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NOTIC E :  The proj ect that i s  the subj ect of thi s  report 
was approved by the Governi ng Board of the Nati onal 
Research Counc i l ,  w hose members are drawn f rom. the 
counc i l s  of the Nati onal Academy of Sc i ences , the 
Nati onal Academy of Engi neeri ng , and the Institute of 
Med i c i ne .  The members of the commi ttee responsi bl e  for 
the report were c hosen for thei r spec i a l  competences and 
w i th regard lor appropriate bal ance . · 

Thi s  report has been reviewed by a group other than 
the authors accord i ng to procedu res approved by·a Repo. rt 
Review Commi ttee cons i sting of members of the Nati ona l 
Academy of Sc i ences , the Nati onal Academy of 
Engi neeri ng , and the Institute of Med i c i ne .  

The Nat i onal Research Counci l was estab l i shed b y  the 
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broad community of sci ence and technol ogy w i th the 
Academy• s pu rposes of fu rtheri ng know l edge and of 
advi s i ng the federa l  government . The Counci l operates 
i n  accordance w i th genera l  pol i ci es determi ned �Y t he 
Academy under the authority of i ts congress i ona l c harter 
of 1 86 3 ,  w h i c h  establ i shes the Academy as a pri vate , 
nonprof i t ,  sel f-governi ng membersh i p  corporation . The 
Counc i l has become the pri nc i pa l  operati ng agency of 
both the Nati onal Academy of Sc i ences and the Nati onal 
Academy of Engi neeri ng i n  the conduct of thei r servi ces 
to the government , the public , and the s c i enti f i c  and 
engi neeri ng communiti es . It i s  admi ni stered joi ntly by 
both Academi es and the Institute of Med i c i ne .  The 
Nati onal Academy of Engi neeri ng and the Institute of 
Med i c i ne were establ i shed i n  1 964 and 1 970 , 
respectively,  under the c harter of the Nati onal Academy 
of Sc i ences . 
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PREFACE 

The Nat1 onal Researc h  Counc1 l ' s  Comm1ttee on Atom1c and 
Mol ecular  Sc1ences ( CAMS) convened a workshop on 
November 8-9, 1 984, to rev1ew the current status of 
short-wavel ength 11ght sources of 1nterest to the 
atom1c, mo l ec u l ar, and opt1cal ( AMO) phys1cs  commun1ty .  
The genera l  1ntent o f  the Comm1ttee was to ( 1 )  rev1 ew 
advantages and d1sadvantages of ex1st1ng technol og1 es 1n  ·
the ul trav1olet ( UV) and x-ray spectral range, and ( 2 )  
determ1 ne wh1 c h  of these technol og1es, 1 f  any, 1 s  best 
s u1ted for part1cular probl ems 1n AMO phys1cs . 
Proponents of the maj or sources of r�1at1on 1n  the UV 
and x-ray spectra l range part1 c1pated 1 n  the workshop . 
The genera l  consensus of the part1c1pants was that the 
d1fferent1at1on between the ava1 l ab l e  technol og1es 1 s  
based l argel y  o n  the requ1 rements o f  the appl1cat1ons, 
and that each of the currentl y  ava1 lable  technol og1es 
has 1ts benef1ts and drawbacks . Improved opt1cs  and 
des1gn are needed for a l l technol og1es d1 scussed 1 n  
these workshop proceed1 ngs . 

ll oyd Armstrong, J r ., Cha1 rman 
Workshop on VUV and X-Ray Sources 
for Atom1c and Mol ecular Sc1ence 

v11 
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Workshop Overview 
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SHORT WAVEL ENGTH RADIATION FACIL ITIES FOR 
ATOMIC. MOL ECULAR. AND OPTICAL PHYSICS 

