,ir,.Imc_l,._.li'l=/,mi_ihr.llh l_'r._._.'l .a' .I._o_l_,cr:;_'Chl,,_'lhc__mmi._.qi,;_l-
i_ik,l.'_,rcs._._I ,_'.ri_L_lrl, ti,r .scr-li.'ilit!_ _,l,cr.ti<,_I:_,
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l;ll4til't, ,_.2, A XiJqtlL'lIL'L'III' l_h.tu,_ .4h.w.4
Ihl, llulldlill4 I_,u'L,_lllurlllt; ,lild ,_fll, i'
l'UllVt, llllllll,il t'lill_tl'llc'tllill ill lbl, ,'li,H,

'l'hc, lilJl, i,lillil c'lli.l_lt,_, iilc'ludli_14 till,
l_lili!tll_i' .4)'tlt'hl'lllrllll, I_ lllllllu' Ihi, dllllit,--el
Itlu'kt, lt,$' lalldillili'k Ili't,.4t,i_/t,d Iii lhc, AI,._

dt,.4114il,l'hl, _llil'ilt4l, I'1i114I,i l_t,llll4 lil_14111t,ll
llli lbl, 141'iilllil.I flllili' iii tilt, I_l IIIlll._llli,li'l_,-
tlllil ,ld_lllliln .411rl'lllilldlilt4 lbl, dUlill,, _lil_l

l_riivl_lllll,4 _lrt, lilelutlc, tl fill' t,Vt,liliial
C'Ull,,_li'lit'll.I1 iii llflll!t, ,lil_l lal_iu'allli')' _l_,lt'c,
lill lhc, fliiiil' iilliivl.,,

Oltlt ii/ii.;i5 I,I

Olll] !iI;t. 15"14

(;t](#_lol.fitlo

(.it)ll\'_,;lltit)ll<ll In k_lili'ch ICJCJl,lhc' c_|ilvc,l_li_i_i_l-tac'ililie,<_c'l_nll'aclt_r ttirnl,tl _vc,i' the,f_l ()()()-

(.II()llH,I;I'tlL.'titII1 anci ._clti,li'c'-It_lli<l_lcliti_._ li)1,1_1,, "l'hu "_l)iiill)'.._Cltiai't'-l't_l_tcl,niral I_(_i'li_n (l_ul_uath
ihu tllllllt') had l_ut,n Ill<ltir.,<lv<lil<ll_lc'l(_ II._ <l Vt,ilr t,ill'lit,i', k'll_l Inail.' t,(lllVt,ll-

_hic,ldil_ Ii_u_<ll-c'l_n_ti'tlc_til_il<lciivitic'._ <irt, liliw Iini_hl,tl, t\_ _ll Ht,t._lunlhc,i'l l'JCJl, ali
c_ll_,'t,illi(_i_,ll t'tlll._tri.lt'li(lll W,I,_<lc'c'c,plc,tl<1._c(_ll_I;_lc'lc'jLhc,_nlv I:_l'tit_n _t' the,
I_l.iilctil_,. ihai i_ hill tini_hl,tl i._ll_l, in.<_iclc,_t ih_, i_c,/._<li_ii_u,whic'h i._l>t,v_lncl
th_' ._c_l_C' iii lh_' ttirl't,nllv Itli/clt,cl i\l._ pl'_il'c't, \4/_li'k I1<1._t:'_llnilll,llC'C,i;I llll

lhui'rnal ._l<ll_ilizali_._ ,_v,_lt,nl._ I_i" lhu l_l.lilcliiu4, 'Fh_,,_'._hl_lilcl l_e _'_l_l_l_'t_,hv
I )t't't'1111._t'l' I ciiii,

"l'hL' t'l_ill'l'_'lt' inilt'i' <_hic,ltlin_..wall ll_i' lilt' ._l(_i',l_t' I'ii/t. _ \_,'il,_ t'<l._l il_l llll't't'

I._lllli'_ in ICJCJl),'l'hc ' i'llilc't'tltll,il clc'._it'n tlu' lilt' ]_rt,t'<i._l lltlil,r wall ha<, I_t,l.,l_i
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reviewed and al:_pr_wedI_v st,ismtt' safely, and detallt,d design t_t_the lasl
bltwks Is nearing comPlellon, 'l'he I'lrsLpl't'¢asl shIeldIng bl_wksfor the wall
haveheel1_vclered,alld delivery Isexl:_et'tt.dIn Decen_bei'It-_t;l.Ali the
t._t'et:astshielding Is e×pectedt_ br, In platr, by mid-I u_-)2.

7'1.'A1.5inje('li_ulc_,ml_h'x,c(.tsisliJl,k'(!f . 51)-MEVIii.lc ..d . /,5-L;_'VI_r_sh'r Acce Iera to r

S.llJa,hr_,trc.t,is Jl_,_l,_'c,mt&h',mat c_mlmissi_.liu_,,is i./.'_,_.,n,ss,M,.'alr.,hih,,the Assembly andsh.'.ge rill,k'is/,eill,v,.s,,e.ll,h'_l,
Commission ing

The 3-(;t Ix (S-band) linac, shown tl_I,'lgure3-3,was completed by the end o1: l_.irlac
1_)t)().IJnac ct)n_rnlssttmtngbegan In l:el.wuavy1t)t)l at:tevextensive prepara-
tkm, and on I.'ebruarv 2(),{_nthe firs{ Lt'),,_r_'_'accelerateda I:warnto 35 MeV.
This pmml:.t successis a testimony to the craftsmansl'_tpthai went tt_t_the
c_}nstructttm,assembly, tnstallatitm, and allgnnwnt of the accelerator's
ct,'nplt,x comp_,_ents.In Mal'ch lU_-)l,at:tercondltkming of the aet'elevator
guides, acljt_stment t)f the phases between the Lwr)independent sectlt)tas t)t:
the linac, and completit)la t)f the safety system t:t)r the t.ntire injection c()m-
plex, the linac was tested ,at the full beam energy of 50MeV,

Mt,al_whlle, lnstallatitm tri the bo{_sterproceeded, Ali magnets, VaCtltllll Booster
chambers, and instrulmentattola in the bend sections were preassenabled oi_
12girders in the mechanical shops, There the magnets _.vel'eprealtgned ota
thr_,girders, which wt'l'u r !ntransported tt_the AI,S building, I::igut'e3-4
shrews a ¢t_mplett_,dgirder assembly being Iii:ted i_to the boostut"s conct'ett,
shieMitag tuntat,l, The ctmsiderable increase in assenably and installation
activity required a majt.' eft:t.'t in survey and altgr_rnent that ts expected to

Figure 3-3, The 5(l-MeV linac was
Installed In Its tuntlel at the AI.S

site In 1990 and Is now providing

a beam for commissioning of the

booster, The major systems are a
120-kV electron gun, an S-band
(3-Gt.lz) bencher, and two

accelerator cavities totaling 4 m
In length, This view follows the
beam front the electron gun (at far
left) to the transfer line thai leads

lo the booster, The linac has been

tested al Its full energy, and work

Is under way to increase the beam

current to the design value,
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Accelerator Assembly and Commissioning

XBC 903-2764

Figure 3-4. Tile completed girder assemblies for the

booster were lifted by crane into the booster's concrete
shielding tunnel. After utility connections were made in

the tunnel, the magnet,,; were aligned to tolerances better

than +200 _tm. The booster is now complete and is being

comlnissioned with beam and rf power.

GBB 916.4950

continue throughout the construction project and remain significant during
operations. By April 1991, all mechanical elements of the injection complex
were installed. After utility connections were made in the booster's concrete
shielding tunnel, the magnets were aligned again, this time to t,Herances of
better than+_200_.tm.

After another period of intense preparation, we were ready to start
commissioning of the booster. Ali the necessary hardware, the personnel
safety system, and the required procedures were in place by May 3, lc)C)l,
when we turned o1"1the equipment and, within two hours, successfully
injected a 50-MEV beam into the booster. Soon thereafter we circulated the
beam for more than 40(} tclrns wi thou t accelera rien. Silace that da re, the

circulating beam in the booster has reached 2 naA; we expect to reach the
design value of 16 mA as the accelerator is conditioned (that is, when outgas-
sing induced by synchrotron radiation and by particle loss has dwindled).
Much of our commissioning ;activity since May 1991 has t:ocused on four

• ai'oas:

• Consolidating our earlier successes,

,. Incorporating and enhancing the computer control system.

• Commissiorung diagnostic devices.

• Improving the reliability and stability of the accelerator syst_.,ms.

x

These activities have enhanced our understanding (_f:these c_)mplicated
systems. The knowledge will have continuing benefits, especially during the
beginning of tlle operations phase.
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ADVANCED LIGHT SOURCE

One of the especially noteworthy improvements is a virtual rev{)lution ill the Other Collamisioning
control system. Early in Ic)c}I, most activity in this area was ct)ricer ned with Activi ties
switching devices on and off and pr:}viding a user-friendly envir{,nFnent in
which to de sc). Since then, the system has blossomed with applications that can
visually monitor the electron beam, auto-calibrate the beam-positi{)n monitors,
take turn-by-turn beam-p{)siti{)n data, analyze such data fbrf}ugh fast F'{)urier
transform techniques, and measure, analyze, and correct closed orbits.

Another example of our commissioning activities is the studv of beam
properties, StlCh as the horizontal and vertical tunes and the synchrotron-
oscillation frequency, which are being measured and compared with theo-
retical calculations. Orbit distortions were measured using the 32 beam-
position monitors, and orbit correction schemes using the 32 steering mag-
nets are being inlplemented. At the end of a commis,.i;ioning shift, ali beam
parameters are saved in the computer to be restored for continuation the
next day. Beam restorability is important in a user facility, and because of the
high beam quality needed, stability is paramount in both the long and the
short term. Any possible source of jitter, either in hardware or s{)ftware, must
be tracked down and corrected.

Checking and troubleshot.aCing of the hardware also figures importantly
in commissioning, as dc)es developing and debugging the control-system
software. Each component must be fine-tuned tc)meet the design specifica-
tic}ns,

I3eam acceleration in the booster to 1.5 GeV is scheduled to begin late in .
19c}1 when the pulsed power supplies for the injection and extraction kicker
magnets becc)me operatit)nal. The 5{}0-MHz rf acceleration system is rou-
tinely running cat the maxinauna design power of 15 kW. The extraction
system, consisting of bump magnets, extraction kicker magnets, and thick-
and thin-septum magnets, along with their technically challenging high-
powered, fast-resp{)nding power supplies, has been installed.

By December 1c){-,rl,the secti{)n {:)fthe booster-to-storage ring transport
line leading to the beam dump was installed in preparatit)n ft)r btx)ster
extraction studies. The extraction timing system, consisting ,)f a ct)incidence

clock, lnust be added tc) the existing timing system ill order ttamake possible
any fill pattern that users may reqcf, re. The injectic)n system will be ready for
the c{)mpnissi{)ning of the src}rage ring, which is;expected tc} start in the
Stfllllller {}f 1992.

While the injectit)n complex was being commissioned, fabricatic)n and Storage P,ing
installation of str}rage-ring components ct}ntinued apace. By autumn 1991, all
the 204 major magnets ft)r the str)rag{.' ring (quadrupole, sextupt)le, and
c{)mbined-functic)n dipole/gradient) had bec, n fabricated, and quality-
assurance cha)'acterizatit)n {)fthem was in prt)grt_,ss. "Ft)date, with m{)l'Uthan
half the magnets t)f each type measured, their quality exceeds the tight
specifications, st) special sclaemes f{)r magnet placement have not been

inv{>ked. In c}tlac,r w{)rcls, any dipole can be used at alay dipole position in the
lattice--the individual variatic)n ix s() small that magnets {)f a given type are
intercha ngeablt.,.

Testing {)f the st{}rage-ring vactltlm v{.!ssels, which began in parallel with
magnet pr{)ductit)n, is in p)'{)gress. Scenari{)s f{}rsystem bake{)ut and
puP)pdt)wn have been dc'\,elt}ped and explored; the results confirmed that
the vacuum spe.cificati()ns f{}rthe AI_S will be achieved. Tla_.rcurrent et:f{)rt is

d irected t'>wa rd vacu u m-testi n_ the sector vacu u m cba tubers a nda ppr(,ving
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Su pportitag Technical Facilities

them for the I.BI., mechanical shops to install on the girders that hold the

I storage-ring components. Installation of girders and other sturage-ring items
in the ALS building began ill .]une 1901 (F:igure 3-5), and lC)of the 12 girders

were in place by November. As with the booster, the storage-ring girders
and vacuum vessels have to be surveyed into position precisely, an activity

that involves cooperative efforts by the accelerator group and the survey-
and-alignment team.

CBB917-5448

Figure 3-5. Girders for the arcs of the storage ring
are currently being supplied by the mechatdcai

shops and installed in the ALS building, Note the
antivibration floor mounts, which are necessary for

the high degree of beam stability implicit in the

photon-beam requirements of ALS users, XBC917-5682

Supporting Fe,, aslwts of a moch'rll (1c?c'clL,l'tltof (ll't' Ilutot,'hed by electronic systems Ji,r mea-
sltn'meltt, colltrol, alat p(_wer. Iu 1990 altd 1991, as tla' il;jeclic,t complex was

Technical Facilities assembh'd aJat commissiolled, electronics work at Hie ALS e.vpaJlded greatly, as
descril,ed Ilereamt ill other sectioJls. Asa#her importaltt technical project--a sysh'm

I /:( ) _ j thermal slal,ilizatiolt--got tlmh'r way iu 1991.

Electronics The ALS accelerator control room has been built, and COlnportents of the

ccmtrol system, which is based on distributed intelligent local controllers
connected by a fiber-optic network to easy-to-use workstations, continue to
be installed, l'orti_ns c}t:the system are in use for linac and booster commis-
sioning (Figure 3-6).

3-7



AIgVANCED LIGHT SOURCE

XBC900-9504 XBC914.3077

Figure 3-6, Subsets of the

computerized control system for

A workstation originally meant prinaarily for free-standing use in the ALS were used from the early
software developnaent has instead been incorporated into the control system, stages of linac and booster
This enables new procedures to be fully tested and debugged at the worksta- commissioning. As shown in

tion before they are included in the library of procedures that run directly on these views of the control roomat
the control COlllptl ters. progressive stages, the system can

provide a wide variety of operator

The ALS will have an elaborate beam-position monitoring system to displays, including a TV-monitor
provide high-quality data concerning the position of the electron beam, In image of the linac beam and
addition to the ntll'nerotls beam-position monitors, the linac and booster schematic displays of
require several other types of beam instrumentation, Completing these measurements and control
scintillators, collimators, tune-measuring electrodes, and beam-intensity parameters at various points along

the injector chain and the storage

monitors has been a significant ongoing effort, These instruments are used to ring, The complete system will
characterize the beam size and emittance, the beam energy, and the transport include a network of more than
efficiency, They also provide data to help verify the accelerator-modeling 600 intelligent local controllers
equations used by the control system, directed by central computers

The 15-kW rf system for the booster is being used for commissioning, operated from the control room,
Currently, the different parts of the storage ring's high-power 50()-MHz rf
system are also being fabricated or tested.

Construction has now started on a thermal stabilization system for the Therrnal Stabilization
building, This system will provide an air-conditioned environment for the
storage-ring tunnel and the experimental beamline areas, Earlier, in the first-

ever systematic analvsis of how thermal instabilities would affect the perfor-
mance of a synchrotron light source, we had determined that stabilization to

+1 ¢:'C would be required in order to prevent expansion or contraction of ALS
components due to temperature variations, Such changes in the physical
dimensit_ns of components can cause shifts in beam position, Work on the
tlaermal stabilization system includes the construction of a new c¢_t,!!,_.g
tower, the installation of chilled- and hot-water piping, and lal.llTlerous
changes in the ALS ductwork, Completion is expected by December 1992,
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Experimental This area has beert ilmreasng ill importmwe as tilL'ALS t_rogresses toward comple-

SystelllS tion. lnsertioJl devices_the key to prodtlcing small, illtense, tuJulbh' beams i_]"
s!/iwllrotroll light--have moved from desiglt into fabrication. Also critical are high-
performallce beamlines tluTtcojtvey tlw plloton beams to tile users' experimelttal
stations without compromishtg tile briglltlless of the beams; tlw co,lpolu'llts of tlwse
systems must maintaill precision even under high heat loads. With the user pr'ogra/li
less than two years away, the experimental-systems group has ramped up its efforts
considerably, buildiltg upon several years of research and development.

Insertion Devices In 1990, generic designs were developed, reviewed, and approved for the
undulator support and drive systems, as well as for the magnetic structures.
Since then, fabrication of the three undulators currently being funded by the
ALS project has begun. Two undulators designated U5.0 (for their 5.0-cm
magnetic periods) are well under way, and fabrication of U8.0 began re-
cently.

Figure 3-7 shows the first pole section, which confirmed that the design
would achieve the tight positional tolerances needed to fulfill the stringent
magnetic-field specifications. Although they are based on earlier devices
constructed by LBL for operation at the Stanford Synchrotron Radiation
Laboratory (SSRL), these undulators are subject to far more stringent me-
chanical and magnetic-error tolerances. Tighter tolerances are required to
achieve the photon-beam brightness made possible by the much smaller
emittance of the electron beam in the ALS. Typical tolerances for the place-
ment of magnetic materials are 12-50 lain, and gap motion must be controlled

Figure 3-7, A pole assembly and reproducible to about 1 I-lm. Fabrication of pole assemblies for the first
section of the US.0 magnetic U5.0 is nearly complete. The pole assemblies will be mounted on the backing
structure (right), using production beams, which are being assembled in the LBL mechanical shops, and initial
components, confirmed that the magnetic field measurements will begin early in 1992.
stringent positional accuracy
requirements could be achieved in
practice. The two ALS-built US.0
undulators are well into assembly,
and fabrication of U8.0has begun. ._.
Shown below ts the mechanical
superstructure, a support and
drive system that must provide
0.1%lmgap reproducibility while
resisting as much as 42tons of
force as the arrays of permanent-
magnet blocks attract each other.

CBB 910-8211

XBC 919-7916



AI)VANCEI) LIGHT SOUI._CE

"lille 4,5-111-1Ol1_ tl ndu la tots will genera te Iltg h-brtgh mess rad ta ltL_na t
photon energies t:rom less than 10 eV to more than 2 keV (that is, in the
ultraviolet and soft-x-ray regions of the spectrtlm), The tuning ran_e Is
determined by the length of the magnetic period, the peak magnetic field
achievable, and the electron beam energy, This rad ia tion will be more than
1() times brighter than radiation from the brightest extsttnl8 sources, Wtthln
this range, the phot_n energy will be tuned by varying the rnagnetic field,
which changes as til, _gap between the nlagnetic poles is widened _r nal'-
rowed,

The undulators are known as hybrids because the magnetic fields are
produced by a high-strength permanerlt-rna_net material, neodymium-iron-
boron, and the field seen by the electron beam is shaped by a ferrornagnettc
material, vanadiurn F_ermendur, Each U5,0 has 181 pole pairs and requires
abotlt 210()magnetic blocks, The US,()has 113 pole pairs and requires about
140() blocks, The magnetic blocks for all three undulators have been deliv-
ered, inspected, and precisely rneasured to determine the magnetic-field
characteristics, These characteristics determine the ideal location for each

block in the insertion device, 13ecause ot: the large nunaber of blocks, we
developed a semiautomatic magnetic-moment rneasuring facility based on a
Itelmholtz coil (Figure 3-8), This facility has been able to measure the thre_.,

Figure 3-8, The individual blocks of permanent-
magnet material used in AI_S undulalors have

individual variations; they must b_.,characterized s.

ihat lhr, it ideal pt_sitim_s in the magnetic structurt, can
be found, This semiautomatic dr!vice can measure up
to 200 blocks per day,

f]BI3cJ10,f_11_)
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components of tile magnetic monlent fin' m_.n'e than 2()() blocks per day, The
same basic design will be used for the other ALS tnserthm devices, as well as
for tile undulator tn the infrared free-electron laser at the proposed Chemical
Dynamtcs Research Laboratory, as described tn Chapter 5, "Exploratory
Studies,"

User Beamltnes Beamltnes wtth spherical-grating monochromators will be designed and
built by tile ALS for US,0 and for one of the two UN,()undulators,* (Other
beamltnes will be provided by tlleir users,) Engtneertrlg efforts for the ALS
beamltnes increased during 1990 and 1991, and procurement of components
began, Design work tnwHved major front-end and mirror-system compo-
nents, including photon shutters, horizontal beam-defining apertures,
personnel safety shutters, fast-valve systems, and aperture plates, Generic
design,concepts were developed for actuators and in-vacuum assemblies,
and test hardware was assembled to verify that the designs would meet the
operational requirements, Assembly of front-end components began in
October 1991, Figure 3-9 shows a typical beamltne,

We conducted an R&D program at the National Synchrotron IJght
Source at Brookhaven National l_aboratory, "rials program produced concep-
tual designs for photon-position monitors, which are critical to tlle operation
of the beamltnes, At LBL, we studied tile passive stability of optical compo-
nents and of active stabtltzath.m systenas, Tlaese studies focused on three
areas: agile mirrors to compensate thermal drift and vibration; feedback

Personnelsatety

shutter\

Fastvalve "_

monllor
tt [11] SphericalGratingMonoohromator• i BeamLinefor a 5 omPeriodUndulalor ,,'i:'_'.. l

,,'r '_'_i _ltlll"j_/i_(_ Undulatorat theALS

Storagering
" .... tunnel

Horizontal

beam dellnlng Dltlractlon
aperlure gratings

Photon Condensing Entrance I Sliding
position mirror silt exit siltmonitor I

beamllne show components .... :_% . r
before(toph,ft) andbeyondthe [', , ,J
storage-ringsMeldtngwall. The

• J i =
user's experimental station would Experimenl.i
bebeyondtheexitslit of the I Experlment_!l

;2
hall =" stations

Ill (1II oc hro 111a[ or,
Xl!_L909-673B

................................................................

* 'lTwUN.l)beamlin(,will Iw IIst,_ll()I'stt,.lying ph()t_q:_rocesst,sinat()ms,molecLIles,andi.ns.
This U5.()beamllne,,,,'iiiI',(.,IIs,..,.It't,"Sl-,,_liallyrl,s(dvvdst',e,.tr(_sccT,y oi sLirf,...'es,inh,rf,wt,s,and
other l_hysicalsysh,ms.
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loops to local bump magnets tn the storage ring stratghl settton thai will
stabilize, the motion of tile electron bearn; and the thermal and vlbratl_mal

stability characteristics of an l_,Bl_-developed prototype splwrtcal-gratlng
monochron'mtor tnstalh?d in 1987 atthe Stanford Synchrotron I.,lght Source,

The small size of the AI_S photon beams creates new chalh_,nges ftu'
beamltne designers, as does the emphasis on Insertion devices, First, the,
source size and divergence have becorne very small, l,'or unduhltors at the
high-photon-energy end of the spectral range, the rms phot_m-beam size ts
typically 330 I.trnhorizontal by 65 t.trn vertical, and the rms divergence ts
typically 40 t.lm horizontal by 30 ].tru vertical, To avoid loss _,t' light from this
small source, tighter tolerances are needed for the figure and finish of relay
optics and mc.u_chron_ator components,* Further, lt is now practical to
achieve higher resolution by the use of narrower nmntwhromatur slits;
therefore monochromator components need tighter tolerances to avoid loss
of resolution, Finally, the photon-beam power has Increased to several
kilowatts per square centimeter, The resulting requirement for control of
thermal distortion and stress complicates the design,

The procurement of opttcal elernents for the AI_S beamltnes was started,
since these items take a long ttmeto obtain, Three water-cooled mirror
substrates are being fabricated; one of them was finished by the polishing
vendor and returned to us in May lOql, This met the first critical milestone
for fabrication of mechanical components for the ALS beamllnes, The other ts
being polished,

One of the most important areas of bearnllne R&D has been characteriza-
tion of optical surfaces, The typical quality of optical components for use tll
synchrotron-radiation beamlines had been sub-optimal for many years, Our
requtrernents are stringent (slope errors in the range of 0,1 second of arc, for

example), so optical rnetrology plays a kev role, To this end, the ALS project
funded the construction of two long-trace profilers (Figure 3-10) based on an
advancec[ surface-profiling instrument developed at Brookhaven National

Laboratory, One is c)perating in the new ALS Optical Metrology l_aboratory,
where ii is housed in a class-]()()()0 cleanroom to avoid contamination of

optical surfaces, The other is installed at Tucson Optical Research Corpora-
tion (TORC), a private company with which we are cooperating t(_develop
manufacturing techniques for water-cooled rnetal beamltne optics, These
surface profilers make it possible for us to obtain the best beamltne optics
available while making significant c(mtributions to state-of-the-art surface
profiling,

To date, the profilers can measure surface sh)pe error to better than 1
microradian rms, With the help t)f these instruments, water-c()oled metal
optics at least as good as the best glass optical ct)rnponents have been fabri-
cated for the ALS, Surface rnicror()ughness figures of 2 ,_ rrns--five times
better than prex'iouslv achievable--have been ()biained _)n 15-inch-lt)rig
copper alloy mirr()rs coated with electroless nickel, Currerltly we are work-
ing with TORC tr)achieve this micrt.'()ughness ()n rnetal surfaces thai also
have ,3 sit)pe error of (rely (),5 micronadian rillS; the project is pr(weeding weil.
In additit.a, we developed, in collab()ratit.a with industry, a completely new

......................................................................

'_ Sllrldt't' Iigllrc, rt,ll'rs t(_ [III' dt'tllrtlt'V tri lilt' prtdilt, di hre,' sp,_lial II'l'tllll'llt'h's til' ](Hlg pt,rhnls,

where,Is '_llrfdct' tinNh rt,[t'r.'-, 1(}the sna_.dhnes_, {,I I]lt, pr_dih, at high spali,_l Irt,tltlt,lltles (li' shtu'l
]_t,li_,tls,
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rmtl:ltocl t+l"milkirlg t_.tt'tti_.l<_lrnirrurs ttr <_+,-;h+l:+Uttth.,r+im'u ul'5 rr_Icrt_l+<idlnris

Hn.,.;,'lTu.,+,.;c,_.l+.,,,,t+,It_l_urt<+t__tsl+mvutfl:',ur_t.,d<_rlt.,;.vt_+r<_in lhc, <_vi_ih;l+llltvt_l hlI4h-
qu__lity _t'__xlli_-ir_¢idctrlc'c' Ul,tit+<_lt+,It,lFiuittsl(li' thf+,svm:l_rt_tr(tn _',trl'i+ttl_t'_
Ct+Ill Illt.1 I1Jt V,

[T)ia_lltL'-;tic l+c,amlii_c, lr_+_.Iclltit+t_tr, t+uilciirq._rftc, tx.v¢_tlst,r hc,arr_liru+,.,-;,x.,,,t_,l+l<_rltr; install a d ia_r_t_.,.-;-
tic t-,t,++mlim,x.vill_which xvt, _.'++rlust, +,..;Vllvhl+till't)ll r,ldlcltltm l:tlr l_r_+,t'Isltm
im<_irG4 ++i'_cltr<_n.,-;vc, rsc, ntt,i]stlrt,rY_urit t>l" tl'_., c, lt,t'trt_ll t+t,i_li_ il_ tIu., st(li'a_,L,

rin_,, "l'his ,'-;vstc,m will ;_l,,;t)prt_x,ictc, irlt't)rm,ttit)rt <_boul Lhc,13t)sltit)i_,_lst<_bilttv
,_nclIc,ngtlt _t thf t",tli_t.'l_,G'ht+,sc,mc,_sttrc, t_at,Ilt.,.;,1rr,usserttl,'_l t'_r t_ptimlxlFq4
tlu., t_pL'r(Itit>t_t+f thf+'.'-;ttird_c,ring, JlL,.-;t.,rti(,_Iidc, vit..u_, +tnd Ill(+ilt+c'llrt)lll_ltt+r.,.;,
'l'lu+,cll,lgr_t_stic ht+,<imlinc,will bf, irtst?illc,d +it tl'tt, first t-,t_,rtdm(i_rlc, t l+tfll¢+,+,vir_

l.ht, str+tight st,t:ti(m ust,,,.:ll:tlr<t¢c'(,It,r,_tlt.+rt,+l'l_i,,.;ct_ltstt'icl:t,t:l+_rt,<iill+thc, e×l.,t,fi-
mc,nlctl lIt_t_r i,,-;tl_+,_,Ic,i_stclc,.,-;ii'?it+Ic,l't_r tl,'..;t,rt_t,,trrtlir_t,.,.;,

'l'hc,AI.,Bhiis <_i_i_tt.ii'ill t,il_itti_rlce tit 71,4 >:: i()-"i'rl-riicI <ii_cl, til the, I'li','-+t

l_t,i'lclii'l_ Ill<l_llt.,{, I_lri,'-+Ilt+riz(li_t<ll <+i_l.I vt, i'licill i:lt,illll +tz,t,+ cTh <_l_tl +_. til ++1.,lI+1111

illlt.I S."t i.ln-i, i.c,._tr+c,ctivt,Iv(il,_+tlmJi'lt4 ii c), I i'<liJt_ t)t' v_,i'lic'<+lIt_ht_l'ixtmti_l t,mit-

{iiilt.'c,), 5iml+h_'dittr<_ctivl , (_t_ti_'illt'<llCl.lldiJl_l_+'-+ ._l'itlXV thill ii i_ Iltil lt'ii._tl+llc ' l(I

i rt l <lt4c, thi+ l_t,<+m with visil_l_'-1il4ht t_l:+tit',_; ii+rla_ii_l.], mtl+i I:_c'i-_c,rttlri+ilc,ct tl,,-+il*it4

j-lh(ihin t,lll_,l'_it,.,-i ,L_,l't,,lli.,r 111_11i,5()t'V,

'l'ht, l+t_,i_illlirlt.,will h<_v_,<li_ ii+li_tl4Jill._ +V,'-+tt,rll t'tli +21)l)-t,V i+l_t_tt_i_+<li'iii <_

"whiit' l+t'<l111" I+(li't (i,t',, ii Irlill't with I_t_ illilil(ichi'tlillilitlr, tl,l.,-++iilt_, lhc' t'till

,t+ I;t



AI.)VANt!I!I) I,IC.',lI'1'_t)L.II4¢.il!

sl;_t,c'tl'titllt,l' bt,lld-m_l_,:,llt,lI'ildhltltli'_)with ,I nti'u,lk c',lillt,i',ilt, (d_hlll'ltlllltll}4
ll_l'_ll'm,_tlcm.'l'ht, Im,i)Alli__v_tt,ill will t,mPIt;$,t_.',,t,_'l't_._t,d,Hl:_hl,i'lc,IIIllll'l'_,l'n
Irl ii I¢ll'kl:mli'l_:k-llill.,z,t'tll_l'l)4tlt'illh,rlIt, t,llrrllll,lh, ,Inll)4rrlilllnm. l.J._t,(_t'1:1
Irrl,i_lt_ will c,llrvllt'liltuc.'(Itl'lil,lht!l't,b.yPt'lldut'li_)_;ilil Imil)4ut,t lilt' m_lil't't,
Ilmllt,d truly by lilt' I'c,sldllil)illlt,l'l'iltl(.llls (lt' lilt, tll_tl_'_.14t,,ll-ttm,.'Illlil_,lll)_ Iii'
Lhc'bt,ilm nlltltild bt, l't,tlslblu wllh tilt, tilt, til' ii 111)41l-rt,mlltilltlrlt'llill')4t,-_.,t_lll:_lL,cl
dI'vlcc,.

'l'ht' clt,sl_r_t,f lhc,dlaI4r_c_mtlc'-bc,t_rrllll'_l,Irtli-i_,ti'_jAHynluirl t'_,1'Lhr,AI ,S,,,viln
lmplurm,i_lc,dwltll ,li_t,yc,hl,,.vill'daFG_llc,ltltlrlII1cilllt_t' tllll'd-_4_'llUl'iitlt_r_
_vr_chl'c;tv'urlI'aclhltl_.,rlmini'ct,n,till til' ,,vllitq_v,,,lllpl'um.,rltvlmllc,ll_:,_.,__liliII,ll' til
tilt_m,tltillll_vtl ,lbllvc,, This bv,lrr_liilv I_nt'l"_c,cltilvdit, L",c,iii tMt,l'illh_l_by .Jtllv

I_tl_lliii ctlii_tl'tlt'tlul_ al'_dIii Lilt,I_ltll_lllr_ elf lily tim,l' i-_l'c_l','_m,wt, IlilVu EITViI'OI'IlllL_I1 [r

I.,l,lcvtt_l't,al t'rr_pll<l._l_c.,liIlvalth, safe,iV,alld t,llVli'cmlr_vl_hllpi'tltt,t,tltltl, H allh, al' d Sat et3,,
mt,ellaIllL'+llai_elc,lvct l'icrli Ilni't:lv,,+li'c,,bl il alm, hs,l li_t_:llh_ticmuf liiu ._ilI'cg$,
s$,st,,,msdc,tmlt,d IlUc'u_l'v I'c_l'_ p_l'tl,,'tih_l'acllvllv, I;t,l' vx_lmpl_.,,Cll]c,i'ilLlll_
ihu 12()-kVt+,It.,c+tn'url_tin,_$,stvmwith c,t_lyLh,..,llrmc tui_i_t_,lsvcui't+,clwns
,icC_,l:_tablv,whc,i't.,t_slt was l_c+_:t.,ss_;i'yt,_Impi_.m_cmtthf+full l.+t,i's_,ni_t_,l,_tlfc,ty
s),stum l't,i'Lhc,Irllucttt,rl ctm_l:,l+t_,xbul't,i't+,+ibuam ct_tilclbe,accult,t'ak,d tt_5(1
Mc'V,Ctlnlmtssltilllilt4 acllvtLtt,s ai'c,ltmltc,d lt, Lhc,c,v_,illnl4sbe,cat.iso,cit"AI,S

al'lL,i'llc,(,i_Lhc'Itnilc and btic,.<itel' il.lllllt'ls iii'L!sl'si'thud and St!¢tll't)t:l il¢¢Cll'l:llll_
tri lhc' t,+iabll._hc'dt._i'tlc'c!dtii'l.,,The,ilc'cl_'h.'i'ilhli'bulldtnl4 tsalso Itickc,d, al-
thtltll4h i_lc,asui'c,mc,nls have,shclwil thai lhu i'acllaittlil It,vc,I t,utsldc, the,
Ltini_t,l.<_is wt, II bc,ll,w lhc,s,-iI:c!Lyllmtt, (.)ni7 lhc,li dtlus CCllllmlssl(llllill4be%Iii,

14adii_ih,nsaftg7 Isc_ill_,(,f t)l.ii' ma Jill' t.'tlnct;i'llS, Thr, linac iinct thu bi,i,._lc,i'
_c,llt_,l'ail., htl4hIt,rc,Iscii'i'adlai.ltlil (×-rays, t4a111111ili'ayS, and llt.,tltl'clns), ctln-

flnt,d il_sldt_lhc,ac'c'c,lt,i'at(ll' iu ilnu,ls, Wt.,si.ll'vc,yc,d tilt, i'ildlallciil artltlnd lhc,
inh_,t'h,cl<_c!dhit4h-i'adlailtlil ili'l_'ast.Int:ll_,i'ntlnllnal lll_C,i'_lilnl4c'lii_clIllclns ililCl

tlildc,l' ilblltll'n/ill c'tlnclllltiil,<+til which bl.!ilrl3IlilSbL,c!nItl_t dc,ltburaic,I), tc_
.,+ln_tilaLc,ac'cldollt._,In ali but c,ilu._lluaL-lcin,thr l'adiiltltiil shlt,lcllIG4pi'clvc!dlc,
be,hll4hl5,t,t'foctlvc,,i'c,duclnt4 lhc, i'adiatltli_tic,lt:Istu Ic,s._thail 1 mtllli't:m pc,r
h(Itli' ill lilt, titlistdc' Si.li'filet, cii_lhc,,_l'llt,ldwall+ li1the,Clllc' c,×c't!l.',Llcll_illcast', ii
ii'an._l._c,i'l-Iint' _x4'llchitlt4 131at4nt!twas ltli'ilc,cl c,l'f and cl ilai'i'()w bt,lll31 cii

i'adlatlt,n iii 15 nllllti',.,n_pc,i' I_cil.il'wils t,bsc,t'Vl.,dat tilt, Instdc,iii' Lilt.,._hlc,ldint._
wall, Whtlc_thl._It,vN Is withll_ the alli,wt,d limits fell'thl_ cc,nii't,llc,d al't'il,

t'xLi'illtlcal ._lllc,ldint4 was adclt,cliilsldc: Lilt!t.,ilcl(.,stlrt_,t'tii'c,vc,il 14i't,illt,i'_ill'c,ly
il_.<_tli'allC'c', Iii lhc' C,×l:,t,i'lmC,ilLalai'c!a, th_.'i'adlillliln lc,vc,I Is _'×pt,t'it,dIii ht, wt,II
wlthil_ lhc,lc,rc,Is thai al't! c'clrisidt, i't.,clSilft', 'l'ht, i'adtatlim Ic,vt,l ill lhr, iit,t'c'lt.'l'a-

lcii'btiill;llilt4 is i't_'-113t'aSLIl't'dc_'vt'i'ylinlt, c'¢lrnnlt._.<_illlltill4i't,,lcht.,sii i13tlc,siclllt,
thiil is i't.,Ic,vanl tcl I'nellailc,n,

I)tlrtilt4 iwc, ,_ilill.i,iIsafe,tr l'c,vlt,ws b), lhc, I)t,l:,ai'tnlt'ilL i_t'li',i_t'i'l._),,i-_ai'llcl..
I_ai_t_fl'ilnl lhc,17(;)1!anti fi'ilin (,lhc,i' ilaltC,ilal liibtii'ilitii'tt,,_c,valtiaLc,cllhc,
fil_'lltlv and I_l't,_c,l_tc,elactf(iii l'lt_i31s,i't,t:(iillnlt!ilclatliln._,aiicl stit__4t'slliiil._,Thf
ICiCJli't,vit,w stl't,s._<,dlilt, ilt,c,dIii c,stablish pt,licit,_ ililcl i_i'(it't!dtll'C,SIii t,ll._til't,
thr, ._iltt,tv(if AI ,HtlSt,i'._wht,il iht, Mcilti), bt,t'(inlt,_(ll-lt,i'dtillilill,

'l'(iWiil'tl ll_i._t_,ild,a Ntivt,lllbC,i' iqcJl wlrl'l<_h,_l,l(li' ihu tl,_.lt'l' t'(lilllllilllilv
w<l.<+ic,ll_tl$'I_iani_t,d by tilt' t\1 .'-4()l_C,l.ilLi(,i_._%<lfr,Iv ()ffict, l' anll Lhr,cll<lii'l:_C,i'..

._t,I1iii lilt' AI ,_ I_.Jst,i'._'I!×t,ctliivt, (..(li rimillt,t,, 'l'llt, wiii'kshcll_ ill<lt,llclii cc,vt,i't,cl

cht, i_lica], i'aellallciil, t,lt,cii'tt'ill, lllt,challicill, v<it'iltlrll, iilltl .<_c,i_lllit'_,,ltl,lv, ,llt,i_t.,

t..I,I
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i

With tralnlll_; r,.,HLnlr_.'mut_t_In th,o_e,irL,a,_,lt ,=1_¢_Im'ltiLl¢'LIa jC_intphln_nl=_

' • I!ri_t/rlrlt._i,ffl,dlVl, ccm_rntinl¢',ltl¢_r_with r_.,_,¢lrdt_ hl,alth ,iml ._,ll't.,Iv
b,,twuun th_.,Al ,_¢w_,anlzatl_,rt,_m.Ithe,tl_er_.'_-irl-ln'ltllllLy,

• C.;alnln_a huth_,rtnm.l¢,r_tan_dlrt}_,_I'll,_l'l'_°h¢'a.ltl't,Iml _afi'tv I'l)llCt'=°il_,

" li_Li'lbll_hln't}_a ]¢_lnLt.t_L,n'-Al,__afi.,tvL'¢m_n_ILLL,_.,L¢_f¢_r.trtt=laLL,i_lan_and
_uld_.,llm.,._,

Th_,I_-_-_1r_.,vk,w ,_l_c_pn'c_duc_.,druc_rr_mlOnd_ltlc_rt_D.,rtalnln_ t_ Ih_.,lira,and
IIfL,-_afety_._¢_.:1_.,_,m_wun'_dur_:¢m_ldeo'atlCmby th_.,1,1tl,I:lre I_ul_artn't¢,nt,

in teracti()|1 w lth t,vl,,__' _'.v_lmim,.,_tll_'n_mt_h','_'itit'.,__H,th'mll im_'_i_,_l_,_'di_ _h'_ig,_i_,,,,,I_lihli_l,_,,
tt_tl c'¢_mmi._i_Hi_,_,i_L,_,r/fi_dl"_,i_'_,s,mid _',_'l_'rime_tlttllitc'iliti_'s,/Iu, ;_l_ri_,,,__1'1_1c._,t

t11L:U ser _h_,sm_l_,_,m_,_,r!l!itriH/h_'l_iIun',An'_rdi_,_,l!l,,'Ii_..;_,m_d_,.'_'l_'_._i_,_'i_h,ntdi_i_
(ii'.(1111Ill tl l'l.i ty ¢_,it/tI_a_lwti_,_'_l_'_'._lut_I_'_'__ Imllmm'k_I'AI,,'.;I_n_,_,ntmI_h_i_,,,,,,'l'll_'I_r_l_.,_tl,,_

• l.ili'_,'i_'_In'_,

/:i,_hti_t.'_'rli_-_h'_'i,'_'I_R'I'.';_tll.'_i.'_'l_'ml-m.,_,_'li_I,_'I'_hm_'I_'_'__ii_l_r_'d,

m'ti_,_':_'h'_til'i,'fulun' _t th_'li_'ilily,

_cic'rlttfic l_rc_grarn 'l'hu initial scientific I;_r_n'arn _,ml;_hi_._lzu_the high brightness ¢_1's,_ft-x-ray

lOc'velc_l_n_c'r_t and uxtrumu..ultravt_lut (XUV)light available, I'rcm_the AI ,_;,"l'h_,_xf_erlments
will be c¢mducted by I'R'l's, which c_ml'_rl_, Inw.,stl_,at¢_rswith relat__,d
v'u._uard_Irltuv'ust_frcm_cmL,_v'lm_ruInl_tlttlth_rls,'l'h_,I_rlmary re_p_m_lbtllty
I',_re-.;pl.,rlmtmtalapparatu_ re_tswith thr.,I'R'I'_;thr, re_l_C)n_tbtlttyI'c_rthe
L_uamllr_t,sand in_c,rti,m duvk'_,_will bu _hart.,dby th__,AI,5 aral lhr, I'l,fl'_, in
return Ic_riLsut_mn_lLim,r_t,uauh I'R'I' recc,lvu_ a _t.laV'anteedtracth_r_eft'thu
AI_S(_p_.,v'atin_tlmu at It_beamllm,, "l'hr(_t_h a l;_rc_p(_alprc_c_s_,a _ub_tan-
tlal fractt¢mc_frunntn_ time aLL,achbeaunitricwill al_¢_be,made avallabh.,tc_
lnd_,f_und_.,nttnv_.,_ttD_t¢_v'_nc_taft'illal_.,dwith a I'RT,

lilts,lit ln_urti_m-d__,vic_.,I'R'I'_ v,,,erual_pV',w_._dby Lbl!I'r,_rarn I,h.,viL'w
C_T(m-_rnllt_..,eIn I)ecu,nnl_.,rI_-)H*-),(()rl_lnally nim.,t(..,(]l-]I__'V[!I°(. ' al:_prc_ved;tv,,(_(_1'
tlu.,rnIlavu _lm'__,j_ll_,_.ltc,'ce_,)'l'hc,i.-,am,Ir_,Vll,wC,dI_er_d-rna_nc,ti:_r_t-,_als
al lt._.J_nn_.,IC_c-_()antiMns,1_-)o1rnu_.,tlr_,._;_ix t_.,amsbarc, b_.,c,n,_l_r,'_',,ed,Sc_mt,
c_t'llu., I'R'l's alr_.,advhav__'I'_ndln_ in f_lac'u,

NIn_.,eft lhc 2,1avatlablu "prime" b_'nd-maF,n_.,tI'_c_rtnhave b_.,unallc_calud',
.'-,ixt_ l l_,s__'I_uncl-mal._m.,tI'R'l's and t l'_v'L,et_ ln._urlic,n-duvtcu I'1,_'1',,._,An_
advurti_c,n_c,ntI(_v'additi(mal l_uml-rna_n_,ttc,arn__,_i__ i-,ubll._lu.,dt(_c,m'¢_t=v'-
i_, _l_c.,c_fbund-n_a_l_utradiatl_,

Sl lc'h ,1__F,atlallv rc,_c_lvedl,h_t¢_nand I_h¢_t_,lu¢'trc_n._l_'_'tr¢_C,_l_y(_1-_¢,¢'--
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It'i_ll11_'i'l_.'_qWl,l_It_It_glc,il,Ipl_llt',Illt_t,ihwillIowltltlt,\.r,lvl,i,ilcr_.ct_iLvwllll

ult'tl_t'l,II..._lwdllc set,I_lllvllv ll,i IIw "w,llt,r wllltlt_w" t_f II,I_,.l.,clrtltll, lI,It,
2,3+.I,,I11111l'ul_l_I1wllt,l'ewdlt,l'Is111tlt.'hII,itri't,ll'ilnnl_al't,lllIllalll_rt_tt'li,i,'l'lw

AI,_willal.t_I.,,,int,xt.'t,llt._lI'u._u,,irt'hlt._ll't_r,llt_llt'l_ILv.l_'s,in,it.lt'ht,_l._+t_'v

lwt,,it_.t,llwl,ilghlIti\will,,illt_w_,iu,,_stlrt,u,it,nl_l_bf,l_,ia_It,withluntlt_t_s_,,an-+

I_h,lm, targt,ts, 'l'ht, nl.,rt I._l_u wit.lth (3(b_l)i+s) will t,lt'tllt,ltt' tln_,,-.n'u._.,Ix't,tl
t,'..I+erlIllt,I 11,_,

(.Ill_l'r I't,nt,'arc[1,,II't'asPhln_i,It,tlIt_r/XI ,S tlt_tltllatt.' b_,,_n.lln,I_,,_Inwlt_tlt, hlt',h-.

pl+t_ttwl111shlt_tlslWt.'trt,-+t'tq'LVt_l' ll,id__.llt'llt'll.hItt'l'J.il.%,lllt.i t,Xl_t'n'ltnt'nll!-+ll_at
l'Xl+It_ItII,if l_t_l._v'Izath_l;t_l tl_Itlttl.ltt_t r,_tlh_lh_nl.A ltllt_vt, t_l_tlt,l Is li,it, t'_t;-
_lrtlt'th_ll t_l .'-+l_t,claltlt, vlct,s tt_ }',t'llt'ratt' rat.llatlt_n+wltll .i t.'t,ltrtfllt,tl t,llil+tlc.,iI
l,t_l._rl,',ath_. Wi_.,plt,i'q;am,t.l x-rav

stttt.llt,s will Inclttdt, Sl',t,t.'tl't_nt.'t_l-LVt_l
_llt_lll.'-+l,_th Ir_ Lilt.+.as l+l_a...+t,and l_l

t't _lltlt'llnt't[ llhltlt'l'; .'.+l+.,ithl IIV vt's¢+lVt'tl 1.3+.+mq'+lh'+O{13rlghl,es.,+

t.lt,_,iu,nt.ll ._n,ll,,,sls wlth an x-ray Spectral brightness Is In general the most prlzed vlrtue of XUV
n,ilcrt,{_rtd+t,; graZ{lll,,+incltlt,nct., x-rdv light from the ALS. The rays of light occupy a small cross-sectional
.'-,t.',,iltt'l'il_gIi'_+111Stll'l'dct's; dllt.[ X-I'dV area and can be focused onto a small spot (or, In mor0..techlllcal
till+lr,lt'titbit t_t+lar++,vbltdtGIt'al m t_l- terms, a high photon flux per unit source area and per unit solid

t.t.'tnlt.s (lh,lt is, prr+it,in crvsta lh,_,ra- mtgle Into which the source radiates). 'File source radiates hate a
l+{,iy>,l'_t'_t',ll't'h l+lannt,tl by bl,at.l- narrow corm wlth an operdng angle of a ,few hundredths of a
n'i.,ipllt,l tt,.l li'Is i_wlt_t.lt,s ..-+t{_dit_,..-+t_l+ rnliliradlan or I¢,._sfor undulator,,+, or a few tentl'm of a mlllh'adLan for

I+hy+it.'al and blt+lt+glt_',_lsvstt,ms with bend magr_ets, Spectral brightness is the same quantity per unit
spectral bandwidth, Brightness ts conserved ns light travels through

l_t_larl/t.d rtldiatit_rt, .is wt.,ll .is ll_ll',it't,d an ldeal optical system, in <.+tilerwords, lt cannot be improved by
,,iI_st_r{+tlt_11Sl+eCtrt_sut_l+yt lf st_litls, focusing or other means; Ii ts limited by the quality of the source,
Stll'ldt't's, di,it.{g.,iSt'S. Experiments with synchrotron light tend to fall late three

l'lu. _+t_'it.nttftt_l:+t_tt.nli,,iIt_l+thf AI+S categor!e_. Spectroscopy provtdes Information about quatatum
t'llt't_tll'dt._t.tl lD{irt, th,_n 21)(}pt,t_pIt,, states; elastic scattering (such as x-ray diffraction), locates the
mr.+fly irt,la t_tatvt,rsitit,s atlt_II:t.tlt,l'al position of atoms and molecules; and imaging provides a view of
I.Ibt,',ltt_rit.s, tt_ rt,spt+t,itl tt_ Lilt. first call mtcrostructures and nanostrttctures. Brightness brings distinct
It,r I'R'I' I,rt_l, t,sa Is. Add lt lt,nal Ieart icl- advantages to each of these experlnaental grouph'_gs.
Iear i<_nlby lhr. priv.ltt, st.t't(+l' wt_tl ld ht, The most direct beneficiaries ,are,researchers tn the physical and
t.lt..,_tr.lblt.,s_ ata t,lt_rt tt_ br__adt,l,i thr., life sciences who hope to achieve enhanced spatial resolution down

A I.S ,i_st..rt't_m_nt_laitv bv jilt'lt ld int+, to distance scales of about '1O0/_ in x-ray microscopy, or who plan to
pursue spatially resolved ultraviolet and x-ray spectroscopy. A

m_.'t, il_t.lt_stri,,iIi_+_rtit.'il:_,lttt_nlmtlntlt,r- typical benefit accrues to the study of solid sttrfoces, which are
way, ,l_ t.lt,,+t.'ribt.t_Ilalt,r ill this chal+tt'v, mostly heterogeneous, making Interpretation of spectroscopic data

obtained from illuminating the enttre, surface difficult. Wtth spatial
resolution, spectral feature.,+ could be dtrectly associated wtth
specific surface areas and structures.

For the spectroscopist, brightnes" allows htgh spectral resolution
without the usual penalty of reduction irl signal and increase In
measuring time, Experiments whose measuring t'hnes were once
impractically long, perhaps because of Inherently weak signals,
become reasonable to contemplate,

Finally, brightness and the pulsed nature of synchrotron
radiation bring another opportunity: the ability to observe short-
lived or tran++tentsystems by means of time-resolved spectroscopic;
scattering, and hnaglng experiments, The tdtlmate thne resolution,
made possible because there are enough photons tn a stngle pulse of
bright synchrotrort ltght to generate a useful signal, wottld be to
follow events In real thne cma sub-nanosecortd time scale,
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W_1'l<.sll_l_.,and A l._q ,qf,vi,i'll w_t'k.'-;hLG_ I_avt, ht,li:_t,tl lll_._l_ll_4htLilt, v,'ld_, var'lt,Lr _l' :_t'l_,t_lll'lt'
_c'ic'ile'c' _PI_I'ILiHIIle's l'_t' hl_ll'bt'lt_'hlilu'_'_ XUV 'll_,lll at_d l'tlt'lh_'t' bt'_adeil Lh_,1,afllcl ,-

I:lillltlil by ali ._el4rnt,ilLs t;f lilt, pt_tt, iltlal tl_t,i' t,tllllilltiilitv,

Sllft X-Ray I.,lthlll4raplly, 'lhe AI ,H,lild 1,1]1,In lgl, ill,l',ll, iilc, ,ld jatr,ni

{Jillvel'slly (ii' t,alil'llrilla Caml_tl,_, ilild lit,iii'by _lilctm Valit,v clmsiliillt, ,1

tll-ilclllt, t,lllllblil_lLl_lll ill' i't,_t_tli't't,,_ fill' lilt, tlt,'¢t, illl-illlt, llt illll.i t,xl_lllliilLitlll til x-

I',lV Iltll(l_ll'ill._hy lt,cllil_li(lt4y, 'I'll ,lCtltl<ilill tilt, ,<_l,llllt'lllltlllt'llll' Ilihlll4i'iil_ily

t'lltllillililllv wit\ lilt, capabllllit,s <llld avallablllly i_l' Lhc AI,_, ii will'k,_ll_ M

t,illlilt,ll "_llll X-riiv l,llhllt4ral:,lly iii Itt,rkelev's Aclvililt't,d I,It._lll Stltil'Ct," w,ls

held ,ll I,IJl., iii i<liltiill'y ItJtJl tlllclt,i' lilt, atisl:_lt't's I_l' tilt, (.Tt,ilit, r l'tll' X-14ay
()pIIc._ (._t,eC,hiil._lt.,r <1), Iii i/ddlll(lll I_ lill'l_i'nllnt4 lilt, ct_nlinuilliy ,lb(Itll iko,
AI,_, <iii etlllally liripl_i'laili i_blt,cllve w<l._ l_ It,,li'll ab_lil tilt c't_mmuilllv'._

Ilt't'ds, 'l'kt' _llll4tllllg, 14tlill Is Iii Wlll'k il_gt'lht,i' i_ i,lshtllil ali t!l'l't'cllv_' Hil'alet4y

l't_i' clt'vt'liG_li_14 ,ldv,-inct,d cti't'l.ilL-il_,lilkil'acttlrlll_ Leclln_ll_lt.y,

'l'ill'et, rniljl_i' c'llllc'lusitli_s eillt, i't4ed, The hll4h brlt41liiless i_l' ihe t\l,S Iii lilc,

slll'l x-ray Sl._t'Cll'Llill will bi, l;_al'ilctilarlv tl,,-it_,t'tilIllr t'hili'<lclt,i'l/,,llltlil til" _ll._llcs

and cll,iLInt4s anti ftlr ineii'llitll4y illlt;I rt,141,<_tratltln, Inlilal.tllil tit' AI,S tll_C,i'aiilll_.s

In ILBJ.giS well milLcilt,d i_l Indl.isti'iill i_t!t!cl._l'lll' advailcc,d paiLei'll Li'ilnsl't!i'

bt.,ll_w (),/._ i.Irrl ill Lhc Vt'<ir 2(1111)_lilclbevl_nel, li'tnally, devc'il_t_rnt, tli ill' pl'lid uc-

Iltln tt,cllnl_illl4y will i'eqlili't, a HUlJl._lli'Lillg iilfl'a.<_ii'tlCllil't, fill' ilm,gks, (lt._tlt'<il

cllaiint4s, rt,.<il,_ls,s$,nihc,.sls, and t_rllct, sslng, This inl'rilsirticitirc, shill.lid bl.,

available Iii Lhc ctlnlllltllllly til a ItlcilLltln CtllltigtliltlS Lll tl_t,x-rayLt'sL l'<lclllLlt's,
l_hlit(in-ln l_h(iLiln-Out _pe¢tr(I,<.l¢lipy, t\ tlnt.,-dilv w_i'kshl_p llil "Al._pllca-

l tllils iii l'hllllln-i n/l'hllLllil-()tit _l;_t,cli'tl._ctll._y ,,_,,lli_"l:hlrd-(.;t, nt, l'altllil _yil-

chi'l_li'tlil-I,_atltalil_il _tltll'C't,s" _,vil_ keld iii Api'li lt)til tn W,isllli_gllln, I)C, 'l'ht,

wtlrkshlll_ t'llctised till I._hlll_lll-lllcltlc'ed I]titll't)sct, nct,, whicl_ is l'c'clll4illzl.'d Iltll

t_illv <isii l._tlwerltil Lt,chniqtlt, iii aL_lnltc and mtliec'l.ilar I._llyslcs,cllt,nltsh'v,

nlaierl<lls ._ctt,ilt't_,, aild tnlill41nt4, bill as a lt_t_l lll'l_t,i'lill4 expallded llpt_tli'ltlnillt, s
wlLh ihe ,-iri'ivill l lr <1nt!w gt, ilt, l'alltlil tit hil4h-brll4htnt,.<_s vilt'tlt.lnl-til[i'ilvlllltg
,inel x-I'ilv .'_Vllchl'tlll'llll-I'ildlilllt)n stltli'Ct, s, ._Lit'h ils lilt, AI.,S, Lhc Advanced

I'hl_tt_n _tlLIl't't,, and lhc I!Lil'(ll;_c,an _VllC'lll'()lr()n l,{adiattt_n I"acilitv,
Circularly Polarized Pllotllns, iJt_'llCl-Illil_tlL'L svnt'lll'llll'tlll racliaLillll has

nilLtiral t-_lllilrizaticln IWt,l_urtit's, bt'inl4 Ililearlv I:_llarlzt.,d Iii tilt; i._lane til lhr,

tli'blt;tnl4 t,ieclrllns ,lllcl ellil:>licaily I_lllai'izt,d tlut. tit the i._lant,, I]y selL,cLing Lilt'

illl_ll_' I)t"i)bSC!l'vill, itln (ILli I_l' lhc i_laile, i'USL'al't'ht'i's have ilct, t,s[4 t;(_iln x-I'a),

.'glltll'Ct' wtLh a hlt-k ciu,_l'l_'c'tit" clrc'l.llar p(llilrlzalitln, Til I:t)Ctl,_alrr, nilien tin and

ltl sllrnulaie lilt scielllil'ic i_,xpitlllillll)il Ill:lhc II<llLll'a) plllili'izaLll>ll l._l'l>l._l_,l'tlt,._

iii' bc,ncl-illil_ne[ l'ildiiliit)n, a "Wlirk._htlp lit1 C'irculariv I'lllarizt,d I'ill)t(lllS

l'i'(inl ,.1I#t,ild-Magntg _tll.li'Ct, iii the t\1_,_" wils held iii I.,BI, in Junt, 1cJtjl, The

illagiletic pl'tll._C,i'tlt's iii nlatL'i'iTiis illlcl cltl'fL,l't, nilal sc_lttt,l'illt4 frillla ilntl absllrp-
Ltlln by chiral illlllt,CtllL, s wt)i'e il111(lllg st,veral tipplesIn bit)hlgy, nlatt, i'ials

stir, ntu,, physics,and chc!mtsLr), addressed aL tkt, wllrkshtll),
Speclr(isc(iptc llnaglng, Iii cilnjt.lnt'ittlil with Lilt, AI.S Ust.,rs' Assclt%ttlln

l'tlurth annual n_eeLlng,, Lhere was a wlli'ksht_t_ lln "Sl_t, cti'tlsCt}l._ic In,aging,

I)ll'l'raclll_n, and I ll_ll_141'aphywith X-r<_ys" in Atlgust. lCJiJl ai I_1#1,,Several x-

ray techniques share ii ctli11111t)ilgt_al i_l' cl_nlbinlng a Cal._ablltLy t't_i' sLi'LlCttli't'

clett, rnltnalitli_ with chL,mtcal-sLaLe Sl_t!ciflcity llvt, r lt!nt4Lil scales l'i'tllll ilblltlt.

I t.lnl dilwn l.ll attlmic d tillt, nsitlns, The inla_C,-l'llrlllal.t(in mt, l.hl_ds, cllt!n_tcal-

.'_iillt' .<it'nsillvilie.<_, and spalial i't,sldultt_ns tit ti_ese Lt,chi_iqlit,s t'iln f)t, Vt, l'V

dlffei't,nt.. I_x<inll._lc,._lllclticlt! ph(lttlt, mls._i(In nllcr(isClll:_y, t!llt,i'gy-_lept, lldt, nl

i._illfll_t,nli._sil_n d il'frac[il_n, i_hlllllelt,cl.i'lll_ hllll_t41'al._hy, ×-1',i$, <lbsl_i'l_iillu

nlicrtl._pljcLi'llsc'tll:_y, x-I'ilV nlit:'l'(ist,(ll;_y, ilnLI X-I'dV h(llclt._i'ill:_lly, This w(It'ksh(ll:_

_--17
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,l_.:ldl'ussud i'ucunt thu¢,ruttcnl clnd ux i._urlmul_tnl ,ld \'<1ru.'us In lu,l¢_/;r,iph lc',
dlrl'r,-ictlur_,nnd clil'uct Imil_4tnt4tuc'l'_nlqtiu_,

, IMrth Sclence,_,_vnchl'Lfll'ul_rndl_ltl_n hn._numur_tt,_ctirrunt 4hd pt_tun..
tl,ll npl_llcntlur_, Iii24u(_cl_c,rnl,try, rnlrlurnl(_y, ,liu.l_._tllc,l' t4c'_l_,lcill dI,cl-
I_llilu_.In I;)ucurnbur 1_-)_-}I, Iii c_u_tLInc'il_nwith Lhc,Hnn I.;r4rlc'lscurnuutln_4(_1'
thu Arnurlc<ln (.',ul_t_l_y_l¢<_lUn trill, il Wul'l,_sl'_t_t'_Wil_huld t_n "A F,pltcntlt_rl_ i_l_
thu/\dv'<lncc,d 1..l_4ht_uurc'c, tu I'rublurns In thu I!nrLh,_tl, <_ndI.;,nvtrur_rr_c,r_-
t<'_lHcluncu_." 'l'uplc_ will lncluclu x-rnv rnlc'rtG_r_t-,u<lr_clly_ls,x-I',_v_l__uctl't_s-
cupy, nrld _ur\,c,v_ uf c'tirl'urlti_pl_llcntl_m_.

lrldustrh_l ,A,ppllcatillr_s, "l'u Iu.,lpflu, IndLisLrlcllrusui_l'chcurnrnunity i(_
buc'urnu butLur4cqil,llr_tud with thu AI_, 4 brt_cl'_ul'uuntltlud "l'utttn_ Hyn-
¢l'_l'_._tl'_mI<cldii_tlui_tu VV_._l'k:Nuw C)pl_(n'tur_ltlusflw lndustl'lcil I.{u_uni'ch'' I_ns
buc,r_rn_lllud t_ Ii_u'e rh<lh3()(1()_¢lc,l_tlsLsIii lrldustrlnl lilburnttwlus. The,
L_l'c_churt,cluscrlbussulnu t+l'the %._,,+-_,,_th,_tXUV r<_cllntlc_r_I:1't)111svrlt:'llrc_trt_l_
s_>Lll'c'c'sh,l\'u till'uric+IvLwunpi.it Lt_burlel'lclnl _.l_c,L+yIr_dusLi'hll_t'iunLists,x_,'l_
,_l'c,invitud tu invu_Li_,_tuthu rusu,_rch_._l:'_l._urL-tirlitic,s oil thu AI+B,'l"hubl'_cl_uru

, urnpl_<_izu_LhntLhut\l+Bwill bun highly I'eli<_blu,rull-ttmu s_.ull,c,uc>l'XLIV
r<-Idi<ltt_mI:twi._r_wc,r_U×l._erirnc,rltill tuchrlh.luUSt_l:durn_.mstrntucl\,<-_ltiut¢_
lrld_i,_._tl'tnlI,_&l). ,,\ wul'kslu_l_ will buhulcl <_t1.,1_1_,In .Innu<_rvI_-J_2tt_,'.;lu_wc'<lsu
thu ,,,,',_,,,sIn which s,,,ncl_rc,tvur_r,_cllnttcu_c,-_l_hulp _tlvu i_rc,blums fi_cud In
industvl<_ll,_b_,r<lturlc,s,

"l'w_ c_m_mlttuus prttvlclu <_clvlc'uc_l_AI.,Si_lnr_rllng4hd cG_cu'ilttcmtt_ti'u.,I.,I]lI, AI_,S Advist)ry I:'rlrlels
I)lructur, 'l'hu _cluncu I'ulicv l.-lc_<_l'd(suu Tclblu '3-1) prcwldes nclvlcu cm high-
levul pt_llcy isst.lc,s clft:ectln_,the ,,\1__,,,kt its succ_nd ,_l_i'_tl_lrnuutln_, he,ld til
lulv I c_.)(),it i,,_x,uthu AI,."f;c,xcellent rnnrks I:c_rits scientific i_rc_l',_rnpuliclus
clnd nppruvud thu ,,\I,,'-;stl'i_tu_$,fl._r,alloc__ttng,_vnilnblu rusmlrcus, lt cllsu
ru_tc,_.lthnt thusu rc,st,urcus <_l'ulirnitc,d nnd st.lg_u.,.;Ludwhys tu ncldru_s tlu.,
rc,sultin_ isst_c,s,

Thu I'rl_rcln_ 14c,vtc,w l'<_nc,I ('l-',lblu3-2) givus ,_dvlcc,c_i_thu scic,rltll:tc
I_V't_F,rnrn tl_l'_ul_hthu/\1,_; I:)lrt,ctc_r.Until tl_ei\I_S ts ct_rnrnlssttmc,d in Sl__rtn_
Icit)3,Lbl.,-;t__nnul'srn<-_irlt<lskwill bu ox,,llui_ti_mt_lrI'1,_'1'prupusi-_ls,"l'l_t.,pnnul
du'vt_tc,d its Nt)\'Lqll['tL'l' IC)_ t') Illt;'_.'tlll_ ii)I."I'upusnls l'rtlrn irlsc,rtlc_rl-duvice
tc,<_lns<_l_ctthe It.lhc,I _jcj()<_ndIVlclrchIC)_-Jlrnc,utln_,s tt_pl'cG_c_sc_lsI;rt_rnl:wncl-
mnu,net tun,ns, tks tllu l"R'l's buccm_uustnblisl_ud, thu sct_pu _t:thu I'l'(_l',_m
I,_u\,ic,w l'nnul',,-;,_:tix,it$,/ms L,uunbrc_clclc,r_lriF,tt_incltldc, rux,iuws t_l:thuir
I__c'rt'cwrn<_r_cu,Iiix,<_lcl__tiun uf bc,clmttrr_ut._l'tG_c_.,-;<_i;.;I:lxm_Lr_dc,pc,r_dur_tuSC,l'Swill
bu <ldclc,d tt_ thu I'cinul's cl_uncl,_t_ncc,the, ,,\1/; bc,¢umus tG_urc_ttun<_l,

. tj i 0 p'l'hu AI.,!-;use l's t\ssc_c'i,_titmhc,ld it,,.;third <_ndtk_urtl_c_r_nti,_lrnc,utir_._,siii ALS User.,.; Asst)Citlt.ic)n
August ICJCJ()<inelICjCjl4t 1,1_1_,,"l'hu prt)_r,_n_,,.;I:u_turud (nrmmF, uthc,r Lc_l:_ics)
I)()l!'s viuw c_t'furldint.,,pl't_Sl:_uctsftu' UXl_uv'in_c,r_tnlfi_clltttus (insurLic_r_
duvicus, l:_c,<_rnlinus,nnd t_,nd.,-;tnti_ns), Otl_c,rhigl_lt_l_ts includud prc_lucti_n;;
c_l"sciuntil:ic t_l_t_urttlnitius<ltthu .XI.., b,_sc,dcm w_.wknem, iii l._rt_.v'u,,.-;st,lst:-
wilt, rc,,

/kt bc_thIllt.'t'iillg,'-;, Ilt.'W Illt'lllbt:l'H WOI't' _cm_in_tudtc,ihu Usurs' I:!xc,c,titive
Ctlnlnliitt,l_,,which SOI'Vt'S il_ Lhc'Vllttlt)lit' thu tl,'-;t.'l'c't_nlillt.lllily in c'tlnll3llinlcilL-
tri)4i[s nuuclsll_Lhc,i\l._ st4fl:,"l'hu lCJCJ()ult,c,tilln r134rkudthu clli31plc,tillncii ihu
c,c_i_milit,u'slhrt,u-vc.,4rti'_lnstLii_ilIll <lI:ullv uluctud I._clclv(initinlly, nloml_ur,<;
hindbuuno,l._l._t_irlt;c,cl l'4t i_er th</ll c,lc,c'tc,cl),'l'<lblt' 3-3 lists lhc' 1cic)()-IcJc)2t_'JSt'l'S'
l}]Xt'C'tltik't, (.'tinlrllillc, c' nlUllll_c,r._,
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Table 3-:1. ALS Science Policy Board, 1990 and '1991

Dean I;], I:']a,gllllclll, II:lM Th(mlas/, WatsCm I<esearch Center (chair)

E. Morton l:;radbury, Sch_ol (_f Mudicilu.,, UJ_ivl'rsilv _1Calif(wnia at I)avis

William F. Ih'ir_kman, AT&T lk'll l.ab(wakwies

.lol'm C'. l_rmvne, I,os Alamo,s Natk_nal I.al3_rat{wy

'l:';erndC:rasun_ann, University of C)rugon

.I. Mcl:':wan l'aterson, Stanford l,im.,ar Acculeraior C'c,nk, r

Table 3-2. ALS Program Review l'artei, 1900 and '199'1

Neville V. Smith, AT&T I¢ell l,abt_ratories (chair)

C. Richard 13rundk,, IBM A lmad un l<_,search ('en k'r*

Sheldon Datz, (.)ak Ridge Natkmal I_aborat_wv

.lohn W. I lepburn, University tri Wat{,rlo¢_,Ontario, C'anada t

t_'ranz .I, t limpsel, IBM "l'l..mlas 1.wats.n I_c,search (.'enk, r t

Michael 1..Knt_tuk, Battc,lle l_acitic Northwest I:al)_waltwius

Gerald l. I,ape_,re, lvlontana State, Univc, rsity f

I,_obert I. Mater, Univursitv of (_alif_._rniaal I:lerkc,le\,"

(,iorgio Mar,garitcmdo, I_:::oleI'olvtt,chniquc, Fc'derale (l.ausanm,, Switzerland)

Keitll M(fffat, University c_tC'hicago

William Orme-I{Hms_,_, I'vlassacllusutts Institute (_t 'l'echncdogy _

.I. Michaul White, University {_tTexas at Auslin"

.]ou Wt_ng, l.,awrencu IJverrnore Naii(_nal I,abc_rahwv _'

* Through 199().
t New member for IUC;I.

__ I(t



AI)V/\NCI!',I) I.,iCII I']' .u,C)UI,_L'I{i

Table 3-3, ALS Users' l!xecutive Colnmittee, 19_J0-'1992

l'_mas I+,at_,r,Llrtiversitv of Nurtl_ L:,_rtqir_,_at L:hal:_t,I I lilt +

t', I)t, nist, ('altlwull, Univt.,rsitv ul(.'_,ntr,ll I,'l_+ritl,i'4+

C.;t_,uru_,t,t'astt'l+, I I:_MAlm,u.lt.,n I,_t+,s_,,lruhC.'tmk,r*'+

,"4k,pht+,l_I'. C'ramer, LJni\'t_,r_ilv _t Calif_+rni,i at I)avis

\'V_lf_ar_, I£bL,rhardt, I':>,\_l_ I,tt.,st_,,irchand Ihl_.,inL,t:,ring(.i_+,_

I)avid 1.. I{dt,wr, Natitmal ln._titutc t_t5hlnt.lards and Tt.,chnulo_y

<.'llarh.,sS, I;adh+,v,University tfr I lawaii (I c_9()t.hair)t

t'vnthi,i I:ri+.,nd, I larvard LlnivL,rsitv

T. KL,rtm,th (;ushltsun, UnivL,rsitv _tt'C,_lif_trni,i at Ih.,rkc,h_,vt

Bt+.'l:',lIt+'rtI), Kt.,V,ln, Univt_,rsity t+l ()rt.,34+.m"

M_,lvin I'. Kh:,in, l.awr_,nct, I_t_,rkek,v I.ab¢+ral¢>rv_

N'l,lt_tl'_,,..t_._.Krattse, <..X_kI,_id_.,N,_ti_n,_l I.,.,tbt_rat<,',rv_

I)_.,nnis W. l.indh.,, Ltnivt.,rsitv t_l Nu\'ada at I+asV_.,v.,ns(1991 chair)

l,_ul:',_'rtC:,l'_.,rc,ra,I+axvr_,nc_,l"h.,rk_,l_,vl.ab_+r,ltt_rv

l'iurt_l'i,ln_,tta,Htanlt_rd.'4_,m:hrt_l.r¢mRadiatitml,,_t:x+rat¢+r_,(l_-m2chair)

St__,iz_h_.,r_'4.l£_thmar_,Univ_.,rsitvul:C,_lift+rni,_at.'4+inl:r,_nciscu"

.lam_.'_(..;.l'¢+bJn,l+axvrencul..iv__,rmur_.,Natitmall..al:,¢+ratt_rv+_

l}t'i,lr_I'.Ttmruz,r,Universityt_lWisconsir_atMil,,vaLlke_,and Svnchrt+trtmRadiatitm

C_.,nt_.'t',Univ+.,rsitv t+t+\'Visct+rt.,-+i]_at Madis(>w+*

M it:h,lt.,I C;. \Vhit_,, I+r¢+t_khav_.,nNaticmal I,aburat¢+rv
............................................

: l'hr¢+ugh I_+_+1.
+*Nt.,w murnt',t.,r t'or l<:m2.

,+Nl._I,,._t,,.tiu,,I:)t,vit:_.,IX+,i_n (;r,,t,t>, "U_.(I C. C,,passo,A.K. Ray-L:haudlat,ri, W. NK, Publications and
u:tdt_lattw ct,nct,lhtu,_ldvsi,u,nwpt,rt," S.I,iang, R.K. Ct,k', l. Wallacu, I:. C.Yt.,rrina,
I ,_wrt,mv l',,',kN,,v l.,,l+t,r,,tt,rv rt,l:+,,,'tI'UI+.. (.;.MarKaritun,lt,, .I.1I. Und_,rw,,od,].1'}. Presentations
_27++(.May lurgi)). Kt>rtright, and I,LC.L. I'erura, "1li+.h-

i'est>ltltitm X-l+iIVnli<.rt)sct+l:_y tlSillg a11

1.I+_,n,_+,t,,-,,m, "Mt_t_lt'lin_4in ctmtrol uf th_, undt_lattw st)t_rct+,,F+hotuL,lectrun studies with
,,\tlV,tl+_tt+,t_tl+i:4htSt_urut,,"I_ml I1.:1.:1:.I'artiuh., M/\XlklUM," .I.Vac.Bcl. 'l_.Pchntd.]\ 9, 124+4

' ,,\cct, h,rah_r (. '(_nltu'+,'nt.'t., (San }"r,lllt'Jsc(h C'/\, (l_:ml),
I t-_l_;,fl.+,,,tr,_ctpt_blishud,_+ l.,_xvrt,r_tt.,

I",t.rkt,h,vl.,fl._r,_tt_rvrr,pearlI.BI ,-2_]_.mI,i M. (.:_)lnacciaand K. I lalb,_ch,"Study _t
i l_(l_, m_+difk,dst+,xlul:xdusfor d,/namic zlpt:rtur_,

JlllI'U'()VL, II1L'I1t in _,VI1C]II"_iIr()I1 I'adiati_ul

I. l+,utLu,t',',t,n, F.'l;_r+.,,,t,II. Ni_,himura..,_m_l1.. +.,t_urue+-,,"Nucl. lnstrum, k,l_+,th.A 290, 1_
%h,_hines,r. "\,h_t_tt.linKi_l t tmtrt)l _1thu (I t-m/)).
.-\dv,_m_,dl.i,_htSt_tlr_t,," I_ml I1:1!1':I',lrticlu
..\_,t,h,r,_h_rLt,ltlt,rt:l-,+:_.,(%,111I:ram i,,_t_,( A, M. (__rn,_cchia,W./. l t_rlautt,and K. I h_llmch,
I_++_l_:I ,_v,rt,t_ct,Ih,rl..t,h,vI.al+t_r,m_rvrt,l+t_rl "5tudv t_tmt_dili_,d_ctt_l:_tdt.,muKnet+,-,tt,r
IIq --+,liT++,2li,ml I. I.,+ndaud,_mpin_4with d,,,n,_mi_atx'r!:urt,

pru',t'rvalit_n," I_1 II!t"+lil',_rlich' Ac_'_'lerah_r
I-.1+I+lt_m,_lttl k. I I,_ll+ath, "l't,rl_rm,lt+_t, _,1 ( t_nlt.,rt,nt.+.,(SanFr,_nd,.,t.'t,,(,,\, I_ml ).

t'h',, tl-()In,lg, nt't ,+l+tt l'_t'l'llh11+l'l+[ llhl_nt't

_Itt,++.lrt_l',_,It',.,_,,lth irtHl l+_It,.-,,"'Xt,.l. l_,'.,trt_m. I'.I.. +.t_x',',_+,I).W. l,indh.., t'-,.lI. %_t_thwt_rth,
\h,th ..\ ()_ l,rt,,,-,J;I ,_,,vr,.,_tt. lh,rkN_,v I",...\.K,_rlin,,_i_t+lR.( .(.'. l't,rtu,+i, "[_st' _)I
I ,_l,,,t,it_+t',rt'i++,tl] I>,I2u'-+l'-++tug,ii) ,,]+,tlth'rt,d l_tlitihl,+'t,r,+,ii+,I dt_t_hh' t rv'+,h+]
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nlllllllc'hr/,lll,illu'," Nucl. In<,lrUlil. k'h,ih. A Willianl \!. i i<l<,<,t,ll/<llil, lldul I hltll,r, ll_llll

2_-Yl, 21tj (lUClll). I_(l_l,l'_,, <illtl I Ii,iniich I_l_l'ili_4, "l'l_wt,r _v_h,lll

,il_l_]itdlillil<_ lit <_liill,l'tlllltlllt'tilit_, , illii).lll'lit

.l-4,1{.i)l,lt,n/ll, W.I,'V. k,ltl_t,_,, 1.1.. (.ilhlltlll, t,llt,l't,,$' _,{(li',i_t,," iii #'Y(_i('l'(#Hl,\,< til iht'

R.(..t, I't,rt!r,i, and I.IL I,ilil,1, "l'll_lx'cl_ _ll _illlt'lClllitltltiivitv lt't hllilhl!4 )' (.'lllll_,t,

nt, w ililli'14,iilic' _tilllill,il(ll'_," I1"1{1: lr<in_, (l_llill<,, ,_lll'U,',lv, ICiltl ), iii i_lt,_,<_,

i_ucl. _ci. 37, 2/13 ( lUUlli.

W,\'. I lil<_.<_t,ilx,lill R.II. %{li,liilkl,r, <illcl 1,_'1.

I). i)i(it.,nn,lr_l, "lTii!4iilc,t,i'ill _ hlr ttilllt'll_>kllhil l't,ler_lln, "_ul_t,iclulcluclill t, in<l_4nt,tic tult,l'14 )'

._labililv iii ._vnchrlltrlln r<lcliiitilul _hw,ll.i, Ilu titililv ,lt_t_lic'<llilli_, '' iii

insli_Uillc'nlati_nl, '' 3hlh _l_cielv i_l I'hut_l- /'r(wn'dil_X'_ _,1 lhc (1( irl{ k,h,t,tinl4 ii'alia,

Ul_tical lil._irtllllc, ll[<ltit)ll I!n_iili't'r_ t\lllltl,il t:rdllt't', lUcJll).

IIl[t,l'll,l[Jtll/,l] _$'lllt_/_f, illlll tin (,Ii>iii:til &

()l._l(ic,lecll'tlnic Apt._lied ._ciencc, c_. W.V. I las_c, ii/alll, R.PI. _c'llainl,t,r, <illct T,M,

Kn_int.:rin_ (San l)ie_(i,(.'A,l'-)uI);ab.,-,tracl l't'tc,r'..i.l,"lhr,sul..,rci.ltluc'lin_ t,nc,r_),

l)iH:,lisht.,da.'.,Lawrt'nc'eHt,rkt'Ic,v l.,dxu'alurv slura_e rin_ I-II'M,"Mi..It,rnl'_,wi,r.gvslt'ms

r,.,V,i_rlI.I_i.-3()4Hla (l'-._uI), II,7,(l',-mI).

I<ic'h<lrd L)i(;t, nnaru anLI Thlunils Swain, IIV.V. I I<l_enzilhl, T.k,I. lenkiil._, V. Nilnliil_,

"/\ dh'c, cilv t!(_ult_d _i'atiilt4 ._ul_sh'ilie iur i\l._ \'V.]<. _'t,l_iln, <inel W.I'. _W<ill_llll, "/\n

!._c,ani Ihlc,.%" Nucl. In._trurn. k'lelh./\ _-cYI,31)5 a._._t,._i_uilt ul' lhl' t, llt,cl_ ul' r<lclialilul llii

(icjcj(i). t_tuinallt'lll ill,it411t'i Illiitt, rial_ iii the'/\1,_
iil,_t,rti/ul tlt,vitt,_Y a[_li<icl _tll_l_lillt'tt ll_ tilt'

-lth lillt'l'llillillllal t'tlntt'rt,llCc, till _vnt'hrillrilll
l{ichard [)i(]t,llnnrll anti "l'i_ln_a._ _wilhl,

I{atliatilul In._lrtil_lt,nlalhln ((.'hc,._tt,r, UK,
"F]lginec, rin_ l'tu hit4h ht, ai lt)acl._ ()i_ AI.S
bi, am lint,._," Nucl. Inslrun_. Mt_ih. A 291,313 lUUl); I.,_wrenct, l_t, rkl.,Ic'v I.aburaiurv rt.'tx,rl

( i cjtjli). 1.1711.,-3(143c_a(lUtJl).

Ii4#.V. I la_t, nz<lhl, Ii. I ll_vtu, anti I_. _ilVtl)',(;, (;abul', "Aciivt, iieltt ._[abilizalilu_ and

charactt, riziiliun til a l'ast kicker nlat4ne[ tl._in_ "[.)t,._i_4i_ and tt'._l til ii nll_tlt, I pidt, ll>r lhr'/\l..%'
LiS,() illltlulallu'," IClCjl II{IH! I'<lrticlt,

a dB/dl c'uil," ab_ti'acl publisht:d a_

l_lwrt.,ncc, IJerkelev l.aDt)i'attlrv ret__ur{ i.l:H.- Accc, lt)rallli (.'lllll't,l't, lltlu (_<ill I:lanci._c(i, ('t\,

2cJ{Jl)4a ( I cJcJU), i tjtJl ); pti{_lisht,d a._ i_awrc, ntt, lit, rkr'lcr
I.ii[_lu'allu'\' rep(irl I.HI .-31i732 ( It/Cii); abslracl

l)ubli._ht, d <is I.<l,,Vl'l,nct, l_t,rkelc'v l..il[_(u'al(irv

(.;. (]a!._ur, .I2. )lil[_ui'n, anl;t Iii.K. Kanl4, "/\ rt_l_lU, l i,tlJl:2cjcj21a (itjcj(i).
passive, thin SC'l._ILlm Illagllt'i ttc,si_l_ with luw

lit'ld pt,nt, h'alil,l," al_stracl publi_ht, tl as

[.awrt, nct, lSerkelev i.abili'alllrv i'L'F_lu'l I,I!11.- W.V. I ias._enxill_l, l'LI lllvt, r, and I_. fiavlLv,
"Tt,sl._ iii a mlldt, l tx lc, as!it,nd_lv tllr lhc' i\l.._

2c){)()(_il ( I Crni)). U 5.() tl nii u la ii,," I.<i ':,'rr, litt, l]t'lkt, Jt,v

I.al_ili<li(u'v rc,ptlrl i.HI.-:l(lcJ3H (I cJCJl),
I;).A. Cluldbc, r_4, I,..l.l.a._lt,it, and R.A. I_imn_er,

"(._llinl:_aii_(u_ tit illt, lhlld._ l'l_r clt'lt'rn/ininl4 W.\:. I ta._t,nzal_i, 1'._,1. Jc,nkin_, "f. _amitll,

c,i_c, nnli_ch_'s til"elliptical wi, vt,14tlictt'._," VV.R. Xlt,lSllll, <lllct Ii'V.l'. SWilll_,l)ll, "AI1
[.awrence l$c'rkt,]t,V l.aburallu'), ret)ui't I.HI: a_-,_L'S._ll/t,lll iii lhc' t, flt'tzIs iii" ratti,llilul till

2cJlir'4II(icJcJ[))' i:_c'rillancull illil_llt'l nlalt'lial_ in lilt' AI .._

instu'ti_ul devic't,s," i_ucl. [n_t.rLinl. _'lt, lh. i\

\V.{;.(iir<lhanl, K.I-I. I_t,rknt, r, 17.X'l. t_>ern_lt,in, 7g'i, .lucl (I cJcJ[)).

_l.iiW. {/lark, I_. I:c'ild_c, Fi4, i_'l.A. McMahan, T,J.
.k,'lilr_4..In, !,\'. 17,atllhurn, /\._. _t:hlachtc, r, <lhd I'.A. I It,inlann, I<, .%t,nt, Ii\'. McKinl_c,v, X,I.

J.i\. T<lni_, "Ci'l_ _t,clilln._ ll, lc,_l)l/7111[ t luwt,ll_, R.I). Villi Zt,f, I..i.k.lt'dhur._t, I.

lrall.<_h:r <inel t,\cilali/_n in I'c''l' + 1I, l.auiiilt, n, I. (ldn, I. k'lt'nt'141_t'lli, \V. (lath, I I.

t'(llli_hul_," l'hv_. Rr,v. l.t, il. (iii i_rt'_). I llll4rl'ft,, anti Ii.A.._hirh'v, "1 Ii_h rc'_ldlilhul
i't'_till_ li'lUll thr' I.HI. -_5-nll,lt,r _(;X,I ,ii i->._RI.

K. '1lalbach, "lnlL'_rali/lil _ll l_t'ain |_l_ilillll ilt'ar thf K-t,d_t, iii t'arhllll <iiltt nitrll_t,ll,"

nllulilur _it4nal_," _utl. ln,_lrtilll. \'li,lh. ;\ 2tj7, I"hv_i< a i_crit_l,i 1 31, 127 (ICJCtll).
3/I (luUll).

I'.i\. I ll'illl,lllil, I ,I. \'lt'clhur<d, ki.l<.F. Si_4t41'1,

k. t [<lll_<l_Ii, "t__i_tlt,r_l,irltlin!4 iliilctl,rl_ I _.,\. Shirh,\', (.T. (hl,n, Y. X.la, anti F.._ettv,

ll/,i_lit,l,_ Ihr(_ti/4h tlu_hum<i] iniil-,l_int4, '' lilt. I. "/,,r/i _'lt,_ll_ll I_int,lil t,lit,i_y' i_h_dl_l,il_i<_i_u_

\h,ct. I'hv_. 1t 4, 12Iii (lU_i_i!. I.<iwrt'lltl, lift i li ,llllt (I) t al thf (,ii'l_lui K i(,llil<tlilln

ll_,lkl,l_,v I .,il_lu'<illliv ret_u'l II/I -2HIu _,( I<l_CJl. lhi,'_ll_dd," (]ltul/. I'hw. I i'll. 11"13,2"1-1(]/ItJl).
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I.Ilinksonand K,'l(vx,"A widuband shd- I¢.Ih,y_.r,I.thln,K. Ih_Ibad_,W.V.

ct_utH_-'dbl,am st.,nsinl_uh.,ctr_..h.,tt_r Ii.., I-lassvl_zahl, 1.),I Itlml+l_ri,.,s, IL Kin_.aM, II,
Adv,lm:_,d l,i_ht S_ut'c_, (AI ,S)," lg_l I1']1_1_ I,,lllL'il_tt'i', and I), I'lah,, '"l'lw t.J";,()undtll,_t(u'
l'arlkll,/\c,.:_'h, ral(u' (.'[)llfurt!llCt' (_,.lll t'lH'lhu/\dvanct,d I.ighl S(_urc_,at 1,111,,"Nucl,
Francisco, (.)\, l'-_JI ); publi_llud as I.awrun,:_., In_trttm, ML,lh, A 2c)1,._H?,(lU'-H)),
l'It,l'kt'lt,v l,ab_,r,_lorvr_.,p_,rlI.I_I.-2_gI)7(I_-J_H)),

ILIh:y_,r,.l.('hin,K. II,_Ib,lch,W.V.

M. IIow_,IIs,"I'ossibiIilil.,sh_rpr(,jL,clhmx-ray Ilassl,nx,lhl,I).IItlmiH1rh,,_,II.Kin__aid,II.
Iilh_y,r_q3hy usiny, h(doy,raphi_-optical I,alwaslvr, and I). I'lah.,, '"l'h_, l..15,(Iuml_llalor
_'h.'m_.'lds," in I'r(_('('('di,y,.__t th_,Soll-X-I,_a'_, for thu AI,S," I_-_-_I I1.]1(1".I'artich? ,'\cc_,h.u',_h_r
l'n_j_,ction I.itl_o_raph.y "l'_gfical ik,h.,_,tilly, (.'onf_.,r_.,nce(S,m I;r,_m'i_c(,, (.'A, I'-)_ I );

(M_mtvn.,v, CA, I_-)Ul); I,awrt, m'v Ih.,rk_,l_w l,awr_,nc_.,I:h.,rkvh,v l,ab_,',_t_rv rvl,_.'t I,FII.-

k,I. I Imvull_, l. Kit/, and I). Sayr_.,, "X-r,lv
micr_sCOl_,s: a m,w Iorm _1 s_bmicr_n 1!. I hw__'r,I. Chin, K. I I,_lb,_ch, VV.V.
im,k4ing," Scit,ntilic Amuric'an 264, ,',lH(l_-;Ul); I lass_,nzahl, I). I lt_mtH_rit,s, I_,.Kimaid, t I.
1 ,iwr('nc(, I'lt,rkL,h.,v I.al-,orat_rv ,'t,13orl I.V,I.- I.,lnc,l.,-,tur,and I.). I'latu, "Thf U'_.() tlndulatt_r
_(I()]H (Iq_-i()), tru' Ih_,/\I.S," 4lh Ir_h.,rnation,iI (.'_.ultt'ruIl¢.'l, ¢Ul

Svnchr_dnm I,_ddiali_m Inslrtlln_,nlati(m
(('h_.,sl_,r, UK, lu_-_l); l,,_wrL'm.'_' I'_,rk_,h,v

M.I,_. I h_w_,lls and (.'. lac_bs_.,n, "A luchniHu_, I.,d_mlt_ry r_.'p_rl 1.1'I1.-?,()-t5_I_-)_-_1).
h_r I-,,'oi_.,,.'ti(mlith_k4ral._hy t,sin_ c_mll._utul'-
_,n,.'r,_l,.',.I h_d_rarns," in I'rthmli,,,q,_ _I Ihu
('_mft,n.,no., ,m Short V\;,_v_,l_,n_ih(.'oh_,r_,lH I'LI h_v_.'r,J,(.;hin, K. I I,ilbi_ch W. I I,iss_,nx,lh],
l_adiati(m: (;_,n_,r,lli_m and AlHHicalitm.,-, I). I lulnl_hrit,s, I_,.Kincaid, II. I.an__aslt,r,and
(,X'h,nt_.,r,.,v,C',,\, lU_-_l), t,dilud by I', I). I'l,lt_.', "AI..!'; ins_'rti(m d_.,vic,.,s," ,Nucl,

l_,uck_bat_i_land X,/'_,y, Ii_, I. (.)pl. S_c. AnL Instr_m. M_:th. A 297, '_31 (It_-H)).
(in Ilr,.'_s).

_,( . Irk:k, "l)_'b.'rminin_ surlacu profih, from
M,I,_. I h_w_.,ll,.,,"(.]mlraq m_,_h,ll_i'-,n_ in x- _uHu_,ntial intL'rl(.,r_.,nc_,]_atlt,rlls 11'(ull,I Ion_,
r,l'< mi_ro,-,c_g_y," in I'r(_<mli,\,s (_1th_, Irate, prCHih.,r," ,lth Inh.'ri_,lli_mal (.'(mt_,r_,_c_,
(_ml_'I'_'nc_' on "(-l_av k'licr_c_Py (14in_4'_ _i_ SVt_Chrolr_u_l_aeli,lli_m It_strt_m_,ntation
_.'_ll_'_e',l,_mdon, L;K, lU_-H)),Sprin_vr 5";L,ri_.,s (Ch_?sl_'r,UK, lUUl ); l,,_v,'r_,nc_,l'l_rkuh.,v

in (.)l',tical .'-,ci_.,n__,s(il_ t,r_,_'-,);I.,_wr_,nc_., I.al_onlhuv r_'F_orlI .IH.--?,l)-lb,l(I_-_uI ).
I'I_,rk_,h,v I .,d_ _r,ll_,rv rL'p_,'l I.lll r-2_-_Th(,( I_-H)).

S.(.. IrK:k, W.I,L McKinnm,, I).l...I.I.unl, an_l
X.I.R. I h_w,.,ll,-,,ll_l (.. I,_c_d_s_,_l,"l'_,nsibilili_,s

I'.Z. l,lka_s, "LIsin_a str,_iy,htnt,_s rL'lurt,nc_,
h,r t._r_j_,cti_m\-r,_v lilh_,r,_ph',, tlSil_I4 in _d_laininy, mor_, ,l_._.Lir,lh.'sllrf,lc_.' i_r(_fih.,s
h_,h,y,r,_lq_i_ _,l_ti_.,_i_,h.nwnl'-,," Alapl. (.)plies
30, I:_,_()(lUUl); I.awru_c_, l_.'rk._,h,v l r(,m ,i h,_y, Iract, pr_Hilt, r," 4lh Inlc,l'nati_mal

(..'(HlJt'l'l'lIt'l'{ill_Vlll.'ll1'l)tr(Hl],_adiali(m
I.,_l'_,ratorv r_'l_l'l li'II .-_,(l()hH(lUU()), Instru_m.,ntation (L'hustur, UK, I_-_-_1); ,_b,Hracl

publish__,d ,_sI.,iwr_'nc_, I._.,rl.,_,luvI.,ll_(_r,lh_i'v
kl.l,_. I h_w_,ll_ and (.. I,_c_d_'n, "X-ray rup_rt ].FIl...;"Hl,lh3a(I _-_1),
h_d_L'4r,_t3hy,"";vndlr_ur_ul I(,_di,_li_m ,X'mvs 4
(Izzlv-,'\uy, zz'-,II u_-H)).

,.\, l,lcol',, (;, I.,Imb_,rts_,l_, ,1hd W, I'l,_rry,
"1 liy,h_,r _,rdur m_)dus d,_n_lfin _ in an AI ,S t_.'stI(, I I(_v_'r, I. _.hin. k. Il,lll'_,vh, \\;.\'.