Many of the exc i ti ng new f ronti ers in atomi c, mo l ecu l a r, 
and opti cal ( AMO) sci ence l i e  at energ i es greater than 
5 eV, energ i es that correspond to the VUV, XUV, and soft 
x-ray porti ons of the el ectromagnet i c  spectrum. In  thi s  
energy range, comp l ex i nteracti ons i nvol v i ng many 
parti c l es domi nate the phys i c s  of energy transfer i n  
exc i ted states of atoms and mo l ecu l es .  Fundamental 
questions concern i ng the natu re of these mu l ti pa rti c l e  
i nteracti ons, a s  wel l a s  thei r temporal evoluti ons, a re 
at the core of many of the mo st important new 
i n vesti gati ons i n  AMO phys i c s . Whi l e  i nvesti gati ons of 
atomi c and mo l ecu l a r  systems i n  the UV, XUV, or soft 
x-ray energy regime offer unique opportu n i ti es to 
exami ne these i nteracti ons i n  a systemati c  way, advances 
have been h i ndered because of the d i f f i cu l ty i n  
deve l opi ng the necessary sou rces of radi ati on . The 
pu rpose of thi s  workshop on fac i l i t i es was to revi ew the 
cu rrent statu s of sou rces of radi ation g reater than 5 
eV, and i t  brought together peop l e  concerned with the 
devel opment and use of sou rces i n  thi s  regime. 

Parti c i pants in  thi s  workshop i nc luded promi nent 
spokesmen for the three major sou rces of radiati on i n  
the UV and x-ray spectra l range : synchrotron radi ati on 

3 
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f rom storage ri ngs, coherent radi ation ( ei ther f rom 
d i rect ( l aser) XUV generati on or f requ ency 
mu ltipl i cati on f rom v i s i b l e  lasers ), and XUV rad i ation 
f rom laser- i nduced plasmas . Onl y  a few years ago suc h  
a gatheri ng of strong proponents of these di verse 
technol og i es wou l d  have generated consi derable  a rgument 
over whi c h  fac i l i ty type i s  the best, or whi c h  shou l d  be 
devel oped mo st rapidl y .  However, f rom the di scu s s i ons 
among the parti c i pants at thi s  workshop, it i s  c l ea r  
that the f i e l d  o f  XUV generati on has matu red t o  the 
poi nt that there i s  wi de agreement as to what are the 
capabi l i ti es and l imi tati ons  of the variou s  techni ques . 
Thi s  understandi ng has l ed to di fferenti ati ons between 
the technol ogi es based largely upon the requ i rements of 
the appl i cati on, rather than on some preconcei ved not i on 
of absolute meri t .  

The genera l  c haracteri sti cs o f  the three maj or types 
of sou rces a re :  

1 .  SYNCHROTRON RADIATION i s  col l i mated l i ght whi c h  
i s  extremel y  b road band, with rel ati vel y  h i gh average 
power.  Synchrotron l i ght sou rces, next to l asers, are 
the bri ghtest sou rces of l i ght known to man, and 
dependi ng upon the energy of the stored el ectron beam 
and the strength of the magnetic f i elds i n  the bend i ng 
magnets or wi ggl e rs, thi s  radi ati on can extend f rom the 
i nf rared to wel l  i nto the hard x-ray wavel engths . The 
radi at i on i s  produced as bursts with du rati ons on the 
order of 1 00-500 psec, at a repeti tion rate of 1 -1 00 
MHz .  For spectroscopy, the radi ation must be 
mo noch romati zed . Recent advances i n  the design of 
i nsertion devi ces (wi ggl ers and undu l ators ) cause  the 
spectrum to be bunched i n  regi ons of i nterest, enhanci ng 
peak spectra l b ri ghtness and i ntrodu c i ng a degree of 
coherence .  Synchrotron radi ation fac i l i ti es are, by 
the i r  natu re, l a rge and expensi ve, and those who wi s h  to 
use synch rotron radi ati on must travel to national 
fac i l i ti es . 