I h_,-,,-,,.'llz,lhl,I), 1I_nll,hri_.,s, I'L Kincaid, II, cavilv " in .gv(_un/I'm(V;v,, I_mti( h' ."u(v/rr,/(u
('_,lti'_,';t(r (l'iditi_m_ I:r(mti_;rt,_, (;it-sur-

_h,\'i__'_," l.,_wl'un_, U,t'rkulm' I,,_l_uahuv Y\'uII_',Iq',lllU_.',I_'_()), I_._J2H;I.awr_.'lW¢,

tt't,_ _rt I.I_I-H)2I"_( I _(1). II_,rkt,l_,vl,al_tm_h_rv r_,p(_rl I.IH.-2HI HH( IqU()).

t'. II(wt,r, I. _hin, K. I l,_lt_ach, W.V. Arn_, I:. I,,._,l,, (;h'n I,_.I.,_n_bt,rts(,_, ,ind I"t,rd

1I,=_'n/,dll, 1). I lumphri,,_, H. I(.i_,=id, II. V_vlk¢,r, "( }11th,, b¢,,_miml_¢,dd_cu _t _h,_lh_w
I.,=_1_,_'4_,r,,_nd I). I'lat_,, ",,\1 .b in_,rti_m l,_p¢,r¢,dc,_vitius," i_l _,,'(,uM / m,U,r,, I'mli<Iu
d_,,,i__',,," _',( lllllll / )('";I,'_tl III _1/11( ,/II'lilt'iii/ / I'\'1 I ."11'_I'll'I'll/IU" ( (l/I/l'l'('th (' (l'iditi_u_n I"r_mli(,rm,
'-,_Hr(,'_,All' (._)_l,.,r_,nc_,l'r_.'_,u,.lin_ (i_ (;il-stlr-Yvult_.', I:r,ll_,.'_,, I'-_u()),p, ]2g;
I,r_,_; I ,i,,vr_'_l,._,I_,lkvl,.,v I.,_l',_r,_h,rv rL,l_(_rt I,,_wr_,n_, l'h,rk_,h,\' l.,Ib_r,lh,rv i_,l_ut I.lll.-
I I_I-2'_x2L!(l'_ul)). 2HIH_ (lUu()).
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Iklbllcotit'ms and I'resentathms

A, lackstm, "The Advanced I,ight S_ulrce: (.i, Ktlll, "New hw,llhm ft.' lhr, IH'.S-(.)I
staltlS relxU't," I_Jt_l II!El¢ I'arllcle Acceh,tahu' m,lt{iwl," I,dwrt,lu'v Bvrkeh,v I,alxuaL_u'y
ti_mltu'encu {.San I:rancisctb (IA, IgtJI); repurl I,HI,-2utJ,'13(lUrgi)),
I,awrence Berkeley l,ifl_mllury rep_rt I.BI ..-

2t_t_47(ItJgl)' (., Ktln and I, P,t,nglsstm, "l".lvcll_m iu,am
Ulllilhlllt't' IIR,,ISllrPIlll'lll!s tlh, Jll)_ ,Ii,tT, l_t,r..lUd

Alan J,wks_m, "The Advanced I,lghl S_um'ce,II ,zppar,_ttzs," lU_JI 11,',1¢1¢I',!rlich, Accelen'attu"
the I.awrt,nce Ik, rkeley I,atxu'ahu'v," I lth (.'tmlprenwu (San I:r,lnci.sc_, (.IA, I_t_l );

Inlernathmal C'_Hlft.,rencl,_il lhc Applh:,ltton dbsll'dcl pulqtshed as I,awrem'v Itl,rkt,ll,y
of Accelerators in Rest,arch and ImluslrV I,ab_u'at_rv repH'l I,BI ,-2t_tJ4ria(luq()),
(I)enlon, TX, 19q()).

IL Klm'aid,"Rect,nt advances i11thf

(', .lacubsen and M,R, I h_wvlls, "X-ray gelwralion ,1hd aplqic,flhm _1 svnchrtflrOll
lufl_graPhic microscopy using IquH_u'esists, '' radiati_m," I,awrem't, P,erkt,lev l.abtm_tury
J, ()pl, ,_t)c, A m, 7, I() (IqUll) IH4cJ, reptu'l I ,Iri ,-285Hl) (luq()),

(', .lacobsen, .%l,inthh_s, and M,R. I Imvt,lls, B.M, Kimaid, "Analysis til field errors in
"X-ray lufl¢,graphic inicrosc(q_y using existing undulatCu's," Nucl, Iiislrum, Meth, A
phCHtwesists: recent dt,vehq_menls," in 291,363 (It_tH)).
Pr_ceedi,_,s of the ('_mference on short
Wavelength (.'t)herent Radiation: (',eneration

B,M, Klncizid, "Real world issues fl)r Lhc,m,w
and Applk'alions (Monte, rr,y, (.'A, lurgi ),

scdt ×-rdy s.vnchriHrtm ,_(H.ii'ce,%"J, ()pl, ._t_t,
edited by I'. I_llckhbdtlnl and N, Ceglio, l.

()pt, SOC, Alll, (i11 FH'USS), t\111, (in I_rt.ss); I.,iwrt,nct , Ittu'keley
I,abora ltu'y relxwl I,BI.-3()7HI (I _t_l I.

R. Keller, "Magnetic data analysis ft)r the

AI._ multip(de magnets," lc_ql II[iii( I'article (;len l.ambt,rlstm,/\rlw .lac_H_,Rcdx,v'l A,
Acceh,ralt)r (.illl/fl.,rt, llt't, (_dn I;l'ancisct_, (A, I,_illlnlt,l, and I"t,rdil_and Vt_elkt, r,

Ic_C_.l); abst ,1,]c t ptl bl ished as l,a w I'enct, "Tech n tq ties f(U'bt'a til im Ix,da ill;t,
13erkeley I.abtu'alt,'v rt,porl I,Bl,-2qc_44a I]leastll'elllt,llls above cuttdl," in .g¢¢o1111
(Itl'-.)()), l[.rol_eaul'm'lirh',,Acceh'rahu"('m/li're.ev

(Iklitiunsl:ronliOres,(',if-stzr-Yvt,tte,France,

R, Keller, "_urvev and alignment of thr l_t_())' p' l()4t_; I,awrt, ncc, l_erkelev I.aborat_u'y ,

Ad vanced I.ighl SiH.Irt't, inIk,r'keley," Ntlcl. l'eptu'l I,HI ,-281q() (I Cit;()),
Instrunl, Mt, lh, I_ 56/57, 422 (1 ttC)l ),

.% I,indaas, II, Rarback, I1, Ade, C, Ihlckley, 5,

R, Keller, F., I;_.'t,st, I1, Nishilnura, ,_iltl irl. I h,llman, Irl, I h_wt, lls, (', Jacobst,n, J, Kirz, I,

Zi_man, "Study t_f a 'relaxt'd' ALS stl_l',_gt' IMcNully, M, ()vt, rsluizen, I), Shu, and S,

ring lattice," in 5¢c+..t I'tlr¢_l_emlI_m'lich' Williams, "Ctdwrt,nt radiatitm I_u"x-ray
,'lccder.h.' C'OllflTUIIt'¢(l".dilitms I:ronti6res, imaging: the pt,rformanct, til tilt, XI A

bt,amline al tilt, NSI ,S," in I'roceelli.,4.q of thf
(;if-sur-Yvettt', I:ranct,, Iqtll)), p, 1,17t);

(?tulfert'nct, un X-I?,av Microst'(qgy (King's
l.awrence P,erkuley I,abtwah_rv relx_rl I_I$1,-
28166 (lt)Ht_). C_dlt,gt', l,_mchm,UK, It)t)()), Springt,rSeries

in ()ptical Scienct,_, (iii press).

R()ttt,rich Kt,lit,r, Ted I_atlritzt,n, and I,_(d_t,rt

I_(m'lantl, ".%ttrvt,), ,lhd alignmt,nt t,,u' thf AI.S I). I.indlt, and 1,_,('.(.', l't, rt,ra, "/\pldicalions (ft
prt_jt,cl ,li 1.1_1.,".'qt,ctmd Ii_turnatitmal tqu)ton-in, I)ht)hm-tmt spet:lr_)st't)py with

Wtu'k_,htq9 on/\ccelt,ratt_r Aligllrrlt,lll Illil'd-gt, llt,ratitH1 sVilchrtflr_m-r/|tliali_Hl

(II.Imbl_rg, (;t'rman h lqqll), StU.ll't't'b," worksluq_ palmer (Washingt(m,
I),C,, Iqql); l,i_wrt, nt't' ]_t,rkeh,y I,abt_rat_u'y

Ktirt Kt,nnt,dy, "Manufaclurt, til the AI .% rt,txu'l I.BI,-31327, (I qql),

slIH'ilgt' rJllg Vdt'lltllll sv_tt'lll," ill IIIIcIIIIIII

I h'_iN, _fSi/mllr_4roll I,i,_hl Solln'e_, Ali' I).W. l,indlu,ILl,, (?(ro'an, T. I,wh, R,I:',
(i(kt/f(,rt, nct, l'rcwet'dings (in press); I,dwrt,llt't, I,aVilla. R.I), I)t,sh_ltt,s ,intl R,(I.(.', I_t'l'l'rd,

I_t.,rkt,lt,v I.ab(u'att_rv I't,}_tH'lI.HI,-2t_H23 (It_tl()), "/'tdari/.t'd x-ray t,_nissi_)n studit's _)t m('thvl
chhu'ith' aim thr' chhu'tHlll_u'(m_t,l]lalU'_,"

(', Kim, "k?_mamissi_minl_ t!xpt'riellCt,s t)t lilt, I'hvs. I_t'x',/\ 43, 2353 (It)t;I),
AI.S I_u_hlt,r .qVllt']lrtfll'_Hi," lt)t;I ,ll".l(l:.I',lrlich,

At't'l,lt,l,lh)r (.'lHIfl'l't'llt'l, {%(111I'l'dllt'i_,(_h ('/\, (',( ', I.(_, "The h)w level rt svs[t,lll tlH" tilt, AI .Y;

Itlt) l ); I.awrt'llt't, I'_t'1"kt,h'v I,db(U',lltH'V I't'p_u'l linac," I.,IWl't,llt'l, l_t,l'ke]ev I,,d_u',lttwv I't,]x_rl

I.HI ,-2tltl'l(_ ( It)tl(I). I.HI,-2t;t)() u ( IUtl()).
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A I)\//\ Nt.'l_l 7}I,It ii I'1' Si.}LI I_t.'Fi

{ .t.I.{i, "lilt, llll,l_l ' _t,l'vll llllil'l' _ tllill'l_l liltllillt'lli'{llll,il{ll'_ illvtllviill', IIIlt'{lliV{'llli{lll_il

_v',lt'lil iii lilt' /\l .._4_{11!kill/t',ivilV, '' ,ll_Mi'_lc'l p,l',ilili_,, '' iii _i/I/#< /JrlllPPU/ll_,,<_,('lllllt,l't,iit't, {ill

ptil_ltMll,tI ,l<_I.,iWl'l'lll't, Itt'l'kl,ll%' I.,il_{li',iltll'V P,<ilil,lli _gl>,illl,i'iill_,, I.Illliillt,<,t'l'llc'l ', ,llltl
iii't'lllll'l I.Itl.-2Li{llli,I { IU{_li). .Spt't'li'{l',c'tlllic' liIMl'tiillt'lll,ilillll lll_._, 'P

{ I tilt_tl },

Y4 XI,Irks, t' { '{ii'k, W.V. I I,l,,/,ll/,llll, I'].

I liivi,i, I). I'l,llt,, <illtl I, (',ll'l'it,l'i, "/\l,.S I, k,'h'Nulls', I. Kit'/., {.'. Iiit'(lll_l'll, M. ItIwl'll_,

iil_,t'i'liilil iii'vM' I_h,_'klllt'<l'illl't'lllt'lll ,illtl ,illcl 1'2 /\ilih'l",tlli, "1'i1'<_t I't'_llll_, will'i ii I"lltli'it'i'

ill_pc't'iillil," It}_ll 11".1'21';I',lrllt'lt' t\t't'c'h.'i',lllll' IIilnhlill'lll Illlhipr,iphit lllit'lil_t'/lllt,," iii

(.'tlllh.'l'l'lll'l ' {_ III I:l',lnt'i,,c ii, ('t\, I<BIl }; #_l'll{'l'' I#1i7,_ iii tilt' (.'lllllt'l't,llt'l' till X-lillY

I,,llvl't,lltt' Itt,l'kt'lt'v I,<il_tll'<illli'_,' rl,plll'i 1,1tl,-- Mici'{l_c'{ipy (KilI)4'_ tllllt%c, I,lllltlllil0 L.JK,

2_BiSr4{ lt}till). Icltill}, .SpI ill_,,i,l' _t'l'il,_ iii { }piic'_ll %t'ii'lll't',_ {ill

pi't'._); <ll._{I iii .\" #_llil A'lit'rll_t lip I/#1#, \.'Iii'ht,lit'

'1. k'l,ii'x, '"l'hl,/\clv,inc't,iI I.it4Ht _{llli't't, ,li i'# _/I., {,lls., .Sprinl4ui'-\'t,i'l,i P, Iii<II {iii pl't,_,,).

I.iiWl't'llt't' 'ilt'l'Rt'h'v I,ilb<}r,ltt}l'V," 7iX N,ilillll,II

{'lllltt,l't,lltt' till .%,'llt'lll'{lli'llll l(,itli,ili{lll I..I. k,h,clhlli'_,t, I'.t\. I It,illl,lnll, M.I(.I.'..si14_,{,I,

lllnlilllllt,i/I,4 (I.{itliSiiln<l Sl,lit, Uiiivc, i'silv, I).t\. HHil'h,),, L.T. t'llt,n, Y. M,i, ._, k,ltlclc_ti,

It,li{in I{{_ll_t,, l,i\, IclCll); ,iR_il',itl ptiNishc,cl ,is <ilict I:. _t,lll,, "Vil._l'{lli{}llilllv I't,._tllvi,tl

I.,1Wl'c'ilt't' It{'l'kc'lt'v I,,IDllriil{li'V rt,ptll'l I..Itl .-- pli{lltlt, llli.'_,_i{in tit i'gt ,llltl (.{) ,11Ill_, ix,!,lllil I}

31 .... {_,l (llJlJl) K-slit,li," {.'he, iii. I'llv',. Ix,ii. (ill t,i't'_._).

I.N. M,irx, ".Si<illl.g til ih_' Aclvilllc't,cl.l.i_lllt 1).1 I. Nt,l,,{lll, I".1 I. l_,i{i, ,lllcl I),/\. V,ill I.}_&,,

_llili't'p," iiIvilt,ct p,_pc, l' iii lilt, Illtl'l'liiilillll<il "k,l,ll411c, lR Illtllilt'lll illt',i'_l.li't'lllt'llt_, iii

P4Vlllp{ Mtlill {iii t }plic'<ll ,lilc l {}plllc'lt't'll'{llli{' pt'i'lll,iilt'llt lllill_ill't I_l{}_'k_ IB' lilt' I,BI, l'Vl,l/.Ull'l

,'\pIM_'cl St!ii'lift' ,ilicl l!li_.lint'l.,rill_ (.S<in 17)it,lz,{i, PVIt,il_lil'l,lllt,lll lill_illt,C,l'illt4 (li'tliip," I.,IWl'l,lltl'

(.'!\, ICll-Ii}); l,ilB'l'__'llt't' BI'I'Rt'It'v I,,llltll'<litll'), liit'l'kt'lt'v I ,,ll_tll'illtll'V I't'ptll'l l,Bl,-27cl:ii"1 ( It}8_}l.

i'c,p/li'l I.BI.-_8_.Illi ( Icicllii.

{'hl'i_l{ipIlt,l' I'illlllt,l' ,lilll I,'V<l)'llt' I'_.

W.I,_. iX,Ic'Kil/llt'_', "V,irit,cl Iilll, ._p,lt't, _<_l',liinl4 MtKil/lll'v, "l'21tliv,ih'llt't, iii l{it'llMil_

<inel <lpplic',ltilli_," "1lh llltt,i'll,llilln,il c'{lllclitilli_ ttlr hllltlts, r,lt_Hic" <lllcl V,II'it'{I Iiili,-

('lllltt'l't, llt't' lilt SVllt'hl'lllrtlll I_<lcli<ili{}il spiic'l' t41',iLiill_ _),_it,lll,4,"/\pt_lil,cl { }pIi_:._ 2{}, -17'

In_ll'tiillt'lllillitln {fu'llc,_it,r, UK, lC}_}l); {IcJSc}).

I,,iWl't, llt{' Bt,rRt,lt,v I.<lb{li'<lllll'V i't,p{ll'l I.Itl .-

311-15f_{ ICilll 1. I(.{'.t'. I'l'l't'l',l <lllcl A.t. Tll{inlp_{in, t,clil{ll'%

#'lll{Pl'_ill_,,.<_{li lhc, Sixtll N<iliilll<ll t'{llllt,l't,llC'l,

W.I(. k,l/Kiillll'v, X'I.I(. 11{_wl,ll._, T.I.<ltii'ilZt'll, {in .SVIR'llrtlli'lll_ I(iRIi,llMll IIl.stl'tilllt, l_tilli{in

i. tlliii, Ii. I;}i{ '_i,llll<ll'tl, I'i. I"{lil_, W, {lillll, I. (Bt'rRt'lc, v, t't\, ItJl'BJ), NtR'l, lil.slrtlm. Mi'lh. i\

{;tligli, II. I Itl/_,,rc,lt,, I. k,lc'ilt'___l_t,lti, 1). I'l<_lt', 2{11 (ICBll}).

I'.A. I It,il_l,iiln, I.. Tt,l'lilillt'lltl,/.. ii, 1}. SHil'lc'v,

<IIRI I". St, iii, "'IGR, I.BI..g._-illt,tt,l _phl!ric,ll I(,('.t', I't'rt,l'<i, M,I!. k,it,lcTl,l', i\. ,Ii'Rs{ii1, ,inel

/_',l'<llill_ llltllltltllr{inliit{ll' ,ii SSI_I .," Hilt'l. B._I. Kil_c'<licl, "1 }i,lt.ll{l_Iic' I_t,,llll line, Ilil' ,1

lilMl'Lim, k'l_,lk, i\ ,.'_.}'1,,__'>1(IciCJll). lhil'cl _t,llt'l',lli{lil M{il'il_t, PilltL,," ,_llll

Illlt'l'll,llillllill { '{}lllt,l't'lICI, till _Vllc'hl'l}ll'{in

VV,1vnt, I,_.k,lc'Kil_nc, v, "l'lillt,J {iplic'_ till' I(<leti_llitln In_trlllllt,lll<lli{lll (Cl_t,._tt,i', UK,

_viit'hi'{ltl'tlll i'ilCli,ili{lll: ,i ilSt,l'% pt,l'.,ipt,t'tivt,," IcJc}l )_1,iiwi't,llt't, Bt,l'l,,t, lt, v I Ml_{ll'<ll{li'v i't,p{ll't

/}l{_lP'/iH,_':; iii ill_, Alllt, l'ic'<ill Silt'it, iv till' I,It1.-3{}"177 {lC;Cii ).

I'l't,t'i_i{}i_ 1!ll_4iilc't'i'in_, .Spl'iill4 'I'{Ipic'<ll

Mt'c'iii_t4, k'lc'l,ll I'l,llill_4._ I{_r I'l'oci._itln 14.(,CL I_t,l't,i'<i, ILl,, (._liWilll, I).!i.V. I,ii_cll_', 14,1{.

I;illisl_i ll4 t )pt,l'<lli{lll_, ('l'llt'_{lll, t\Z, ICi{ii ), l.<lVill,l, T. liR'h, ,lllcl I,_. I }l,sl,_llt's, "MtlicTul<lr-

i,i'l_il,ll ._tticlit_s vi,i ._,ltt,llilc,-ti't,i, x-i',lv

_,V<iVlll., I,_. k,lc'b;.illlli,v, "V<lril,iI lill_' _p,Itt' Ihllil't,_c't'nt't,: (.'1 K-,ll}_{ll'pIi{ll_ <lllCl K-V

_l',llill,14_ <llRI <ipplil'<lli{in_," iii/'#'ll{'l'p/#ll,¢,i {ii t,l_issi{ll_ ._pt,{'ti'{I {}t c!hhli'{ltlli{ir{lillt, ll_,lnt!._,"

Iii{' li_lc'rn<lii{lil<ll W{ll'k_ll{ip till I 1i141_ I>hv,_. I_cv, A 43, 3f_{)c; { Ic;C;I )j I.,iwi't, nt'l_,

l't'i'l{li'lll<lilt'c' l\'l{lil{Ichi'{llll<lllli',_ <iiicl t }pii_:!_ Illi' IIt,l'kPl{')_ I,_iblli'<lltli'), i't,pllrl l,ll, l.-2tJ_lSh (lCJtJ(I),
_vilt?lli'llli'tlll I_<_cli<liitlil iii thr' S{llt X-I,_<lV

l(t'_it}ll, Il{'l'liilc'l' t';Ic'c'll'lli_C'll.Spt'ic'llt'rrilll4- li, I(ill'l_iR?k, ('. Itu{'klt')', II,/\cii', I', ('<lmill{},

( i{'_'ll_c'll,lti tftr .lgvllc'hl'{lll'{lll.,,li'<lhhlnl_, m.l_.l 1. 14. I)i{ it'llll<ll'{i, _. I h,llil_{lil, 1\4, I I{Iwt,ll._, N.

i.l/t'i'lii_, { ',t'i'llliliIV, llBII ). I_k<liRIc'r, C'..l_lc'lll_sl'il, .,.i I(irz, .S. Ki'ill_ky, .S,

I.iiRt<l<i.g, I, Mc'Ncill),, Pvl, ( )vt, rM_lizt,n, _,

_'V,IVilt' I_. X'lt'Kiilil_'v <lilcl {'hri_t{iplll'i' I,_llllll_l<lil, I). _<lvi't', M. _ll_iriltlff, <liicl Ii..Sl_ll,

I},llil/I,I ', "l)t'_it4il tit _41'il,<in_ iiR'iJ{,ilt't, "C'l}lR, r{,nl i'ilcti,_li{in I{ll' _{}tl x-PiIV in_+l_ii/t4:
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Ihlblk',llitul._ allyl l're._el_talll_n,_

the _tlft-x-.rav undtlhlhu' ,1hd lilt, X IA [ ;t,rnh|zw, luu()); I,awrt'm'e Ih,rk(,lt,v

bealnlint, ai lhc N_I ,_," I, X-ray %el, 'let'll, 2. I,,fl_(u+,lhlrv rt,P(_rl 1411,. :l.UI),l,l (Iu(lt)),
(luu()) 27,1,

/\,_g, Sdll,lchhu' dlul A,I ,, I(tdqlls_m, "/\11

A,I,, ICt|binstu|, "()l_l_(_rhlnilit'._ nI the twt,rviuw iiI the AI,_," I.,Iwn'em'e Ih,rkNq,v

Advam't,d I.ight ,_titil'CO," AI .S Wtu'kxhtG_ lln I <fl_,u',lhlrv n,I,;u'l I.ltl .-31_443 (luUl)+

Lih<llleny, es fur Inh,rlace 'l*heurv (lterkeh,v,

(:A, luull), A,S, _gchhwhter and A, I,, l(_l_ii1_,_I_,

"I4esearch liIG_llrltinIlh,_ill,lhm_ic ph},nit'_al

A+I,,I(ublnstm <_mlA.S. BchhM_ter, "I(ese,_rcI_ the Advan_:ed I,iyhlN_lln'e,"Niwl. lu<+tr_m.

_g_ptlrtunIIiesillthe Adv_im'ed I,ightSutm't,," Meth. I_43, 4N) (I_;_iu).

Ntlcl.Inslrum. Melh. H 561_7, 413 (I_J_;I);

l.awrt,ncc, lh,rkt,ley I ,_fl_urahu'y relxlrt LI'H,- ,,\,.S. Schlachtt,r ,iIul A,I ,, l,ttiiqn_tln, "Thf

2%N) (l_ml), Ally+lhc'cd l,iy, ht _+tltlr<_'t,',d llt,w tt_td ftu'

I'c,._c,arch in attul_it: ailtl nitllt,ctllilr i+hy_i_'_,''
i\,l ,. I,tubtnslm and A,_, 5c'hhichlt, r, "I'he ThiM US/Mt,xlctl Ahmlic <lnd Mtdt,cuhlr

i\l .+g----<lhtt_,h-bl'lghilleSs XUV .gvncilrtllrtln I'hvstcm Wtll'l_sh(ll:l ((.'tic'tilt, tit', Mexicil, lUUl);

i'+.lcliittitlll _t_tll't't,," ICJt;I I1!1+'+'1-'+I'article I,dwrt'ilc't' llt,rkt,lt, v I,db_lriilllrv rt,l+tu'l I,lll ,-

At-tc, lc,rill{lr (.?tlllll_,rt.,ilt't, (Siln I;l'illlt.'isc'{i, (_,A, +'l()._82(I tJtll ).

ICml ); I+ilwrt, ltt'e l+t.,i'kc,lt+y I,abtlraltll'), i't,l+_tli'l

I.IH,-3(16cJ7 (It}_jl), Alfred I,, _t'hliit'hler iilll.I/\rlhur l...14_lbin,<+tln,

'"l'ht, Advant't,d I,lgltt btltlrt't, iii I,<iwrt,nt't,

/\,1 ,. I,_llbin._tln and A,._, Schhichier+ "Thf Ill.,rkelev I.,ab<u'aitlr_ ........ii hitlh-brlghlnt,,_+ _+ull

/\l,_+--+a lhird-generalitlil Ilghl ._tliil't,t,," Nucl, x-ray Syllt'hi'tlil'tlll i',itliiilltln facilily," Iii

IIIstrtllll, Meih. A 291, 49_J (ItJtl(I), ,\'-I,_fl.II ii/ld Imll'r-.qhell ll/+oce,_ses,/\1 I'

C'tlnlt,rt,nt:e l_rtlct,t, tilllg._ 21_, I ,_I ( l tJ_l(});

/\.1 ,. Robln._un, R,(',C, I'el'tJra, and A.S. ].,aWl't,llC'e Ilerkeh'v ],ilbtlraltlry i't,l_tu'l I,Itl,-.

Schlachter, "The/\dviincetl l,it4ht _tltll'CU iii 2cl4f_._ (iu(II)),

I,awi'enct, l_erkeley I,abtlraltu'y," in

/Irol'l'el/hlhl._ til lhc 4th Iniei'i_alhulill Alfred S. _chhtcllit,r and Arlhur I,, I,_ubin,_tln,

(illnft, i't,l_c'++,till _Vllc'hrlltl'tll_ I{ildhtthm "Thr, A<lvilnced l,i_lht _ltli'Ce iii I,<iwrt'ilt'e

In_lruillt, l_talitln ((iht!,_tc, r, LJK, lcJ_Jl ); Ilerkc'h!v I,alxlritltll'_, ..... <l nt,w ltllll Itlr rt,st, ilrch

I.,awi'tu_ce I_erkeley l,abtu'altlrv I'C'];Itlrt I,Itl ,- iii <iltll_lit: I_hysic+s, '' iii I'roceedi,7_+ til+the .luint

31243 (lCml). LJS/lill_nn _t,llliltilr till I",xcttnthln by I{xtlttc'

,lntl I Iighly {ih<il'l-Wcl Itln. <, (AIwhtll'itt4t,, AK,

R, _+l_.,tly, K, I hllbach, VV. I las._t,lizahl, Ii, I tJtJll), ill pi't,ss; I,awl'ellCt, lit,rkr,icy

I IoVel', l). I-lun_l)hrles, and II, Kincaid, I,abtlratilry rc,p(irt I, t ,-2tJ+g23 (lCjtj(i),

"(++ah'tlhltttul til mitgnelic urrtlr field.s in

hybrid hlsc, l'litln device+%" Nticl, lnsll'Ul_, A,_, ._chlachh,r, .I.W, _lt,ai'ns, K.I I. llt,rklttU',

Methuds/\ 291, 41lH (lCJCJll), I"..M. Ilt, i'nslehl, M,W. (.;lark, 14,1), I)ulhfis,

W.(;, (h'ahanl, T,J,Mtli'gitll, I}.W. PVltlt!llt_!l',

A,S. Sc'hlachler, "Muliilqe elc,clrtln cat_hii'e tn M.I', $illckli, J,A, 'l'anis, aim W.T, WutldhliM,

fiist itln-ill_lm cllllishln.%" W_li'kshtlt_ tin I Ilgh- "Mtlliilqt, i+,lt,clrtln cnt_Itlre in cltlst, itln-aillnl

I{nerg.v Itln-Alllnl CtlllJsitln Ih'llt't,+-i._l+'._ c_lllisillns," in 'l'Iii'/lh.l/Sic.<+ of I;1¢¢trolli¢ iIlld

([)t'ilrt_'t't,n, I Itlllgiiry, ItJtJli), I,axVl't, ntTtJ ,'Wo,lh' Colli<:hm.<+,Ali _ (_'tllll:t,l'tUWt!

Ilt,rl.,eh_y I.abt riihlry rt,l+tu't I+1+1.-2_i742 (lCmli). ]h'llct,l,din_._ 2.0._, ]6(+ (IClCl{}).

i\,S. SchhMltc, r, "The Advanced l,il4hi 5ilurct,: 5.M, 5chilt,nung, W,14. Meier, nnd W.\/,
ii Ilt,W I ._ ( lc,\ i +_+vnclll'illl'tlll riltlialitln t+ilcililv I hi._,_enzahl, "A t'(ulttlill'i._tln til liirgt_-+_ciih,

iii the I+iiwi'enc'c, Ik, rkelev I.abllrattlrv," llli'tlidnl and slllt,lltliclill 5MKS _),_+it'lll+," 11!1"+1!

invilc,d Dil_er in I_;'oll'+'dill,7,g til'tilt, Tl'nns. May. 27, 2 (l_ml), p. 27124.

Illlt, rl+lillitlnitl (.'(llllt, rt,llCt, till +_yllt'hriltl'tH1

Radiiititm t\pl_licatitms (I left'i, I't,t)pIt"s t:. N,ll+h and I). Pvl,isstdt,lli, "( )i+t,rilting

l,_t,l-_ublic iii (Thina, Ill'c,.<+.<+_ll lhc, Univt!r.<+ity lit t.,XFItq'ientlt, with iht,/\1,5 IinaG" lCJt)l lt".lil '+.

.%c'it,l_t't! _lnd Tt.,t']ln(ll(Igy in (ihinil, lCJ¢l(lJ, i_, l'Tirtit'lt , At't't,hu'ilillr ('lltilt,rt,nt't,(._iin

1(13. I,'ranci._cll, (IA, lUill ); i_ul_lisht,iI ,i,+ I,awrt, nct,

I]c,l'kt,lt,y I.<l[xlr<il(ir+v rc,l_tlrl I.Ill ,-2(Jc;4;t ( lUll I),

i\._. Schlachlt!r, "The Ad_,,incl!d I.ighi
_tltlrt't,-- -.ii Iltgv I(l(ll Itll' rt,+_l.,_ll't'h iii illtlll-lic I I,V. _iniill, li',, I'. ,,\lli<+tln, I"..I. l'ilchl,r, R.R.

i_hv<+ius, '' li_terilittitln,il (.'l/n fert!llt't ' tilt _lt,vt,n_, li'., ( ',.T. Wlu'lll, ( ;.( '. _Gtilt/.ili, A.'I.

I'hvsic_ llf 11il4hly ('hai'gt!tl hln._ (( iit,m4t,n, Ylltin_<_,, A.+%,_t'hliichltu', K.N. l,l,liilg, dntl
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AI)VAN(IF,',I) I_1{;I lT S()LJI<CI!_',

W.B, KtlllRl,I, "1 I_ [{,illllt,rilttll'l, ,llltl deil._llv k'l,fvl, l'html<l._, I.{'. I},lvl_, t'.l, I,l{'{,l_t,ll, ,lilll
Illl,,l_lll'l,lllt,ll[<i iii ,i ]'t'llllllll_, _tli'l,it'i,-pilI_lll_I 14+(.',{',]lt,l't,i'_l, "A pl'll_l',llll llll' t'il]{'llI,i[llll. _

[ itln _(illl't't,, [," [,_t,v._t'i. IIl_i[l'lllll, (_[, 424 illlt[ plillllnt4 ._{lll xq'ilV iG_lll',ll Illlt,l',it'ihlll
]citlll), t'tit,llh'h,lll_ I{ll' illllll,t'tlll,_i," Nu{'], Ill,li'till1,

Mt, lh, A 2irl, I(i7 ([tBj()),

I,V, ._inilh, li'., I', Alll_tm, I';,I, I'lleht, r, 14,14,

._h,vt,llS, li',, { I.T, Wt}l'ih, { i.(', Sltllzill, A,T, ' T, Wal'wit'k iinc[ I), Shli, "l}hll41111_llt'
'l'flllll_, i\..l_, 5lhhlthlt,r, K.N, [,l'tlll_, and phiisplltll'_ [iii' lilt' /\dV,IIIt't'tl I,il4]li _lllll'l't',"

W.[t, Ktlllkl'], "[ [ii II'lllpt'l'ililll'l' <llll[ tlt'll_liV _ll[I Illit,l'il_iiltlnil] {.'lllllt,rt, nl't, till _Vllt']ll'{lll'{lll

lilt,,l_lli't,nlt,ll[_i iii ,i ['t'llnllll4 _ui'hlt't,-pl<l._lllil I{iltlhlih_il lil._li'tllllt, llhlll{in (C]lt,_[l!i', {JK,
II hill _{itii'l'l,, I1" {Uilplil_ll._hvd}. lLitJl)s ,il_ll'_lt't pul_ll._hed a._[,iiwi't!llt't,

Itt!rkt,h,v I,,lb{irilltlrv i'epilri I,B[,-3(14<18,i

{ i.(T.._tulzin, A,T, Y_lillp, I 1,1,',I}iil_,l_,, iX,S, li{Bi[ ),
_chhldllt, r, K.N. I,t,liill. I, illlC[ W,171,Kllllkt,], "hl
_Jlll tlt,li.MIv iiild It,lllpt,r,liUl't, il_t,ilStll't,n_l,ll[._ '[', Wilt'wit-k, ]), _[111,It, 14t_drlck,_,ililC[ ILl ),

iii villrillhlll,illv-t,xt'ilt,t[ II$,tll'tllgt, Ii Illlllt't'tlll'_ ]{lilll._{lll, "[}l'{lllllypt, phlllllll piIMlhlll
iii Mn _lllll't't, phl_ll_,l_," Rr,v, _ci. [ll_lrum. (_1, l_l{}ilil{}l'_ I{_1'tlllcll.llill{}l' l_t,ilm._al tilt,
I_1_}(ItJtJll)j I.,1Wl't,ll{'l, llt, rkt, lt,v IMht_i'illi_r$, Adviincl,d I.Ii4h[ ._lilll't!l_,," 4th Inlc, i'nillttlnil[

l't,ptlrl I,]tl.-2f_7<J5 ([l}ScJ), Ciinft,l't, llt't, (iii .iqyllC'hl'llll'llll [4_ltliatltlll
[ll._ti'tln_t!l_t_lllilll (Chu.Mt,r, LJK, ltJtJ[ )j ab_lrilc l

lack Ta ii<lbl,, I,_{ich,rich Kel [l,l', ii nii Ted plil_l I._ht:dil_ I.a wl't,llc't, I_lei'keit!), [ cll._liralilry

I,atirilzt, i_, "];ttllit'talizaihlll pl'iit't!titii'{!_ l{ir repili'i [,I]],-B(l<l_lTa (lCJtJl),
lhr, AI,_ rlnt4 i_lil_nt!i._ and lhc, btlil._lt, i'
._vnt;ilri}li'im 14irdt,r.%" Iii Pr_wee_/Jll,Ts{}t thr, A,I. Wiirwlt_k, "1',Swain, and A, i_lck._iln,

{_c,cilncl Illleri_illhma[ Wilrk_illip till "._[abl[li_, al4ain._t It!i_pt_i'_lltli'e v_i'hlili}ll_ at
Ai_ct'it, rall}r Alll411nlt,ni (l [aml_tlrl4, {'_t,ri_any, lilt' A[,_," Nllt'], [il._[rllm, Meih, A 291, <l]t4
I_JC}(}),ill pl't,._._, (ltJcJ(}},
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CENTER FOR
X-RAY O PTI CS

IN 1cjcj(}A N I) I cJc-Jl,"I'1117,C',F,NTI!I¢ I;C)14X-RAY t)l"l'i( S (CX 14t)) ctmtlnut,d

]ts twt} ct_mF_lt,nlerlt,lry rt_lt,s: clemt}nstr_tlng the, ,capabllltic,s and tisuftilrws_;
t_f tlw x-ray and ultravtt_lc, t rl.,141tlns(lt thu spt,ctrulll anti clt'vc,Icil._lngt'cltll p-
rhr,iii iii-ld tc,chntcltlC,.,-;t.(_n-iilkt, thtme capilblltttt,s wide, lr and rui-idllv avallablu,

I ligll-rt,,'-itlllllltlil X-l'ilV inicr(IscuJt:_)_c{wlttntll_,s tt_ bi., Fw(_nlli-ieilt illlltlllg {)l.lr

activtttc,s, Stfft-×-r,.ly nltcrtlsctll_y l:_ilsudtill I:;rttsl-it,I ztlnt!-i:llaie It.'llSe.<iha,'-;prt_-
vided imat4c!s llf t:c,al.l.irus as snl<lll as 311(I,,_ Irl t,×purln'lents iii ii-iu 13Lu'lli-i
l-_lt,ct.rtlil S),nchr(lir(In (I31;',s<g"{),Iii the hard-x-ra S, rt,glnle, t)l.lr illlcrtlprtl[-itt,
based till n-iultihl),ttr-cr_ilted rc,fleciivc, lipttcs, has achlevud 2"_ll-il spatial rc,st,-
Ititicln ill; the,Natttmal SynchrtHriql IAghl Stltirc't, (NSI.,S) and i-iils been tl.,.ied in
a large ntlnll-ler (If appllc'i-ltitlns ill thu lift' ai-icl ph.vsical sctenc't,s,

In tjiu It_ng-it, rrn eft'tlrt t(_ dc,vt, l(ip hil4h-ruflecttvliy multllayttr ctlai-ings
t'tlr t,×trt, ll-it,-tllt;rilvl{}itq illltt soft-x-ray (iptical t,li_!l-ilt.,I-it,'-;,such as illlrrt}rs and
t4rat:ing,s, we Ctll-ittili.led lnvL,sttgalii-ig tilt, .,.;trtlCitlrt, ilnd stablllt), t_f vart(_tl.,-;
mLill:ilayur pairs and dt,vc,liG_c'dii ni,w, htghly vt,i'saiilct rt.,flucttliTit!t:t,r based
{_na la,,-;ur-l__la.,-;nlax-ray .,-;t)t.ll'Ct,illld ii higl-i-il-irtlt.lghl_t.It n-i(llll)t:i-il'tll-i-iilLtlr,

Thusc, tlngtltng t,fftlrts tn .,-;¢_fl-x-raylmilgtnt4 led lt_ lhr, lnittal fl.iilcllnt4 {lt'
an Advancud l_tght Slltlrcl.,/Q'Xl,_() i_i'tll4i'an-i tn pl'tlluctit_l_ lltht_gral:Hly, Tills
ji_lllt initial.ire bi'illgS rc,sl_,archt!rsfi'(lll-i CXI<O and the Unlvc, r,,-;ity{If (iallf(_r-
ni<_at 13erkL,lc,y c'arnt._tisttlgether with rul_rl.!st,ntiativc,.,.;tit' tilt; .<-;c,n-itctlndtict-tw
inclList:ry, The, g(_al is t(i ftllil-it!r the list! t}l' x-rays in thu fal:q'ic!atloi-Itil c()m-
pLiter chips wilh ft,ilttlrt, sixes (1t'()rdt, r (I,l t.lm, Thu l_hiHtlil bean-is fl'()nl lhLt
AI,S arc' well suited ici till.<;ru.,-;t,arcl-i,

klil'nlilh lind |l'( hnil _il _hlll ..|lliliDIi.ilr(llil,l' _ll/i/lllrt I i t.,lili,,...\lt.llillll, ,<.;,lii_ll,ll I ,ll,(,i,iI.iv I{ ( htli

li .,'lll,,v,;_,,I i,litl_ ll,_ I' IllilJl,i 1 ".J,lllllill.ll, ,N,illlilllldl l\i,illlldlilil ', i', ( ;illll /

I I Iid,'lv,,..I hh'j,Itlit ill_l' t,,ll I I",<,lll,lll ,ilid _il,,l_ _' !\dlilllil'dl,lltiill P"_ i,,l.,llltll,r

I .'.,iltl_,l >_lli i, \li,,.,i,I/ \1 l]h h,ild<,_llt, I Jllp,'_,i,,ll\ ld ( Iqllhll ( I I,U"I'

I' II,tl',_,ll II I¢.bblll', I liqill,I ] kl,l',l'l, I llltvl,l',ilV Iii ( ,lll[tlitq'll

\ II,,,'itli , _. hllialll, tJlllVi'l',lll, ' iii ( ililllll)_l'll it. I_,ltlllVi'li

[. ( li,ll,ill<lii ,'lilt'li#ii,li ' ,lill'llllii'l', i _,llllllll,ilt',ll'll. ##_'t',1i I NI_IIVI'II

I_ I ll'hllll_ "7 ( vllli_. I.Iwil'li, _' I i'_l'lllll,lV 1%','..'i'l'lit'V, I,,llllli,i N,iliiqi,il \' blikilhl

I' I i_'iih,llil _'d,ili.ll,il I ,ibl,l,il,,Iv II 1%1 _ I ,il_r,lltllll", '1 i"lil.ililhl

I ( ,llllll ,iql I / i'llllhl, I liiVl'l_.llVld Wl.,l(llr-,ill VI,idililll'.l.V, I luii,d,ilidl,hlh , I'_ I'ilil,dd

I t. I,il<,l,ll,,i,li I II I' I hmu,,,lll\l ]lllli,l_.',<li Ih'll,,hl ,, IqllVl'l,.ll _, ( li,v

I1 II_'lil_'_,'.ll'lt#ll , ( ltllhiuill', II t,;I ir_tlr_Hll,I I_ W,il'dHi

\l t._.lt' II I"-.t'IN, IIl\l."l,,ltl_,'.Vli Ih'i!',hl<, _/ll_liUll', kl Wi'i

I t (,ihil,,hl I t H/, <,1 ;';'l ',h,tl _, Ili_,_,l, II I< Ih,!,,llili.,hiill 'i' _t,'ll

I<_ I,I, l,ll,rrl_, li \l,Hll.'v.;,. I I "ii ', IIh,il;I ,'\ Iii

,\ ih_,inl,.,<.l t,\, \h,vvl I1',,', K,q,l,,_ Lh'lib,lilt, h

d-I



¢.'I,:N'I'I,:R I,'¢_1,_X..I,_A'_'( _1"1'1(.'__

('XR() wl_ll tr, li Iuu()R&I) Ii)li ,iw,lrl.l,_ trlln_ I,h'._'.r_h .1al I)t'_,r'hlll.tt'ltl
A,'l.k'll::illl' ,11111llllo I_j_ll ,Iw,_r_l lho t_rl.ll<s t'_llrlh ,lllLI flflll I'l_llst,cllllv_,
vo,lrs _1 witll_lnt4 in Ii'lls c_nlt,sl, (.)ni., aw,lrcJ was I't_r ,i t'XI4()-_lvvt,l_lj_,l,_l

,iw,lr_l rvt'_Gnl/,_,_l a hi__,,l_-Illil,n_'eX-r,lv .,-,_.lrc_,,_l_,vt,l_l_v_l Ii1 ,i j_lll_t i:,r_i_,vl
wiLh H,ll_dla N,illtli_,ll I,,ll_r,li_rlon ,li I.Iv_,rln_ro, l'hl, Ihtr_l w,ln Il_r ,1 _c,ln..

/\lstl, wt, It,st.t,tl a Ill,w, i11(ll't, p_irt,lblt, Vt'l'Sillll til' _ltll' _-I'dV Illl('l'_ll_l'(lll(', d

/;vl_wl_lhlk'hi,,,,,hr_'<.,hlth._ _',i_il,h'h',qhl.H_/It/Ir._'h,h't im.,qiH,_I_'_h_iq._',._i_lh, lhc Soft-X-Ray
g_ql-vmi/r_',,_i_ul_,1thl' <.;l_'clrll._,qti'r:; _;_'i',_'r.Igll_'_i.I ._/i',.Itl.,t,,l'.,;,"1'1.'rl'l.tii',_'lll | rnaging wi til
.ghiM ¢l,._'ch'll,,_lll_;, I'illl,,_ill,,,_ ]l'lllll _,i'(_l'l'lll IIIl,,_,gll'lllll._ til ]Ji'r]lll]_g iIIll' ]lllll_lri'll illlt,,.

slr_w.._.I_'rmil Ii..;_'r.<;lt, I,_llh '%'_,".._1 '".,HI_'" s..tlh'r I_.tl_'r_t<.;,Iltrll.'mau'_,, t1.' Zorle-Plate Lenses
_l_;:;lll'i_lll'll /I/ll_lllll _'ll_'l',k_il':;, I'llll,k'ill,, _ /'l'l_lll II/_l_l'¢L_'illlllll'll/ llll_' /llllllh'_'ll tl_ _q'l"l'l'll/

Ih(Ul'.;lllhl I'I_'('II'(UI i,_lls <_'l"j,.gllllll t/lI' IU'iI/lIlY,II I't',g(llllllll'('_; (I I' IIIIIIII/('[l'llh'lll,g,

1_1'5Hhlll('l'S c_lll.glilllh' _1.gl'll.giti_ ' IIl_'¢'/l_,llislll /iII' I'h'llll'lll i_ll'lltl'fil'_ltillll, /iII' I'h'lll_'llhll

Illlll_]_ill,\', _llh/, iII _;lllll_' cll.g_'.g,/iw' I]1_'_h'lt'l'llll'll_llhlll Iq" l'/ll'lllil'lll I_lllhlill'_, l )lll'ill,'q

Iq!l(I II/hl I q!)l (l'l' Ill[_'_llll'l'll l/lI' II'l']lllllhl,_,'.l/ _l[ _gl_/t-._'-I'11.1/illhl,'_'l'll,,s'_lll_/Ih'llllUl_ll'_lt('d

>_lllll' II_l_'lllilll _ll_llh'__lli_vls ill//lI' I_]l.ll,gil'_ll IIIhl /iIi' ,gl'il'lll'_'_, I"_'_lllll'_'s _1,_gllhl//its ,:IfIII

,'1 IIIl/I/ Iii' ,";1'1'11iii lilly I,_'_1illl_l?,l"_,

ItrI. Mi_r_,..__,ll_'.1 Itl'll_lkhll_'l'll IN'.tilwl.I [,lll_lll'llhlrl/'.g Nlllilllhll .g.llll('lll'(lll'_lll I,i,qht
.g_,_lr_'_'(N_gl..g),'l'la' micr_,._c_/,_',i_l._htlh'_li_t thl' X I,'I h_'..lli_te Irt lh_' N.g/.g, _t,.s
_1_',',_'1_,1_'_1/,lI. c_,ll.l,l,r.li_.t i_',_l_,i_,_.,llIe .qtll/l' l llli_'_'l'gl'lll _l]"Ni"((' )'_l'/< fll .ql_'lll/

I,_,I,, I,NI./N. 1.5 I/IM ._t_t C.\'R( 1,II ;l'_.t .II l,_t:,'l)l(lfl _lil'_ll'_lill l'.J!Jl li

_'lll'r_'llllll _qli'rs . l_'.k l¢I,_-_lim_wI:J_.t.lr_'s_dltli_.__qll,q J.llll' lll_\,ri.h'_l b_'.llllill_'

l

Irl micr¢,sc_p.v wilh si_ll x-ra\,s, lhr, kur _l:,lical vi_ml:,¢_nt,i_[[h,il lilllm,lh,lv [)o\'t'l(i]._rrlt'rll (_I
dt, lc,rmilws p¢,rf_,r_nanceis li_t, _d_jt,ctlvo lens, ()rdinarv rt,lr,Mlve lunses ilko l:resnvl Z_ne-l'late
lh_se usc,d l:_r visibly light, which [ransl_rm lhu l_h,lst, t_l ,i w<ivelr_._t I.c'llsos
witht.lt vhanl-in g the amF_litudt,, c'annt_t lw usi.,d al x-r<iv wavului_glhs
bc,c'au.,.,_,availal_ll, rrlatt, rials _.1_nl_l t41veI-'nl.il4h pllaso si_il[ and ,li'c, n_l
slil'l:icit'ntlv lranspart, nt, l,h.,flc_ctivt,t_ptlcs can bf, t.lsc,d in lhr, lt_w-t,norl4y part
t_l lhc stiff-x-ray ro_,it_n (:::I (}(I rV), whert, efficit,nt hlgh-rt, flectivilv n_tillil,l\,or
c_alings can l,e labricati_d, Ti_ clair, ht.,vever, l.hvlr resi_Ititi'on in finis SlX,clral
l'v_i_rl I_,lsnt_t Ix,_,nas hi_4has thai _ll l:"resnol/._.w Plal_,s, Z_tw Pliltl,s arc,
thtl.'-,liu_,I_,nsesI_l'thtr(ct, fl}r lhc' Ilil..hest spatial rc,sl_ltltit_n, p,irtivttl,lrlv h_r
t,llt,rt4ic,s gre,lit,r lh,ii1 2(iii o\I,

t\t'c(irdii]_ly, illlr (ii (ltir maj(.' iirt,il_ ill rc,st,arch I_a.<_bc,t,l_ lhc llt'v('ltq_-

lllc'il[ (lt/.iii1(' plal('s Ihat hart, smaller ai_d iil(_l't,-,it'cilr<llt,iv I_wiltL,cl/(_nc,s, \47o
ari, illsll i:_lli'<,l.iiil_tlw tlSt' iii I_lalt!ri<lls Sllch as nickl,I Ici ,lchieve grt,<li(,r
dilTractil_n c,ffic'iuncv, "l'he It,n._t,siil't' I,lbric,lh,d by mt,ilil._ til t'lt,t'lrtlll-bt,dlli

wrilin/4 lechnicltil ._,
In I_l't!_sing lllw<li'cl Iii(.' ftlildall_t,ilh/I clttfrilcli(_ll Iin_il iii lt'(l,, i:_(,rflli'-

Ill<lllt't', 71t'Cill'dlt.' plact.'l_lt,ill (ii lilt, 1.1111t'h(ill{t'rn,_lv circtllar b,lnd_ _ll ll'illl._l_li._-
sivt, ,inel llllaclll(, l-niilt,rial)i._ inll_t_i'hlili. "l'hc, Ii_,ixiilltlln i_lact,rnt,ill t,rrllr
shl_l.ild Ix, It,<,_llliin <lsn_all tracli(in ......2!4", cii' _(i.....cii iii(, _nlall(,sl /tlllt' widih

(lil lhr Icily, "l'lli_ i._a fllrmid,_bl(, cll,lllt, llt._t,,<_ii_'_,lltll' llit.,,lll,_l-i't,_lllliltl_i_
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Stfll-X-I+_,lv Inl,I}+,,lil_!,v,,llll Z_nt,-l'hltt, I,t,nm,,,++

It,nra,+,.+,Ilkt, lilt_,t_ltL,_llt_,,Vl_ll_ Iq)__tll'u,I-I, hurt,/.t_ll{, ,,vl_ltl_,,.+t_l 3III)/\, A_+'hh,vt,-
m{,111t_l' II_L,I't,qull'ud _IUL'III'+.IL'y dI tl'_unt:ellrr_ur_,qltm;+,t,nl+t,_.'lallv_lcl'{_,,-_nI,_1')_,{,
(5(I-_llmdh11l_t,tLu')It,n,,,_un,I_ dI IItr., I'nu'lllt,r _1'r11h.,r_t'dl_rlu,1tl_11,(Irl<.,_1 _tlt'
('IIITL'I}Lul'l't_rt,,4I_ alrm,LI _l _+'l_,lraL'tt:t'l/,Irt)_,,ll_tl I'l,tltl_'ll_):,Pl,_v_.,nu.,l_lt,rl't_rn,

, In <:t_llnbtu'illlt_rtwllh rt:nt,ilr_.,l_t.,r_Irt_rr_tIlL' LInlvt'l'_llv t_l'( ;_illll_;u_l'l_,wu
ha'vr' bt,c,rt tl,,.+ln),and L,hilrm'tt,rl/,ll'_),, flu: 3()1)-,,\zt_rtt, I+IIIIL,_Irl thf (',iilllrlj+,:,rl x-
r(Iv n'llcl't_,'st.'t_l_t,al lhr: I:lt,rllr+ I{It,t'll'_l_ H,,,iwtlrt_ll'_m I:,lvlllly (I.II!S.'.-;Y),Altht_tl),,h
IllLh,'ISt.II'UlllL!II[, u, I_I' [hu rnl_.'1'_mct_lx,',,-+t_lqh.'al F_t.,rl'tu'l'_ar_{'l, ItuJl{',ltl, tl'ull lbl,
t.llfl'ractlur_ lImIt I_(_ l_t_lbut.,l_rt,at:l'_t.,d,Irn,_t.,n t_t'tt,!_lI;,ittt,l'l_ .,-+h_wlh,_l
I'ualllrt_,s_1_mnt_ll ,lm?,()()/\ nI't, vl,,-fll+le,I_jt!ciltl,_l, t_l't_lll' t,l'lul't,,4l[_rt,_.lilt:t:t,l'rt_r_

In lhu phi_'un_t:r_tuf LIlt.,/,tmr+%t_tll' tit,wt,.,.4,,..+t,ttri' 3l)lb/\ nl_'l,_t,I/,{)I"IL' I.+lah:n
_l'tuuld bl.,u\,en bt,tlt, r In btflh Sl:mtlal i't.,,,.+tdtltlt_rt,im.l dlrl'radlv_, t.,ft'lclt,l_£y,

CXRO-AI.S X-Ray 'l"hu ,+ttt.,r_l.,ttr, ",,,vrltu" vvt.,r-,,gmallt.,rl,_ttvrnst,n .,4111t_'(mchips bn,,-+bt.,t.,r_a

l.,itl_o_ral:+hy l;'ro_ram natural +_ppll_'+_tlt_r_for x-ray tt+,chrtlquus nnd te_'h1_t_It_,It:s,milch a.'-+tho._t,
dt_,vt:ltq_edby CXR('L A.'-+I'e,,+c,archand aF,l_llcatlt+ns ._t_lrttt_ t.,t+I1VL,I'_I.,ltw,,ard
lr_dtlsh'h_lly unei:tll x-ray Pr¢_jc,_:tl¢mlitht_ral:+hy (,.+i+trl_,r),a tlr_lt.ltlt: t.,nvtrtm-
rne,.t_tfl.,_rCtfllabt;ratlor_ lmurnc,r_il'_, ('XI,t(), tltt, Ljr_ivt.,l'stlv t+t'(.',1111_t+1'1_1,_at
I;k,rl<elt.,v, I,l ,NI,, ++l_cl,gllk,¢m vallc, y ,,.+t,rr_l_,'t+rtcltl_,lt+r_'tu'r_l+anit+,._ni't, wt+l'l<ll_)+,
l(_u,ul hc,r tmva rd ar_ad va hcf:el l lth__)._ra lflb , R&I') i.+_r(_,i'a m al lh t,/%I,S,/% I,_r_.t,
111L'i1,"+tll'l.' I.+I'l111pt.'tt is _.:+Il-ni.,l'1+tm_ st ICCt,,,-+sfill l-,_,¢,l_,_,tlt,i_l"rinrl 1t)._,t+I' lt,a Irlrum
srnallt.,r litart (1,1Hrrt by an A'I'&.'I' _rt+t_l:_wt_rkirt)4 al I+rt_t_l<l_,_vt.,nNatlt_n,tl
I+abt_rat_rv's Natttmal ,qyrwhrtflrt_l_ I,l_,ht Ht_tlt't'L,,"l'hls t_'arlv stl_.'t.,t,.'-{s,utm_-
biru_,dwith lhc, rt.,i+llzati_mth,it thf I+rl).htnt.,ssa_u.l.'41",t,t.'tnllI:,r¢fl_t,rttt,st_l'AI ,5
radlntlt_n x_,,t_t+ll_+lbf.,Mt+,nllv,,-+tiltt:_.llt_r lt,,,-+lln),lt,uhl+iCltlt,Sand t_l_lit',_l't_r
lltl-tt_).ral,hy, lud tt_ this Inltlatlvt,,
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{.'I_N'I'I!I,_I:{}R X-RAY t}l"l'l{,'S

A f{}rmnllvu w{,Pk._ht,p wn_ huld in _ ......

J,lntl,lry ItB}l h} help I't'Ht'dl't'Ht'l'BJl_ 8mallvr Featm'es, Btggor ChallostSes

gtwuvl_mel_t and tndustvv wt_l'k One technique for writing a mask pattern onto n chip is proximity
tt_gt,iht, r h}waPd a ._[ra[ugy fin' ttuvelt_p- printing (shadow casting), which is very much like making a contact
ill)_ i111 ddVdl_t't'tl IlhllltlI'dL'[tll'illg print of a photographic negative, albeit with a small gap, This is tho
caPabIlIty In lhc I..J,_,Ii famllhlrl;,,ud more immediately available technique, because no x.ray optics are
I'u.,4eal'cher_t'P¢}n_thu st,nalct_ndttctt_P required, However, the features on the mask, the "negative" that
Iltht_gr,lphy ItRltt,_tt'v with thu cnpabill- serves as the master for the circuit pattern, must be very nearly as
t le,_{_/'the A I,S a nd tlstq' ,acce:_s Iu It, small as,tl_ose otx th_ chip itself, Such a mask ts obviously difficult

dlRI ,tlm} helpucl tts It}ttllclt,l'.,datad and expensive to make and repair, Further, the proximity, on the
Industry'.. nuu{I.,4,Tt,¢hnlcal tll.,4ctt_slt_tl, order of a few _tm, can result in'mask damage tn a production
t'e,,4tlltuclIn c¢_nsot_..tt._un thPue kuy environment wl_ere silicon wafers must be "stepped" through the
I,_Stlt'S: system rapidly,

Circuit patterns can also be printed by projection lifl(ography, a
• 'l'he x-ray lltht}12,raphy c¢_mmttntly technique Closely analogous to printing a photograph with an

wt}trld bunel'll ft't}rn A I,B beams enlarger, but in reverse (see the illustration below), AT&T has made
frt}m bt}th a bt,ndlnp naagnet and a great progress it} this technique in their experiments at the NSLS, A
h lgh-brighllwss Iind u hilt}r, 'l'h Is major obstacle to projection tlithography is the need for focusing

con_blnatlt}n c,{}ttlclsupply a optics that give sufficient resolution and breadth of field,
Puglsiratt{}n and mut rt}lt}gy statlun corresponding to a sn'tall, uniformly, good pattern across a large chip;
a lacl an ea sIIy ac'c't,sMble fac lli ty for In collaboration with colleagUeh ,from the ,University of Wisconsin

baste lusting ufCOml._Onunts, SynchrotronRadiation Cre'iter,we aredevel0ping normal-incidence
opticswith multllayercoati_gBfor use iiathe Schwarzschild

ruslsts, and masks, 'l"huru would configuration, (Multtlayer.coated;optii_s are described in the next
aIsr}bu stq._lalstlca tc,el testing section,) The experimental work will ,use a Schwarzschild objective,
capabilities for optical ulenaents, coated with Mo/St multtlayers_by CXRO, Optics suitable for
t}pttcnl systt, nls, a tad vaPh}tts manufacturing will be .far more co03plex and'demanding,
pn)jt, ctt{}n tucllnt)h}gles thai laavt,
yt't Lt}ht' dt'vt'lopt'cl,

• 'l'ht' lirnt, t'r,anat, I'{}1'ru_uarcla

acllvltlt,s at the AI,S (that Is,
tnt,ginning In It)t}3)Is wt, li-searched
lt} lndttstry's neucls l'{}i'pattt, t'n
transft,r bt,lt_w {},15_1i"11111the ),uar
2{)(){}arid beytmd.

• 1)t,vult}pmt, rll {}fprtiducth}n XBLOOa.O718A
tuchn{)l{_glu_ I'{}r_tPtlc'ttll't,,_{)f thust, _.......... ,,,
d Inaun_lt}ns will ruqu lru a nuarby
suppt}rtlt_g ll_l't'i_slPtlt:'ltlPt,t'{}rtaa_u}Mt't.lCitlPt,p,lttt, rla gor_t,l'allt}ta, masks,

{}ptlcal ct}stings, Pr,siMs, ilnt.I thf rt,tlttlslte ,yntht,st, and 191'{}t't.'_Slll_2_

{}pt'l'i/tl{}llS.

An advls{}rv grc}t_p Int'lt_tlint_, tndllstry, ttntvt, PMtv, and ni]tlt}n,_l-labt}Pat{}v'y
l'el:Wt'st'ntalivun nat't six tlmt,._ ill It}t}I h}dt,vt'lt}p thu spuclftc I'{}ctls{}f thf'
prr}gram, "l'ht,ll' t,l't't}Ptsctlltaalllaltid 111a "whirr' papt, r" thai calls ft}r a nlaj{}l'
tnvt.,_lmt,t_t tn spuclnllzud fat:llitit,:_ iliad lnt'raMrtlcttiPt, at I.,BI.,,'l'he_t, uffl)Pts
t't,ct,nllv t't,_ttltu_l ii1tl ll{_lit't, {_finitial fttnding 1'1'¢_1_1thu I)t:l:t,llBt, Advanct,t/
l,_t,,_t,,lrchI'rt}jt,ct_/\gt, ncv,
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M_lllthlv_,r Nefh,clivt, ( )l_tic's

M u IIi layer M.Itihll/rr c_,llijl,,,,s.n, ,,o_c_LIn'llcct_,r:; _Jlx. r..I/:;_,_,t,r. I,n,.cl .,.?,_'h'.,,,,,Ihnlll,,O','l'hc
_i,m,ch'.,_lh.g.I.1 ml,_h'.g_!I'illci_h'.ce li_r .,hich lh_'y .n' hi,_hl!l n'll_'cli<,can' ch'h'r

Reflective Optics .li.nI IUIthe Itr.,%,, I:_lll.tli{UI,.qth thed ,'.;/willy, t'ql.tl h_the Ij{'l'i{_tl(;l' the ro.IIi..
I..ll_'r, t1.1tis, lhc sl/III cV'the Ihi_'l,'lles:r'.gIq' tell' high-/..t.I _.1_'hr.,..Z I..llvr, ( )llr
cl'liU'l cllc_.llt_l,g,gCs!ill.'i('lllill_ Illllltilfl.llcrs l,hl s/ulth'rillx, In'hllillll_'_, ._l_,lllll'illy, I/lc

l'llllll_lllll'llhll I'_'.gv_ll'c/Iillh_ IIIIIIIil#llCrs tllt'lll._¢l_,csI_ illll.'_,c tllclll all_/h_cl._'idah'
Ih_'ir I_crti_r..I.n ' li.lil.,_,

MIIItihl!lcr-c_.tnl ._irnU'.,.;/itlu'ic.h,tl i_l{u_rhtl_nltlU'.ll I1._,_'I_n'_li_l_'_U'l_u'.h'_l
illh_ tl wide' _'.rict.V_!l'.v-)a)l_V_li_'.l .g!/.gh'lllsill Ihl' {I,.':;,.11{I.lu'{,.I, {ll_cr.tillg tit
t_/1_t_11cll_'r,_,,ic.grallgill,_,,[llUII I/lr .\'LIV I_ t/lI' h.l'll-,v-r.I/I'c_,,ilUI,gIq' thr sl_cclrlllll,
()lIt hu_,_-.,m,clc_l,,,_thmttllil.!lcr ch.rm'h'rizati_.! c.t_.lqlitics wcrc rccc_lll.IIc_l-
hltltcnl I_11the dc_ch_t.llcllt IV'a ._cll'-n.lhlill_'lt XI.IV n'l'ln'hmlch,r, The ill_to_,.tioc
_h'<,in'is I_a.grd_ula lu'o_l_lll_tllltI_l,_¢l'-I_lflslll_lx-I'a!l ,glllll'('d _lllll _1hi,_h-thl'ollghl_llt,
ca_il!l I IIIIII1_1_'IIl{Ul{_t'hr{UIIllhlr,

lmFu'oving Multilayer Muittlayer-cuated optics have high reflectance ni nc,ar-normnl incidence,
Reflectance lending to proven and potential applications thai range from x-ray as-

trunomv tel nanoelectrontcs, At wavelengths near the mulitlaver's I_l'n_g
punk, the.ge uptlcs pruvidu orders of magnitude more reflectivity l.hnn bare
surfaces tn the XUV and seri-x-ray regions, Mt_lybdenum/stllcon mtlltllayers
have been demonstralud h) have normal-incidence reflectance valt, es exceed-

lng 5{)_, f_u'a Itmtled range _1 wnvelenglhs hmger l:hnn 124 _, whtch corre-
sponds to the 1_.3edges c,f silicon, Mo/St multllavers reflect well in lhls
range, partly because Si is relatively transparent at: energies below its absorp-
tion edge, Al:shorter wavelengths, multilaver ncwmal-incidence ret'lectt<u_
falls rapidly, presumably because the wnvelengl:hs are closer h_ the size {;f
strt_ctural lmperfecti_ms associated with the layers and interfaces, and l:hc,
reflectance diminishes,

We are pursuir_g several means (.)flmpr(wtn_, multllaver reflectance at
sluu'ter wavelengths, One of thern ts an 6ageing earth ftu' new matertnl
cornblnatitu'_s; we are uxpurlmentlng with mull:llnvers thai alternate ruthe-
nium with carbtu_, bm't_n, ¢_rb(u'on carbide, Near l:he b(wun edge, l,_u/l:ltC
multllavurs I_t)ld great promise as n_)rnaal-lnctclunce reflectors; multllavers
gn_wn and measured in uur labs have shown ruflecl:ance in excess _t' 15t,_. ai a
wavelenglh _)f7()/\,In acldltlon lo n3ensurlng l:he n()rmal-lncidence reflec-
tnnc'e of these strucitlrus, we use techniques such ns transmissiun eluctnu_
mlcrc, sc_py and n_mspecular x-ray scattering t_ sl:udv the structural imper-
tectt(u_s that are th_ught tr)rudtlcu reflectance,

Mtlltilaver Phase Many tucl_ntques for exanllnillg saml_h:s with x-rays call Itir optical elements
l_etarcters for the that Ilnve specific polnrlzatltm FU'tgxu'ttes, such ns linear pularizers and phase

l!ixtrerne Ultravicflet retarders, Such ()ptical elements can also)be tlsed t()gt, llerate bearrls with
SF_ecific Pt)larizati_)n states and t(, rnoclulnte th(_se statvs, lVlultllaver 13hase-
manlpt_lating t_ptics are imptwtant recent subjects t_t'investlgatit_n lt_r ('XI,R),
l)ex'cqot3in g such tg3tics is a great challenge, bt_t it ht_lcls the pt_tential ftu'
F_r_x'idtng a simple, inc,xtx, nslve rt_t_te I_ ptflarizatit_n c_ntrt_l with existing
sl)tll'CeS,

Thf, t_hysical basis f(u' Ih_,se devices is lhc F_(_larizaii_)n dt,F_endencu t)f
t,luctr()magnutics<atterint,,c()rnbinecl with thf _ut)mt,lry-dul_t,ndent tellee-
rance _t' mt_ltilavt,rs, When tl_e l_,ra_._ rt,llt,chlnct, peak in vr,rv clt,se It_ ,1_ (tt_r
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a total scntterlngangle near t)(),,assht.,vn In I"lgure4-2), tlw t'_._ml_.u.,nt(_t'
Lhc,ratltatlurl Limlhasan t>lc,ctrlcvet.,mrtn the st._atlerlngI-,lant,is t,xllngulshed
by thuextremely stnail rt.,flectancuat lhat angle,The,result Is a linear p_lar-
h,,,ur,Stlch dt.,vh.'t,shave beenlnvesllgntt,d by a numbt,r uf grutip,,,',,

A dlffever_tlal phase change br,tweet twt_pularlzatltm cunapt_nents uf a
radtatltm beam tlptm lnteractlun with tanaaterlal can be,achieved with a
multtlayer by using either the reflucted ur the transmlttt,d beam. Calctthatltms
shrew thai such a phase retardatltm carl appl'oach q(l"at an cnurgy tfr 10()eV
Iii the cast., uf the nmlybdvnuna-stllcon mtllttlayers wu are st'ucl),lng. ,qtlclaa
device ct_uld be tlsocl as ii qtlarl.t!r-wave plate tt_convert Ilnuar pt_larlzatlon tt_

clrcuhar polarlzatltm and r.h'e r,('rmt.The rnaJtu'challerLge Is the duvultqgrnL,nt
of lalgla-clualtty free-standing multtlayerd that can work in the tranmaatssltm
geometry as well as tn the, refluctltm geometry. Recent ctqlabtu'attve measttru-
rnunts with the group at TohcNu University, ustng free-standing muittlayt_,rs
made at CXRO, cunflrmed the theoretical pvvdlctt_,as. As the multllayers
were not ideal, tnaprtwements tn perl:t_rnlance can ht, expt:cted.

At slaorter wavelengths, the magnitude of phase rutarclatton tn the
tvarmmtssttm nm,;le duct'eases along with the optical constants of the rnaterl-
als arm the qualtty of thE' multllayers. These limits have not yet been estab-
Ilshod, t::rtma3011to at least 3()(1(1eV, no tq._ttcalrrteans of achieving significant
phase retardation have been demormtrated,

2, •

_-_--e ......... O----L--

_._;' " .-°__ -]: Figure ,1-2, Ph a.t: ,'eh, t'dath,,, c,f s,,ft x-ray, cat, ht., ob tai,,ed ,In b.th tiw rtfflecthm and the Irat_smlsslcm get.m.trlt.,_ when
',.'S

iJ ....... ---.--_qnbe [ the Bragg peak I_ near ,15' (t.tal _catterlng angle near _9[1°),

_l • iil(,,,:.:llr',,,I l'he graph sh.ws data fi'cml tile first nleastlrenltmt of a.ft-x-

........ _,_1_,tl,tl _,_ l_,r ray phase retardathm, The expertmtu_t treed a free-standing
fit) i,l,.,_l ,:l rl_,'l _r,, M./SI multllayer at g7 eV, Als. showt_ Is the retardation

predicted for an Ideal multllayer structure wtth the same

/5 ....................................................................................... parameters, "l'l'_ese mea._uremenls were mado at 'l'cffmkt_

:H) ,I0 5O (_0 70 IlO !_0 Unlver._lly,

/
X[:IL 917,0711 /

I
/

/

Multllayer , /

\ ',, iI1_

_--11_---_--__.._ _ -)_" ...........(J lip

rCJ/-lymmetrtc Transmission
reflection

Xl3l.fltlll-/2Ll!iA

'l'ht' Intlltilavt,r :.irnu'.; use_l tl_ s_r_t, _,1( 'XR(._'__llwr tu'_grams art, m,_h, ti I, _1 multil,tvt,r_ _m
,I"q II'ml r,i h,,
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\llJltil,lvt,r Relh'_ tiv,, t ]}'q,k ,-,

XUV Relict<omelet iC')c::',dtqmwnl _1 nwans tt_r cb/lr,lttori/ing i,ptir,'. 1 t,it,lnmll, mtl,I gl, h,lnd ii1

hand with thf dt,vt,hlpnlt,nt t,l tilt. _l_ti_ >.thcmsl,l'ct-, liVt, ri.._,cntlv Ltqllph.lcd
ii Slllt-\-rillt,'./t'xr[rL'lllt'-I.l{ll'dViilh'l rt'iil'tllllllt'tt'r Ihtst'tt l,!1 Id_,l'r-illt,l.tlt i.'tl x-id%

emission tl'tHll ,I tq,lsm,l. llw. t' !,l'.m,I is l't'lltq,ltt'tl DV ,! llt'l_dVlllillllllvttrilllll-

dltlmintllll-gdrllt,t (Nd:'_l :\(;) I.Ist'r. ,1', di,lgt,lllllllCtt i11 I lgllll' .]_2. I ht. lt.lJt.t -

tumeler lISt'S ,I llllitlllt' hilah'-lhr_nl}-hput _'nlm_ hnm_,ltl_r dt'-,il411cd ,tlld built

ni (.'XI<(} thai v,irii's lbl. w,lvclt'nl4th tr,lnsmittt,d it, thr _q-ql_al _,h'lnt'llt bl'lng

lt'sled. (ek nl_llltltlirtinhll_ll cii lilt, s,lillt' dt,sl)4n w,is ll,,t,d ill lht, I li%h l:llit,nt t,

l_abtw,liiu'V XUV .Iqtltlrtt' ill,li wt, devt,hqwd il_gctht'r with .%,tI_.{1<1X,ilittlhll
l_.dbor,iltlrit's in I.i\'t'rnlt>rt,, ,i ItJllll R&I'_ I/ii),lw,lrd winllt, l.l { irt, _ll liw

imnwdiatc npplic,ltilms iii tltli llt, w it,llt, tllllllt,lt, r will Iw Clhll ..ltIt'rl/,illlq1 i_t

Ollr short-wa\'elength multii,lvt'r optic.,,. A rt,tt,lll mt',lsiirtqllt'ril i_l iii<' I{tl

B i(7 multihiver's rt, tlecinnct, is shown in Figuru 4--1.

Figure 4-3. The new CXRO ./ "--. Shl opl'ie;l£1il {.ThnOiic,:i!
\ (Jeleclof (if lt In(i fltlrfOl

extreme-ultraviolet reflectomeler / Sample \ c, _........... -.......... ;..........................,

usesa laser-produced plasma; the / ' _ .....s --r- ...... >XI i l;,,ge=
desired wavelength is selected [ _ } _ nL.--, I chambei

frlln'i its broadband x-ray output -- _........................ ___ro.til _ I', 1. " /_7---"..... i _..........."
'with a unique high-throughput \ ........., .... /-- .... - .... ] ............ _7 ........ _ /' _
monochromator designed and \ , . <_.? / Io beam t .................................. ] ............; (_:-, /.... ) /
built at LBl., (Conventional Nx ect + / ,nonilor Higi, itl,,,ugilpul "-"\..TZ_.../
reflectometers use an x-ray tube of _J +_monocilronlalor i ! i
fixed wavelength.) The Relleciometel t_j_i',_
wavelength ran_e extends from _-r"_
about 30 to 400 A. One of the

in, niediate applicatioi, s is i!+
characterization of our short-

wavelength multilayer optics, Nd:YAGLaser
such as the Ru/B,ICmultilayer. 523nm

XBL_916-6759

20 ....0Ru/B4C=85° i .... i,,,, ili
_.15 d = 35.35 ,k,

i ,.--.

o4
tD
c-

lO

03
rr"

5

Figure 4-4. With our new XUV
reflectometer, we measured this
reflectance profile for a Ru/B4C
multilayer designed to reflect at a ._.
wavelength of about 70/_. The 0 , , __1 ..... .._ , i
dashed curve shows tim 68 69 70 71

resolution ,,f the monochromator Wavelength (Angstroms)
at these wavelengths, XBL9110-6843
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'}_,,.',,.',ti,_',:_ ,,' _,i,.<..,'1_It,I,I,, l,',}_i_,iti_,-I,,T -li_,il] ,II_'I,-,_,ll ,, 1,1'_-.i,Jtl_'ilII:" ;\l'IL_]t' _t-,.lltt'l'ill_
',!;_.',_i'_,l_,<'_;',_ I !',,' "-'\", "_,i ;-- _'..,_ , ,,__!'_,_l_,ii -.:_,_'_;}_I__ , i_,li'i_l',,_"_I_,_tl--,il)_;

;'_,!_,,_ .,I !_,'II'_ 1:_.,_ -.!!:_ !:I_, - i :_t _ii_ I_.I,_ltl !'l .l!It i- i'._ilt"_'l, tt ,ilttt

i,,,!i-_ _7 ,.,:I!_ 'I , ." ::_ _,_, ,,,ill, :_'_t_ilT].:',,-! .... _(t,_ ::'.lll_*l.. !i_.ll ,il(',tltl_,l!'_.t

i,.... i !; _, _i ] tI I., +< -- I + " . r(" , .... ''_.+ lt+_ ')'/.I + ._ }i_'l+.

-- "'" ! 1........ 1 ' " !Iii:" i_lll_< II'1_'" t_' ll'_ t,i,.,i_., <..... 1. ,111<t

_;.. • .,.,,i_;p.:,.ti,i< i1_i't'll,,ll'i_,<ill_t';t';\tl_ l_IL't\Itiil]7'.l'ttlilllll_l'l)lllt '-

!,'I -l',l_l,i! t '-.,,lttl!,,l_ ,il'_ti l<l!_!(,;;l.tllt ,.'li'li'ii'Ill,li !t"-t,tll#,ltllt _lll/ _l!.-.t'_ _l_d

<-,1,_,-t;l,-. lh. <i,_t,_iii< l_i, I, ,l'i_,i'< }_i,,t 1,.t_'- w, II,II _'lt'nWlli- ,I <,,lll_t_ll"
c _,ll(.!lll'. <,l:ct _- !_,.rt. th,._ ,ii\-, <_11_t'i_li,ilt'ct ,tlt' tl'-t'llil I11 It1,111\ '_t II'llllllt

<ii..,tl,lt_,,-
I!_t' ll,'",; llnl, l<)t'i_, '_ 1". t,,_-<.d ,,r_ ,i p,iir _1 <,,Ii<<,\ _,...t_lwri< <li llll.llllidvt,r-

< < ,,h.,t t_!111_1,. _ll,il -,t,r\ t. t,,,il_ ,i,. i,,, tl._lll_, _']t,n_t,ltt,, ,li_ct ,i <, lll_ll_)t hllilll,lt()l_

t,,r th_' li_<_>il_ii__t'\r<l\ l_t'am t <,II,,\\ In_ iii<' illirr_i_, \vr, li,lvr, ,i <,cannill}4

-,i<i<.-t'I,, r,i,_it,r. .... iii lh,.,-.,iillplt.. ,iii _,plic,iI Illici-_),.t llt_t, Itri i>rt,,llignlllt, l'il til lhc
-,,ln_t,it'; ,iii \-r<i\ tltl_,l-t,-<_,l_ct, ctt,lt,_ t_r: dlld a I_t,,ll_-irilen,,il\' illtulilt)i. ;\

<_lilt_tilt,r <_illl_,l <,iii<' ..\ ,_lt,ll_ <lllct tm._\id<,- I',lpict all,llv<_i_ dnd ali,,play _1 the

lt,c<_id<,d ctala t,n t,lcnlt,lllal cl,ncenir<ilitm>, li_tirt, 4-t_ _h_lw<_<i t.vphal <,_'t_)t
d,lta the, <_,nct, illrdtit_n (,1 tit,li_itlnl iii d _ilic_,n c,lrbicle cc,ralnic. lhc, tal._c,-

c<)l_)r di,,plav nl,tke.-, il c',l_v h) \'isr,al,ii, c_mlplic,lted qu,lntitativ_, data.

lhv p<irtablc' inicrt)prtlbc, has thl.i,_ Mr achie\'ed a <,pt_t.. silt' \if "li _LIIll :-" ,.") bill1

at a bt'ndilLt4-illiigllc,t be,anal,lit, al the \SI.._. By. ttiliing the nlirrt)r._ lt)c, nt,rgic, s

iu_t b<,l<lw the K <lb<,l>rptitm c'd_v/>t m<lj_,r <'lc,i_lents in a sample, the c'lemei_-

tal ,c'nsitivitv tIt)I• liMhic,r trace elel_lents i<_grc'atlv impr/)\'ed, as c()il]paied Ici

c,lc,clrt)i_-stinlul<_ted techniquc'._.

I,',_'cc'ntl\' wt' tised t)tli' _,\'stem (ma high-el)cray \-l'av I.indulatt)r beamlinc,

<li the (.t)rlat_,ll I Iigh l:nc,r_y q\'l)chi'titr'<_il St)tlrce (Ci IES._). li_ this ct_llabora-
ti\'c, c'\perin_c'nt wiih ()ak Rid,_e Nati(_nal l;ibtlr<ltcli-v, the University of

Chica,_tl, i\r_til'illt, Nati_nal l..ablirat(>rv, and C(irnel[ Uni\'ersitv, we studied

d it:ft, rc'ht x-ra\' c,ptical c'lc,ments tt)r potc*ntial cise tm l-nicr()prc)bc' beamlines at

the new third-ge:_el'ati_m x-rav facilities, (_)cir mtlltilaver i-llirrors were able t()

pr(iv,cit., the best focus tit a 23() ).llll A 25() _.ll"ll tlncll.llator bealll, achievint._ ' a

4 I.In_ ",' 8 I.ii-ll sp\it. \,Vt)rkil'ig with several i.isc'r gr(ii.,ps, we are Ctlrrei)tlv

dek'c'l_>pirLg plans ft>l dedicated :_icrc_probc' bearrllines that use focusing

¢_ptics _ln the NSI£, the ALS, and the Ad\'anced l>hotcm Source (AI>S)." With
the lower emittance ()f the ALS alld AI'S, we \\'iii be able t_l achieve a beam

sp{)t sixe _lf I biiil/: I !.tr", Tile APS, where we will ha\'c access to a hard-x-ray

.................................................

• ,.\ 7-( ,eV "lhird-gel_eratii,n" >vilchriltrtlll-riidiiltitill <_llurct, br,ing built ,ii ,.\rgtllll-lt., Nation<li
] .<IIll. DI'lit/)I'V.
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N4ultil,+ver l,_uliuulivu ()l.-qiu._

Figure 4-5. lhc hard-x-ray microl+robe ha.,, been used to achieve .:+:"

2-Hre '+l+alial resolution, along.with lemh_gram elenlental

,,em, ilivilx', al Bean+line X2h cmll'Irookhaven Nalional l,aborahJry's

Nalional .+"+x+nchrolron l.ighl Stltll'Ce. 'l+he heart el the microprobe

is a pair el W/( mullilayer mirrors used al grazing incidence it;

Kirkl+atrick-liaez geolm.'Iry, +IT1eyfocus lhc bean+ of synchrolr<m
radialiotl to a ,,mall, inlense spol ct+ the object, which fluoresces

with x-rays characlerislit of its elemet<llal composition. The

Iluorescence x-rays are delected and analyzed by a lithium-

drilled +ilicon deteclor, which is placed orthogonally Io the

incidenl beam Io red[[ce the ._caltered background. The vertical

and horiznntal +patia_ retool[[lions shown here were obtained bx,

_,canning a +harl+ knife edge across the be,lm. The resolution in

both cases is 2 Hm full widlh al half tnaxitnum.

Beam
"'_.. ', ,_ aperture CBB887-7055A

Syn(;hfc>lron "1.,._Suurco(white "-.
I + " Beam

ta[fiallOn) "'--.. aport[ira

:_i;I... \ Multtlaye, Solid state
Resolution • t- coated tTlfflOrS Si (I +)deteclor

Vert,cal [/ 1

L"__ "-5Cia ' /.._" FILJorescont

<:/t.......___+__-_---:-:-.---+:-+::::--::::::::_ ) l_ Focalspol

Y

+0en,n0I I
×BL903-5796

Figure 4-6. Data from the hard- 4

x-ray microprobe shows tile
concentration of dilute amounts
of titanium in a silicon carbide

ceramic. In this false-color plot 3
(rendered here in black and

white), tile color bar quantifies Pg/I Jm2
tile range of concentrations. Such 1::2::3

., ceramics exhibit characteristic 2 lO IJm

tensile and fractile strength.,+
based on the uniformity of
titanium through tile ceramic. 1
This can be controlled by the

temperature of the material

during the sintering process. The
measurements were made at the 0
NSLS, XBC91(-;-452,1A
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CI_:,NTI:_I_I:(.)1_X-RAY OI.'TICS

undulator, will also provide laigher intensity. The nlicroprobes .at these
facilities will use elliptically curved multilayer mirrt.'s tu improve the tttCt.lS,
and will scan the bean) instead t_f the sample for greater experimental
flexibility,

7'la' Ct.lllt'r tbr X-ray ¢)t_tics has ,ht,,ys I,t.elt ist_,_,M'dils t/le _h'si,qll,c_,ltstrllcti_ut, Spectroscopy with
amt imtdt'melthtlit,t _!/Jt_"_t,tyt_es oix-ray altd XUV st_t'ctrost'otfic iJtslrttntt'Jttati_ut,
I,vth Ibr sylwhrolrtut radiati_,t rr'sem'cit and/i_r _ther a/_plicatiolts. We ha_,t'couliJt- X-Rays
twd _ulr t']]i_rtsh_ctt'_,t.lt_t_Iwzl,spcctrvsc_pic iltstrtmlelltatit,I with _h'sirrlldt' Prelect-
tit's such as high rcsvhttit,t, high Ihrottghtmt, simplicity, a_t low ct_st.

To achieve high spectral resolution without compromising thrtmghput, we XUV Monocllronlators

have c_mtinued our investigations into monochromatt_rs, spectrometers, and and Spectrometers
spectrographs using plane gratings with varied line spacing. Such gratings
allc)w a flat (t)r erect) focal plane and can thus be scanned in wavelength

without the complex scanning mechanisms required by more-c_mventional
designs, such as spherical grating mon(_chromat:t_rs, One product of this
wtn'k has been the I-ligh Resolutitm Streaked Spectrograph used for x-ray-
laser studies at Lawrence l.,ivermore National Laboratory's Nova facility. In
addition, we have continued our studies of advanced rnor_t_clu'omator and

spectr_meter designs for several synchrotron-radiation applications.
Earlier stud ies established that the varied-line-spacing designs can

achieve resolutitm at least as high as ctmventional designs with the same

tuning range. Recently we have developed computer codes that use ray-
tracing techniques tt_ simulate synchrotron radiation and estimate grating
efficiency. In a theoretical study of such a monochromator ftu" a U5.()
beamline at the ALS, we c(mfirmed that it would provide high spectral
resolution, high througlaput, and small spot size with a simpler and less-
Ct)stir 'tuning meclaanism. Tr) verify these results experimentally, we are
planning to build a new varied-line-spacing plane-grating m_mochromator
ft_r use at 13F.SSY.

In another application-oriented program, we are investigating design
opti_ms for dividing a stfft-x-rav beam among several users. This is challeng-
ing, because an undulator Sotlrcu in a modern, low-emittance storage ring
puts t_ut a very thin, quasi-monochromatic beam that does not lend itself
readily t_ either spatial t_r spectral beamsplitting. The possibilities that we
are examining include wavufr(mt splitting, I_igl_-efficiency timesharing, and

splitting according tr) diffractitm-grating order. The findings will be espe-
cially relevant lt_r beamlinc.s at tlaird-generation svnclarotron-light sources.
l:'resent studies are t:t_cused on the AI£ U3.g undulator beamline, which is

intended ftu' bit_lt,gical micrt_scopy and research in colaerent t_ptics.
A higla-throughpt_t, laigla-resolutiun spc,ctrograph based on \'aried-line-

space gratings, des.gned and built by CXRO, is installed on the two-beam x-
ray laser chamber at Nova. The instrument continues to provide time-
rest_l\'ed spectral profiles for x-ray emissions in the wavelength range of
155-21()/\, as illustrated in Figure 4-7. lt is nt_w fully operational and
achieves a spectral res_lving power (_./k?O in excess of 2() ()(10.The line-

pre,file data have proved t_ be invaluable for understanding physical pro-,
cusses in the Ntwa x-ray laser facility and are in demand for diagnostic

naeasurements t_f other kinds _}flaser-l.,r_}duced plasmas. CXRO is involved
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C'ort,lary Angi_gral__hy

Figure 4-7, Ush_g the CXR() time- Neon-like So laser (4 ota) X-ray laser Ilnewldth
resolved htgh-resohJihm
spectronleter, x-ray-laserltne ----,--,, r'.,. ,..., , • , ..
narrowing has been measured for 400 eV ,'K,, 15 m,&,

Ion - ,,' t/ \ ',(uncorrected)
Nova facility, Shown here is tile

selenium from a target 4 cm long,
The line width is 15 m/_ full •

width at half maximum, Though
not yet corrected for Instrumental

r--

broadening, this is significantly
narrower than the 36 m/_ thai

would correspond to a 400-eV 206,34 206,36 206,38 206,40 206,42
Doppler-broadened emission line
in tile sameplasma, Wavelength _ Wavelength (A)

XBB 9112-0622A

in design studies for a new instrument that will operate at 44.83 A, which is
the wavelengtla of the Ni-like-tantalum laser, and is considurud ideal for
laolographic imaging of biological rnaturial.

Coronary x-ray beams fr_un ¢1syltcltrolnul ,,.;_utrn......nt_ut_chr_ul.ttic, lt,ell-c_dlilt.ttetl, aral
i.huts_ .....t.'o_q_h' ltltiqm.' _pl_eU'tltttities ]iu"ntedical ima,k,iltN, ()/tc iq tllem is. iri'zt,

Angiography metla_d _qc'or_utarytnt,k,i_,,_req_hyII1¢11tt.,.:,t':.:,_,et.uts iltiecli_ut _qc_utlr.sl tlgcttt, ets
_t_l_s_'ltt_ arlL'rial in/eclicut, I:_u':.;¢'r,crall/ettrs _t,i'httvc c_llttl_u'ah'd rt,ith cidh'etNtt_'s
lr_un Shtttliu'_t, l_rl.,kha_,ett attd el.,-;cwh_u'c_t,ltl_are re,iu'kiltN iut this I ."_,,.,-;atiu'
tm'tlti_d, A ttl'it, .'.;g't_hr.,ttrd htrge-.,:,cah'h'sl.':,iq clittintl alq_licttlfilily .,m.; htkett i11

19t.)O-.,ith the cimtlde'li_ut _qet ¢h.'dic.h'_ltne_ticetl-i.t.gitt,k, ]it_'ilily _.t ¢t.,-;t_e('ittli't,i,_Nhu"
I_'ttntlitte' tit II.' NSI.H, 7'hn'_'Faliettls' he'.rts Iter_,_'beett intttg_'¢lthere: lhc rc..:,ttlls.rc
ttl_l t/el eqttivalent 1_nutVetltituletl tt_lgiok,rtt.ts, lutt th_'y arc ttt_tu'_ttchittN clillical
Itscftthtcss, atut litr tcclntiqtte is drttnlalically ettsier .ml .'-;ttiiu"li.' the I,ttietlls,

Progress tr)ward Using an t_pgraded imaging system previously tr,stud ,at the Stant:t.'d Svn-

Clinical Quality clart_trola Radiatii_n l.abt.'attwy, three patients wure examined in late lt._Cl()
and early 1901. F:igure 4-8 shows the rest._lting image frtua_ (_ne i_f ti_e pa-
tients. Slat)wn next t(_it is an earlier angit_gra]n fr(ma tlae same patient, taken

with the conventi(mal, highly invasive, and sonaewlaat risky technique of x-
ray angiograplay using arterial injection _f c(_ntrast agent.

The images obtained thus far clearly indicate that large p()rtions (_1both
the loft anteri{w and the right c()ronary arteries can 19eexamined with this
method. Varitms changes tart.,j,ai_w underway to further inat:,rovo the image
quality, l.ater, a medical rusearch team will begin to use this technique _r_ a
large group tfr patients, cl,aaparing the new method t(_standard coriuaary
angiography and also studying the effect of various medical treatments (_n
the progression of cor_)nary artery disease,
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t L',N I I:'k FOI_ X-Rt\Y OI'TIC5

, Flgurc, 4-8. An anglogranl made
will1 arterial Injedlon ,f _'i,,m.ast
agent, an invasive and risky

.... ',..- procedure, Is _hown at left, AI
righi is an angiiigranl (if lhc same
patienl takun with the

.:. synchrotron-radlathul method,

which I.t_esvenous irljectlorl."ii' Clearly visible til both images is a
total occlushirt of the right

LAD coronary artery, The patient

.,_.;,,¢ attended a Broadway musical the
, .t" eve,'ti,ig after the syncltrotron

b angi(igran'i_a recovery tiniuurtheard of with arterialI

" '- angiography, This work is part of
_; a Iong-ternl c(fllaborali(m with

C[_t3_lt7.._,_a2 Stanftn'd University; Bro(Ikhaven
National l.,lbtlratory; the North

...z .;_> .... Shore Hospital onl..onglsland,

:...._ i;_-'"i_ "_1 NY; the Veterans Ad,ninistratlort

7:. };_:;..... Syr_(;hrotron University of Tennessee, The

_!i.li ,adiatlor_ images were (ibtained on the XI7
beanlllne at tile NSI.S,

.,,"/ • - -- _7

/ - - i ............. /t,,//

EIoclrofl _o{1111 I i

(;gg 9 , 7-5282A

II...\<1<,, I, t,,i,-;. _. I tulb<.,i, I.. !<, ,,_< _,,I.;. iith,,m,_pl_$' _v_i,,m, L,_in_ i,,,I,,_4,,,l:,i_i<,,ll$,- Publications and
AI/tlt'l'",l<llL and ]). Kt,ill, ",.\ _l',ll'lllilll_, }_riicltlct,d I't'lt'rt'lltt' _,ll_'lt)le<,," i. Va<', Hilt.
ph<,t,,,,l<,dr,,n n_i<,',,,c,,i_<' (_,l'li.Xl),Ii thf' '] t.,chn<,l, l{ (ii, prt,,+_; I)t,c. lUUl ). I)resentations
X%1.9,," I'hvq<',1%_ ripi,i 41,717 (lUClll).

Ii.T. Attw(_t_d, "(llallt,l_t,._ ll)r utili/aliiu/iii
It. Adu. I. I,_it/, %.]., I lulburt, I!.11 .ll,hn_m, lJw IIL'_V _,Vllt'hl'(lll'()ll hlc'ililit's," i_lltl.
t'].11.AllclC,l',_tlll, ,lnct [). Kt'I'll, "X-rav lll_ll'tllll, k'leih. A 2q!, I(lU_li)).
,,pt,clrillllilr(m_ _ll_)' with ,l /(llll' plait' ,'

gt,llt,r,ltt,tl Ii_itrlli_llll_t,," AI,pI. 1 h\' . I.c'it. 56, Ii.T. Atiw(l(ict, "( 'llht'rt,l_ct,, t,l,iic<, allcl1,<ql ( I cJCJll).
itptJlic,ltiim_ al \-rav W,lVi'ltu_41h_," in .\' rdll

I{.I I. ,,\rllJt'r_,tlll and 1). Kt'MI, ,llht Imlcl'-._ghl'll l_r_lli'$_l'.,,,ocliit,d I.w T. (al'l_,(lll,

"_all( f,ll_iic,ltiim td zlmL' t.-,l,ilu lc,l_c,_ tl_r M. KiaLl_,t.' ill,Ct _, i\'l<lrl'_lu_(i\ll', New ¥111k,
ili_h I-C,_,(lltlliilll x-r<iv ri]icTtl_cill/)'," in ,\'-/_<ll! ICJCl(I),pp. ]7()-]77.
/\'iii rll$(ll/ll! III, t'ctitt'cl tw ,'\. \,lich_'itl.' ct M.
(Sp i l_lu'-\'t,rl,l,_, ."_:t'w ]'iiik, lCml I. i. ( arl'tllht,r_,, \'\'. (Ilo ham, aim I). i\llwt)(icl,

t,ditul_, "X-r<iv Iith_F,r<ll_hy <11l.ilWli,llct,

ti.I I. Al_clt,r_tll_, \'. I-I(_,_1i,X,I.I.. %chaltc'nl:_ur_4, I'Jc,l'kelc,V l.abtlr,ltiir\'," I_,lwrt,ntt, llt,i'k_'lt,v
and I1.1..%nitl_, "k, lutridl_y td t'lt'clrlu_-bt'anl I.al_ilrah_r\' l't'p(ul l.lgl--_1 -131(I<)cll).
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IVlargarlitlmdo, J,l-l, Underwuod, R,C,C, meitalllc grallngs," AppI, Opttt:s (iii pre_.<0,
l;urera, arM J, Kurtrlghb "The ph_;tuemlsslon
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Techul, t\ 9 (May IgCJl), slnlulatlng tlnclulator radlaitllm Iii ray trachlg
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MargarltoiKlu, 17,Cerrhla, J, Underworld, R, paper B07,
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x-ray upitlcs for I?l-;l_s,'' tn Laser I"huillllook, Vol,

tlnctlaited ilt_tlI'tllls," NiIcl, [llsitrtlnl, Ms, iii, A 6, edtitud by W,B. CtllSOll, C. l iellegrlnt, alld
294, 351 (lt)g0), A, Relderl (Elsevier Science l:'ubltshers, B,V,,
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F,A, l)llmanian, R,F, Garreitt, W,C, 483,
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I-lastings, P,N, I_uke. T, C_)versluizen, D,I', J,B, Kt.itrlght, "Mh'rots as power filters,"
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Svllchroitl'oil IJght Sill.li'ce," Nile1, lllstrunl, c(instdc, ratluils for illtlllllayer coaled
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.],M, Jaklevtc, R,I.),Glauque, and t\,C,
'l'hlmq_stm, "Recent resulits clslng J,B, Kuritrighl, S, Jtlksch, and 1;,,Zic,gler,
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Sl'II! Intc, rnational Synlpo,iitlnl oil Optical Z, I,illenital-Weber, FV, Swidt,r, K,M, Ytl, J,
Applied Science and I!ngillc, uring (San l)tegll, Korlright, F,W, .glnilh, and t\,R. Calawa,
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tq._tlcs," in _;oft-X. R.y Pr@'ctio. I..itho,waplly, Kim'tics i, Tld, Fib,s, I'roc, MRS 230 (I t_tJI).
edtted by J, l_,okor (Optical Suclelv of
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W, Ng, A,K, l,_ly.Chnuclurl, ILK, Colt,, J, lithograph),," in Sofl-X-lOy l'roinlio,
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A,C,Th_mlpSml,.I,II,Llnch:rwoml,Y,Wu, /Vlt'dlclm',c,dl{tu:lbyK,SlllruCuu'aelisl,(lapar_
R,D, (;lauque, R,G, I_tllm'nlck,and M,I.,, Sol, ,%¢, I'rt,.,4_,T(_ky(_/Sl_rlll_er-Vm'lag,
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.I, Underwood, "l{xpm'lence with a high state of Csl under high presstlre and the
re,,4olullon spectrorneter using varied llllt, clevulopment of a foctlshlg system for x-
spacing, gratings," In Proceedi,_,,sof tile rays," ch_ctm'al tilt,sls, University uf
International Wt_l'k,'4ht_pon New I)h'ectlons California at I_t,l'kt,lt,),, ltJt)[},
In I-Ilgh Resolution Monochromator Design
(BESSY, I]erlln, Germany, 1001), Y, Wu, A,C, Tlmmpson, .I,II, Underwoud,

R,I), Glauque, K, Chi_pman, M,I,. Rivers, alld
J, Underwood, "Ali x-ray mlcrol,_robe usll_g K,W, Jones, "t%tUllable x-ray Illlcroprt)bt,

focusing uptlcs with a synchrotroll radiation rising synclm_trml radlillion," Nucl, 111,,41rtlm,
source," In X-r¢lJlMicr_scopRi, I]i{_hgjla,d Moth, A 291, 156 (I0tj0),
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5.
EXPLORATORY
STUDIES

TI II! TWO MA.IOI,_ A(.'(_'I!I.I:!I,_ATOI,_-I_,A.qI!II)INITIA'I'IVI:i.'-; lnunclwd In

ItJlqt} with thr _ttpptlrt tit: li'it_,li_xpIt_rattlry .'-;tudlt,_ ('iris,lp ¢tlntlnut,d their
pl'ilgl'c's_, I,l:_l'-I I, a pi'tll_l_st'ct t'i'it_'rg.v-asyi'ilil'it'tric IJ-i'ilt,son "fiact(ir.v" bn,_ed tlla
ilw I'l:,i' (l>ll_iii'on-17,1c,t'h'oi'i I'r_ljc,cl) ,'In#r, iii the,.qlai'if(li'd I,lnt,i'ir Accelerillllr

17't'Hlt,r (SLAC), hi'is bt't'l'i tlw subject ill tlllgtltllg re_t,nrch, dt,sigi_, <llld dt, vc, I-

ill, mt, ni ilnd lans .,ilimtilnit,d grtinl li'iii, rust iii thf w(_rldwldt, l'ilgh-energy
19hysic._ t'liH'il'iltii'iilV. Mt, anwhllc,, lltlr tlngtlillg rt, st,art'h inill trt,c,-t,lt, ctrtli'i la-

st,rs nnd high-bri<qlltnt,,_s t, lc,clrtm nnd phtlitln _t)tll't't,s is t'llming Iii frutittn'i tn
lhc t._i'l_t_l_soelC'ht,mical I)vi'inmics I_c,._t,nrchI,,lbtlrnttirv Iniitnlivt,, which ft,a-
ltlrt, s <'ihigh-t_tu'f_lri'ilni_lct , ii'if raved I:rt,t,-t, lt,ctrtm In._tu' (I 1_1-:171,).

t)lht, r ll_pics iii st_t,cial rt, lt,v,lnc't, iii vdl'ititi_ i't,._t,drt'h t'tIH'iil'itllliiit,_ ,ire

ii'i'it:_tlrtdlll il'i ii,lr wtlrk. _/t, cilnlinilt, iii _t'dl't'h t{_1'iii'icl t'xt_llli'c' t.c,Chl'iitltlt,._ tllr

gt,nul','itil_l.r , tllii'i]sl'i(_l'l btli'_l._ iii x-rnv_ la._ting lt, n._ iii I'itli'it;Irt, tts iii

tl.,inttlsc,ctlncls, Mt,tubers iii t)tlr gl'tltlp h,lvt, playt, d m,_jl_r r(llt, s iii the, initinl
cllmi'i'ii._sitli'iinl4 lit lh,, tkctv<lnct,d I.ighi 5tlurt't, injc,clilm cl_ml:_lc,x (see t'h<_l_tt,r
3 til' ii'if ,gl'l_,l) ,qlllllllllll'l/ iii' ,'X,li_,ilic._),,and wt, ,li't, sltldvirlu, iett',ls Itir dll t,x-

t:_t'rirrlt'ntnl Iacilitv thni wt_tlld list, li'if Al,.'-; linat; clllril'ig tj'le i.'tillsiclt'rdt3lt'

% I h.illlll_atlhl,lv ,,.,,,,_il, I,,id,'_, ', kli.hn,li;_G,,il Iii, anl 51gn,II I h,rttliillr_ II.NI, (lllllth,r I'lly,dc_ (llll,lblir,lhll_
I,, I t\1111_,l,l,uh_ , ( , I dllllll,l l_lll' (, I ,lllll_l,ll,,llll' 5 _1ii II'lt'li'ii il',ll/l'l I

I'_ I_iilnlll'l II (,_,ldbt,ll,. W Ilnih'll_l
AIb I' \l,,,IL,,i" I il'hn-iln ° I thlllti.

I Ili'll!',t',_,li kl /i*,lli,ili I_ I(llllllll'l I_ lllll!l
', I h,lli_,l,,idh',,l_ I \_.'l|._'i" ,%1 kl,il.,,w.d_i

I I t,lt',,I (lllllth, r I'hy_tcs I I,Vl_t'° ,.\ I'aill
,\ I,l_t.._n , .\ <.t,ssl,,i i_ lO, iii,

I_ I_,,Ih,i li Ih_l_kin. Vlsillii_ _,\, <.li,iii,
i. l...llll t, i. il..llil,ltllil,,i) _\' II,irh,ll,i li I _1 ) i_ll,i,Vtlll

I ) \l,i.,<._deltl I I Iqlllt' , i%, ll_llt, lP'd, <,wII/l'il,lll,l) ' _\'t'_h'll_kliw
II _.'i<.hlinlll,i t i I{,lllt,,,ll,li,ill I_ ( li,li 11'1% %l,lltii IXt_ludl

I <,,hdl hiill',,'i I ) Whillllln I I_'nliv_,_ll Aillllinl'ilrdllvir .I-illpllilrt

I t.,,ll,h' I {\'iirh,h, (,klll _ I klillli tTliilllillllllillll',lhllllll

I rt,t,-I{It, t'lriill L,l_t'is dllll II _1dll_.',(MIT) kl. ( ,lllihlll
I llllh-I',lli!lg_' I'll_'_ll's Ilrlght I!h, clriln and I'hlillill _(ilill'l,_i q kll,r,lh,.,

III f,il'hlly alid _t) t, (h,lll_q,,Idliv,i,,' .qludt, ill_i I I kh_lt,lli

( h,_ii.l,,_dhv,_v '1.11 t hill F II_dtl,i 1.71il,i ( )lVi..-Alt_ill <,

'l.I I (hill I_ (;t,iltlli ]. I';dl,il <. %all/'.h'iil

I' t.'t_r_,.t (' l'-illl I& (,twil I. Zl,lvi,r
kl, I'llllll k-I Kin, K.I.,ikhln
,.\. (,,irrl,li NI. \ii, b, I.idt.

.......................................................................

• I.,llb, llll,l,lill), , I Iivi,,il_ll
' I_l,lii_,d
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spans of tlmu between the AI.,S lnlecth_n cvclus, W_.'k ct_ll[ll_Uvs In ,Icct'lera-
h;r theory and n(;nllnear dvnarnlcs, The C_;llldur I;hvslcs sc,ctl_;n has c_;nttn..

tied Its h.mg-i'ange "l"w_-Buam AcceM'ah.' rc,..uarch, /\hd [he l]uam (.'_ntr_l
l_luctmntcs sectkm, In addtth_n [(_c_mtrlbutlng lt, and SUl_ervlsln g lhc multl-
laborat_.'v 13-t'ach.'v rf and feuclback design uff_u'ts, worked _m beam-c_,ollng
trnprovemunts for ihe "l'evatmn's antll_roh;n s_;urce and Is _Ul_t_,'ltng thr rf,
trnl:_edancu,and t'c,edback a:ux,cts of the' AI_S. '

ht r('cellt !/ears the high-('n('rgy i#tysics ('(uumultity /his I,e('(un(,ita'reasink, ly iJlh'r- B-Factory Studies
('sh'elils "B liM(,ries," .,hich w(,tdd tu'(,du('(' I'_l(i;airs liu' fttt.l(tnleJthtl s/tidies (q'
chrtr,,.,('-t;arity(CP) vi(drtti(ul (tlld rarr B-.tll('S(Uld('('ltl/s, St,_,('r./s('h('nl('s/iu' ('(v;i(uts
BI-_t.'(_clta'li(ul in eh'('tr(ut-t_(_silr(utc(dlisi(ms ha_wh'('tt mh,a_tc('di_t tit('/ih'rrtlure, ht
colhll,(u'ati(ut with the Stanliu'd Linear/h'('('h'rat(u' C'('ttt('_'(SLACk, I.a.,n'_tce
I..i_,('rnl(u'cNati(uml I.al_(u'at(.'y(ld.NI.I, trial tit(' CrtHlilU'ltiahtstilut(' (q' "li'('lnt(H(_k,y,
_l,('are dcsi,k,tti_l,¢a lil('ility bas('_l(u__ut('(q'the nam lU'(mtisi_tg sch('mes: PI;I_-II, a
('ollider z_'ilh(u.' hi,k,h-e_h'rk,y ri_t,.,,and (u.' Iow-e_a'r,,.:y_'i_t,,.,'.bttill in tla' I_1_1_ tu_tn('l
til SI.AC and r('-_tsink,mauy PI::I' c(mlt_(u.'_tts,S_.'h rl ('(#li_h'r.'(_tlht Iw s('ie_tlil'ically
#lid ('('(Ut(Ulli(llHllallrttcli_4',

l)uring I_tU()and lUul thu c(dlab_,'att_m continued rr,fining the dL,slgn _f a B Conceptual Design
fact(u'v in which a u-(;vk_ electr(m bt,an_ in I't!l _c(_llidt,s with a 3, l-(-;uV

p_sitl'_n bc,am circtllating in a new stt_l'ag,L'ring. Thu nuw low-energy ring
will be the same circtlnlferenct, as I'1::'1'and will be m_tlnted abtwc, lt in the

e\isting tunnel, as sh(_wn in l:igure 5-I. LJsing the same circt_mferencu
t,.,rmits equal nt_rnbers t_f burwl'ws in thc, tx_'t_rings, even ii a gap in the
bunch train is left in tl,., higl'_-unurgy ring tt_ ctm_l,at i_,n traF, F,tng./'vl(_r_.,(_x,t.!l',
a ]at,gr_,h,w-envrgy ring pnwidvs a It_ng lurniruMtv lifetime (the relativu I_ss
in It_rnint_sitv tl't}nl beam-beam collisitms scales invurst_'lv with ring circt_m-
ft'l't'llCt'), "l'ht' t'ht)st.'ll t'llt'l'g.V c_mbinatk_n ruacl' _'ne Upsihm (-IS) I't'St_lldllCt),
at which I'li_pairs art: pr,_cltpud in the, abundance reclt_irucl ft,' thu s[udv _t'
(1' x'itdatitm. 'l'he challuni.,., i,_ thu design t_t a B factt.'v is tt_ reach an initial
ltlrnin_Mtv t_l3 ,, I(1__crn _ s i, rnt_rt., than an oi'dol (II" magnitudu bt,\'('llld the'
lumin_sities a<l_ivvc,d tt_date, in ulectr_,n-p_Mtrt_n ct_lliders.

In F,rir_ciplc,, ali (_f the relevant F,ararnuters .....the rati_ _1 thu c'r(_ss sc,cli(,ns
(,f the t_,,,'t_bUdlllS, thu buam current, the bt,,"m- [_uarn tu n_.,shift, the bt_,am

enc, rgy, anti the vurtical beta lur_ctior_ at tlw intt, racti(m poir_t--are adjustable.
In practice, Iu_wt,ver, the, beam-bearn tune shift canru_t by irwreased bc,vt_nd a

certain valtlc,, which has been deterrnirwd C,XF_erirnc,r_tallv in many c(_llidc,rs
tt_ liu in thu range, of il.(12.--t).()(-,.Similarly, a c_dlisitm c,nc,rKy at tlw Up.,-;il(_r_
(4S) restmance implies that tl'w prodtlct (_t'thc, be,arn energies must be 2H
¢;ek z_,Thtls, truly three pararnuters--tl_e beam-size ratify, the be,arn current,

and the vertical beta function at the inturactitm t.-,(fint.... are fully at the
dispt_sal tfr tlw accvlerat(_r designer.

The thr)sen lurnim)sitv, 3/, 1()_:_crn:- s I, has bt_,enshown tt_ be, aduquate
for bc,ginr_ir_g the study t_i the kc'y physics issue, CII:'vitHation. I-I(_wevc,r, if
more-dc'tailecl rneasurc'rnents are subsequer_tly dc,sire,d, adclitional dc,velt_F_-
rnent w(u'k sh_uld permit the ctesign tr)reacl'_ even higlwr lurnin(_sitic, s.
Given the limitati(ms caused by the beam-beam inturacti(m---wlaMa xx,e take

t:(_r(mr design t(} ct.'rc, sp(md t{_a naaximum tune shift t_t:(),()3.... a great
increase in lumin(_sitv implies that the high-current beam nltlSl be separated

5-2
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l:ll.ltii'c,_.I, l'hi,!l'U'upti.'.Ic,i.l,1_'11imi.,trl¢
II f,liCtlU'+S',I'I_I'.II,wtluhl bf,bi.illtIll thi.,
lili.,.liIl'lln.J_lucIt'uil l'l'itJi,!i_,Ili,intli_l ,llli.l
_,_,,IjiilclLINL_¢1,',Iiib_hliill,ll illllllLIIl_ lif t111._ yk'_,'lILm_t lhC' !1 Is,l_'lCu_t'

I._xl.'.ttllll.I II_ll'd',v,tn!I'lll'Ihl,PliP_:lfllll.ll.u', iii Ih_'|"_i_'lItlll_, I'l"l" i'lllllll'l

(,&Mlnl'_Inll'u'u,,.i,,.thme'ui.lt'll_yNI,A(.I)
l,,l_ I ill'ti'_ 1{llll,4

(_Illll _ll',l. I!l I 1

.__I_--=_-=----------. +\

_----_- ; :"°'"<_°'*"_._!"I which ih_' ._ll_141t'-bul_c'hpiii'ilil_elt, I',_(l_'mitiili_c'c's,

\< _"'-..._. . ' lll,,Uo,(iroullUi / btlnc'h Ic'nl4lh_, t'tlrl't,lll_, iilril., ,_htl'i_,c,tc,) ,irt, w_,ll

_" __,,, wlihln i_rL'._l_,niI._r<lc'licc't'tlr cldllclc, i'._,Our chiltc'_,/ due._ ilcll c,xilcc,rbillt.! i_rtlblt,ln._ with c'llUl._lei;l-bi.lllch
i in._l<_blltlic,,%vet nvtllel._ I:m_hlc,m,_t'rclm ._lnt41c,-

'"'"" \, \ J / btil_ch el't'ec'l._,iii _<

"_'_-_,,_J / Since lhc, L_c,t4irlnlnl4 iii' ll_t, CClllCet._luill-t;Ic!_ll4rl
II ll(I t(ll} _!(l() k

_._,,_..... ph<_._c,_t' the, pl'l_ic'ci, ii Iltlri3bt.,r cit:dc,._il4nt_tlC,_
hilv__'bc,c,n clilrlt'lc,d, illlCl IllCl._l tit' thl., l;It!,_lt4ilchc_ic'u._

×i_i._lcl_.!,_l.,_' hilvl-' Dc,enm<_dc',I_nr!.lctllni°icG:_ic'sihni have bc,c,n
lnvc,._lly,Iic,d Include,:

• 1It_,illlcli_d(ill lhc, Vd.lC'LILIIll chnil_bc,r wnll t'i'l_l'i_lhc, _ync'hi't_Lrtmi'i_dinitoil,
whic,, ¢iin re_lch I()I<W/m i_t nlnxli'nl.lill bt.,_.lillt't.lrrenL in LIle hlt4h-i_,l_,c,l'lAy
i'in_,

• (.;n._lond I'l'tm3thc,._vnchrclil'Cll_-rndlntit_il pht_itlclc,,_orplltll_ in Lhc,htl4h-
c.,ill.!i'14yi'ln_,

• I;.')n131pin14cir the hlt4her-tlrder-13111deil13l._l_'d<_l_CC!cii' lhe rt' HV_LL'Ill,which
drtvc,._St;l'l.lll_ c'oUl._lc,d-hul_ch lnsti_blllltes,

• SUl._nr_._t.hlni_l' the clc_,_.,lX sp_lct.,dDc!nil1L_ul_c'hu,_Ilttill' Lhc:tllturnc'Ltllll ptilnL
while minlmizin/4 <.lc,Ec,c'tc_l'bnckl41'c_Lind<_,
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I:lli ' I'1.,',1'til st,i've n,_Lhr,I_lgh-t,ilt, rgy
rlllg, ,_L"¢L'I'altil' li,_.'-iVFlt'Ill."41111.1."4iI.'lt, tt Decays and CPTSytnm,etri#
_lgnlt'lcnl_llv Ul._gr,lcludh.I tit,al wllh Ihe jtidglrlg particle Interactions by the standards of tile familiar,
l.,4stit,_II,<,iudnbtlvu, I:tli't,l'ilt_i ,lilltlilg nlacroscoplc world, one wotlld think thai If a process and the
theft, are lhr, rf,liltl Vdt'tillill ,_vslt'ln_, participating objects were replaced either by tileir fiiltlmatter
'l'l_u rf _y._tt,irl t'tlr the I#tdcltlrv will equivalents oi' by versions of themselves as sent1ill a mirror, tile rate.
ctln._l,_it_l'21)_inglc,-cell c,lvlth,_, tG:,.,l',li- of tile processwould rerilahl file same, lt'seelmsequally Intuitive thai
In). ,li ,l I'ruqut, i_cv _t' ,lTh MI Iz In t_i'dt,r reversing ii processWOtlkt yield the original l.'mrtlctpants,,mtich as

" thotigh one were rtulntng a movie tn reverse and watching tileactorstt_ I:_hase-hlck il_t, stt_i'agt, i'tilg rf svstl.,m
' ri.ul backwards In their own footp'rlnts,

tt_ tl_at i,t' the 2_5(_-k,II Ix liliL'Ct(li°(lbl.' But on tile scaleof subatoml_particles and tile quarks that make
"lwt_-intlc, linac'" <lh.iuti,_ecltri Inluc't thu ihein up--a scale where tile "weak Interaction" becomes tile'
_lilill'tlrtl IAllear t.'tdltdt, r), This choice 'strongest of forces--.t!le first two rtlles, called "corlservatton of
til' t:reqtiL'rlcy mtillnlixl.'s liljeelhlll t_hnsu parity"and ."cl_arge conjugation," are riot necessarily obeyed. Not
L,rrtlrs, wlllch c'tllltrlbtliu stgnlflcilnlly t_ even CP symmetry, which combines both rules, necessarily holds
tlw ptlwt, r clem,lild,_ t}l' tilL' multlbunch true, The remaining variable ts time; we are left with CPT
ft'c'dback svstern, The c'avll,¢ dt, slgll sym'metry--a scheme in whlcll C, P, anti CP symmetry violations
list,If i_ nlint.,d oi nllnimlzlng tilt' can occur, but only If tile arrow of time ts allowed to take a different
high t,r-t_rcic,r-mt,d o lm i._c,da lace,co n trt- course when reversed, gotrig back to a different begtnrling,
btltitlia til" the rf svstt, m, Thus fat', CP violation has been observed through asymnletrles in

l'tl h,ailcllt, tilL' high svnchrt_tr(in tile decay modes of tile neutral K meson and its antlpartlclei' Tile KiI
radi,, th_n I_tlwl.,r and tri Ininlnllzu and _0 cantata all unusual quark, the "strange" quark, which Is not

found tn the grou p of quarks that make up ordtnary matter, The K
I.qlt,ttlclt'stwt__thm t_t gnu, ctqgpt, r wa_ decays tn a wide variety of.fashions (lt is axiomatic that every decay
chtl._t,n ,a._lilt.' vncuun_-ch,_nlbt, r matt,- mode not explicitly forbidden n'lust, eventually occur), In a few of
rinl. iNIltllllbt, r iii e\F_t,rlmcult,ll stticItus these modes, tile K° decays a few tenths of a percent differently than
ctlnftrnat,cl lh,lt a dt, st_l'l__ti_}nctlt, fflciL,nt the _,(i,a sign (if CP violation,' But studies of the K system have left a
til' rtltigllI.v 2 :.. Iii " will ht' nc'hievablt, great many questions unanswered about tile mechanisms ai;ld
Itll ctll_l._t,r,lltt,l' iJrtll_t,r i_rt.,trt,,_tnlt,nt magnitude of CP violation,
,lnrl ct lntlili_ _nihl, w lt h a l_t,nm. A The B mesQn, which contains a different unusual quark ("bottom"

ct_l_l-_t,i'cll,linber la,is tilt, ,ltll.lititm,iI as opposed to "strange"), ts predicted by the Standard Model of
br,ni,fit t_t br,ing st,lf-shh,lcling ag,_inst Particles and Interactions to have asymmetries as great as 30% til
tilt' _\,ncllrtdrt,n rildiiltiiln t:_l'tltltlt't,cl b'¢ some rare decay modes, Thts makes lt a very promlshig candidate

for cP-violation sttidles, However, the branching fraction--the
lhr' I_t'd111. proportion of BB pairs that will not only decay through the unusual

Aftt,r ,l ntlnlbt, r til clt,i<lilc,cl stuclit,s, modes but also violate CP symmetry_ in doing so_ls orlly about 10-4
wt, h,lvt' dt,citlt,cl til utili/t, n ctlnvc, n- to 10-'_, Therefore, about 10"Tta'10s BBpatr.,, wtll have to be produced
iil_i_,ll "fl,li-bt,,_m" ctllafigtlr,ltitln t:tlr tilt, in order to get good CP-violation statistics, This requirement,
i'it_,l.;,,.lhis ch_lict, w,1.<,dict,ltt, d t-,rim<l- implying the need for a great many e_e- collisions, brings us to the
rilv Iw tilt, clt,_irt, tt_ rt'ctUt.'t_' the ,vnchrtl- luminosity frontter of accelerator physics, whose technical
trrn_ l',lt:li,ltit in };_l'ticltlcect ned r tilt_, challenges are described elsewhere in tills chapter,
illtt,r,wti_m I:_lint tt_,l nlllrt,-nl,lndgc,,lblt, Tile ultimate goal of this research ts to enhance the Standard
It,rc, I. With t_ptic._ dt,._ignt,d tt_ ttlCtl_ ,1 Model_today's partial theory of the building blocks of nature and
i't,tincl I_t',lm <ii lhc, tntc, rnctitln i:_llint, llow they tnteract_or replace it with a new, more-satisfactory
,_F_l:_rt,\ina,ltt,lv 75(I k\'V t_f s\'nchrt_tl't_n theory, In either case, CP violation will have to be better quantified,
i',_t-Ii,littll_wi)tilt;t ht, F)rt)diic'c,ctin till.,, and its origins will have to be_ explatrled, Tile present Standard

, . . ,,, , Model does not disallow CP viola ion but does not explain tt either,
l'l.'gltlll; lilt, tl.,-,t,til 11,1t-bc,<lm tllntIt's These studies also have ramifications beyorld particle physics.
rt'tltlc'c,.,, this b\' ,ablltlt an tli'ClL, r til in 1967, riot long after the discovery of CP violation, Andrei
mngniitlttc,. I:urtlacu'l-n_lre, using flat Sakharov pointed out that it might explain one (if tile longstandlrig
bt,,inl:_ inilki_,s ii ptlssiblc, tt_ ltm,,t,r tilt, riddles of cosmology: why the universe was not born with equal,
vc'rtic,il br, ta luilcii_ns al lhc, intt, racti(nl evenly distributed quantities of matter and antimatter that would

ptlint lw ,a fncttlr t_t2 ctlnllg,lrc, d h, Lhc, annihilate each other whenever they Interacted, For some reasorl, the
i'_llnd-bt,ilnacast,,ilnclthust(irt, tain laws of nature appear to prefer matter over anttmatter--a
c's<,L,ntia 11\, ,att_nsin n t Iu m intlsitv ,lt ,1 phertomenon that makes possible the physical universe we see every

t,,ivt,n bt_aln clirrenl. (TllL,rl., is _tnnc, day, Such wtll be the implications of the research at PEI"2II,
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sttggt.,stlc_nfrom slnlulaLl_ms Ihat v¢_untlbuams tony I:'_urrnltn grunlt, r bt,,irn-
L',.,nrntr.tru.,shift. I It_wuvt, r, ILclt_usI_¢H_ut,m llkt, ly t.hclLm.ic'ha I:unu-_hlfl
li}t't't_a_t'Wulild i;_t,rt111Ld l't,tlllt'lltH1Inbt,iilnt'tlrt't!I1l,_ul:l'lclunlluubtaln a

t'un_unabluducvun,_uIn[he_vnchrutrun-radlaLlunl:,t_wurnearH_uII'.)
l:uvtheInltlalc_dlldurctml'Igul'nLltm,wu InLundtuUml._l_)yhund-t)n

culltstun._, t.islilg thu S-ht,nd i._t,tli'nt!ir), Illl.i,_lrnit,d scht,matlunllv In lqgtlrc, 5-2.
An alturnailvi_, _cht,mu, tnvulvlng ii lltill-/t,i'tl culll_l_lll angle a.Junl4with tlltt,d
bi,llchl:_ ("ci'ilb ci'_l_ll_g"), ul:t't,i'_[hu I._uit,ililal advailhlgt, iii' i't,cltlct,d bnc'k-
grotlnd ill hll_,hul' Itlmll_l_tt_le,_, but will I't,qtltl'l., _lgl_lt'lcal_i 14&13t,ffurl I._l
verify li,_ i._erftu'i_anct,./\lthtlutqh we dtl ntlt fl'ltnk li I._i'udunLh_,lcl_l._! tht_
_chc,nlu tmnludtnti_,ly, Lilt.,I._l_lblc, benel_ti_ hilvt, cunvtnct)d ti,_til ft,Lain t'l'iiL'l
Cl'tl.'-l_lllga_ a l._U._lblltty for a futtli't, upgrade,

AI 191't,_t,rll., Ii'i¢l_t t_f the pl't>blenl_ laave buun addl'u_,_t,d In a ._,ltlsfaciurv
illdnnt.q' and [ethnical .,4tllu[ltlil.,-iart.,In hand. Wt, are iltIw InvtHvud In the

dutntlud engtrlt, tq'tng t:lt_,_tgl__t_thu vai'lllu_ c!t_nalJtlrit,i_[.,-i,t\ ctlilct:tHual dt,,_igi'i
i'c,19ort_,._,i1__tibilatltt, d L(_the 13uparlmenL t_f 17irlerg.yIn l;ubruai'y lt)til and was
_uc'ct,.ssl:ullyruvtuwed thai March.

l'lgure 5-2, AnS.bt_tlddeslgtl ltir LEB exit
ahoati-unctllll,,iltln¢llilflguratliln . _'-""....,_,_
wa,,lcho.,teilfllr lhc,lilteraclhln
i't_gllln ill Iho Initial IqilM_a.,ted!t ---.
I',_cliu'y,Thl, layiltil dlle.,intlt i'ull_ /-Interaollon

which flaltened beam_ wiluld

xi_t._lio,cml:_' LEB entry

Chenl ica l "l'h,,Ch_,ntinfl l)jl_t.mi_'_ I_.'::ran'h I,al_mth_ry (CI)Ie.I,J is lt k_'jl_t_'_,li.ility i_t II.'

Dynamics Research t#tttlti-htl,_o'_thn'yC'_nul_ttsli_tt I').l/ttmltic_ htitialir,_' ((."l)l), 'l'la' C'I)I i.,4I_'itt,,,,,I_ttllin"d,ltrll I_.11tll_' l)( )l!'.,.il)it,i._il_ll _I"Cll_'lllil'ttl ,'4_'/_'til'_':;h_I_rl_,i_h'_t/}llllnltltilnt iii
Laboratory _'h_'nti:_lr.ii_l_t_lnw_l/,u._ti_,_/.,4_'i_,_'_,._l_l h'_'lt_t_ll_,,,,,jlli_r_'_tlt_t_l_'i_l__'u_'r,t_J/_t_t_/_'_tr,i.

n_tm_'uhfl d'liui_'_.'y, s_'_'ltt'ittv,[III Itri' _'ta'r,_j/_ttl_l_li_',,4,_ttt_l_'_fll_t_t_'itt,_rtrt,in,_tm_'_lt.I
qt.tlity ....al kry t_llrt.'4_I' I1_'Nali_lal I::tt_'rv,.'/.";tntlqv,y, 'l'h_' li_l'u.__I tlu' CIJI i,,4_

IJ_'n'_'#tt_1'll,5, _'_/_,#',,_,.i/t'_tstt#ttlJti_,#t,_t.,4ittutti_t th_tl _l,ill _'_ttlitttt_' ¢i,_'11i_th, lhr ##_'.vl
r_'llllt#'l/, I;r_i'#ltttt illl'ri'tt.,41'itr i'lnul_tt,'41i_ntC/]:ici_'#ti'.il_' I_l_llttlio_lri'lhtctil_ll i_]_tli'ii'
/_rri'l'lll d,(nt/l/ /l_tz,_'lrl'/ltl'lllh_tl_ /Jtt.I/l_ttl'k,,qttl'h i/ll/O'lit'i'llll'nt,'4I#li,?,htI_l'Ul'/liu_'l't/I_J/
_htrlin?,_d,il/I tt .,-;.ll.<;t_'nlttlicttttd_'r.'-;ltttl_lill,_ill' t/l_'/ttllllltllll'lllttl l'lll'lll/str.il _l/'l'lnlll_tt.<-;.-
tilWlII#lll rl'lflh'll iulhtst#'i_tlI_ri_i'i'<.;.,q'._,
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The research proposed for the CDRL (sidebar) is aimed at gaiizi,g a rigorous,
moh'clllar-h'vel ullderstalufiug of the chemistry of t/te combustiolt /_roccss. This
IiInh'rstaudilzg _l_illh'ad to e,ltaJa't'd comlmstiolt efficMwy am! reduced prodllctiou
of l_olltltauts. Success iu these an'as is of critical importala:e to the luTtioIl's eliviroJl-
mclltal quality and ecouomic compctitiVelless.

Tla' CDRL is t_roposed for LBL with sigll!ficmtt particit_atMt by Smutia Na-
lioHal Lal_oratorics (SNL). Because of the complementary research capabilities _!1:tlh'
two laboratories, this t_artncrship will eltabh' progress thai woldd be be!/olld the
n'ach of either labonTtory actillg alolw. SNL researchers will be n'spoltsibh'.tbr thf
('()JlSll]'l[(.'tioll (J Jilt ()t)(']°l_ld()]l 0.]:so]H[' (!fth(: experimelttal equipmcJlt, amt'will play a
key role ill the scientific t_rolram alnf the tra_tqer oi:combtlstiolz techJroIogy to
illdustry.

J

Research in combustion and reaction dynamics is generally dependent upon CDRL: A Unique
advanced technologies and techniques. At I,BL, a national user facility called Combination of User
the CDRL will bring the key technologies together for the first time. At its Facilities
heart is the infrared free-electron laser (IRFEL)I which has been the subject of
a great deal of work by our group. The 1RFEL, together with two ALS
beamlines, various optical lasers, and state-of-the-art molecular-beam
machines, will enable research that will have a great impact on our under-
standing of chemical dynamics and combustion chemistry,

The IRFEL will be installed in a new building adjacent to the ALS (Figure
5-3) so that photon beams from both facilities can be delivered to the experi-
mental stations. The ALS bean;lines have been another area of study and
development by our group, in collaboration with the ALS staff and the
Center for X-Ray Optics. Advanced optical lasers are being designed by

S

• _ . : : .:::__13 .... ..-

. . OJfi-_s- La_ratories jlI............... J

i ' ! Lobby' ]...... : Expedmantalhall _, ALS building

" ] .................. ' ................... _[.......- ._::_ - [.........iRFEt. ............. } Figure 5-3. The four-story CDRL
........_ , l..._:::::: ._::::_:::_.: ::.:....: : i: :: .::.:i::__..l building will be located adjacent

LongitudinalSection to theALSso thai theIRF'ELand
conventional-laser beams can be
brought together with UVand

: _ soft-x-raybeams from the AI.S.
Roof I _.....,_' -.:_.,,.
3rd floor _ _ i jiOffices _ _ _ The CDRL main experimental

F....... ' .............. :,J " hall, on the first floor, will be2nd floor Laboratories

Building8(3--!Interstitial level _l__6_r_cai_....... served by one bending-magnel............................. beamline and one insertion-

1st floor Experimental hall II . device beamline frorn the ALS.
..... , ................. _t - ' Emergency

_! ..... _ .... 1 ...._ The upper stories will provide
Basement Electrical!MechanicalI RFEL .. generator

I' i. 'till _ .. . , "-........... . office space forCDRl, users;the
large IRl:El. will be built in a

Cross Section radiation-shielded vault in the0 10 30 60
basement,

XBB 90t-322
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colleagues from botl3 t l_e University of California at Berkeley Chemistry
Department and Sandia National Laboratories. These collaborators have
been deeply involved in the design of experimental facilities and in the
development of the research program.

IRFEL Design Progress A conceptual design of a room-temperature IRFEL was completed in Febru-
ary 1990. '['he FEL can operate in synchronization with the ALS and produce
intense (up to 100 _J per micropulse), narrow-band (< 0.1%) radiation with
wavelengths tunable in the 3-50 _m range. The design, shown in Figure 5-4,
uses two sections of standing-wave L-band linac to accelerate electrons up to

50 MeV. The sequence of a thermionic gun, two low-frequency bunchers, and
an L-band buncher establishes a micropulse width that can be varied in the

10-20 ps range. The system operates in a pulsed mode, with a rnacropulse
duration of 100 _sec, repeating at a rate of 60 Hz. Infrared radiation is
produced with a variable-gap undulator and an 8.2-m-long optical cavity
with a broadly tunable outcoupling scheme.

Particular attention was paid to stability and tunability, which are crucial
Figure 5-4. The room-temperature for the users' needs. A detailed analysis of the response of the electron beam
IRFEL design uses 1300-MHz fluctuation on the FEL characteristics was carried out through analytic
side-coupled standing-wave calculation and numerical simulation. Also studied were various sources of
linacs. Two sections of standing-
wave L-band linac accelerate fluctuations in the gun, bunchers, and accelerating sections, as well as
electrons up to 50 MeV. The feedback and feed forward schemes to reduce these fluctuations. Our studies
sequence of a thermionic gun, two show that the FEL spectrum can be stabilized to about 0.1% using this
low-frequency bunchers, and an approach.
L-band buncher establishes a A standing-wave structure was chosen for the linac because of the need
micropulse width that can be

varied in the 10-20 ps range. The for electron-beam stability. Spectral stability could be further improved to
system operates in a pulsed mode, about 0.01_ by introducing a grating into the optical cavity, but at the price
with a macropulse duration of 100 of reduced tlmability. Various schemes to couple out the optical beam over
_Ls,repeating at a rate of 60 Hz. the entire wavelength range were evaluated. Hole coupling with metallic
Coherent infrared radiation is optical components appears to be the most promising of these approaches in
produced with a variable-gap

undulator and an 8.2-m-long terms of power handling and bandwidth capability. With a new computer
optical cavity with a broadly

tunable outcoupling scheme.

Gun and Accelerator Free-electron Laser

Injector
Photon beam reflected upstairs

..... Low freq. bunchers Into user experimental area Beam

Foc-slngu Fast switching dump

[ ] F'-solenoids magnet _(_"-""_" ,Ine ]Iojojo!0 , __--..II Linac tank Linac tank I .._-.-- __

o-ooooooo om n,o
II_ Momentumspectrometer

Undulator spectrometer

0 5 10 15 20 25 30
I ' I " I .... I I ' I

meters Transversedimensions meters
notto scale

XBL917-6773a
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code, tile performance of the hole-

coupling resonator was analyzed, .Research Prospc.cts
An alternate technical approach The CDRG with its IRFEL and advanced lasers, will complement the

has been explored that takes advantage ALS; which up0n completion will be the world's brightest source of
of recent developments in the technol- Soft :x-rays for ,basic and applied research. Collaborative CDRL
ogy of superconducting rf linacs. An researchers,ft'ore industry, universities, and national laboratories will
FEL based on superc:.mducting acceler- use the unique features of ALS x,ray beams--high spectral

ating cavities could be operated in the . brightness ai_d very short pulse length (nominally tens of
continuous-wave (cw) mode instead of ptcoseconds). U/_dulators hl the storage ring will provide somewhat

spatially coherent radiation'-sometimes referred .to as "!aserUke'--
in a pulsed mode, providing an oppor- ", .' ' _ ' ....that mbroadly tunable across the soft-x-ray to ultraviolet regions of
tunity to reduce the wavelength the electromagnetic spectrum.
fluctuations to 0.01% and to operate The CDRL.reXperime!_ial systerns, will' be used by collaborative
with significantly increased average resear.chers for dynamic, s'pectroseopic, and structural studies .of
output power, highly reactive molecules. Many.of these are created during the

A preliminary design has been early stages of combustion. These s_dies will take place in an
developed using 500-MHz rf cavities experimental hall where.light from the IRFEL,'.the ALS; and
operating at 4 K, as shown in Figure advanced conventional lasers (Figure.5;6).¢an be directed into

experiment sfations to study tiie dynamics/of fast, m0vtng'_zhemical

5-5. The gun and low-frequency etail. Such fundarnenta!knoMedg_whicl; is beyondbunchers are similar to those in the Pr°Cesses in'd
" ' the reach of existing experimental facilities: is_crucial for improving
room-temperature design, but the three the effiidency' 0f :con4bustion ,and. ieontrollir/g the formation of
L-band accelerating structures are ' _ "iaollutants. , •
replaced with su percond u cting struc- ' Otl_er LBL divisions, the University of.California; at Berkeley, and:
tures. The accelerating gradient is 5 Sandia NationailLaboratory-Livermore are prominent among the
MV/m, so a single pass will accelerate organizations Whose scientists' aredeveioping the CDRL research
the beam to -3I) MeV, corresponding to program. Research results wtU; feed directlyinto UI& industries
an infrared wavelength of 1() _Lm.A :concerned with cleaner combustion; .alternative' fuel supplies,
recirculation Mop (si,M_ar) could be reduced pollution, and improved industrial processes. :Many regions
used to further accelerate the beam to of the natron face slgnificant economic curtailment during the

50 MeV, needed to reach 3 pm. Such a coming decades if air pollution from mobUe and stationary sources is
not controlled more effectively. The CDRL can provide a foundationstructure could be operated with a
of fundamental understanding that will enable long, term success in

c_,ntin uc,u s- w av e (cw ) e le c ire n be am s61ving these problems.
rather than a pulsed beam, which

GWElectronBeam

__}.{_ '., I| ,"t H ]kLjr_svw-_vvwIL_f_ _rvv_l ,ouo.u_,or=

I I I_':_e_erat°r

C[_ _ _ Cavity /_

g Figure 5-5. This IRFI!I., based ml

. 50(}-MHz niobium-titanium

] ] ALSMaster T T _: superc,mducting linacs, is beingstudied. A superconducting linac
r' g (_ Osomator _ _' would allow continu,:,us rather

lend itself to various recirculatc_r

XBL 917-6YZ,lb options,
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Figure 5-6. A key to the scientific

photofragment
potential of the CDRL is the 5 mass q Cphotoeleotron"_ _ ,,.=_,_,_,,_,,_..,t_ Cfluorescence'_

unprecedented integration of several (speotrosoopy; _speotroscopy) t.s;_;o._opy/ (detection /technologies over a wide spectral range ...............................

Tunability, synchronization Gd_--C-__ __.... Citom

capabilities, and time resolution on the
order of picoseconds are among the

other important features of the .... _ (_ _e_¢ _at_-_-('f_-Expe rimental Sta ----- ontrol
proposedfadlitie,q, L__Beams .j _ ....... ---'/ _, analysis)

till
tunable

conventional lasers' IRFEL
I I l_..,.I .,

II
Infrared Visible Ultraviolet

1,000,000A I00,000A 10,000A 1,000A 100A

-4--4.........................--4 t t...................--t-----,-
100pm 10l,m 1 pm 0.1l_m 0.01lim

Electromagnetic spectrum wavelength
CBB905-3635

implies a time-averaged optical power
An Advanced IRFEL Option in excess of 600 W. We continue to

We have speculated extensively on future possibilities that could be study the technological and scientific
implemented either in a CDRL upgrade or in some other facility, implications of operation at this high
One of them is a recirculating, superconducting accelerator, power. Table 5-1 compares this option

In the present design, as in nearly ali linacs, the electron beam with the room-temperature design.
makes a single pass through the accelerating cavities. But a number Note especially the tremendous
of laboratories have been examining superconducting, recirculating increase in average optical power,
linacs. (The concept is, in fact, at the heart of the Continuous Electron achieved without sacrificing beam
Beam Accelerator Facility, which is being built in Newport News, quality.
Virginia.) Although complicated and not without technical risk,
recirculating linacs offer great promise for achieving high beam
energies and intensities in relatively short accelerators.

With an extra, in-phase pass through the accelerating cavities, the
beam could reach an energy of 50 MeV, greatly extending the short-
wavelength capability of the IRFEL. In another operational mode, the
recirculated beam could instead be introduced into the cavities 180°

out of phase with the rf. This would decelerate the beam, putting its
power back into :the rf cavities in a sort of flywheel effect for use on
the next pulse. The electron beam, and hence the optical beam,
would be quite powerful.

Our work on the recirculation scheme is only beginning to
address such important issues as isochronous beam transport and
safe dumping of energetic, intense beams. Nor has it examined in
detail the physical logistics of building the system (with, possibly, a
longer lasing cavity) in the CDRL shielding vault. However, these
speculative, long-range studies point the way to the future of the
CDRL and help us avoid inadvertently making decisions (such as the
placement of thick concrete shielding walls) that would lock out
future options.
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Table 5-1. Proposed IRFEL Characteristics

Room Temp Superconducting

Accelerator

Type SW side-coupled SCA
RF frequency (MHz) 1300 500
N'laxinaunl energy (MEV) 56 - 50

General properties
Wavelength _.q.tm) 3-50 3-50
Linewid th transform-lin'tited trar_sform-limited
Bandwidth stability B_./),. 10'-_ '10'1
Intensity stability _1/1 0.1 G 0.1
Average power (W) < 20 < 600

Micropulse
Energy (brJ) 1O0at 50 MeV 50-100 at 50 MeV
13uration (ps) 10-25 ---30
Repeti tion ra te (MHz) 36.6 6. 1-I 2.3

Macropulse
Energy (J) 0.36
Duration (ms) 0.1 > 10

Repetition rate (Hz) 60 flexible to cw

ht the ALS, the site qf photon-beam ge;ten#ion is rut electron storage ring with a ALS Beam Physics
predicted iIst'llll beanl l!h:'timt' qflseveral hours. The illjection linac will be idle for
sez,eral-hour stretches between injection cych's. A variety of interestiltg experimellts, Facility
iIMudiplg plasma fi,cusiltg, tests of accelerator structures, and generation of
"chirped" t,hotoll pulses, couM be ctnuhtcted with that high-qtlality 50-MEV electrcm
bt'at11.Wt" have pl'0post'd aJt iHitiative that would use tlte liJlac's "dead time" fi_r a
hi_,,hlypn_dttctive and cost-effective program ii1 beam physics with minimal disrup-
tioll to ALS opt'ratiotrs. Cll_'rclltly, both the facility itse!l:alld the possible research
/_ro_,,nlnlare beijig examipled ii1more detail iJ1the wake of t,J1couraging ctmlments
from I.BL's 1991 DOE High Energy Physics Review.

Figure 5-7 shows the proposed facility. Most of the focusing magnets for the Facility and Operations
beamline, which takes a 180 °bend into the new cave, appear to be already on
hand, left over from decommissioned caves at the SuperHILAC.* An effort is
underway to evaluate the supply of salvaged magnets for appropriateness.

Wt' anticipate that most experiments would be entirely transparent to
A LS operations, involving no changes in the electron-gun and linac settings.
Some special experiments might call for temporarily changing the relative

* A heavv-ion linear accelerator at lA31. thai formerly supported its mvn experimental program
ill ntwludr cht,nlistrv but is now used only as an injector ftu" the 13evatrtm. I:(}r Illnre infornlatitm
see Chapter 7, "l._evalac Operatitms," ()t the AH{I.) SHIIIIHIlrJl Hl Activities.
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To ALS To ALS

New shielding Faraday oup booster

Existing

New shielding shielding

Figure 5-7. Bec,_use the ALS is

basedon a storagering,the

injectorlinac will be idle muchof meters
the time. This affords a highly B DIp01o magnet
cost-effectiveopportunity to 0 1 2 3 4 5
develop a facility for beam- i Quadrupole magnet ,_._ p_._........
physics research. XBL 9111-6852
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amplitude and phase settings of tile two linac tanks; others might require tile
gun pulser and tile grid voltage to be turned tlp to their maxinlunl capacity
in terms of charge extraction and pulse-train length. The linac would remain
under the twerall control of the ALS throughout.

Many interesting experim(rnts could be performed with this conveniently Research Program
available, short-pulsed, low-emittance electron beam. These four candidates

appeal" especially attractive.
Beam-Structure Interaction Studies. Several kinds of special-purpose

structures interrupt the smooth beampipe of an accelerator, including rf
cavities, pickups and monitoring devices, and beam-manipulation devices
such as kickers. These structures interact with the electron beam electromag-
neticallv, limiting the maximunl current which can be stored. Usually,
electromagnetic characterization of such devices can be performed only
through indirect strategies such as launching microwaves down tilt: device
or running rf along a wire stretched through it. The new facility would make
it easy to measure a test object's response to an actual electron beam.

FEL Beam-Conditioning Cavities. The gain of a free-electron laser is
limited by the energy spread and emittance, in three dimensions, of an

electron beam. In principle, special rf cavities could be built that would
couple these parameters, allowing one to respond to changes in the other
and preserving the best possible combination. The facility would allow us to
examine various candidates for beam-conditioning cavities and determine
whether tile idea call be realized in practice. (See "Beam Conditioning" in the
Collider l'hysics section of this chapter.)

Chirped Radiation. Today, the shortness of synchrotron photon pulses is
limited by, and cc_mparable with, the shortness of electron pulses. An idea
has evolved in our group for chirping' conveniently long (1()-ps) electron-
beam bunches to produce photon pulses that are much shorter. To chirp tile
electron bunch, that is, to give it a systematic energy tilt ill phase space of
5--1{}(,_,we would "slide" it al(nag the rf waveform of tile linac by differen-
tiall), phasing the two sections of tile linac. Then photons would be pro-
duced, either magnetically in an undulator or through Comptt_n scattering
against a p_werful laser beam. Since tile head and tail of the bunch would

have different energies, they would radiate at different wavelengths. A
spectroscopic grating could then be used to select only one narrow slice from
this band of wavelengths. Because the photons would c(nne from a pulse
rather than a continuous beam, a narrow slice tfr wavelengths would also
mean a narrow slice of time. Applications include the many potential uses of
sub-picc_sec{md x-ray bursts, as well as, possibly, diagnostics for linear
electron colliders.

Plasma Focus. When a relativistic electron beam passes through a
plasma, electromagnetic interactions foctls the beam. To date, most vx,ork
with tile plasma-focus cc_ncept has involved thin "lenses." Continuous
plasma fl_cusing h{Hds tile promise of overcoming the so-called Oide limit--a

fundanlental limit of fl}cusability arising from statistical emission of high-
energy phot_uls in a sharp focusing bend. Our plans for tile pn_posed facility
include a prc_of-of-principh., test of an idea fn_m our group's Collider Physics

: secti_m. The idea is a long, continuous plasma f()cus iii which diaplwagms

" A term h.' a _,mall,rapid chan;4t'in energy during a pulse, hisl(_ricallvbast.d in rattit_
tralpqlli'_M( ill _1 M_}lst' v_ttt,.
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and differential pumping combine to taper tile plasma density, The density
would be tapered from about 1 x 10 I" to 5 x 10I: cm -:_over a length of 0,5 m,
We hypothesize that, at 5 MeV, such a device could focus a beam with a
3-turn cross section into a 400-1am spot,

Accelerator Physics Members Of the Exph,'atory Studies C,rotq_ have been involved in the Advanced
for the ALS Ligltt Source from the outset, ./:octtsiJtgprimarily on Hie immediate needs of the

project but also investigatiltg many basic physics issues illvolviug high-brightness
eh,ctnnz storage rings with ItHna'.rolls iltsertion devices, Much of this research is
highly geJwric alai is reh'valtt, .ft," the most part, to any third-gcre'ration source, as
well as to storage-ring-based fl'ee-eh,ctron lasers and to compact damping Hugs
eJtz,isiol.!d)or hi,_h-elwrgy lilwar colliders,

Beam Lifetime One of the significant achievement of the ALS-support effort came out of a

detailed study of beam lifetime in the ALS ring, This study, which included
computer simulations, revealed that one particular loss process_a version of
Touschek scattering_will be especially important among the factors that limit
beam lifetime, In this process, the interaction of various resonances was seen
to reduce tile dynamicaperture* of tile ring for off-momentum particles when

synchrotron oscillations were taken into account, As shown in Figure 5-8, this
will make the beam lifetime slightly lower than expected. We expect that small
adjustments of the overall tune of the storage ring might partially compensate

for this effect; we are now exploring this possibility in greater depth,

ALS Beam Current Decay
(Multibunch)

500 , i , i . , , .... i ,

............... 1.5%

400 ,_'"'., ........ 2.5% "
\ ",,_ ..... 3.5%

300
Figure 5-8. A combination of "_ _,

several resonance effects limits ,b,%. _,_ _,,,,,,,,the dynamic aperture of the ALS 0_

storagering foroff-mon,entum E 200 "",.. -""".-, __ '
particles. This reduces the beam ,,,,_

lifetime, as shown in this plot of I_ " " " " " ""
beam current vs. time for various " "" " " " " ,,

degradations(1.5_, 2.5'/,, and 100 ""'""""....................................., -
3.5'_ ) of the energy aperture of the (1 cm ..... 1storage ring. The plot assumes a "
l-cna (worst-case) gap at the
insertion devices and realistic 0 , _ I , , I I I , [ ! I

errors in magnetic fields. 0 2 4 6 8 10
XBL906.9139

Time (h)
* The dynanaic aperture is the area within which thf' particles exhibit stable betatron and

synchrotron oscillati_ms; tilt, beam can be contained magnetically within ii, I'arlicles thai gt_

bev_md the dynamic aperture art_,lost due t(_ various nonlinear, dylaamic prtwesse._;,

5-13



EXPI__ORATORY STU DIES

We modeled tile behavior of tile ALS to first order, and tile information was Control System
applied by tile ALS project ill tile development wf tile control system, which
is now being implenlented and used for commissioning. Figure 5-9 shows
tile usage scenario for the latest version of our accelerator analysis and
simulation code rrAcY2. The code provides an efficient, integrated environ-
rnent in which physicists can develop model-based control algorithms.

Off-line On-line Figure 5-9, The accelerator
simulation simulation analysis and sttnulationcode

Input file _ _ integrated environment for
developing model-based control
algorithms, Off-line activities can

be performed under the VMSAccelerator _ computerorunderOS/2on an
physics library IBM desktopcomputer.Then,

VAX/VMS IBM; OS/2 given a control system using IBM
Dedicated Dedicated IBM with OS/2 as computers like thatof the ALS,

Pascal compilers Pascal compilers operator consoles testing with actualaccelerator
hardwarecanbeperformed.

XBL 905.5850

Members of our group working on the ALS project have been closely in- Injector
volved in the commissioning of tile 50-MEV injection linac and the 1.5-GEV Cornmissioning

booster swlchrotron. Linac cornmissioning is well under way; tile present Experienceefforts are directed toward maximizing the intensity and tile phase and
energy stability of tile beam. The beam supplied by the linac has been
circulated for many thousands of turns in the booster without acceleration.

Soon we will begin commissioning the booster with rf, learning howto ramp
up tile magnetic fields and the rf power to accelerate the beam instead of
merely storing it at the injection energy.

Iu 1990 alat 1991, we continlwd our theoretical iltvestig, atioll of m mlinear dyltamics, Nonlinear

'."plorin,,_the outer li,tits ofiperturl,ation theory as applied to no,liltear dyna,tical Dynamics and
ma.ps. In particular, we have showed how to obtailt invariants beyottd "ishutds" b.ll
rem_rmalizittg the tttne itr phase space, The method is similar in its general spirit and Mathematical

,goals to work by R. Warltock (SLAC), tutd to some exteptt, the work of F, Wilh'ke Physics
(DES)") am_ F, Schm;dt (CERN.) We collaborated with I, Irwin (SLAC) to complete
t.e nolzlinear map picture l,y providiltg a prescription to mtalyze alty map dominated
by a single resomTnce. The method uses a rather uncom,entiolml "co-,toviJt,g" ntap
tecluziqtte, The techltique, which involves fitted maps _m ali actiolt-an£,le grid, has
twclt successfttlly combipted with calautical transformatiopts writ telt witlt specia Ily
created Lie polyno,tials. Two versions _,fthe symplectic Lie factorizntiott have been
imt,h'melzted for ttsc i. symph'ctic tracking, with applicatio.s to the SSC, ht
additiolz, these codes provide lools for producing exacthl sy.lph.ctic altd i,,vertil_h'
capa,nical transfbrnlations,
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Code Development We performed a first-order linear calculation of equilibriunl emittances of an
electron beam ill a storage ring ill the c;l_rvnNVand I:UT,\(;c_nonlinear dynamics
codes, which we had developed previously, The method relies heavily on the
modern differential-algebraic approach and is fully three-dimensional plus
one-half, *These tracking codes can be used separately or together, as shown

in Figure 5-10,
With applications to compact storage rings and fringe-field-dominated

transport lines in mind, we developed a new beam dynamics code, cosy
INFINITY, based on an updated and enhanced differential-algebra package.
Unlike previous codes, cosy INFINITYcan compute maps of any order and
account for arbitrary electromagnetic fields; in particular, fringing-field
effects can be determined and the true Hamiltonian can be used.

Most of the existing tracking codes have been written for modeling of

large accelerators that have separated-function bend rnagnets. These codes
use particle-dynamics approximations that render then_ inappropriate for
tracking in compact storage rings such as tile SXLS at Brookhaven National
Laboratory, These compact rings are becoming increasingly irnportant,
largely because of the widespread scientific and industrial interest in syn-
chrotron radiation. To better accommodate compact storage rings and fringe-
field-dominated transport lines, we have developed new tools for studying

the dynamics of these systems. This effort has resulted in a new tracking
code called KRACKPfYI',

Essentially a "kick" code based on the symplectic-integrator concept of
Forest and Ruth rather than on maps, KRACKI'(rF includes a tracker linked to

the differential-algebra package. KR,\CKPo'rcan generate arbitrary-order
Taylor series or [.,le polynomial maps from which information sucll as tunes,
chromaticity, and geometric tune shifts with betatron amplitude can be
extracted. One of KRACKI'OT'Sprimary advantages over existing codes is the

way it properly addresses isomagnetic combined-function bend magnets that
have nonlinearities of arbitrary order. Tlle code is being upgraded to include
the effects of nonisomagnetic fringe fields.

Command File Lattice File Lattice_File Command File
"' "J'/ t

_L:, "/ ' I GEMINI
....--"F GEMINI I

Tracking ...... [ Analyzer ...--...,, Compiler

Hamiltonianl _ " ................I P'C,Ode. I

j....-[ FUTAGO I" [Ideal Lattice II P-code Machine

Tracking"" Mapsl '[Dff)erenti;aiI:.,, Algebra Actual Lattice I"'........[Library}
..... 1 i_,/" [ Pac!_age Data Base

[ DALIE Package 1Figure 5-10. The (;t,:Mml and XBL 895-6242

t:urA_;o programs can be used Hamiltonian XBL 895-6243

independently or together. The

diagram at left shows their

relationship; the diagram at right

illustrates the interworkings of

the various components of c;r.Mmh

* In this context, it is c¢,mm_m t(_ sptak in terms of the x, v, and z H_atial dimensions, t_lus
Il)(HTit, l'lttlnl in L,ach (ft Ih()st, diruclions,
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0 I"tilL,many ideas that have been proposed for the electron-positrolt colliders of the Co lit der Physi cs
next century, the two-beam acceh'rator, or TBA, appears to he dite of tilt' more
promisittg. Coltceived at LBL, it is mrtt, beiny, htvestigated, ill scveral config_lrations,
for research programs at many of tile worM's acceh'rator laboratories.

The TBA h'aps a hurdle in the dt'z_dlol_lltdtlt of linear acceh'rators: the difficulty
of efficienth/ producing extremely higlt-power micrmt,ave ettergy. Figtlre 5-.11
illustrates the cortcept, The first of the two beams is a "drive" beam, generated by atr
indttction linac, that has high curreJtt bttt relatively low energt/ (perhaps 3 kA, 10
MeV in a full-scale TBA). This beant is passed through either all undttlator-based

free-electron laser (EEL) or a relativistic klystron (RK), generating nficrowave power
on the order of 1 C W per meter of length. Tilt, power is applied to an adjacent high-
gradient acceh,ration structure, which accelerates a second electron beam to high
energt/.

Todat/, the TBA technology is in the early stages of development. Designs are
being developed and evaluated bt/ LBL researchers while in collabcn'ation with

colleagues from LLNL and SLAC, tile basic components of a Tt3A are being devel-
oped and tested, Wtrhave continued work on the relativistic klystron (RK) as a power
source for the TBA and cm high-gradient linac structures.

The latest of several high-gradient acceleration structures is the 10-cre-long, High-Gradient
M-cavity unit that was fabricated to LBL specifications by the l--[aimson Accelerator Structure
Research Corporation. We are preparing to test it at the Massachusetts
Institute of Technology, using as the power source an FEL that has already
produced 50 MW. These tests will probe the breakdown threshold of the
high-gradient acceleration structure at 33.3I GHz and at power levels of 20-
50 MW. Acceleration gradients of 200-300 MeV/m are expected.

/- High-gradient rf structures-X
e-injector e- _' "_ e+ e+ Injector

I I '

I I I I
Induction " -Beam /4 j Induction

accelerator .... I_eam \ - ,_' - / Beam _/ accelerator
matcher _ aumps / matcher.

v_Microwavegenerators /
and reaccelerationunits

XBL 901-5730 Figure 5-11, As shown in the TBA
sketch above, a high-current, low-
energy drtve beam is used for

ln-Ilneextractors "_"_'N generating rf power that is
applied to a high-gradient

r..... q acceleration structure, where a
i'::_ _.::_::i; !!_i!:;i,'";.,!!!!_::i low-current loadbeam is

:' accelerated to high energy. The

" i:,:_:,_:!i!i i_!_!'_:;!_;i_ 'N diagram at h'ft shows the

Accelerator Wiggler E-beam through therf generatingdevices
(I:EI,wigglers in this example)
and thereaccelerathmunits tilat
replenishthedrive beamin

RFout RFout between.xt3t.901.,w2_

5-16



Collider l'hystcs

Transversely Ali of the TBA/RK work performed thus far has used longitudinal bunching
Modulated RK of the drive beam, This is adequate for low energies, but at moderate ener-

gies (greater than 3 MeV or so) it becomes less effective. To extend our work
to higher energies, we experimented with a transverse chopper cavity or

"choppertron," also butlt according to our designs by Haimson Research. We
demonstrated in 1991 that the choppertron works--the peak power was
hundreds of megawaHs--but the pulses were short. We determined that lhe

problem ts a beam break-up mode generated tn the output structure. The
solution apparently lies in lengthening the beam pulse and thus reducing the
peak current; we plan to accomplish this with a new rf extraction structure,
which has been fabricated and will be tested in 1992.

Standing-Wave FEL Although in recent years we have focused primarily upon the IlK as a source
of rf power, the FEI,, explored in our original TBA research, remains a
proven candidate with great potential. We are developing a new idea, called
the "standing-wave FEL," in which the radiation is trapped in a standing-

wave rf cavity and beat-coupled to a nearby high-gradient acceleration
structure.

Horizons for the TBA The work done on the TBA since we first conceived of it 10 years ago has
validated the basic concept and the use of either an RK or an FEL as the

source of rf power. However, there remains a vast amount of research and
development before the concept can be put to use in high-energy physics.
Here a re some of the planned near-term investiga tions.

• Re-acceleration of the "spent" drive beam (useful for economic reasons)
will be examined in a planned experiment at LLNL; preliminary work
was done in 1990.

• There is much theoretical and experimental work to be done in extrac-
tion of microwaves from the power source. A demonstration of repeated
extraction is being studied at LLNL. A Depa_'tment of Energy Small
Business Incentive Research contract is enabling DULY Associates to
participate in the theoretical study.

• Sensitivity studies to determine the importance of various parameters
will be important. A great deal of theoretical work has been done;
coming years will see more studies on real apparatus.

• Economic issues will be significant in the eventual decision on whether

to build a full-scale TBA and also in the technokGical choices within
such a project. LLNL, with DOE support, is working on these issues.

Additionally a collaboration with the Japanese high-energy physics
laboratory KEK is under way, using an FEL from which up to 30 MW of rf
power has been extracted at 8.6 GHz.

Beam Conditioning The gain of a free-electron laser or other resonant electron-beam device is
limited by the energy spread and emittance of a three-dimensional beam.
The electron-beam emittance must be less than the wavelength of the radia-
tion from the device, reduced by 27r. In principle, special cavities could be

built that would use the TM21. mode to couple the energy spread and the
emittance, allowing one to respond to changes in the other and preserving
the best possible combination. We haw. _analyzed this idea with a simple
numerical m_del for beam transport, assuming ideal rf cavities. We have also

analyzed an FEL t_ evaluate its performance with reduced axial-vek_city
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spread; these studies lead us to expect distinct improvements from beam
conditioning. Experiments to test the feasibility of a beam-conditioning
cavity are being planned for the ALS Beam Physics Facility (described in a
previous section of this chapter) or the Accelerator Test Facility at
Brookhaven National Laboratory. Such a facility would allow us to examine
various candidates fix' beam-conditioning cavities and determine whether
the idea can be realized in practice.

i

As greater denlallds are made ou the pel]li_rmauce o.facceh'rators--such as increased Beam Control
lumillosity, as iii thr proposed B faciory PEP-II, m"lower emittance, as ill the ALS-- Electronics
it be:3omesever more inlp_rtallt to uluh'rstand potentiall_,l disrut;tive rf phenomena

' withi;l the beam cluunber aud 1ope;if:otto various I]["gym;lastics" to monitor a;ut
Colltr{_ltilt' bt'alll. This is tilt' work c_[the 13ea:llColltro/ Electronics ,e,roup wit/li;;
Exploratl;ry Studies. Wt' hart' rece;;th,i c_n;tribt;ted to the B/;wtol'y by h'adi;lg the
dcsigl,, _![q:aIut feedback systems, alut have also continued our history of co;ltribu-
tiou tt_the Tevatnni by di'siglli;l_ a l;eam-cooli;lg Ul;,_radefor its alltiproto;; source.

The major rf-design challenge posed by PEI3-11is control of coupled-bunch B-Factory
motions. I'l each of the three directions (horizontal, vertical, and longitudi- Contributions
nal) these motions have 1658 modes that may be driven strongly by the
higher-order resonant- modes of the rf cavities. Each higher-order cavity
mode can drive a hundred or so of these motions at a growth rate thousands
of times stronger than would be tolerable. Tb.e first step toward stabilization
is to reduce the shunt impedances of the higher-c_rder modes by as much as a
factor of 500. Control of the remaining instabilities will then be within the
reach of a practical feedback system. To reduce the shunt impedance of the
higher-order mo:i,_,_, we attach waveguides to the cavity to couple these
modes to an external resistc_r.

Figure 5-112shows a possible design for such a cavity, designed and
analyzed with the ;3ld of the MAFIAcode and Kroll-Yu processing of the
output. Tests conducted with a simple pillbox cavity were encouraging. A
low-power test cavity is now being designed so that we can make measure-
ments. The experiments will examine which modes are damped and whether
there is interference with the fundamental m':}de. Waveguide-load designs
for removing and d issi pa ting the h igher-ord er-mod e power will be stud ied
as well.

Coupled-buncla nlodes that fall within the width of the fundamental

re_,e.nance give rise to an additional driving impedance. This problem,
endemic to large-circumference rings, mtlst be addressed with active rf
feedback around the cavity and its driver, a problem that we are now

studying in collabc}ration with SLAC and I_,LNI.. lt appears that fix? problem
of suppressing coupled-bunch m_des, although difficult, can indeed be
solved.
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Figure 5-12. This design for the
B-factory rf cavities is being built in Iow-
pawer prototype form,

/,BL ,917-6775

Fermilab Antiproton The latest achievement in our cmgoing collaboration with Fermilab is the

Cooling System design of a bJplanar electrode system for cooling the beam of the antiprc_ton
source, li.BL was involved in the initial design of pickup and kicker elec-
tro,des for the source and has been continually engaged in analyzing the

performance of the cooling system and seeking ways of improving it.)

Earlier, we demonstrated that, for power-limited cooling systems, it is more
efficient and cost-effective to double the number of cooling electrodes than to

double the operating frequency.

Building upon that finding, v_,e developed biplanar electrodes that could

effectively double the number of electrodes without using any more space.

This scherne, with the existing 2-4 GHz electronics, should yield better

results than would a system with uniplanar electrodes and completely

reworked 4-8 GHz electrcmics. Calculaticms indicate that the resulting

performance would exceed the needs Of any anticipated upgrade to the

Tevatron complex, including the propc)sed new main injector.

In the past year, we confirmed the validity of our beam-cooling calcula-

tions by comparison with newly available cocding data from Fermilab. We

also refined the prototype design and modified it so that its action would

follow the contour of the beam envelope. Currently we are beginning to

make detailed design drawings and cost estimates. (/_erformance measure-

ments on a prototype were successful enough t¢_indicate that we were ready

to design a production model.) We veil] soon build an eight-elernunt proto-

type module and measure its perfl)rmance, Full prc_duction awaits a go_
ahead decision by Fermilab.
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ii

SUPERCONDUCTING
MAGNETS

T111'_7, I_Ai4GEST SCIENTIFIC INSTRUMEN'I that man has ever attempted
to build, tile Superc()nducting Super Collider (SSC), draws uptm rc,s()urcvs

throughout the U,S. high-energy physics c_mlnlunity, l£,l/s ctmtributi(uls
include design arid development of superconducting IYlagnets, l_llg an area
of special expertise within AFI41). We have als(} bc.en respt,lsiblc, for devc, I-
c)ping the superconducting materials, in collaboration with the University c)f
Wisconsirl and with industry.

Because the private sec,t()r will mass-pr()duce the SSC magnets and the
supercorlducting cable used in them, technuh)gy transfer has been an irnp(_r-
tant f(_cus uf tmr w_rk. In 19Yl we began the Magnet [ndustrializatitm Ih'()-
grarn, in which industry representatives frcml Babc_)ck and Wilc{)x and t:r()m
Siemens are working alongside I,BL engineers and technicians tc)learn h(wv
to build these technically challeilgirlg rrlagnets, l:'.:arlier, we had specified and
designed a cabling machine that can nlake the appropriate type _t cable with
sufficient speed and quality t:(.', the SSC;. The maclaine is nmr comrrlercially
available from two cornpar_ies, l)()LIr Metal and AFA l.)eveluplnent. We are
cuntinuirlg to explore cabling technologies, anticipating the need for addi-
tj(real cable designs for varic)us magnet windings.

Supercimduclhlg Magnet,, I ), I h(,tderi_ h \ J,i I ) Van I )vLv'
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SU I'E RCONIgUCTI NC, M,,\GNITFS

(I}[ i I• ['u_u[1[ technical achievements have been highlighted by fabrication
and test of the firsL Full-scale collider quadrupole magnets, We continue pur-
suing our wide-ranging interests in supercunducting magnets and materials,
in successful ungtHng programs, we strive to upgrade our R&D cabling ma-
chine, investigate ways of making magnets that are easier to assemble and
have stronger, inure-uniform magnetic Fields, and explore a promising new
line uf research that uses "artificial flux pinning" to anchor magnetic lines of
flux in the superconducting material.

S_,me _,I thr m(,sl sigltq'icant chalh'Jtges associated with tile SSC arise from the SSC Magnet
slqwn'(uldllcting maRitets, Ali (!t thenl must meet exacti;tg stwcificatiolls for preci-
sion alat du_al,ility, Ftlrthermon', the magnets iJt the mailt collider riltgs must huld Development
thenlseh,es h, ilatustrial mass production because the pair qf 52-mih,-circ:lnq:en'ltce
rilIgs _,ill Iwed mort' thalt 10 000 of them, hl 1989, after tw_ years (q'design and

de_,elotunent el'tigrisby our group and by Brookhavelt National Laboratory and
Fermilab, the stapldard dipole (bellding) magnet ti_r the collider rings was taken over

by the SSC Laboratory in Dallas, We then resumed work olt the quadrtq_ole (fi_cus-
illy,) maNUel, which be,k,alt ilt 1987 but was SUSlwlah,d so thai we could co_lcentrate
on the dipole,

lh'cause the SSC ch'sigJt calh'd tbr dipc_h,s17 m long, which was well l_eyo_ldthe
capacity _f our test liwilities, our efforts focused o_ basic design and developme_t,
We worked with full-bore, partial-length worki_tg models that wen ni Ion[?;most
issues hl magnet desi,ku_,nal superconductor performance could tw examined i_ this
scah'd tizshio_t, But the hlll-huzgth quadrupoles are only 5 m iong, _'awe took o_ the
e_ttin' effort, i_lcl_ding fabricatio_ a_ld testing qf full-sized proh_type mag_wts and
sllbseque_t tra_sfer of the tech;adogy to i_dustr!/,

lgurin,_ 1991, we successfiHly tested the first fourfull-h_ugih q_mdrut_ole
pn_totytws, In Altgust, this work h'd i_lto the start of the Magi,ct lnchlstrialization
Pn_gnlm, in which ind_stry representatives are working ahutgside LBL e,_gi;wen
a_at teclnlicia_s to h'ar_l how to b_ild a_ld test these mag_ets,

The results of "training" the first four of the 5-m quadrupoles (we plan to Quadrupole
build two more) are shown in Figure 6-1. All but the first of the 5-m proto- Development
types met the SSC's specification for quadrupole training behavior, which
requires that the magnet exceed the operatir, g current of 6560 A by 5% after
no more than three quenches and subsequently reach the operating current
without quenching. Most of the magnets achieved 6560 A, correspunding to
a field gradient of 21 1 T/m across tile 4-cre bore,* on or by the second
quench. After a moderate amount of training, they far exceeded the design
requirements. However, it is desirable to eventually achieve even better
performance. Toward this end, we are continually working to identify the
causes of quenching and to develop techniques for minimizing them.

Figure 6-2 shows successive stages in the fabrication of one of these
magnets. First, the superconducting cable is formed into the proper shape on
a mandrel, (For short magnets the cable supply spool and tension control

remain stationary while the mandrel revolves. In 1989, for making 5-rn
magnets, we developed equipment in which the mandrel remains stationary

* The collider diDdes in the t_riginal SSC design had a 4-cm bore; this was changt,d tt_5 cm t.
ensure a sufficient transverse "gt_t_d-fieh.t" regitm, The ('uncerns were not applicable to the
nltlch sh(.'ter ctdlider quadrup(des, su there thu lu._s-ct_stly 4-cre design retnaJtls hl rise.
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CBB 905-3690

Figure 6-2, Stages tn the assembly of a magnet include
cab 905.a0a6 (ct)m_terch)ckwtse' from top right) winding the layers of

superconducting cable on a mandrel, compressing anti healing
tht._ assembly inside a precision mold, installing collars, and

finally applying and welding the stainless-steel jacket at the

()tiler edge of the cold mass, During m,agnet collaring, a
hydrattltc press compresses the collar pack enough for tapered

keys to be driven into the slots In the collar as the external
pressure is relieved, The collar pack t,,Jthus drawn tightly
arot|nd the coils, resulting in a stable assembly thai puts a
pressure of several thor|sand pounds per square inel1 on the
windings, The details at far left show how the parts of the
collar pack for a quadrupole fit together,
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SSC Magnet I.)ew.,l_prnent

willie the cable spool travels around tn a "racetrack" path,) The cable and
mandrel are inserted Ill a precisely machined molding cavity where heat Is

applied, A heat-activated B-stage epoxy on the windings holds them tn place
until laminated-metal collars can be Installed with a hydrat|llc t'ress, The

result ts a low-cost yet rigid structure that maintains the coil positions
accurately even under tlle stress of rnultt-tesla rnagnettc fields, Hnally, iron
yokes and a welded stainless-steel jacket are applied,

Each of these magnets is slightly different, for engineering thenl ts an
iterative process. Although physicists

: ' :' _ ' ....... " ,, and engineers understand quite well"ll_aktngln!;aNewMagnet. :' " '.i , _ , _ • .., how to build adequate magnets of this

;: ,:, ':Naarif. an 0four tests: involve training, the,process:':by whtch a type, a great many potentially beneft-
-:"vei'y s_r6ng:maperc0nducttngele6tromagnet is brought.up to its full ctal innovations have yet to be tested.
':; eapab!lt_y;!_.sevei'a!: steps,'The mech'antsm of'training ts not (After our research ends, the final

' ,definittvelylunderstood, ,i'helpredomtnanthypothesis ceiitei's,.:on , design will be determined by the
' smaib:urm,.,otdabiemeehanieal;|n0iabiltt[es in thewtndtrtgs./When :

: ,,the:_agfiiit is flrst,eriergtzed,,_the windings, Which, are tl_emselves ,": industrial companies, which will mass-
.:..affectM::,by;._e'/mfi_etiC';field;move ii:slightly.',asitheybedl/in,.:Thls".'produce the1664collide,'quadru-

) m0tio_;;_'th0{igh. _s_l_,:,tsi:imbugh to ¢_useffl_ttonal;heattng, !, poles,) Each magnet incorporates some
;_:and:atltquid_heil_:.!e_pera_fes/eve_ _a smal!::amo¢_it;of hearlean : feature that we think will improve

_aaf_ea, _ali i_a{f:;o_i'_wihd_g g0 f_0m a.m_p#i'e0nducttng;state-: perfo,'mance, reliability, or
' iinto'! a _o_a!i ::_g!_NV_d.st/lte;_fi i:{he'idnttri_::i_agnet: !ieatdi'up_:br . manu facturabiltty,,;_i_1 .7 ,.' _._...'.')"% '...' :_'_";'.' } ":. ',¢.2_.;",'._ ":.,:'' -"_:i ',.'. _'L:.'_.' :_." " "'" :.-"' t,': "' . '-, _ "-

:;._ After the magnet has been fabrt-
;Meas_es, lciii_!,i_,,ta_n_;t0?"c0f_61i:"al_q_n_'::gface_ull_t iitidavotd,, _ cated, lt is operated in a cryostat at
::ru_g_th6!'ma_et;.i_fa;que_:t_:ans_::¢01!ider:.fingw0iild;ha!t_ , ever-increasing current until we detect

operatton;f0r se_eralhoi_Nwhtie:the.pr6b!Om W_s fes01ved and !the: a "quench," whtch is a rapid heating
ring was rel0aded_th.accel6ratedpi6t0ns, '_ : :i:: ;:. : ./_. and consequent loss of superconduc-

: The nd_ for ;training _can bedrcunwented, or at least greatly': tivity. Each unit is equipped with
reduced,thrOUgh;aprocedure;ca!led.'conditioning,.wh!ch':we
dem0_:trated_in1986.Toconditionamagnet;we.temporarllyreduce extensiveinstrumentatkm,suchas
thetemperaturebelowthedeslgn'va!iie,Whichenablesus.toincrease'I loadcellstomeasure theforcesdevel-
the curr_nf andthereforeo_rate fora time at ahigher magnetic, field oped in the windings and voltage taps

than the magnet was"designed f0r. This, tesults/in eonstdm:able to pinpoint the origin of quenches.
ove_ressure; 0aces ,magnet./has been:_conditmiied,,theremaining This information can be used to
quench-causing mechanical Instabilities will not be triggered by improve design and fabrication in the
normal operat!on; Nonetheless; we. continue to work With search for greater reliability and
noncondittoned magnetsthat _ust be tratned; the training, behavior predictability.
of a magnet offers _great insight thio c[e_ignand perforn_ance, and Until faMy recently, we worked
such detailed knowledge may point the way to building magnets with l-m functional "models" of the

that give their 'full performance without either tratntng or SSC quadrupole as well as the 5-m
conditioning, prototypes. The 1-m models, which are

In,,1988 we leaned that very small changes ;in the cotl-s_lpport
structure can cause significant differences tn traintngbehavtor. For quicker and cheaper to make, were
example, When the collars are removed' from a trained magnet and useful for many of our research

activities. Recently, though, the need
then put back around the same coils tn even a sltghtly different

' fashtor_, the magnet!mustbe retrained. Thus wecan test thetnfluence for additional l-m models of SSC
of changes on tratntng without having to build completely new collider quadrupoles has diminished.
magnet parts for each test. We now build l-m quadrtlpole models

The SSC is planning to use _:ondtttontng if necessary. However, only to find the answers to specific
our unconditioned SSC collider quadrupole prototypes have recently technical questions from the SSC
been consistently reaching the field strengths required by the SSC Laboratory and are c(mcentrating our
after, at most, one or two quenches. Full-length dipole prototypes SSC-quadrupole efforts on the 5-m
built at Brookhaven National Laboratory and Fermilab (a different prototypes. Our own program of non- '
designwith20% lowercurrentdensity)haverecentlyachievedtheir SSC magnet researchisperl'(wmed

design current without quenching at all. ' mainly with short dipoles, though,
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In keeping with tile highly applied nature of tile SSC prilgram, quallly
a_stlrance and quality cuntrol are carried to great length_, The emphasis
bt,glll_, in engineering, where we strive til create designs and Fwocedures thai
reduce the need for sktlh.,d craftsmanship and the varlabtllLy Ii entails,
I'rectslun touiii.u I,, anuther key feature, CotN are v¢otlnd to a ullit:{_rrnlty uf
+ (),()(}1to (),()()/5 inch (azimuthal) iwer the 5-m length iii" each magnet, and
similar degrees of reproducibility t:rom unc, magnet tu another art, _tmght,
Each of tl_emajor mantlfacturlng fixtures--the molding, collaring, skinning,
and yol,dng pre.,ases--ts built tu close tolerances, an,;I automated, numerically
c(mtrolled prucesses are used whenever possible, 'I ht, result is a final assem-
bly {hat is true, to within ± 0,005 Inch in straightness and + 0,25 mtlllracltan tn
twist,

l:iash coil is measured at 20 locations along its length, using a semi-
automated, numerirally controlh_,d measuring machine, l;qgurc, h-3 ts a
typical pl,_t of the axlmuthal stzc, variation of the two sides era 5-m
quadrupoh.,'s inner winding, The measuremerlts were rnade with an azt-
mutllal load (if 1()()0(} psi, applied by the measurtrlg machine, The small
variations are similar for all coils made wtth the same tooling, arid are well
wit lain the quality requtrernents for SSC magnets,

lVleasurement and dt_curnerltatttm are also tmpt_rtant factors in quality,
liiach magnet is made according to standard procedures and ts accornlganied
by a lugbtlok where some 1000 electrical and naechanlcal rneasuremerlts are
recorded, This kind of int:ormation will build a knowledge base o1:normal
readings and critical parameters that will be useful during rnass productitm
of these highly precise magnets,

8

+ t
7 Pole side

6 Exit side

v
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Figure 6-3, Thts plot show_ tl_e

1 azimuthal size variation of one
side of a 5-m quadrupole's inner

winding under ,ataazlnluthal load
, of 10 Ill)O psi, The sn]ali varhlthlns

O --'1......... I I I 1 I I I I I I I 1 I' I I I 1 I 1
are slnltJ,lr for ali coils Illade wlih

1 5 10 15 20 tile Sdllle tooltng and ,ire well

Coli Position within the quallly reqtllreinellls
for ,£,£C illa/411ets,
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Ad ranted "reHln(_logy l)evul_q_ment

Advance(.t Altlamgh fi(Jal-c_rieJlleddeveh_pmeJltwork li_r /he SSC Ms llmHiJmted(_llr actiHties

Techrlol ogy iii n'cellt years, _l,ehave c(_llthllled hl illvesligate other aspecls (q'sut,ercmahMillg.-ma,_,,lletsciencearal h'chm_h_fiy,?"h_'fimlinfis mill l_, n,h'_,mfl h_acceh'rah,'s _Jther
Development than the SSCmid h_sutJt'rcmtdllctill,_-.magnt't tqJplicali(ms tflher thmt acceh'riltm's,

Theseeff(Jrlsals() repn'seJlt theuteri' _![(mr I_ro,qrmu,asmir SSC w_)rkMs
reacheda climax amt will ntml_dowlt as t/le nla_,_neth,(l'hlloh_,v,y is tmlzsferred alat
iJrivah ' iJuhlstry berlin,; masspn_ducli_}ll, (.)ur f_ltun' din,ctimls include specidty
magnets such as illh'ract i(,_-.n',k,i_m ti _rusin,k'qua_Irup(des ./i_rc_dliders;advm_cesi_l
cabh'makiltg amt i_ sut_erco_ahtclin/_-.nuzterials R&l-); met m_,v,oi_tfi_l"fm'lst(_build
n/agllets t/lilt arc S/l'ollg('l', IllOl'(' I'{'[i(l[lh', fllld ('(I,qh.T lo (lsS('/llbld,

High-Field Test 'ro advance the state of the art in magnets and to support our development

Magl_ets of superctmducting cables and of machines to make them, we build experi-
mental magnets comparable in size and shape to th¢)se actually used in
accelerators, One ¢)f the latest is D1% a high-field dipole which is closer in
design to an accelerator magnet than was the earlier DI6B1, which it superfi-
cially resembles. D19, shown in l:;igure 6-4 in an early stage of assembly, uses
the sa rne niobi u rn-tita niLIIn cable as the SSC dipole magnets. ! lowever,
because the design is more efficient, we can operate it at 5800 A, as opposed
to the 650() A that an earlier design such as the SSC collider dipoles would
require for the same fMd.* The cross secti(m in Figure 6-4 reveals the
n(mcircular inner profile of the iron yoke. This shape maximize,_ the rnag-
netic-field c()ntributit)r_ ()f the iron while keeping high-field saturation effects
down to manageable levels.

Figure 6-4, 1)lpole I)19, shown here at an early, partial stage of assembly, is similar in
overall configuration to a magnet for the SSC, but is actually an advanced experimental

unit designed to achieve fields of 1(1T, very high for this type of magnet, The design is : _i......" "; .... j

more efficient than that of the SSC magnets because of the nonclrcular inner profile of : : ..... I _

the iron yoke, This shape maximizes the magnetic-flelct contribution of the iron while ; Gap'_,l _AI spacer _:::,/
keeping high-field saturation effects down to manageable levels, Another interesting /

feature l,i the vertically split iron yoke with aluminum-alloy spacers between the i.i! Vertically/,_._ _iti,\ t'_
halves, The spacers maintain a predetermined gap between the halves at room i{ split J_ _Jl\ _t '
temperature but allows them to shrink together tightly at cryogenic temperatures, This iron \_1,_.._/.__ 'II :'

maintains the high compressive load on the coils and prevents the windings from yoke "_l_ _'_y "- Collar J

shrinking faster than the iron yoke during cooldown. Such differential contraction / LI helium /
would relieve the compression of the windings and thus undo the "training" process . passage ./., .

that allows the ultimate magnetic field to be reached, i I !. :;:::.

i i!!:'I,'7: XBL9112-6875
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Another advanced ma<e,net, 1)2(),tlSC,Sniobium-tin Stlpercclndtlctttr, In its
finished ft)Fill, capable of Stlpercclndtlctix, ity,,, nitlbitinl-tin is illl_lCll ill(we brittle
that the wMely tised niobium-titaniun] and cal]rtt)t be wt)tllld into cable. Instead,
cable contai.,,Ringthe ingi'ediellis is lvtKIIld tmto I'i]agl'let t:tirrrlsalld then heated
to 700<'C tc>irl01<,eits ingreclic'llts react (which also c,mbrittlos it). Ali of these, ,

high-field magnets tlse Stlperct)l]CitlctOl'Seither t;hall rlic,biunl-tit:ariiurrl thai
reqtlil'e similar heating after winding; tilel'eftlre, the techniques developed for
1)20 will oe laet_ded for t:tll'tlltW R&I) using any ot: t;he high-field n,.aterials. I)2(),
now being fabricated, is meant t¢_push the capabilities of our t-echnoh_gy, with a
goal of 13 T at a temperature oi:1.8 K, whereas a predecessor, 191(_BI, was
designed for a maxinlum field of 9.5 T, which it hns achieved.

A longtime goal of our supercot_dtlctor R&D program has been to develop Cable and Cabling-
improved techniques and tooling for the fabrication of Rutherford-style Machine Development
cable, The R&D cabling machine we developed to meet the needs of the SSC,
arid which is now available in a commercial version, continues to serve our

R&I) needs, In 1991 we upgraded it with a new spool and q.urk s-hc.ad
(Figure. 6-5) so that it could fabricate cables with as many as 48 strands of

Figure 6-5. The R&D cabling machine, originally a proto-

type for an SSC cabling machitle that is now com-mercially
available, remains an important tool in our magnet-
experimentation program. With recent improvements,

including the new Turk's-head (h'ft) and spool (below), it
can weave high-quality cables with as many as 48 strands

of superconducting wire. Also shown is a close-up of a
typical piece of "Rutherford-style" cable. Thousands of

fine filaments, made of superconductor such as niobium-
titanium in a copper matrix, are braided into strands of
wire, which are then formed into a flattened, keystoned

cable in the cabling machine.

CBB 915-3356
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Advanced Technology Development

superconducting wire. With this new equipment, we have been able to
fabricate cables that are 30% wider and contain 259_ more strands than the

cable we developed in the late 1980s for the SSC dipole magnets. In addition
to furthering cable rnanufacturing, this upgrade will provide our magnet

designers with additional flexibility in their choice of superconducting
materials and cable designs.

The easy in-house availability of this machine, along with the expert
assistance of its operators, has also paved the way for innovative materials
experiments. We recently made a 48-strand cable out of niobium-tin wire
that was reacted after cabling to form it into a superconductor. Britt' _ness

makes Nb3Sn much more challenging to work with than NbTi, but it offers
great opportunities for future high-field magnets. (Superconducting magnets
retain the desired electrical properties only up to a certain critical current;
above that level, thev regress to ordinary conduction. Current density,

' temperature, and magnetic field interact in this regard; the superconducting

regime is often graphed along three axes and referred to as the "J_, Tc , Bc
surface." Critical field and temperature can be limited by fundamental
phenomena; critical current can be affected significantly by fabrication
processes.) Recent tests indicated very good results, and our magnet design-
ers are now using this cable in their efforts to design a high-field dipole
magnet.

Materials Development As we look toward the future of superconducting-magnet development, we
realize that materials-science research plays a key role in achieving higher,
more-uniform, and more-predictable magnetic fields. A promising recent

line of inquiry involves the "artificial pinning center" (APC) concept. In APC
superconductors, the random distribution of pinning centers, which ordi-
narily arise from precipitation, is replaced with a more-precise distribution
that matches the magnetic fluxoid lattice for a given field strength.

A fluxoid is the site of one quantum of magnetic effect, and may be

thought of as the piace where a line of magnetic flux penetrates the super-
conducting wire. Ordinarily, fluxoids can move through the superconductor
in response to an applied magnetic field, and energy is dissipated. In artifi-
cial flux pinning, a material (niobium in the case of our niobium-titanium
wire) is introduced as a normal-conducting phase in the superconducting
material. The flux lines are localized to these regions. Artificial flux pinning

allows some measure of control over the final microstructure of the super-
conducting material_an intrinsic characteristic that cannot be altered by the
way the superconducting material is formed into wires. (The significant
intrinsic factors are filament microstructure and composition. Extrinsic
factors, such as the cross-sectional area, integrity, and uniformity of the
superconductor, are also important.)

The ultimate application of this research is to enable the fabrication of
multi filamentary superconducting w_re that has higher critical-current
density (Jt) and is more economical to Fr.,_duce. We are examining niobium
distribution and pinning strength as key intrinsic factors that may offer
opportunities for further understanding and progress. We are als() working
with :_everal industrial companies on ways of producing APC superconduc-
tor bv the strictly mechanical means of cold-working, rather than the time-
consun_ing and expensive heat-treatment technique that is pres_mtly used.
Figure 6-6 shows the microscopic structure of samples produced by this new
technique.



SU PERCON I) LICT IN G M AC;N li!TS

XBB 9]6-454B

Figure 6-6. Scanning electron micrographs of filaments of artificially pinned NbTi

superconductor show differences between hot-extruded wire (4, alun,e centerl and bundle-
XBB0_0-86:_ and-draw wire (B, above right). Recently, in conjunction with i,BI, Supercon, inc., has

improved upon the bundle-and-draw techniqt!e. Details of a sample of their new APC
material are shown at h'ft. The dark areas are the normal-conducting substances, including
the pinning centers; the white ones are NbTi superconductor. Note the nonrandomness of
the pinning centers even at the nanometer scale.

The solenoid shown in Figttre 6-7 allowed a simple [est of
this wire; it has achieved an 8-T magnetic field across its 45-
mm bore diameter. The solen_fid was built with NbTi APC

wire made by Superc_m, lhc., under contract to LBl.. The 8-T
field has been achieved not only in a con':nually driven mode, /

but also in a persistent-current mode. In persistent-current
mode, the c()il is cut off from the power supply after being
energized and the leads are shorted with a piece of supercon-
ductor, so a supercurrent circulates throt_gh it almost indefi-
nitely. (This effect should not be confused with the undesirable,
small-scale persistent eddy currents that can occur when the
field strength is varied at low fieM and current.} This test

pr_)\,ides nn important confirmation of the uniformity of the
APC wire. As a result of this successful demonstration, we _,,,

have ordered en_mgh of the APC wire to fabricate cable and

build a l-m-long dipole that will give us further information _m
the performance, reliability, and cost-effectiveness of this type
of material.

Figure 6-7. This 8-T solenoid was built as a .qmple test of the new wire

from Supercon, inc., shown in Figure 6-6. Te_,.',_ with persistenl current

(continuing circulati(m of a current after lhc power supply was a Tesla.45 mm BoreSolenoid

disconnected) provided an important confirmation of the uniformity of the Me_o_: S,0e,_o_APe B,_e__S_7._.PH
APC wire, As a result of this successful demonstration, we have ordered Jub,a_. I_o_

enough of the AI'(? wire to fabricate cable and build a l-na-lo;ag dipole thai ..... ,......;.................

will give us further information on the performance, reliability, and coM- i2-'.'?,_._Z_Z_.Z._.2_,!_._..'._'.d',tY?'_'d!7....
effectiveness of this type of material, cl3n _0 _m:_,_
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BEVALAC
OPERATIONS

ASTI,_ONALJ'IS ON I,ON(I MISSIONS 13EYOND I-'+'ARTII'S MA(INET1C

field will be exposed to cosmic rays to atl extent whosu effects are unknown, As

we plan for tile phaseout of the 13evalac's nuclear-science program sometime in
tile mid-1990s, other researchers are poised t(_use it in support of future space
exploration, building a data base on the biological and physical effects of heavy
ions,

Meanwhile, the 13evalac, guided by its advisory committees (Tables 7-1
and 7-2), continues its traditional mission of serving nuclear science, radia-

tion biology, and clinical radiation treatment, A major effort to prepare for

the early-199] DOE Tiger Team inspection has left it in a strong position both
physically and procedurally, Management formalisms, employee attitudes,
and facility and equipment improvements combine to ensure protection of
safety, health, and envirtmmental quality,
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I. I+"tt_'vit/'+ M,I<, Ifitkin_'-,un +' (.;,1", I larlh'v ++ I]. M_,ldt,0fl+at.,u'" (,R, '+;i_,ut_ I'. Ihflhwk',

I<,1.. I'lM.'t '++ I'Ll.. I.).lv" I, Ih's_t.h'r_,tuf ' I'..g, Pvlulh,_" k,ll, !-,ihh,r" .'-,. I:ujimtH,_

l, IU'.luq +++ l,l<. Itt_u+.ht.rty" I( I lt,n_,t_u+'+ M. N,hmrtw ILl' 5+hLvh'+ (, (;,udum,_

_,,l l{t,lt.hh_ ++ I,_, l)wint'll ++ I) l lt)w,.d" I) _,h)rli,d' l.. _..,!.-.v,.l,_ K,I,. William++ `
I'.M, lh,v.'_'ll ,_ M. Mttlri+,(.x" I< +-,t,lt'ti_,t,n'+''

• l_],+llt 111+',llIH'l ii U"dlld ( (Hl'.tl'tlt titHi ,illtl Nlailllt'lhlil+ t' I )t'pal'tlltt'lil'.

" I i;y,mt,,,riui:,,+ I>i_,_,i_,+;

' J<t,.,t,,u'_ h '\h,tlh ilu, atm l<,_uli,Hittll l+i,,h_),,v l)l_,'i,+It,l_

" _'(tlt h,,u _,, i,,n, r I )i_ i.it.+

"' I IH_, t,l,_llt, _1 I. ,I]ih+l'hia t,l_,t_(' _+_it'l+tt'_ I.,ll+,+l,_t_l",'
I<_'tiH'd
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BI_VALAC OI'I.:_RATIONS

A prt)tt)n-tht, rapy project being c()nsid(:red by tile University t)f Califor-
ilia at Davis would also draw heavily up(m the b_)dy t)[ expertise ass_)ciatc, d
with the Bevalac. The acceluratt)r, built at their cancer center in Sacramc, nt(),

would be designed in a ct)operative effort invt)lving ()vvrsight from I,BI,
scientists and engineers and strong industrial participation.

Table 7-1. Program Advisory Committees (PACs) for 1990 and 1991. These panels of experts
..................................................................................................................... recommend beamltme allocalions,
Bevalac Nuch'ar Science PAC The LBL scienttl ic director of each

.1.Carr()ll, Ur_ivursitv tri Calif(_rrfia at l.,os ,,\l_geles, users' reprc, senhltive" program may ali _cate about 10';_
S. Datz, Oak Ridge National I_aboratorv of the beamttme cn a
B. Feinberg, I_BI, t_perations manager discretionary basis.
C. ¢;elbke, N,lichigar_ State University
F. (;_ddhaber, State University of New York at St(my I-tr(_ok
M. (;yulassy, I,BI, _
W. l-tenning, GSI, l)armstadt, (;ermanv
G. Krebs, 1,t:I1..research coordinator

F. I.othrcq._, I.BL sclwduling ct_ordinator
I'.McMal_an, I.BI.executive secretary
t:. lqasil, Oak Ridge National Laboratory

R, Scharenberg, Notre I)ame University, users' representative"
I., Scllr_t, der, IA_,I.,scientific director
V. Viola, Indiana University, chair

Bevalac Biomedical PAC

S.I, Adulstein, liarvard Medical Scht_ul, chair

Eluam_r A. t:Hakel\,, I.BI., deputy executive secretary
.I,1),Claapman, Crt_ss Cancer Institute
Williarn 'I'. C he, I_BL, executive secretary

Ed_vard R. Epp, Massachusetts General Hospital
B. Fuinb,:.rg, I:_evalac operations manager (('x (q}ici(O
R{_bert J Michael Fry, Oak Ridge Nail(real l_ab(_ratorv
l)avid J. Grdina, Arg_mne National l.ab_ratc,'y
G.F. Krc,bs, Bevalac research co_rdinattu" (('x (q.'fl('i(_)

Robert E. Krisch, U,fiversity of I'enllsvlvania
Arnv Krtmenberg, LBl.

F. l,oth,'(_p, I..BI..,scheduling c_ordinat(_r
BernhaM l.udewigt, IA_l.,,bi_m'ledical experiment liaison
l_estur J. Peters, University of Texas Svstern Cancer (_'enter

Table 7-2, Nuclear Science Users' Association Executive Committees for 1990
and 1991.

W. Bc,ncnstm, Michigan State University t
I'. Brady, University c_fCalif¢_rnia at l)avis

J. (Mrr(til, University (_fCalif(_rnia at lx_s Angelus, lt;OI chair t
S.Y. Furlg, University td: CaliftnTlia at l_,iverside
R. Niaduv, Kent State Univur,,itv t
N,I.McMahan, [A_I., executive secretary
19. ()lson, 1.t"112

R. Scharenbvrg, Nc_tru l.)ame University, chair-elect
1..Schr(wdc, r, I.BI., scientific director

K. "l'_,th, Oak 14idgc, Natitmal I.ab(_ratt_rv
1t. Wiuman, I.BI.

............................................................................................................................................................

Ik.gJnllJnk_in ICl91.
t I hr(,_gh It/t)(I.
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Ac'celeraI_r'l'uchm_lugyand ()peraIi_m._Summary

Accelerator A sleady l,r_Nram oI' lech_M_gy Ul,grades,_'oml,h.'_lwith h_Is_e.rl_criel.'eal eflMenl

• _ , , _yT'-'cl111010'_'"and schedulill g alnt with coJtlinlml/'ilu' ttlltillg c!t'operatiu_ procedures, has/MI,cd theBe_,alac staff oven'omc a Iollg-lerm tn'lul cq decreasilly, Imd,_cts {'ml]ded _l,it/I
Operations i:qhltiolulry crosioll, Budget restrictic,Jls I_rouxht the Bcvahw chrcl,llI_ 368!-)h_tlrs o[

S tlnlnlary CXl_rrimelthll bcamtime ilt 1990,/idhr_ued by 2975 hours i, 1991, aftct thn'_' _'mlscctl-
live years 01ren_rd-brcaki_lg, 40(lO-hoist-pills _lWralio_l.

1990 and 1991 Many factors affect beam delivery, including scheduled and unscheduled

Perforn_al_ce Statistics shutdowns fur maintenance, usage for machine studies and tuning, and
seasonal fluctuations in the cost and availability of electricity (traditionally,
the facility shuts down during part of the sumrner). Despite these variation,%
there have been steady improvements.

The physical sciences_mostly nuclear physics--continued t_}use about
two-thirds of the experimental beamtirne at the Bevalac. The life sciences,
comprising radiotherapy research and basic radiobiology and radiation
biophysics studies, accounted for the rest. Table 7-3 summarizes the year's
operating statistics and compares them to figures for past years and prujec-
tions for the future.

Table 7-3, Operating summary by fiscal year.

1990 1991 1992 1993

actual actual projected projected

Bevalac Operation {hours)
Research 3689 2975 2811[] 28011
Machine Studies 243 225 187 187

Tuning 987 706 653 h5_,3.

Tohfl Ol_eraliou 49'19 3906 3640 3640

Unscheduled maintenance 671 459 535 535
Scheduled shutd{}wns 317{} 4395 46[}9 46{}9

Total Downtime 3841 4854 5184 5184

Beam Use for Research (hours)*
Nuclear Science 2535 2034 1867 1867
Life Sciences 1153 941 933 933

Su per HILAC' 728 400 0 0
Total 4416 3375 2800 28()0

Nu tuber ot:nuclea r-science

experirnents receiving beam 25 6 12 12
Number of participating scientists 189 64 64 64

Institutions represented
Universities 33 15 18 18
National laboratories 5 3 5 5
C)ther 7 2 3 3
Total 45 20 26 26

Use of Beamtime (%)
In-hou se sta ff 50 50 50 50
Universities 35 35 35 35
DOE national laboratories 5 5 5 5
Other institutitms 1() I [} 1(1 1()

• Tht,se figurt, s includu theSupurl III.AC parasitic pre,gramand therefln'emav t,xcuedthe
research bc,amtinw rt,pt.'ted for theBevalacalone,
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BEVALAC (91:'EI_,ATI()NS

The Bevalac (Figure 7-1)has an ongoing pr(_gram (_1:technultGy upgrades Facility lgevelopnlent
designed to inc,'ease efficiency, improve user service, and ellsuI'e safety, A f'r()jects
multiyear project to modernize the Bevalac's control systems and extend
moderll computer systems throughout the facility saw additiona ! ]:_rogress ill
19c-)0and I_-)c-)l,The computer ctmtrol system has been extended t_ the I(_cal
injector's rf system and drift-tube-magnet puwer supplies and to the beam
transport and diagnostic devices in ali bearnltlws, Conversiun from the

obsolete ModComp computer control system t_ the new system, which is
based on networked Sun workstations, also progressed.

au r 19t)1 accelerator-tmprovenaent projects were directed toward
moderrlizing the power-distribution system in the beamline areas and
bringing it up to today's standards, Another significant irnprovemer_t,

Figure 7-1, The Bevatron, a synchrotrun,
accelerates beams from either It_ local Injector

or tl_e SuperHILAC heavy-bin linear

accelerah)r, The dotted lines In the pMure

show the beam path from the SuperHII,AC

through the Bevatron, The SuperHli.,AC,

which has three complementary ion sources, is

used when higher energies and heavier lans are

needed, as in mt)st t)f the nuclear-physle_

programs. The beams are delivered h_ a variety
of users in the li×ternal Particle Beam hall. The

faint dashed lines In tl_e drawing correspond t()
the circular and rectangular buildings shown in
lh(: photograph, l'he varit)us experimental

areas are separated by a "maze" tfr shielding
blocks.

XBB 7BB.4673a
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Supp¢_rtfearSpace Expl¢.'ali¢,n

planned fl_r 19q2, will ratse the nlaxlnmm "flat-ttqY' time t_t the Inain guide-
field magnet's power supply, and thervfore the maxtmtlm beam spill time,
from 1 second to as much as 4 ¢_r5 seconds. This ph@ctrequires R&I.) ti_r
new rneasures to stabilize the magnetic field and t_ substantially reduce
power-supply ripple. This will allow the Bevalac t¢_greatly increase the
overall duty cycle, thus providing service that better matches t_,.lav's empha-
sis on high-statistics investigatkms rather than survey experiments,

Improvements to the control of the main guide-field magnet als¢_yielded
advantages to the users, After a prolonged search for proper correctitms t¢_

the field shape at the very low field (abtmt 25(I gauss)'used at injection, we
have achieved very good proton intensities, being able to deliver ab_mt 10I"

particles per second,
In recent months, equipment refinements aimed at imprcwing the optical

quality ofextracted beams have been getting under way, Major g(_als are _o
reduce beam halo (thus cutting the rate of unwanted backgrtmnd events) and

to provide feedback instrumerltatior_ to aid precision tunings f(.}rspecific
targets,

Support for Space 'rb,, Be-c,ala'presellts ultiqt,' oppvrtHJtities to NASA becattse its elwrgetic I,[.'ll_lls[).l'
• heavy ions captrealistically simulate }H[].qt()f the cvsmic-ray ,q]JPCII'IIIII iii a lal_l,rat¢_ry

Exp lorati on .._,i,,,.me.I, NASA has taken advaHlage of this capalqlily.h_r many years I,!/

coHducting materials sltldies, calil,'ating detectors, alat per lbrmiHy, basic s/ace-
science research, hz support of ma_tm'd plam'tary missis,Is Iwymnt the maglteto-
sphere, the program would be expaJnh,d En'ally ilttv three mai_t areas:

• Radiatiopt lliolo_.,!l, stt.tyilt A'the effects qfht'ar,y-ic.t irradiath.t o_lcell tllltltres
and aHimals,

• Materials scie_we, characlerizin% tlw efJi'cti_,e_a'ss_!fshMdiu,k, materials amt the
radiation resista_tce _( equipntent.

• Space physics, a basic-scie_lce a,ndlary _.f themm_wd-missioH research, seekiHg
to _mh'rstmld the i_teractio_ts {q'cosmic rays with, li,r examt_h', i_h'rstellar Nas
chmds,

This Iron' and applied researchl,l_ihts _a,t only up_mthe h'ch;tical cal,_l,ililil's of the
Bevalac.but a/so upon its existing researchi_ro_n-_nt.

NASA arid the Bevalac Under this proposal as it currently stands, NASA w_,uld significantly
increase its current low level of Bevalac usage beginning in fiscal year 19¢-t3,

sponsoring additional operation on nights and weekends dtlring the 22
weeks per ),uar in which the Bevalac is used s(dc.,Iv f(_l'the therapy pr(_gram,
The total NASA pre,gram would ramp up from its current level _f ab_mt 3{)()

hours (_fresearch beamtime per )'uar t_ lO(}()-plus h_mrs. Meanwhile, the
current nuclear-science and biomedical progran_s would c_mtinue,

After FY 1994, NASA-supported research w_mld c(_rnprise the ,_ntire base
pr¢_grarn at the Bevalac, Other agencies might purchase additi¢mal beamtime,
lt is likely that some present users (d the facility, fr¢m_ l.BI. and elsewl_er,.,,
w¢mlcl be among the scientists pnq._¢Mng research within the NASA pr¢_-
gram, "Fhe secti_m (m "Bi¢m_edical I,k,search," presented later in this t haptt,r,
gives furtlaer details on the stmae _f lhr,st., l'est.'ilrth challenges a,_s¢_ciated with
space exphI_rati(m,
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I_IiVAI,A(I (+)I'I!I,_A'II()NS

The tes_'CqaccHt'rate+li,,tl l,eamsI_,n'ach luna,rs l,'ecisHy in lhm' dinle_l.@,Is is ]"roton M ed ica l
decl,ly rc,_l+',lirl dle hisl_,'y <q'I.I_I+.[)_,er liJtlr tIll_la Ml] decades,nlcli¢_ll.,eral,ywilh Accelerator
la'at,y, cMrk,e_ll,arlich's has lwc_me _lq&'l.I/acc+'ph'dIbr lhc lrt'cllllli'lll _filll _'Pi'l'-

illcr_'l/._illk'_'at'h't.I/<q'Iltlla_rs, Mean_l,hih', 1,1_1.ac('Her.h.' scieHtistsalld their life-
sl'h'll,,'esc<dlea,k,ue,,4hm,eI,ee_lthinki_lk, .fr(ml time h, time _ll,_tttst,eculI.Jmrl_,._e
acceh'ral_.'sdcdicah'_lh, me_lical t_sc,IV_m,th+'s_'two,li_ws_!Ii_alltirY .n, c_mti_k,
t_b.,et/l_'ri_ a l.'_,t+,_-tllcmt,y i_litiati_,e phlune_tlhr the Lh_i_,crsily_qCMil;.'_i. at
l)m',is CAiH_erCenter, h,cah'_li_ S.cn_meltto, This .liM/iiy, h_ I_' Imilt with tMz,.h'ly
nlisc, I .l'_l_als,zl,ill I,_'thesec_m_l_h'dic_lh'+t,la_sl,ihlI-Ms_'_l,cli_lical clutr,v,cdq,artich,
In'atmcnt hMlity ill tla, worhl, lblhmqny, IIi(' lead _q'the I.imla I,i_ahl Lhliversity
A4e+licMCo,tier.

The Davis facility--ft.'really, the University t_f Califurnla at Davis lh'utero The Davis Initiative
Tlwrapy Center--will bf, a 25()-MEV pruttm acceleratur optimized l:¢_t'mud f-

oal treatment, Specificatiuns and desigr_ decisions fl,r the Davis facility are
being developed with the aid (_f grants from the National Cancer lrtstitute,

Irt Its)el, under the first-year grant, art analysis _,f the current state of
tecl_noh_gies applicable to l:_r(_t(,ntherapy was cornpleted. The synchrt,tr(m
emerged as the leading candidate, with a conventional (that ts, n(m-super-

ctmdt_cting) cyclotr_m as tacl(.se rt_nrwr-up. (l'r(_ttm therapy ts currently
performed (_r planlaed wt,'ldwlcle at more than a clt_zer_aci, eleratt,'s, ali uf
which are cvclotrtms and synchrotrt,ns.) Speciftcathms for accelerat(u'
perftwn_ance have been devehq:,ed, and ct_rnparls(ms hove been made orating
the variotls techniques fur creating large radtatitm fields suitable ft,r therapy,
;lltm..q with ist,centric gantry delivery uf the beam.

The secund year t_t NCI fundirtg is being used to address a specific design
h>r the IDavis mite.The l:'rt_ttm Therapy l::acility, tr} be located in a new strLlcture
adjoining the recently cornlgleted Cancer Center, is currently er_vtsioned as a
25()-MEV l:,rt,ttm accelerat(_r, probably a syr_chn_tron, delivering beam to three
treatment rt_(_lt_s,t_'+'t_t_f which art. equipped with rotary gantries capable _f
bringing the treatment beam il_t_ a supine patler_t frcm+_any angle. Several
specific areas are being addressed in this segrnent of the pr(}ject:

• Detailed specificati(ms ftu' ali parameters t,f both technical and ctmven-
ti_mal facilities.

• C(mceptual designs ctwering ali elements (,f the prtqect.

• C<_st estimates to provide fund-raising targets ft)r UC-Davis.

• Techrtical issues identified ft'(_rn the tq._erati(m t)f the l+tmm IJnda facility,

as well as ()ther rnedical charged-particle pr()grams art)und the w(,'ld.
'Fhese are recently identified pr(_blerns that prevent the full irnplementa-
ti(,n (.f marry (_fthe recent inn()vati(ms in beam delivery. By s(_lvtng ,ht:su
prt,blerns, true "sucond-generati_+m" perf(_rrnance can be ()brained at the
I)avis facility.

Ck_se c(41ab()rati(m with industry is planrwd thr(mglu,ut this pt)rtttm (_fthe
prtqect. Ctmceptual designs and ct_st estimates will be perttwrned by the
private sectt)r (race the Oetailed specificatl(ms have been devehq:_ed', "l'he
technical issues will alst, be addressc, cl primarily by industry, with assistance
fr()m LBl+, ()rw ()f the principal gr)als (,f this ph)tess is t() transfer techn¢,lt_gy
to industry, as advanced s,¢sterns f(>rcharged-particle therapy c()uld eventtl-
ally emerge as a sigr_ificant market,

7-1)



NI.lt'it'd r ,SCiVllCt,

Nuclear Science The l_c_,dac':;d_ility I_ t_nmidebeams{,f the hea_,iesl_q icru.,itr Ila' (;eV/nuc'h'_,l
ntHX,egig,esii a uHiqltc n@ iii the ( I,.q,plltch'ar-sciem'e i_n_,_ranl,'l'he ttlllic'ip_lte_l
l,hase_ttl _q'thel_n_y,ram ill the mid-19!)f)s has h'cl resean'hersh_n,la'eJIlrah' ul,_m lhc
eXl,erimeltls IMI _'_lJll,r_,_,hh'lhc ale,sl-decisiven'sulls itr lhc n'maiJlilt,,_years, 'l'he.tl
areIbcl_dng ul_c,t lhc sludy _!fexlrcmc n,lcliliotts hl i_a'h'_r m_iller, llI_' lherm_ly-.
lflllllh' fllld Iransl_orl l_r_l_erlies_q"llllCh'llr mailer, allil I/le llllt'Ii'lll' cqllalh_ll _,fslah'
(l_(kg), The l,'omiuenl adlh'_,e,u'ul._'qf I 9_._I_and I 997 indude imporlanl m"a,dala
from lhc Dilepl_ Slwlromelcr _ual lhc _m,,?_d_Igl_rel_aralh_ _q'_I7'imr l'roiecli_,_
ChanIl,er,

Ees Studies and the The rtlnntng theme of tile Bevalac's nuclear science prr)gram has been tile

Time Projection l.m_ductl_,nand examinatl_m t_l extrt, rnu ctmdltltms iii nuclear matter. Early
Chamber Bevalac experiments, using the Streamer C han_ber and Plastic Ball detectt.'s,

established that central ¢olltsiuns' between nucM c{.itlld create high tempera-
tures (5(M(1() MeV) and high densities (two to four times nurrnal). The first
evidence for "collective flw/v" tn nuclear matter was (_btatned in these

experiments. Such studies reveal the thermtldynarnlc and transp_rt prol:_er-
ties of nuclear matter, and thus the equation of state (17.OS),as described tn
the sldebar.

The experimental t)bservables of tile Ees are m)w clear; they include, ft)r

example, the dependence of "collective flow" on fi'agment mass, as wc.ll as the
correlation ()f fl(_w with reaction plane, etc, l_xpertmenters have h_und that the
heavier reaction fragments appear lt; fly away from tile reacittm at ilia azimuthal

angle closer to the reaction plane than cit)lighter fragments, l_'urthermt.'e, the in-
plane fk_w momenta t_fheavier fragments are significantly larger. I N_wever, the
effective compressibility (_fnuclear matter remains uncertain t() within a fact()r
of 2, s(_ch'arlv a consensus or| the f_rrn _.f the I",OShas m_t been reached. What is

required Is a 4n detector capable ()f analyzing ali tilt. particles produced tn a
central collision between the heaviest nuclei. At the same time, this detects."

nltlst be able to collect a large statistical sample of such events and study them
on an event-by-event basis. At tile Bevalac, this next-generatt(m detector will be
the Ees TPC (time pr{ijectitm ch,amber),

The E()S Ti_C (I;'tgure 7-2), installed and underg(flng tests and electronics
c(m_pletion, is an electnmtc 4n cletect(.' that fits inside the I ieavy ltm Super-
conducting Spedrumeter (IIlSS) nlag, ne{, The EC)S TI"C is designed fl)r full- .
s_ilicl-angle c(_verage, hence tile tern_ "4rt." lt will be abh. t{_identify and
analyze tilt! m(m_enta {_fmtist i_f tile 2()(1or s_ mid-rapMity charged particles
(mostly prottms, deuterium and tritium nuclei, _lle and '11le nucM, and pi
flieS(IllS) that are pr(_duced when heavy nuclei such as g_ld c_llide at Bevalac
energies. In the I ilSS dip(_le, its functitms will be complemented by a variety
of existing detectors.

Nuclear multifi'agmerltatitm ',viii be studied thrimgh excitlsive experi-
ments (that is, experiments that ct_ nt)t acc_mnt "inclusively" ft,' ali partich.,s
and phen(m-_ena) using the technique _f reverse kinematics, "rhis wt_rk will
inv(_lve heavv beams stlch as krypt(m, lanthanum, and gt_ld up(m lighter
targets such as beryllitlm and carNm, i:l(_w effvcts will be studied as a
ftlllcli(in (if mass and ellergy, and {flhc, r t,xperinlt,nts bellow 2(1()Ml.!V/n will

' { i,nlral, hv,ill-lin ll,lli<,i_.l_, ,I,, _,pt.,<.l'll ii, "l;r,iziilj<,," {lr i,t,ril_lu,r,iI _lllli<,i_m<,.
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Figure 7-2, The l,_quatlon of State Time Projection Chamber

(F,OS TI'C) will play a key role in opthnlzlng scientific progress

during the remaining years of tile Bevalac nuclear-science
program, The detector system was tested in scaled prototype
form in 1988 and Installed In 1991; lt Is scheduled to come fully
on-line early In 1992, The TPC, a full-solid-angle detector in the
t-leavy Ion Superconducting Spectrometer (HISS) magnet, wtll

be able to Identify and analyze the momenta of most of the 200
or so mid-rapidity charged particles (mostly protons, deuterium

and tritium nuclei, ._Fle and 'q-le nuclei, and pi mesons) thai are
produced when heavy nuclei such as those of gold collide at

Ilevalac energies, Here an Illustration of the I,.;OS TI'C concept

Is showrl alongsh:le part of the apparatus (top h,ft) and a
computer-modeled result of a simulated 800-MeV Au + Au
central collision,

search It_r thc,ir clt,c'rt,as_.,and presumed c,vt.,ntual clisappuarance as incidc, nt-
I:,'t_jt'cttl_'__,n_.,r_ycit,crease,s, li×pertnac, ntal t,peratiorls will begin in 1qg2, with
I(1()()Ilt)Ul'St)t bt.,amtirnt, ,ll313r()vc,cl h,' these, initial C,Xl3eVtmc,ats, and will

conlilltl_, until th_, tc,rmillatit,n _t' the nucle,lr-sclc, ncc, i._rograrn at fiat, I'levalac,
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Pumping and Compressing tile Nuclear Fluid
Some of the effects of nuclear collisions are rather exotic, as
are the means of observation, However, lnany of the effects
are analogous, in considerable detail, to phenomena one sees
in everyday, macroscopic matter, (An example of such
behavior is collective flow, which was first observed in the
Plastic Ball and Streamer Chamt r detectors at the Bevalac.)

Nuclear matter can be thought of as a solid, liquid, gas, or
plasma, depending on temperature and pressure, as shown In
Figure 7-3. The equatton of state (EOS) mathematically
describes the balance among these phases and the borderlines
of the phase transitions. Knowledge of the EOS ts of great
fundamental Importance to nuclear scientists, lt is also useful
to astrophysicists, because certain hypotheses about mecha-
nisms within supernovae and neutron stars are based on
assumptions related to the EOS. The hypotheses are espe-
cially sensitive to the value of nuclear Incompressibility,

Probing the EOS under conditions far removed from the
equilibrium state of nuclear matter requires considerable
dis_lrbance of the entire volume of _nteracttng matter. This
calls for head-on tm pacts from beams of heavy ions. The
greater the mass of the target nucleus and the projectile, the
greater the disturbance and the greater the number of partici-
pating nucleons. Therefore, an ongoing highlight of Bevalac.
research is exploration of the EOS at high temperatures
(typically 50-100 MeV of thermal energy) and high densities
(two to four ttmes normal).

The Bevalac energy range is especially appropriate
because regions of the EOS far from equilibrium can be
reached, yet the phenomena are still strongly influenced by
the nuclear rnean field. In other words, the nucleus still
behaves as a' unit in the collision.

Dileptc_n Spectrometry An_ther important detect_l' is designed to prcwide an especially clear view of
certain reactions, Tilt' 19ilvptcm Spectromvter (191,S),shown in I:i'igure7-4, is a
tllliClrlt' detc,ctc.' that was installed at the Bevalac in 1986, lt offers special
insights lnt¢}reactic_n dynamics by walching t'_r a rare t,vt,llt: emission of an
electn.l and p_Mtroll corrulatt?d in tht.,irjg_iths and their tinlt, anti J._lilCU01:
t_rigin,

I)ilt,ptc.1 emissi_l_ is th_ught tt_pr_wicle an L,specially t lndistorted view
_t llllClt.,lls-ntlultqlS,j:_r{_ton-nucletls,and pr_}ton-pr_t_._ collision,,_buCallSt,
lt'pt(_l_sinteract with (_lhc,r t:()l'llls()t matter thl'(>uglaLhr,weak lal.lCJt'igl' t'()rt?t'

atltj the electr_maaglat,tic f(>rct,.'l'latls tlwre is _.alv a srrlall prt_bability (_1
scattt,rilag _r t'eab!<_rptit_n_n thuiv way t_t_t_t Lhr,reacti_n ar_,a, and reliablt,
di|lo Ctlla[,t, t_b!.aint,d_n t;Jt,t,p ,llltJ t,arly pht,llt_llat, na t_f lhc c_llisit_ta,In
partict_lar, clilept_la sl-_t,ctr_mt,trv might pr_witle insights int_ _,nt, _t tlat, key
tht,_rt,tical tlllkllt_WllS_t lltlt'lt,,lr c_llisi_ns: the belaavitw _t' pit,ras alatl _tlat,r
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[iarl7 tmwer,_e I:igure 7-3, A _cilematic pilase
" diagram for nuclear mailer slloWs

some (vr tile staten and

Hi(-lh°'neroY transformalhms predicted by
cenlral colhslons QLlark-glLJorl various tileorles, The ltornlal stale

plasrTla of tltlcleal' matter Call be

200 characterized as lh.luld, It trtay
undergo pha:_e transitions to a
hadron gas at relatively low

densities or, al higher densities, tit
_ s(vme condensed phase stlch as a

pion condensate ova superdense
n nucleus containing th(vusands of

"_ IttlCleOllS, Under extreme(D
conditions, tile hadronsE

o themselves are expected t. break
r- Fragmentation

PIer1 reacllons down late "dectmflned" qtlarks
and glttons; stlch C()lldlttons are

condensate thought lo have existed In tile first
Hadron few fractions of a second after the

gas Big Bang, and are thought to exist

SLlperrlovac, today irt stlperntvvae. Sucli
extreme conditions can be re-

Two-phase [.Iqtlld created at a laboratory sc-le
region through central colllshms0

normal 5-- 10 × normal between nuclei at extreme
relativistic energies,

Baryon density xBt. ,a_._0_

t

'; ;:'::"'_:_'_ ::; Figure 7-4. Ali artist's rendering

¢11T'_,:':['..: ;" " : _:::.-" '."".::::_"' " ." showstilenlal,,r elementsof ti,e
...' .-:i_," _:: " -::": ).;; .... .... "..,/ I)lleplon Spectrometer (DI,SI,

'"L "' _.-_!. _ , ' .... _..... whlcll in Its completed and

,,,.... Installed form in difficult lo
photograph, Electron-positron
pairs are detected in the two arms,
each of which has a three-cell

Cerenkov gas counter, a 16-
elenlent sclntlllalhm hv)doscope,
drift chambers and a magnetic

' ,;, '; dipole, a 20-ce}l Cerenkov gas
counter, and a large 16-element

; sclntlllath)n hodoscope, in 1()8¢),

_1!1 art additional multiplicity detector

' .::::' wan added: a 9(_-elemenl

hodoscope configured as a cone

i surrounding the target chamber.

' This hodoscope detects charged
particles and gives la formation

............................................. about the centrality of the evenl.

XBI] 87,1-89(ff_
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Nuclear Science

_nt,s(ms. (lt is alst_ thought that dilept_m pr_clucticm might signify tile forma-
tion of a quark-gluon plasma in the higher-energy heavy-ion colliders of the
fu tu re.)

In 1087 the !Ol._Scollaboration established that dilepton emission does
indeed occur at Bevalac energies. Subsequent work further defined tile role
of dilepton spectrometry in studying the Ees and other behavioral aspects of
hot, compressed nuclear matter. In 2.1- and 4.9-GEV p+_q3e collisions, and to

so me extent in 1.95-(;eV / n 'mCa+4"Ca collisions, tile mass spectra ha vea
sharp peak around 300 MeV, wl_ich is twice tile rest mass of a pi,m. A great

many models have been proposed to explain tile early DI.,S data; ill oile of
them, the peak might be interpreted as the matter-antirnatter armihilation
spectrum t_f pion pairs (x'/x).

T_ verify preliminary interpretations of these I)I_S data, it was essential
to measure the dilepton spectrum for the dementary nucleon-nucleon case.
,\ liquid llyclrc_gen/detlteritlna target was added to the I)I_S. In the',;e colli-
su_ns, which involve elementary nucleons rather than nuclei with a collective
"mean field," the sharp peak was expected to disappear, providing dramatic
confirmation that dilepton spectra directly reflect the properties and behav-

ic_rof pions in hot, compressed nuclear collisions. This ability to visualize the
early stages of a c(Hlision would be a key addition to ct|rrent techniques,
which of tori catlse 811interpretational stalemate because they primarily
provide data on fit_w and other phenomena from late in the reaction process.

In fall lOOt}a one-month rut| studying dilepton production in p-p and
p-d colliskms at 1 and 4.9 GeV was conducted. Several thotlsand direct pairs
were obtained at 4.9 GeV. Even though the productkm cross section de-
creased by a factor of more than 50 at 1.05 GeV, a few hundred direct pairs
were detected at that energy. The fall 1990 wt_rk increased tile total DLS

sample _H:direct pairs more than fivefold; the substantial data set is being
analyzed to see if the previous structure observed earlier in p-Be is also
present in p-p and p-d. The t:uture DLS program will use long blocks of
beamtime to finish a high-statistics p-p and p-d study, Then the group will
bring back its solid-target scattering chamber for a series of high-statistics
ex periments on d ilepton prod uction in nt|cleus-nt|cleus collisions. This will

reveal whether tile structure observed ill the data truly reflects a property of
the nuclear mediunl.

Subti_reshold Collective features of heavy-ion collisions can be highlighted through the
Prod ucl:ion study of particle production below tile free at|cleon-nucleon threshold. T{_

tesi vark_tls theoretical rm_dels predicting the yields and distribtltions of
antiproto|_s, substantially improved data are required.

Subthreshc_ld pions in Au + Au collisions have been observed, for the
first time, at energies of 180-240 MeV/n. Analysis is in progress to determine
if the yield of subthresll_Hd pions Ilas a larger-tl_an-expected dependence on
p|x}jectile/targel mass, indicative of a highly cooperative production mecha-
nism. Other stlbthreshold-production experiments, such as Si + Si, have also
been conducled recently. A new experiment will pr(_vide such data and will
extend the subthreshcdd antiprot_m rneast|rements to lower energies. At the
same time, an irlteresting scaling hypt)thesis will be tested in whicll ali
particle production below threshold, be it prc_duction of pions, kaons, or
ant-iprotcms, falls on a single ctlrve.
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Pions, tile most abundant particles created at Bevalac energies, have long Pion Studies
been tile subject of experimental scrutiny, especially for studying the effects
of central collisions. Pion yields provide unique insights into conlpressional
effects, tile zr"/n ratio in various regions of phase space can be used to study

tile role of tile Cotllomb force in nuclear collisions, and pion interferometrY
based on tile Hanbury-Brown and Twiss effect is used to measure tile
magnitude of the emission in space and time.

Earlier comparisor_s between the shapes of pion spectra and tile predic-
tions of various models suggested that pions are sensitive to tile EOS. The

systematic study of two-pion interferometry with the JANUS spectrometer
was completed as results came in from I..a + La studies (with multiplicity
selection to aid in deterrnining tile degree to which tile ions collided head-on

rather than grazing each other). Systematic measurements of the size, shape,
lifetime, and coherence of the pion source have played a valuable role in our
understanding of the dynamics of heavy-ion collisions at Bevalac energies.

P,ecent theoretical speculation suggests that collective flow should set in at

energirs as low as 50-100 MeV/n. Earlier data from a Streamer Chamber Neutrons and Light
experiment carried out bv researchers from Michigan State University Charged Particles
apparently show a disappearance of flow at energies below 70 MeV/n. In
1991, a group from Kent State University began an extensive set of measure-
ments of tile triple differential cross section for neutrons produced in the
collisions of the heaviest systems, attempting to ascertain the energy at
which flow disappears.

Inclusive charged-particle experiments, carried out using tile two single-
arm spectrometers at tile end of Beam 30, are in the final stages of analysis
using new data sets. These data, taken with high precision, should be sensi-
tive to effects of tile nuclear medium and should also serve as a testing
ground for theoretical models of central nucleus-nucleus collisions for heavy
svstenls.

An active collaboration exploits reverse kinematics to measure the interac-

tion between substantial currents of heavy projectiles (with atomic number Intermediate-Mass

in the range of 100; and lighter targets. These collisions, in tile 30-150 MeV/n Fragments
energy range, produce nuclear matter at intermediate temperatures, but at
below-normal densities in tile area of tile liquid-gas phase transition. The
sources and characteri.,:,tics of complex fragment emission are being studied
as functions of mass and energy. Tile measurements are compared with
dvnamic calculations of the interactions, followed bv examination of the

statistical decay of tile hot matter to ascertain whether multifragmentation
Can instantaneous rather than sequential process) is occurring.

Although most Bevalac researctl focuses upon tile extreme temperatures and

pressures caused by central collisions, other extreme phenomena can be Grazing Collisions and
studied in "grazing" collisions. For example, nuclear fragments with extreme Secondary Radioactive
numbers of proteins or neutrons_out to the "driplines" at tile edges of tile Beams
chart of tile nuclides--can be created. Considerable progress continues to be

made in using the projectile fragmentation processes to produce and study
beams of radioactive nuclei. Initial studies with lll.i showed clear evidence

for a twcJ-cornponent structure, which has been interpreted as a sign c_fa
diffuse neutron skin (halo). This has been fcdlowed by studying tile:
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A-dependence of tile electromagnetic-dissociation (EMD) process for IILi, all
isotope for which a large EMD component was observed.

Another group is completing the measurements of the magnetic mo-

ments of polarized unstable mirror nuclei, producing polarizations as large
as 5_._in unstable nuclei through reaction kinematics.

Nuclear Astrophysics, Many of the Bevalac's capabilities are relevant to astrophysics. HISS is used

Atomic Physics, and to study nuclear reaction rnechanisms and to measure heavy-ion inclusive
NASA instrunlent fragmentation cross sections. This holds particular interest for those who

studv cosmic-ray propagation in the interstellar medium. The group per-
Calibration forming this research is measuring fragmentation cross sections for projec-

tiles up to Fe on liquid hydrogen and helium (principal components of the
interstellar medium).

A variety of work is done at the Bevalac in disciplines other than nuclear
science. Bevalac beams are used for instrument calibration by researchers

from the National Aeronautics and Space Administration (NASA) and by
other cosmic-rav scientists from around the world. They use the beams to
calibrate detectors that will be used on balloon, rocket, and satellite flights,
and to recalibrate them after retrieval.

Atomic physicists use the Bevalac's ability to provide "hydrogen-like"
and "helium-like" uranium ions (that is, ions stripped down to one or two
electrons). Because uranium has 92 protons, these highly stripped ions
represent an extreme condition of the atom. On their small scale, they have
the strongest electric fields found in nature, enabling scientists to address
phenomena in quantum electrodynamics, including the Lamb shift.

Production of electron-positron pairs in collisions of fully stripped
uranium nuclei on gold targets, with the electron captured by the outgoing
nucleus, has consequences for RHIC, the Relativistic Heavy Ion Collider
being built at Brookhaven National Laboratory, and is being explored in an

upcoming experiment at the Bevalac. And a gas-cell target was developed at
the Bevalac in order to measure charge-changing cross sections for ions that
are of interest to the designers of new accelerators at CERN and Brookhaven;
it also examines the role of electrons in relativistic ionizing collisions. This
same gas cell was then used t," study resonant transfer and excitation for U_m*
projectiles in hydrogen. These experiments provide a test of relatMstic
dielectronic-recombination theory.

Biomed ical In addition to nuclear science, a diverse biomedical program has thrived at the
Bevalac. This section describes seh;cted 199(I and 7991 highliq,tlts in the t/tree

Research primary areas c!flBevalac bi_mwdical work:

• Clinical progra,ls in heavy-charged-partich' radiation therapy and radiosurgery.

• Radiation biolo,,_yand tfiophysics research.

• Development _(ettuipment amt techniques.

An area i( l(fescietlceS research at the Bevalac accoltnlin,,qftu"aboltt 20_'/(.of bio-
nledical beanltinle invoh,es basic studies of the effects _f radiali_ul¢_11both nornlal and
abnornlal cells and tissues. In viv(, and in vitr(_ experinlents examine such sltb]ects as

danla,,,eand repair i_f[).NA, cell atld tissue kinetics, and radiatioll tlmlOro,_ellesis.
TtI_ radiatio11l,iolo,qyamt bi_q#l!lSicspro,k,ranls fimnd their research temporarily cllr-
tailed in law 199(Jand earh! 1991 because (!fthe effort h_ tn'epare lbr and Slqq_ort
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lhc [)( )I:i "liy._'r '/cam iJ1sl_crli_.1.(7'he cliIliral Irial,_, c'i,ilhl_alicllls lh'l_'Itdi111_ii lhr
a_,ailahilily _I: In'almclll lwmnlimc, l.'Orecdcd ns llsmIl.) SubshI_tlial l_n_,qn,ss.,as
II_plcthch'e', ntmh' ili ll varicly of iil't'tl.q,

A/,'¢_,d'am of lcchJl_h_g.i/dc_,H_/mwltl, aims'li at sali'r aJiltm_ln.c/]i'cti_,_'_t_.lir,_'p')t
_I the t,'c.qrrihcd nldillti_m lfi_scs,ha.,_,_,w ImJtd ill Itmtd ,'l,ilh l/wsc rcscanh aJnl
lrcatmcJll Clii,'ts. TIw ,tabor m'hicz,cnl_'_lt_I 1991 wn.,_the cli_ical r_mln_i._.@,_i_,,__{I:
the I@stcr 5ra_tllcr l_c_ln_-¢h'liz,cr!lS!lsh'l_t, rl si.qlt(l:i¢'cllttst¢'l_tt_wants _lv_l.nli¢' thm'-
dimc_tsi_,:al ¢_,fli,'m_tl dcli_,cr!/.

Clinical research medicine at the Bevalac h_cuses primarily on I.h'agg-i;_eak Ideavy-lon
radiati(m treatment (Hgure 7-5), Two general types (}ftreatments nru carriecl Radiotherapy and
t_ut' radit_surgery of intracranial arteriovenous malfornaati(ms (AVMs) aim i_.adi()stll.ger y
radic_tlaerapy of tunaors,

Over the veal's, 11101"0thai1 4(11)patients with svmptonaatic, imq._erable
intracranial AVMs have been treated at I,BI_ with stere(_tactic Bragl4 peak
radi(_surgery in a ctqlabt_rative l:_rugram with area medical centers. This
pro.gram, initiated at the nt}w-decomn_issi{med 184-1rich Syr_chr(_cyclotr(m,
now uses helit_m beams at the Bevalac. A l(mq-term d(_se-searching clinical-
trial prot_wol has tt_ll_wed more than 25() patients for naort, than 2 years.

Skin

- Beam

'-__ _h_j Bolus

colhmalor volurne _
• C3

Figure 7-5. q"he Bragg peak gives charged particles an advantage over electromagnetic

radiation (such as x-rays) for radiosurgery. F.lectronaagnetic radiation grows weaker

exp(mentially ,is it is absorbed, s¢) delivering ,111effective close h) a deep turner means Depth in tissue

considerable damage to healthy tissues in fronl of and behind the tumor. Particles, by xt3t. 7,'V/-969

contrast, lose most of their energy in a relatively narrow part of their range; the location of

this "PIragg peak" can be accurately predicted and precisely controlled. In the radiosurgical

instrument arrangement diagrammed here, ata energy-absorbing wax or l.ucite bolus malche,_

the depth of the Bragg peak to the thickness of the tumor, while collimators control the cross
section ofthebeam, Not shown is an tlpstream"binary filler," or absor[_er, which draws the
beam back in sequential layers. Changing these variables can fit the treatment area to the
ttlnlor across three dimensions,
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Initially, radiation d(ises ranged t:r(ml 45 tc+35 gray-equivalent (GyE)* nmr,
doses of 25, 20, 15 and, tinder special circunaf_tances, 1(i Clyl! can be tlsed,
depending (iii a llLImber tit' [:actors,

The characteristics of charged-particle beanls pre,(de a relatively Ilom(I-
gene(ius dose,distr'ibuti(m with the' 9()</<<,is(id(>se ct>rltour to the periphery tit"
the lesion, When the entire arterial phasu tit: tile AVM c()re is included in the
treatrrlent field, the rates fclr c(mlplete obliteration 3 years after treatrrlent are
impressive: 90-95% frn' vtllumes of 4-14-cm:_and 6()-7()% f(ir voltlrnes greater
than 14 crrl3, The total obliteratiim rate for ali voltlllles tip to 71)cm 7_is ap-
proximately 80-85%, For c(in-iplete ractiaticin-inciuced tlbliteratitin, d(ise is',
primarily related to vtllurne, sectmdarily t(i loca(((m. The implernerltatitlll (if
raster scarlnirig iri C.ave 111opens up the possibility (if treating complex
irltracranial li,si(iris that have previously beell impi}ssible to treat el:feet(rely,
even with bealllS tiltcharged particles,

A related laelium-ion bioeffects research pr(igt'am continues to investi-
gate the reaction to heavy-chargect-partich.' radiatitnl injury, Aclvances ill
dosimetry and beam-clelivc_ry technologies provide a better tlnderstanding ttf
dtlse localizati(m and dose distributitln in the Bragg itnlizati_,>n peak at

selected sites, l_rnphasis is placed un the cellular basis til central-nervuus-
system damage and repair, Research addresses the bi(ipllysical events of
DNA damage and repair; oligt)dendrt)cyte, neur()nal, arid endt)tlaelial-cell
kinetics and home(istasis; perturbations of regi(mal blood flew dynarnics and
regulat(iry coritrol; and cell p(ipulation kinetics tlncier heavy-ion irradiatiorl,

In radiotherapy, more than 12()0 patients have been treated in LBI_
clinical trials. The (mgoing trial with helium ctmtinues to show excellent
results tilr selected turn(lr sites, as compared to hist(irical ctnatrol data. Rates

(lt complications are acceptably l(wv--comparable with those of standard
' raditltherapy, "Fhe initial local control results with tleoll ion irradiation iri the

Phase I-II studies have been prmnising, with rates i'arlgiFig from 5(1-q()%for
salivary gland, locally advanced prostate, advanced paranasal sinus and
nasopharynx tumors, as well as for locally resid ual sarcoma tit heine lit' stiff
tissue. We continue to search for additional evidence regarding the clinical

effectiveness (if high-linear-energy-transfer (high-iAT.T)** charged particles
and for (epr(wed techniques (lt patient selection, treatment planning, and
fraclIitnlation schedtlling, New randomized prtltoc(lls have bc!en (ipened for
most of the tumor sites listed above.

We plan continued accrual in randurnized l>hase il and 111studies, which
have been established h_r locally advanced prostate turm_rs, for sarcoma, and
for paranasal sinus, nas(ipharynx, and "rad ioresistant" histologies such as
naelammaa or renal carcinoma. Fur glioblastorna, a trial has been opened that
compares the c(mlbination of neon itms with claemt)therapy against an
existing, well-characterized data base on the comb(na(ice of I(Iw-LET (x-ray)
irradiati(m plus chemotherapy. Other plans for the upc(uning year include
contilmation ttf 1.1veal-melanoma trials, a chordoma-ch(mdrosarcoma c(lllab(i-

+ The gray is a unit iii ent:rgy dept)sili_m by itlnizirlg radialicm', 1 il.lk, per kihlgram _ll mass, Ii

is equivalent tel I()(I rads. The gray-t,quivalei_t accounts fin" difft, rl.,llct,s iii relative biol_gical

eflt,t'livt, rlt.,.ss cinl.<,t,d by the "quality fiiclllr" tit diffel't, lit kirlds of raclhlli(nl {i(illS, ill.,illl+(lll.S,

x-rays, and sri ha'lh); lhc' lint,ar t, nt,rgy trarisft'r (I.ET) (ii the l'adi,:liiOla being used; dncl lhc,

vulnt,rability til the ti.ssut, beil'_g, irradiate'al.

*" I+E'I +is the t_,llt.,rgy transfl,r per unit lt'ag(ii .....the tait, at which chargt,d partich,s tlitllSlt,r energy

ii <, they interact with t, lc'ctrtnls wllt'i_ traveling thrtltlgh ii im,dii.inl+ I)ifft,rt, nt iilllS hdvt, tlifft,rt,nt

l,I,;'ls, arid lllTillV lilht, r faclllr.,-, c(llll(, illh_ play,
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rative trial, and accrual of patients in the new randomized helium es, neon
protocol for other paraspinal and base-of-skull ttlrnors.

The results of the study in 235 patients with uveal melanoma were
excellent. A local tumor control rate of 97% has been observed in follow-up
periods of 3 to 108 months (median: 62 months), Tumor control was excellent

at ali studied dose levels, which ranged fmrn 50 to 80 GyE. Overall, 83% of
patients have retained the affected eye. Of 181 patients who had pre-treab
ment visual acuity of 20/200 or better, 79 (40 %) retained this level of visual

acuity, The actuarial survival rate is 8()% at 5 years.

Radiation biology and biophysics research activities at the Bevalac address a

broad spectrum of scientific questions. This work is relevant to the missions Radiation Biology and

of several U.S. national agencies as well as to the private sector. A broad Biophysics Research
spectrum of scientific questions has been addressed by experiments employ-
ing a wide variety of beams, ranging from light ions such as helium to heavy
ions such as lanthanum and even uranium.

NASA-funded biophysical research at the Bevalac has focused mainly on
three space-related problems. First, an investigation is underway to assess
the effects of heavy-particle fragmentation on cell killing and transformation
(sidebar). In particular, the use of polyethylene or water-equivalent shielding
material in space is under consideration, so quantitative information is

necessary to determine what this material would do to the high-energy,
heavy charged particles found in cosmic radiation, such as iron at 600 MeV/
n. Iron fragmentation spectra under these conditions are being measured
with a time-of-flight spectrometer. In addition, experiments completed to
date with mouse 10TI/2 cells iii vitro show that, in the plateau at 19() keV/
_.lm of linear energy transfer, little change in cell killing or transformation
t:requency is found with tlp to 5 cm of polyethylene shielding,

Mcwe-fundamental work is in progress on transformation frequency in
human keratinocytes subjected to iron at 600 MeV/n. The goal is quantitative
assessment of the species-speci ric differences between rod ent systems, whtch are
read ily available iii vitro, and systems of human derivation, which are harder to
d evek_p. Assa ys forquan tita five measu remen t of tra nsf_wma tion of h u ma n

mammary epithelial cells, using argon and iron, have been developed during
the past year using anchorage-independent growth as a criterion. Currently in
pn_gress is a molecular analysis of the DNA ot:cells cloned from parent cells
which were transformed by heavy ions. The goal is characterization of the kinds
of genetic d amage associated with the transforma tion process.

Experiments conducted with corn seeds conducted during space flight
have spawned interest in the effects of heavy ions in producing growth
inhibition, somatic mutation, and tumor induction in plants. Although the
studies are limited, very interesting results have been obtained in ground-
based plant studies at the Bevalac. Systematic studies with various heavy
ions demonstrated that the frequency of somatic mutation in these seeds
increased linearly with dose and that high-l_,ET heavy ions were many times
more effective than photons at inducing mutation.

More-recent studies with rice seeds showed significant results: b_th
seedling survival and fertility of plants decreased with increasing doses of

argon i_ns. Interesting mutations such as semi-dwarfism, early maturity, and
large grain size were also ft}und. These mutants demtmstrate the urlique
potential use ()f heavy ions in cr()p improvement. In addition t() the seed

studies, preliminary experiments with cultured plant tissues were performed
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and various developmental effects of heavy ions were observed, Due to tilL,
excitement generated by these novel kinds of plant results, both basic and
applied heavy-ion research with seeds and plants will surely continue,

As mentioned in an earlier section, both NASA and the Department of

Defense are increasingly concerned about the loss of protection from galactic
radiation provided by the magl_.ettc field of the earth as astronauts travel
deeper into space for longer pertods_as in a mission to Mars, for example,
Relatively little is known about the potential consequences of exposure to the
types of radiation encountered in space in terms of human behavior or other
effects on the brain. To reliably esttmate the resulting potential for mission
failure, we must understand the effects of such exposures on neurobtologtcal

systems and on behavior, Previous research showed that iron particles
produce a taste aversion (a measure of behavioral toxicity) at significantly
lower doses than the other types of radiation that were studied, The earlier
data did not allow determination of whether the extreme behavioral toxicity

of iron particles is due to their greater LET or to some other characteristics,
Experiments are in progress to evaluate the LFT dependence of this effect,

Another experiment, which examined mutation induction, has shown a
qualitative similarity in the relationship between relative biological effective-
hess (RBE) and LET at two different genetic loci (tk and hprr ). The maximunl
RBE is achieved with 2aSi Mns with a LET of ol keV/t.tm, The tk locus,

however, proved t() be mere sensitive to mu tatton induction for each LET.
This is true whether the n_utant yield is expressed as a function of dose or of
particle fluence. When the mutant yield is expressed in terms ttf particle
fluence, a qualitative difference in LET response is apparent for the two loci.
This is due to the contribution of tk-sg (slow growth) mutants, which are
induced with a vastly different LET response than either hprr mutants or tk-
ug 01ormal growth)mutants. The spectrum of DNA structural alterations

produced by htgh-l.ET radiation differs from that produced by doses of x-
rays of the same toxicity, lntragenic rearrangements and allele loss are more
common among mutants induced by high-LET radiations. Losses of genetic
sequences associated with a linked but unselected marker locus are much
more conlmon among mutants induced by high-LET radiations,

New data have been obtained on a DOE-ftlnded program of basic
cellular and molecular effects that indicate that cellular damage caused by

densely ionizing particles can be potentiated with active protein synthesis
during pCtst-irradiation heat treatment, and the radiation quality may be
important to the regulation of synthesis of some specific proteins. X-rays
appear to inhibit the rate of new protein synthesis, while neon ion irradiation
appears to stimulate the rate of new protein synthesis post irradiation. Heat
applied post-irradiation appears to amplify this response. After a treatment
invoh, ing neon irradiatkm followed by heat, the synthesis of 70 kD, 90 kD
and 110 kD proteins were enhanced while that of 100 kD protein was de-
pressed, The differential synthesis of some proteins implies that the expres-
sion of specific gene products may be important in potentiating heavy-ion-
induced radiation damage.

Further progress has been made in describing the kinetics and structures
ttf ion-induced genetic and developmental lesions in the nematode C. eh'gmls.
These NASA-funded studies include lethal mutation in a 35()-gene autosomal
region, inactivation of b_th gonad and somatic blast cells, X-chromosome
duplication/translocation, polyc_,ntric cllro111t_sorne formation, and embryo
inactivation. A set ot: radiation-st.nsitive mutants has been tested in search of
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sped fici ly tn the I)N A-rt.,l__airpath-
wavs t{ll' ioll-induc't,d lesitlns, ()xygi,n Surely/ag T/irt!e 7(#AI'sill S/IACt_

cc,llc,entrati(m and I)M50 (dlineihvl According to the calculations for erie sceilalio tnvoMng three years
su lt'_lxtcte, a fret,-i'acltc'al scavt.,llgt, r) outside the nlagnetosphere, any given cell within an*astronaut will
were I.Isc,d t(_discrinllnate betwet, n probably be hit inlay times by protons and helium ions, Heavier
direct and indirect itmtzatltm cffc,ors, tel'iS (with atorrltc nunlber greater than 10), though 10sscommon,
The wt_rk has rt,ct, ntly enll._hastzed would stiii hit one tn three cell nuclei, and would have a
maniptllatitm tit' icon-track structure, by disproportionate effect, (The calculations refer lethe omnidirectional
varying btltll charge and vc,hlcity, background of galactic cosmic rays, They assume that the astrol.iattts
Thest, t.'xperinlenis I1/1Vt' shOWll thai would have a piace to take shelter from the Intense but short-livedand directional radiation of solar flares,)

rt,d tlCing the ve kwl tv and a tc!in lc, The total dose may be as much as one sievert, or 100 rem_nmch
Iltl Illbt'r tit' tilt, pa rticles leads lo n.iore than a U,S, radiation worker would be allowed to receive in the

impurtant d lfft.,rellct_,stn biological same period, Dedtlctng tile biological effects ts a complex matter,'
effectiveness and lesion structure. This Heavy Ions can damage a cell either indirectly or directly, They can
work is aimed <itvtulcllng inleracti(_n- produce free radicals iri water and thus cause a cascade of chemtcal
cr_ss-sc,cti{m data for multiple iii r,i_,(_ reactions. The Iotas can also interact directly with tile DNA in the cell
genetic and deveh_pmelatal endp_Hnts, nucleus. A cell can be killed outright or damaged tn various ways,
t,lucidating tilt, repair pathways tlsed tncludtrlg I.')NAalteration,

f(ir ion-induct,d dam,lge, and plaianlng Radiation-Induced cell transformation, one of tile more
worrisome biological restalts, begtns wtth molecular events tn.thet:()ra I qlt)2space,flight experinaellt,

I)()1_ and NASA have suppt_rted DNA, stlcla as deletions of genes, translocations, and other genetic
rearrangements. In addition to betng massive and thus carrytng great

studies during tilt, past year directed tit er,ergy, heavy ions deposit most of that energy at tl'ie "Bragg peak," a
undt,rstanctilag the RBI! tit:high-I ,l:iT single point at the end of their pat!a, There, extens{ve cellular damage
radiaticms for inducing cdncer. Using occurs, including greater'potential for breaking both strands in the
tilt, I la rd erie n gla nel _1:tilt, nltltlSt, as double helix of DNA. Tills coml._romises the cell's primary method of
the tesi system, turrit_r prevalence data repairing dan'taged DNA, Which uses an intact strand as a template.
were _btained t:cu'ilxm (Bl)liand 35(1 Additional knowledgt7 on both the physical and the biological
MeV / ni, niobi u m (5()() MeV/ii), tand effects of radiation will be r_ieededfor spacecraft design.as weil, The
la llthanunl (h03 MeV/ni. 'l'hese simplest approach would be to include massive shielding, but tills

sttidies, tt%,ether with previtms results could backfire, at least for'_the amount of overall shielding that a'
_laprc_tons(25(iand2()()tlMeV/n), mechanically and financially practical spacecraft could
laelium (23() MeV/la), and neon (h7() accommodate. Naively designed shielding migh t make 'matters

worse by turning the incoming particle into a shower of fragments.
Mc!\i/n), hart., F_rovicled Lultulgh data lt would be virtually irnpossible to build a shielding wall that stops
ft)i' regrt, ssi_m analvsis, resulting in ali these secondary particles; thus the shielding lntist be designed to
e,dima res of tile initial slope t>f the admit the least-harmful spectrum of radiation, Clearly, a mission to
dilsc,-versus-tum(w-prevah.,llce rela- Mars will require new knowledge in many fields, including the
tiorMaip. Coiltrary to data cm n_lrnlai effects of heavy-ion irradiation,
tissue resp_)nst, s and fr(lm cell trarlsttlr- Based uponan LBL Research Reoiew article by Jeff Kahn of the
tnation studies, IlOctmvincing c,vi- Public Information Department.'
ctencc' has been t:tlulld that tile I;_BE

drops at very high l_]{"l_vall.leS,These
data have inaptlrtant inlplications for estinlatinF, tilt, CdllCel"risk I:rtlnl heavily
i(lilizing radiatitln,

lil additi(m, dose-fracti(mation studies, which enable tlS {(iflSSC'SS

whether pr(ltractirig a given particle d(_st, rc,dtlct,s the hazard lH tl.lnlt)r
inducti(ul, have bet!ll ct)mpleted, l{arly resulls indicate that a single dc)se iii:
4() cGy has the samc, et:fectivL'ness/is a cl(,se t)l42 c(;y given in 7 I:ractt{lllS (if h
cGy every iw_ weeks, This shows that t:ractitmatitm does not spare tilt:

radiogenic c/lnc(.!r resptmse--in other wc_rds, that small doses cif heavy i_ms
spread _tlt over tinlt., can be as risky as a single dtlse {_t:the same size, Meth-
ods are also being develtlped t_l determine cells at risk and thr! irdnsf()rnla-
ti(lll rate! ft)r ii# r'/v(_ irradiati(uls.
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l:liomedical Ol_t]ra I.tl'_ll_ I'r¢_ct,ClLJrt,_I¢_r_at't' c'¢_ndtlt't¢_1'¢_l_t,ratl_u_._ll_ I:_aill'nt truattllunts _tIhu I",t'v,llat'

arid Qtlalit:y A_,,.ltlrallC-_e wt, re instllillc, d inll_t,uarlv _hl_,t,s i_f Ihu cllnl_'al tt'lal_ m_rt, than Iw_,lvt, _,,L,,It's
,lt4t_,'l"he,_uI_l't_t"udttru._span a wklt, ranl_tt, _1'a_'LlvlLk,s,Incllttlln I, truatnlt,nL
t:_r_)l.c_t,ols,lruatmunt ructu'd I<:ut,l._inl4,,lhd d,lllv callbralh_n _f dry,llnl,try
tnslrumt, nts, _tmlu Inll__rlal_t I.m_t:_,dlirt'_,,_lich a_ tilt, i_atlt,_l-.lrt,_lnlt,_l
prt_tt_c_ls, havu buun rt.,vluwud _lrltl al._l._'._wud by uxturnal C'tUllllllttt'_'S,(.)III'
sull'-a_._u_smt'nl t_t'tht,,_t,i_r_t,t,durt,s tlurlnt., thf 17)()Ii'l'l_ur 'l't,am Imll:_t,cth_n
ctmflrmud thai thu i_l'_t'udilrus alruady In placu hilvt, buun _atlsfac't_u'v I't_r
satul4uardint4 lhu i_atlt,nts and I_t,r._mm,I, (.)itr qliallly-assuranct_, i:u'_>14ram,as
wull as the training, t_t'i_t,r._tmnel lt_adhuru t_ thu.<lu,<tal:t,ly I_r_)t't,tiurr,.%ha,_
br,un ,llst_ jutlD.'d quilt' aduqllatu.

Wt, havu al_t_ nlalntainud suffltquntly dt, iailt,d dt_curm,l_tatltm _t' Lilt,

daily opt, ratl_ns, clallv ca libra titres, tc,_tln D a nd rna lnlt,na ncu al lhu I'aclllty,
/ks a rusulL (_f tilt, Tl_t,r 'l'[,i.1[llinSl:_t'ctk)n, wt.,havu I:m'rnilllzt,d thf tlualily-
as_u ra net, schud u Ius and ha,,,_, strt.,n_thunc, d tllu b__t_l<l<uupin,_ i._r_t'udu rc,s I'_,'

th_, pur_,,_m.,I training, rucords, We bt,lluvt, that tilt, St, chan_t,_ will Iinpr_wt,
thu bltmletticai t:at'lltlv's I:',t,rft_rnlancc,, dr,cre,ast, its dt_wntlmt,, and tht, rc,l'_rt,
iml_rt_vt, the Dltlent thrtmg, hl:_Ut,

Equi [9111011l; "l"hu mt_sl:lm pt,'ta nt all rtbu lt., t_l"ht,avy cha fiAt,d-pa rl iclu bc,ams I'_u' radI__-

[)evelopmer_t thurapy in the,tr dt_se-k_caltzinl4 13r_G3urly,We c_nLinuu t_ dt ,,ultG3tilt' hartt-
ware r_ucussary Lt)achtevc, tilt, t_pttrnum _:lt_s_,dullvt,ry ......thai ts, dullvt,rln_ a
Ulllt:tlrnl dt_st.'within tilt, untlrc' ttlnltlr voltlme with mlnln_llnl t.lilllla_t, tri
adjacurlt hc,illthv tissues, "l'hc,mtlst ._lt4nlflcant _ldVilllc'c,til IC)OIwas t'tl111111t_-
,_hulin_ til; thf I,_asic,r <_t'ilnllt!l' ftu' clinical LlSU,Thu Raster _c;illlnc, l', ctmlmls-
sitlnt,[I in mid-lC)CJlafter t,×teilstvl_, tt!stlnl4, tills L_c,l_,ll_hllwn til i)l'lldl.lCe lar_c,
fluids with unil:tlrill cl_lsl.,dlstrtbuttlm Ll._tnt4hullum _.lndnt,tlil ht,ares,

'l"he 14astc,r _c,al] ner (l:;t14urr.,7-(_) rt!i]l't,,_ents i]n <iclVilllc't, liver _ystt,ms
currently in cise, inclLidtnt_ thu "wt_bbh_,r" we duvultG__udin lhc, mld-ltlf4ils, lt
,_c'illlSthu beilril ac'rtlss the treatmt:i]t iii°etl, muc'h Ilku thu elt)c'tron hc,ilm Iii ii

tulc,vishln's pil_'tLIrt.,tube is sc'allllc,t;Iilc'l'tl_ ihu Sc"l'l:.,t,ll, ll_c,c'ausi., tilt, Itll] bearns
usud ill the lJevalac arc, so nluch mtu'u "rlt._lcl" tllan thu i(Iw-c,n,.,rt4.' tqc,c'trlln
beam iii a 1._lcturc'tube, tt was ditt:lcLIlt tri In,plume,ht, Ctlnsidt, rable c,t'l:llrt has
_tlilc, tntll its ptlwer supply arid ctinirlll systC,nl sri that sharl._-t,dg>udfields
ctltlld be l]rilc-luct'd and tilt, scan sl._t,l.!dctltlld ht, nltldtllated til Ctultrlll the,
cit)su, l]itll_)14tt:al nlc,astlrc, rnents li] tilt, prtl×lnlill l._uakiii the ftuld, l.lSil]t4ric,on
hlns, gavl_,rc,suits as gtltlcl as tlltlSl_,tit: lht, wl_bbler,

l._evl_,ltll._nlenttit: dynamic t?lllli:tli'mil] li'ei.ltn]ents has ctlntlnut.,d witil tilt,
c'tlnslrt.lctitlil til a mullileilf collimattlr, Wl_,tc,sletl tt with ht_,ltumiilld neon

ions I:tir transn]issitin tilrtlugh lhc, t4al:lbetween tht, flngt, rs and t:liund that
leakagu l_f thu particles was sLipt._rc'ssedsut't:icic,nily fllr usu with pailc!nls,
Other imlgl)rtailt systt.,ms Cl.irrerlily In t._rtlgress ill'l: ii nlultt-uh_,n]t, nl hlntzalhm
chambur, _1i1intt_,gratet:l t;ircl.iit ltir 1111:!c],<.iui'tnl._chilrg,e, i.lilcl t'urtller tm-
provt_,rllt;nts in l]ewlhlt, bl_,arnlntunsity c'tlilii'tll,

"l"hust: rc,suits arc, ii t._rtinlislng indicatitln thai lhr; tiltlmate gtlill iii tml._lt,-
nlenting dvrianlic ctlnl:llrnlal I._articlu therat_y will be,achtuvc,d, I luillan-ust,
t/i._i:lrtival was ,,,fry ret'ently tlbt_linc,d to allow the Rilstl_u'_t'annt, r t(i I.-IfLised
with humiln l__attentsiil clinical trials, Thu theral._y tlrogri]lll fit the Ilt,viltrlln
has alruady initiated a I'hasc, I siticly using tilt.' 14astur_Cilllllt'r till suluctt.,d
ttlnltlr sites,
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[hlblk'_Iti<m_ i_l_tl l'rum.,ntuLi_u_

Ptl bl ica rio IlSa 11d I1!/,o,cl I. _'oll.lu,r.lh,..,lfl_ Ih,o.h.' ._1,,I'1' I', Kh'k, (i, I,',Krt,h,,, I_,l,,,lllt,r, (i, I,,_u,_ud,
A, I,l,tt,._:_h,r_ulvt.i,I,, Mudan._ky,I I,.%lVhlIl.._,

lJresentations I,R, Ah,n._,, "At'ct,h,rdtt,r_ h,r i'u._,,,irt'huntl I), Milh,r, % Mtliera, L', Nuud_,t,I], Nt,_bltt,
dlqqlt'ulh 11.4,"I I Ih IUunlll,ll ('_,lllt,rellt't, _111 I', (llllahlgtlerre, (',, I_uellt,,I,,H,_vlll't.,dur,
L'humlv,II I!dllt'dlh.l {/\11_111hl,(;/\, Itlu/)); I',A, yk,kM, R,Wel._h,Z, Wang, I, Xu, ,llltl
I,dWrl!l|t'l' I{l,rkuluY l,ubt.',lh.'v I't,l_{.'l 1,1{I.. A, Yt'glll'._Wdr,lll, "lh'(_tllit'lhm _1l,'v I_,llrnal
2tr22u' thu Ilevahw." I_l'u._ul_h,dal Iho Hlxlh %'Vill_(I,r

W(.'k_duq_(111Ntlt'h,ar I}vn_unlc._(lut'kn.n
], Ahm._,(h"Ruvh,w uf hm ,wt't,h,r,llul'._,"In Ihfle, WY, Itlu(}), I,uwrem'{, Iturkt,h,Y
Proreedin,k,st_l'thu Sl'_'_ll_lI{llrlllu.,,|l_I'arlk!ll ' Idb_rdh.'y I't,l_t.'l I,HI,-2H7311{ Itlti(}),
Au't'eh'l'iltl.' ('llll[t,rlqlt'(, (Nk'v, I"l'dlWt,,frill(l},
I!dllhm._ I_l*(_lllh'q't's{( ',il-_,tlr..¥Vtqlt,,I:r_HIt*t', (', ('ulahl, M,I, lyumt,ll, I_,N, ('_wh",,
It_tll)),PPu_-u(l_I,,Iwrviwe Itt,rkelev IL I;tqld_el'_,I_(_bel'lI:l'hl.%M,A, Nvn_alh ,
I,,Ib(.'al_.'v reP(n'l 1,1_1..2u22H, R,Silhm_.l_, (i,I), ._hwt,r,alul M,M. 'l'ekawu,

"lml_rtwunu,nl til*th_,lI.u, ._ll'llt'lllrl' dIIi[

I,R,/\l(_ll_, 11,I:elnbt,rg, l( ;,Kdlnill.%(i,I;, rul_r(_,luHl_lllly _f lIlt, I]l,villdc _Plll," III
Krebs,M.A, N'lt'M,Ihilll, und I T,Ilflhahl, L'olllerenreRee,,nlt_l'the II,',lil! I',_rlh'h,
"l_,ldh_,letlveI_e,lm]H't_dtlt'llt)lldi Ihu /\t't't,ltq'dltH'('tlllll'l'tqlt't' (Sdll I"l',llWi_t'(h('/\,
lk,valm:," In I'roreedhl,(s_,1Ihu I:lr._l luul ).
[lllt,l'lldlh_lldl ('_.lll'l't'llt't' I_1_I_dt[h_i|t'llVl'

NIIch,ur Ih,,Ims(Ih,rkt,h,v, ('A, It_It_l,Wt,rid ('.M. (it,hlta, ILN. ('_wlt,,,, ILl). I)wint,ll,
_gHvnlilt_,Nnfi,_D_re,pp, 112-121(ItlU()), It. Ft,lld_el'_,IL I,'n,th_,S,A, I,t,wh,, It,A,

I,udewigl, M,A. Nvlnun, T,R. Rumw,, ],W,
I,R,/\lt.|stb W,T, ('htl, IL I:t,ild_t'i'g,H.A, Shll_lt,._,(i. Hh.,'t,r, ,Intl M,M, 'lt,kuwu,
l,tith,wtgt, I,I,L I,h,nllt,r, urltl ],W, .qt,ll_lt,,_, "(./l%,l'atlt,uf tilt, tllnt, ntrtlcttlrt, ,_l_tl
"l;tl_tlrt, bhmwtlh'ill rt,.,_t,drt!hdi lilt, rt,l_rt,dtMblllly t,t tilt, Ilt'V,Ildt' :qqll," Hull,
IU£VAI,AL'," ilI l'r,r'eedin,Vstri tilt, NIR.q Am, l'hY,., .%w,35, [().ttl ( Itltll)); l,,Iwrt,IWt,

Intvrnalh.l,ll Wt.'k_htq, tm I h,uvv (/h,lrgt'd IIt,rkHt,v l.abt.',lh_ry l't,pt,rl l.IIl :.2143q11,
l'arllclt, 'l'ht,r,_lWund l,_t,lulvd5ublt,cls (t ihlb,_,

]upan, lUUl); I awrt,nct, l]t,rkt,h,v l,ub.r,lh.v (',X, (.'ht,n,5, (.'t.,hl, II,I, t'r,lwlt.'tl,

rt,D,rt I,IU.-. 14....{l.ul ), J,l!ngel,lgu, I', Ferr,ultl_:,I, Fh,rt,_,I., (;n,lnt,r,
T,( ;, ( ;u/Ik, F,( ', .I.nu_,t,N. Km,lt, H,Kt,,

lil,ll, IIt_wmun,( ;,F, I't,,ish,e,R.T,tie N,t_z,l, t', Kurd, ILl, I,imlsln.u, U, I>,,nun,I, M,i/t_Ithl,
N, ('urlln, t',K, ( Mbkt,, W,( i, (.itmg, Y,I?),Klm, I.W, k.IIMMI, W.F,I, Mut,llvr, I), ( }l..,t.i,
M,A, I.h,,i. W,( ;, I.ynch, I., Iq_ulr, M,ILT,_ang, R, I't,lt, nzu, A. 5tulh,ul, 'I,I.M. %vlntms,
(', WIIitanl,_,N. ( 'tdtmllu, K, I hln_dd, N.I.A. (), lt_dartl, (,Ii, Tull, t',J, W,idtllllgttm,
Mt'Muh,tn, (;,I, Wt,zllhlk, I.,( ;. k,lt,l't,ltt_,,lilt[ _,V,R.Wt,hbt,r, I,l'. Wt,lt,I, ,llltl I I,II, _'Vlt'llldll,

_,'V,A,[:rlt,tlll_dll, "Mlllllh'ilgmt,ld din- "(.'h,lrt.t, t;lldllgt' tt,l,IIt'l't,_,s_t,t'lh,ll Illt',lSllrt'-
illtt'gr,ltit,ll til tilt' i:""Xt'-!t";'AIIsYMt,lrl,lt lilt'III,, tri ilt',lVVIlllt'lltlt! lr,lglllt'lltdth,ll ,lt tilt,
Ii\ = 5()Mt,V," Stlbllllllt,tl h_ I'hv_., lit',,', I.t,ll, I,ltl. 1115%hlt'ililv," Ill I'nweedin,_'.,.'ft tilt,
(Itltll); Mh'hll:,illlbl,lh, UlflVel'rdtYNath)llal Intt,l*l_dlh.lill ('t_,lnlt RaY (.'t,llfl.'l't'llt:t'

Stl]_t'rttmtltlclillg ('Yt'lt,lrt.I I,,d_t.'dh_rv (l)ublin, Irt,l,llltl, It_tll), (.}(',8,3,()(Itl_ll),
l't,l_t.'l N,IHLJ('I,-7'7tI(Itlnl),

W,T, ('lm, J,l I, IIt,rt'twltz, l,II, I lulllwt,ll, I£A,
1.(.iurrtdl, J, Ik,t'tlt_t,,S,Ily_dricky, S, ('hri_dth I,mlt,wi_..t,K,M, Murks, M,A, NVtlhln, "I',R.
f i. (ildt'S'_tH1, I'. I:t,rt_'t', I_.,Ftllttm, J,F, (;lit,l, I<t'llllt'l',R,I'. SInyh, (;.I)..qlt.Vt'l', alltl
J. (;t.'tlt.'h T, I lullnhln, II?LI..I ]t,lltlrh,, (;, Igtb R, 51r,_tllnt,r. "Thrt,t,.dii:lt,llsh,lail[ t't.lltu'm,l]

I'. Kirk, (;. F, Kl't,b_, I!, I.allh,r, (.;,I,illl,ltltl. Ihtg'al_y tl_'illlgItb,hl-it)n bt!,lllls," III I_rol'l'edill,\.;
A, I.elt,s.,it,r-St,lvtm. I., N'ladanskv, 11,5.N,hlli's t,I thr, NIRF, Intt,rnalhnl,iI Wtu'kslltq_ tm
I.),N'lilh,r, T. N,lult,ra, ('. Nilllth'l, I), Nt'.',blll, I h'uvY (i'h,lrgt,d I'arllt'lt, Tht,r,ll_Yand I,_t,]alt,d
I', (.)illahlgtlt.rrt., (i, Rtwht,, I.,5;.5C]ll't,t,tlt,r, Stlbjt't'ls ((.'hlba, I,q_,ln, lUUl); I,iIWl't!llt't'
ILA,St'irl('], R, Wt:'l!.h,Z, Warty, I, Xth alltl I]l,rkt.h,v l,,ll_t,',lltlrv i'l,l_t,rl I,Itl...3()lh3a
/\, "ft'gllt'SWdl'dll, "['ih,t'lr_ll I_,lh' I_l't_t[llt'tlt.I (itjtl(}),
iii p4 Itr, ,Int[ (,14C 'd ttd]h,h.I _,dt lhr, lh,value,"
iii I'rlwerdink'.t)t tilt, [nlt'rlldlh_lld[ Ntlt']t,,Ir W. t'hll, '1, I,_t,nllt,l',tlm[ [t, [.tlt.[t,wlgl, "['wt, in
l'hv_.ic_,_.'tHl[tq't'llt't' (.qfit, I'aulth I_razll, ]t/bltJ).

ctml]_,lnY',thrt,t, hi,lcrt.,vtl. ]_uth,nltltlt,llillg
111I/lll[ti'trt'iltHIt'lll I't_t,lllt,]_t,rdlit)lln,"

I. ('urrtdl, ], [_t'et]t_t,, %. [b,'htl'k'kV, _'i,(?ltrl..tt_, ]_l't,_,t'lltt'd Ut thf 13lh N'tt,t'till_; tri I'artMt,
(L ('[at._.t.i, I', Ig_rt;t,,Ii. FII]hm, ].F. ( ;i]t_l, Tht,ru]_y ('t_-()]wrullvt, (irt_tll_(lit,rkr,It,y, ('A,
I, (it,l'tl(,l_, 1. I I,_llmun, ILl., ] ]t,lltlrh,, (i, Igtb It)tit)),

7-2 I



I_I:,VA I ,AC' (._I'I!RA'I'I( )N_

(,, (.l,u .....i,ll, ( ,,I., Ikrl,l_,,, I, Milli,r, Ii, IJ_t,lll,, I,I, I:,ll.'lk,llll, R,I', I,_,vv, M,I I, I'hllllp,_, I..,A,
I,_.L_-_lhrl,t,d_,r,W, llt,tl_,ll_.l, I, v,lil Lh,l' I,'rallkl,I, ,inel I,1, I,vlll,lll, "Hhu'l,l_l,lt.lh

I'lWht, I,%,Wli_lh,hl, Ii, 1.4md,uld, 1,1",(. 'dh_l, _h,lr>_l,d t),lrth'h, lil,lli_ I.,,ik r,l(Ih._tlr>.l,r,,, h.'
(', I I,li'iil,llk, dll_l II, Fihlckel', "l_l'(_ltlll Ilu' It'l',lllll{'ltl (11Illll',u'r,ililal IlhliliH'llhlllIHih,

I'llll*_*lhlll IIi I,,I tl.a c_llll'dl.l', al I!//% " lug I, Ml,lhlld, Isalh,lll _t,ll,(.ll¢lll Il'th,l'i,I, r, llli,|lllll|
,lllll 2,lh N'll'\'," I'hv<,h'!i I,l'lh'l'n It 2._1, I _hl<ll' ,lll_l d_,_l,-..,u,ll'l,*hln)_lll'_lhlr(ll_.,," Iii
(N,iv,,I.buo' ,<.t,I,-lu()), I_,.li,,_,ln',_,_'__llll_d.h', i,dlh,,I I.,, I':, ,,\h,x,ln,.ll,o'

,iold I, I,_ullh,i' (I lal'v,lrd tlill,,,(,l',dlv I'l'(,s_.,

I. I ),llhlli, I,M, (ldlk,l'. I',1,. Ik,LLI, '1',1,_.I,h.'rln,'l', C*,lull.'ld_,.', M.,X, I*i'.ll ),
,Inll I,R, t ,Intl'_,, "1]tl<dliu,ll'V til It,_dl.ln

..Iorl_lill_llult_ tlu, .,l_lnal _(.'d I.' bl',llnl _II,ill I,I, I,',fluikalll, 14I', I,_,vv, (i,K, _-ih,lllbl,r_.,,,M,I I,
lil',ldl,lh'll wllh ;'l:i MI,VIII hl,llllln lllll<i," III I'hllllp!,, K,I\,I"rdnkl,I, I.Y.I.Vlll,in, M.I'.
I'lillr+'dillk,<, iii lilt, Wlil'lil ('llll}ll't,._,ii llll k,l,il'k+,, ,illtl (l,l), Pillx't,l'l+t,l'}4,"C'h,li'lilt,li
k.h,dit,ll I'hvslc, ,lil,.l Illlllill,tllt',il iMl'llt'lt , I',llllil_illl'lgi,l'V lill' Illil'licr, llllal V,l_+till,II*
I.'.lit!,llitU,liillil/ li,iii Illh,rlialhlildl t'llllh,i't,lltt, ill,illlil'lllalltlil!-l," iii _l'lll(l_illrk, l'rJ/('lillkg iil
till k'll,llit',ll I'hv<,lc *,,lilts Ilildllli;ic,II Nlu'lh ,'lllll'rJl,l, lllul (iii IH'l"i.n).
I,illi;int,l,rillli _(I,,{V(ihl, I,il,,ill, lUlil ), Ml,d. llild.

I(lilib (l,nl_.._l} ,4tip+pI {luul ), I'. I III. II. I;i,li_lllu'lb ci. Itl,hi',dlll4, II. (hivln, S. 14vt_,,
I<. Slhh,l, ,illll Ii. ,+.ivvl,r_iriltl, "hill _+llilrtl, ,illd

I'. I l_lkl,, I1.1, (*i',iwll,'cl, I.M, I'llt,,t,lal,t,, I, Illil,t*hlr IlillU'(iVl,llll,lll_, ,ii lhr, Yillll/,ll III ./\t',"
i;llll'l,h, I.. ( _i'l,illl,l', l, k,l_dllwa}.,,i, i, Kiklll'ili, iii I'rllll'l'tljll,,_g iii Ilu, llltlil i,lllU,ll' t\ct'l,ll,l',illli'

k. k.l,i,illll,i, k. Ni<,hljlin_l, I':, <Shib,illllll',l, dnd ('illlll,l'i,llt,i, {/\ll_lltliltOl'lllll,, NM, ItJllll).
I.I.M. !.iVllUlll<,, "!g,illlllllllt_,, l,lhirlllll,lt,r lllr
hit, h uill,i'li.v he,ivv i_,iiih'h ,<,Illh,d wllh

II. Felnburl.;, I.t i. K,illllll+<i, ,illtl (i.I;. I<rl,l_s,
,ilh,ile-lhg_l,tl Itqutd al'}_,lili," Niill. Iii,+ll'illil. "14,1lltll,ililvl, lilll bl,,llll_, <li Ihi, Itt,v,ilal".

Mt,lh. "\ 3(1_(lulll), i" 2tl(l' i<_i'(,,lll$'i,llli,illt'l,d Ir,li.Ullt,lll L,uliiii',ililill hll'
Iii(f411t,llurli.,o.Vbt,,iiil_-,," hlvlh,d t_,llll,r iii

l. I(lltll'l,lli't', ('.\. (hl,ii, S. (tlsl,i, I1.1. I'r(lll'l'llJlle,._ iii ilu, II Iii Ilill.,l'lhllllln,il

t 'l',iwllll'tl, I', I"l,l'l',ltlllll, I. I']IU'l'<,, n,,(il.l,lllt,l., ('llllll,l.l,iwi, till thf Allllltt,,ilhln iii
I'.( i. (iii/ii,, I.'.('. Ii,u,_,, ('.N. I<.llilll, lg. I, ll, At't.l,h,l',ll(ll_i iii 141,_,l,<ll't'h,lllll liltltl.++ll'V

t '. t{llll, ILl. I.tildsll'llln, Ii. I,$'llt,ll, l, k'l,izllllhi, (I)l,illllll, 'IX, llllli)), Ntlcl. Ill,drillll. Ml,lh. II

I,W. k,llilhl,ll, W.I",I. Mtil,lh,l', Ii. ( IIf-illll, _1_/._7(itilli), I_, _,1_;I,,iwrl,IWl, lll,rkl,h,v
I{. I'tllt,llZ,i, t\. lgtlllilllll, 1 .I.M. bVili(ill+4, I,,Iblil'ilhil'V I'l'l;llll'l; I,II1,-2li243 (ltlClli).
(). I l'*,L,li'_l, ('.1{. '1lill, C.l. W,Iddinb'hlll, W.R.
Wl,ld_t,r, 1.1', Wt,ii,I, ,intl I I.I I. Wtlunail, "A

lii,,ivv tllll _,l_l,tirlilnl,h,l ,,v<,lt,lli llSl,tl fllr iii+., I<.t\. I'r,illkt,I, M.I I. I'hlllil_<,, I,T. I,villiill,
lilt,,i<,lllt,llil,iil iii i,'llit,cith, tl',ll.Uill,lll,lllllll iii I;.Y,_. ('hllilll}+!,, I.I. I;,ibi;ik,inl, 14.1I, I,i,vv, ,lllll
i'el,ilivi<dh hl,,ivv ii,l,,," iii I_llll i'rd#llt,,i lit iht, t<{.I,_tl<MIIth,i',"l'rl,,illlll,lll I_ldilllliltl hll'

_lt,l'l,lflat'ltc i'iidhl_+lll'lill,l'.V lit lll{l'ilci',iili,iIIIIhu'ihillllli,il (li<,llllc I,_aV(l,ill,i'l,ilct,
dl'lul'hIvl,lillll._ lilillllil'llldlllillS,," I1_I_r()t('l'll#ll,t,,$(I ltiblili, li'l,l,illd, lull l ), ( )i i 1ILl ,71)( I_i_il).
iii I,_,ldhl_,ili't41,1'v,./\Ni,ill'll,_tll'l._tl.iil/\plll'iliith
Iii Inll',it'r,lllhll l,t,,,hln_i I(.'hiirhllh,.svllh,, Vt\,

I.I.I.,llu'ik,lllt, R.I'. lag'v, I,'l'. I,+Vlihlil, K,/\, Itlllli), I'dlil'd Iw I,, _il,tm, r (I,_,ivl,Ii I'l't,._,,,New
I.i',lnkl,I, M.I I. I'hillil_+, i.Y. I,,iwi'l,iicl,, and '1'iii'k, llltll ); I,<lWl'l,ill't, Iti,i'kl,h,v I.ablli',lhu'v

( .A, llll_i<l_,, "._41it,l't,lit,wlil'tll,ir}4t,tl-i_iil'lit;It, i'l,i_lll'l I,Itl .-_Tu Iii (llIHll),
ii'i',idlalhul iii Ihl' I_llliihii'+v 141,1nd:I!xlll,i'h,ncl'
iii H.III i_alil,iil_+,'' in /_rlwl'rdmk'_ iii lhc

W.( i. ( h'<ih,i!n, I<.1I. I]t!l'klit,r, I!.M. Itl,l'n_ll,lll,Illh,rn,iltlui,iI _h,i'l,(ihictll' 14,1tlill,411rtc,t,l'y
.tgViill,ll_,ililll (l';l_+l'vh,l'_t'll,lltl, I'llbli<,hl,r<,, M.W. ('l,lrk, II. Fi,illbt,l'tb M./\. McM<lh,ln, T.I.
Ni,xv Y(Irl,, llll)2.). Mlli't4,ill, W. I_iilhllllll,/\.7',. _c'hlilthll,l', ,lllt l

J.A, l,illt_,, "Mi,ilsilrl,lnl,illLi iii i'l,_illli,llll
li'dlly, h,l' dlid t,\tthillllll tT(i_iYi-_l,t'lillilSi Illr LJwu'

I.I, I,',ll_lik<inl, I<.1'. I,i,vv, M.I I.l'hilllp<,, K,A. t_i'llil,ctih,<, ill II " i,'l,<+l,ilil,tl ,it lhr, V+Lh
I:i',lril,.i,I, I.T. I,vill,lil, (I,K. Hil,inbl,i't4, M.I'. Illtt,lll,lllllliill ('llllfl,rl,nl'l, llll ihl, I'llv,itc_, llf

k,l,ii'l,<,, ,illll I;."l'.SG.( 'lili,lntb "( 'llnit,ll i'(,!illll!i I IIt.hlv-(.'h,il't.ed Illll_, (( iil,_+_,l,n,ItJIJI)).
iii _+Li,i'ullhltlil hl,,ivv t'h,ll'b,L,d i_,li'licll ,
l'dil{li_iill'li_,t'l'_'fI_l'llilr,lir,iliidlill'{I'i'iIi_,'t'lllILl_,

ul,ilh.'ii_,llil.i_,"iiil'vi_r,'diIIk'_llfRadiIi.. W,( ',.(;r,_h,lm,K,II,lIi,rkn_,i',I,'.,M,l_i,i'n_Luli_,

_iii'l._i,i>':A N_,lirli_lii'_i_'illApprll,lt,hi_i M,W. c'l,li'k,I_,l,'_,irlbui'l._,M.A, MrM,lh,iil,T,I,
lnil',il'l'ilnidl l,t'<,illn', ((Gl<il'hltll,svilh.,, Vi\, i\'lllrtblil, W. 14dihblill, i\.S. Schlal'hil,l', and
llJ_lii, i,dlit,d llv I,. _gh,illl,i' (I,_,lVl,ll I'l't,f.i_, Ni,,,',' I.A. "l'alll_,, "l_l,._llllailt li',iil<dl,i' ,lilll i,xt'thilhlli
Ylil'k, li)cii ); J,ilWl'l,llt'l, Jtl,l'kl'll'v I,,illlirdhll'V tlll' L_J<_11'IW(lit,l'lllt,s iii ll$'tll'li)_,t,ll," I'hv_+. I,_t'_.'.

l't'l_lli'i I,lll ,-2H2_2 (ltIHt)). Ix'lt. 6.%_77'7t(llJtl()).
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I.W, I hirfl4, I, Mtlh,r, I I,t ;, I'lib, h, I', I_unh,ln, C;,F, Kv_,bs,J.l_, Ah_nsl_, ,in_l IL I,t,lnb_,r_,,,

(i, R_whL,,I,,_, 5cllr_,_,dur, 14.N Treuhilfl, ILN. '"l'hu pr(_dudh_n ,inel ll_, _1 r,l_lh_iwllvl,
Kirk, (;.F. Krt,b<,, 14.Ih'_wklll,m, ,mtl K.I .W_dl, bt,,inl_, ,ii th_, Ituv,ll,w," In I'r_,,'_'_',li,N_,_1 Ihu
"MMr,ipldltv i_/I I' l'_-llhi_In 1,11_(ii,V/ 2hd ll'd_.,l'lldlh,lldl ('lillh,ri,lWU Jill l,_,lilhl,ldlvl,
mli'h,lin I'(.',1-i I'(.'ii rldlhdiln_," l'hv_, l,_ev, C.' llu,11n.',,(l,lltlVdlll-l,1-NullVi,, llel;,_hiilh I¢I_I );

,II, I ( I¢_1111,147, l=,lwr,,nrl, l'lerkuh,v I ,il_i_r,lhlrv H,l,l,rl IHI.-
-',I.I 17 (lU_il i.

I I,I', I llil,-,klilh,r, Ii, Ig,lnbur_,4,W,I,:, Muyurhlil,
A. Ih,lkml,ln, 1,14,Ahlnsl,, I, Illlimmlh,ld, I!.A. K. K_,,'i,lh,wL,kl , R. I'l,lllul,I, 'g.I I. Zh(llh V,li,

' I )illdrd, II. (.hnlld, N. ( ;thlrlhll,h (;.1:. Krub,_, Vhd,I, II. Ih'_,llr, M,A, k,h'M,iluln, ,_nll A,C',

M.,,\. M_'M,iIi,in, M,I!, I,_hll,lctus-l_lrlw,'n, ILS, tvllym,rm,, "1 li,ill i_,lrlilhln in Ihl, Iii,,\ X,!-i
1411dr,,I, ."4:hwt'lG'_t', I:),W. Sl,t_lint,r, K, !411't,l_l, Mt,V ,'lch, t I":"l Irl I't,iltltlll+," I'hv.,-,,Rt,v. (,I1,
I', Thh,bl ryer, dw.l li,li, Wi,_4nur, "l!h,drlln- tJ_X(I_)_(1),
i'h,dr_in Inh,r,ldhln in l_ri,il,cllh , i,li,,.li'_lll

Iil,_s," l'hvs, Ri,v, A ,14(l_Cll 1,I", 1712, I,_,I', l,l,vv, I,I, l:,d,rlk,lnl, K,A, l:l',lilkul, M,I I.

l'hillll_s, ,iml I,T, l.vm,iN, "(. ll,irl41,J-l,<irlhh,
1, )llh,lnlfln_, 1. Mh',ind,b ,lhd I], I_udewl_l, r,ldhlsllr_.l,rb, i,I lhu I_r,lllh" in l_/,'l_l'l,',llr,,41'rll

%\ pr_lhllYl,I' bL,,im dt,livurv s,_'slunl Ii_r lhr, (:li_li_'.; ill Nw'lh ,.l,,'rir, I, ,I (W.II, _4,_llndl,r,1,
F,r(,h,n mud h:,il ,wceh,r,llw' di I,_lind l.lml,U' l'hlhldull-_hhl , luuil), p. u_g,
in l'_,,rr_'llm,4s i,l' lhu 32hd Annu,ll k,h,_,tln_, i)l

th_' Amerirdn Ass,ld,_lil,n _lf I'hvstcisl_, Ill 14.1'.Ix'rS', J.I. I:,fl_rik,lnt, K.A. I:r,lnkul, M,I I.
k'l_'dlcln_' I.'41.l,l,ils, MC ), luU()), M_,d, l'h.vs, l'hlllll,_, J,'l'. l,$'m,ln, I,I I, l,,lwr_,n_ i,, ,in_l C'.A,
I ?, I ( I u_-J()), l'i ibhls, "I h,a v_'-_'hdr_,4ed)_,irt h'h, i',id hl.

sur_,er.v _ll the lfllulldry _l,ln_l: dlnlqll ru'-,ull'-,
J,C;, K,ilnlns ,Intl ( ;,I:. Kreb'.,, "l_i,'_',ll,ll; iii X41)id,lth,ni,-,," in H,dh,,,,r\,l'rll l lll_l_tll',
u'dr,lclhln imd exlern<ll I.,_,,_nlin,, ,G-flh',,," I!,/\ll'x_lnlh,r ,lll_l I. I.()ut'lh,r, i'dlhlrs
I.,iv,'renr_' I_l,rk__,h,vI,,dxlr,_hlrv r_,l_)rl I,I;I,- (I I,ir,,'<lrd Llnivw'silv I'r,,,_,, IU*ii ).
2_1,(_1 ( luYlb.

14,1',I,ev.v, I.I. F<_brik,_nt, I.'1. I,ym,llu K.A.
W,I.. K_,h_lu,A,(.'. Mlsrwr_,y, A, k,h,r(ini, I,'r,lnl,,i,I, M.I I l'hlllips, 1,1I. I,,Iwrl,ll_'l,, ,ind
I, hlri, C;,F, l'ea.'-,k.,u,N, ('(dllnn,i, K, I Ian(del, (. :,,,\, 'lllbl,_s, "C 'llnh,d r_,,-,ullsi,l ,-,h,ru(,l,iclic

I),R. ll_lwm,ln, I.,( ;, k,hlrutlil, M,A, Mck,l,_h,_n, helhim-hln r,ldh)nlir_._,ury ill lhu piluil,lrv
).r, \Valh,n, ,1hd (.;,I, W(_zniak, "A iwldt,l<_r t._l,lw.t ,_1I.awrence I_urk_,h,v I,,d_llrat(ll'V," in
,Irr,iv t(_ch.'lt'cl cllml',h'\ tr_lt.munls i-,rudlwc, d Ihu I'r_lrwdm,ls _lf I,_,l_li()sllr_4_'r.,,,,A Ni,urll-
in tnh.,rmudlale-uner_,y ruvursl,-kinumath:s sur_ic,iI Al,l,r(,<wh til Inlr, wr,_nhll I.l,'-d_ln_
ruiwli(in,-,," Null, 111strum.Mulh,/\ (in l_l'uss); (c'h,lrh)ltusvilh,, V/\, IY_Jl),in prt,,_,-,);

l.,_wrenc_, l}urkeh.,v l.<d_iI',itllrv ri,l_i)i't I,HI.- l,,lwri'w',, l_llwkuh,v 'l.,d_llrdh,rv ri,l_llrl I.I¢I.-
311111:3(ItJ_Jl). 282_3 (l!iSIJ).

t'.N, Knlltt, (.',X, C.;hun,5. ('_lst,i, I I,l. 14.1',I..e'vy, I,I. Fabrlk,li_l, C;.K. Stulnbur_,, M.I I.
C'r,w_'fllrd, I, I!n_4uhl_,u,I'. I;err,lndll, I. I:l{Irt,s, I'hlllil,S, K,/\. I:rankl,I, I,T, I,ym,_n, ,iw_l M.I'.
I,. C;ruinur, T,( ;. C;uzlk, F.(.'. Illnes, S, K_l, M,_rks, "/\dver,,l, clink:iii s,,guuhw and

('. Kllll, ILl, I.indslrllm, I.j.I.ynen, J,Mazllllt,I, _'llml)lh:,llillils I(llh,,win_.._.,,h,rullt,wth: (ll,ll'_,._,ll-
I,W, Miidwll, W,F,J, ,'vlul,lh,r, I), ( )l._ln, i',arlicN, r,ldi_lsur_,,,i.,l'ytllr inlr,_w'dni,iI

I,L I'llh'nz,b A, SlUlhllil, r,I.M. %,ml lh.,.,, drh,rilwl,n( ,ii<,m,llfllrm,_lil_ns," In Ib'l_ _'rJ/,X,,,
(). lu,-,ti_rd, (i,I!. Tilll, C',i, Waddin;t_,h_n, W.I,_. iii lh_' Inturn,1111_llill !-_tt,rt,lilacli_' l,_ildii,surh, ur.v
Wubbi,r, J,l'. Wull,l, dnd I I.I I. Wlem,in, SVml_llsh.lm (l!l,_uvil,r 5ci_,nr_, I'ublishl,rs,
"l':h,munlal pr_,dlwlilln crl,ss sl,di(ins fr_)lll N(!w Y(irk, Ig921,
I'_u(in t(i ni_kl,l," in I'rt_(r_'dm,,4.',_)t Ihu

Inh,rn,ltilln,d ('ll<,mh' I_,,_,,'(*_lnfurun_u I 14.I.illh,, IL I.Ikll'wil4l, I. Sl,lh,r, 1;).Milh,r,

(I)lil,lin, Iri,Nmd, I_-_uI h ( )(; _,3,._(I;_ul). (;. C'llllirak_m, 1). I.L,:ff,,n,i,<_ndIi. C'h,v_,hlw.I,
"l)_,<,iKn _)1lhu bl,,im d_,livl,ry ',v'ql'ln I_r Ihl,

(;,I:. Krubs, llr_,_fl,_ l.l_;ds II,,,II,_,L, l.awrc, mu l,()m,i l.iml,i prilhln lhur,_l-,.v fildlilv," In
l_i,rkt,lt,v l.,il_ir_hlrv rt,l'_(,rl l't.llb3()I4()(April l'mrl,r+li,,k,_,_lf tilt' 32n¢I ,'\nml,il k'll,utin_., i,l
I_-J_lll), IIw/\l-nt,l'i_'al_ +'\.'.,stWi,ltillll I_l I'hv_,ici_,t'_ in

Muclicinl, (.%i. l.llllis, M(), I_J(IJ, Ml'clil',ll

('.1", Kl't,b_, i'L iii., i,tlihlrs, Ib'll(rrdill,7_ (ii Ihu I'hv.<,il'<,17, _,(ltir-Iii).

_,'\/l_ik<_l_l_l_illi lhu btil,l_tt, (_f Illll,ll_l, I,_,lclill-
<il:li_,'l,hill I:ll,iiills (I.lls/\liiillll_i, NM, It)C)l ), li. I.lidl.,wil-l, W.T. Chtl, i\.'l.N$'llhill, "1',1(,
I.l_y,/\blin_)s l",,J,ilil)ndl I.<ibllidhlrv l'W_(iri I.A- 141,11lit'r,ILl'. uiiili4h, alltl 14.%lriidlill,r,
I ]tJ(i,l-( ' (]tJt)l). "l'rl,lilliil/illV ri,'-,ll]lk (li ,i rd_ill'r sW,illllillt_,
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I_I!',V/\ I ,/\(., (.)1'1il,_/\'I'I(.)N S

b1',1111d,,llv_,rv ,w:_h,mtor iI_,,hlI(_11_," 14_,bilv,l_hl,J,l,_,,'\h_lv_l_,(;,1:.Kr_,b:_,,11_¢1
prt,_t,l_ll,_l,1lIhL,lU/guI',lrlldu ,,\_.'rl,h,r,lt_,r T,I,M, Svlmm_, "NMI,__11I_-4_,nllll_,ri;,(',l
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