2 .  COHERENT XUV i s  extremely  h i gh peak spectral 
bri ghtness sou rces, wi th d i ff racti on l imi ted 
di vergence .  These sou rces can produce pu l ses of 
extremely short du ration, but for l a rge peak powers, the 
repetition rates a re l ow, as i s  the average power. For 
spectroscopy, the coherent l i ght sou rces generated by 
f requency mu ltipl i cati on f rom the vi s i b l e  have 
potential l y  very h i gh resoluti on, exceed i ng even the 

' 
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largest spectrometers 1 n  the XUV . These sources, whi l e  
i n  pri nc i p l e  currently  avai l ab l e  for any wavel ength down 
to 355  A and smal l enough to exi st i n  the average 
l aboratory, are at present d i f f i cu l t  to operate, and a 
gi ven conf1 gu rati on can onl y  be u sed to generate a 
rel at1 ve l y  narrow band of wavel engths . Thus 
spectroscop1es that requ i re broad sweeps of wavel engths 
are i mpracti cal  with cu rrent XUV coherent sou rces . ( Many 
of these 11m1tat1 ons wou l d  be neatl y overcome i f  new 
des1 gns for f ree el ectron lasers operati ng i n  the XUV 
were shown to be practi ca l ) .  

3 .  LASER GENERATED PLASMA 1 s  u ncol l1mated, 
b road-band 11ght w1th h1gh  peak f lu x .  Depend1ng upon 
the target mater1al  and the 1ntens1ty of the l aser 
pu l se, these sou rces can produce 11ght f rom the v1 s i b l e  
down to wavel engths as s hort as  1 0  A .  The pu l se 
du rati on of the rad1at1on depends upon the pu l se 
du rat1on of the l aser used, as wel l  as the target 
mater1al  and the wavel ength of the output rad1ati on . 
These sou rces a re rel at1 vely compact and can be set up 
1 n  a smal l l aboratory . The output rad1ati on must be 
monoc h romati zed for spectroscopy . For h i gh repetition 
rate appl1cati ons, the engi neer1ng probl em of i so l ati ng 
del i cate optic s and other components f rom the resu l ti ng 
debri s of the plasma mu st be sol ved . 

The output of these l i ght sou rces can be descr1 bed by 
a vari ety of terms 1 nc lud1ng 1ntens ity, f lux, and 
spectral 1ntens1ty . When evaluat1 ng sou rces for the1 r  
appropr1ateness to d1fferent types o f  exper1ments 1t 1 s  
essent1al  that one choose the particu l a r  
character1 zati on o f  sou rces that i s  best su ited t o  the 
spec i f1c  s i tuati on . It rapi d l y  becomes c l ear that there 
i s  no s i ng l e  best sou rce that i s  appropriate for a l l  
experiments . In  order to prov1de a gu1de to some of the 
contrasti ng strengths and weaknesses of vari ou s  sou rces, 
Tab l e  1 provides a compari son of severa l  sou rces u nder 
six d1 fferent c haracter1 zations . 

The spec1f1c spectral i ntens1ty ( s ometi mes cal l ed 
bri ghtnes s )  1 s  the number of photons per un1t time 
cross1ng a u n i t  a rea i n  a unit  sol id  ang l e  and a unit  
spectral bandw1dth . In  the absence of el ements that 
absorb or ampl i fy, the spec i f i c  spectral i ntensity i s  a 
conserved quantity and i t  i s  rel ated to the degree of 
exc1tati on of fundamental modes of the radi ation f i el d . 
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In  many cas& s  i t  i s  des i rable  to have a l a rge number 
of photons c ros s i ng a l a rge a rea with onl y  a secondary 
concern about the ang l e  of i nc i denc e .  In  these cases 
mo re i nterest i s  associ ated wi th the spectral f lu x  or 
photons per u n i t  time per u n i t  bandwidth . The spectra l  
f lu x  i s  a measure o f  the total poW& r emi tted over a l l  
sol id  ang l es f rom the enti re sou rce a rea i n  a g i ven 
bandwidth . 

I n  both the above parameteri zati ons the output per 
u n i t  bandwidth i s  u sed . In  many cases the bandwi dth 
u sab l e  i n  an experiment i s  rel ati ve l y  large and often i t  
i s  best descri bed as  .a  f racti on of the i nc i dent 
f requ ency.  For  thi s  reason i n  the parameteri zati on of 
bri l l i ance or photons per unit  time c ros s i ng a u n i t  area 
i n  a unit  sol i d  ang l e  and a bandwidth of 0 . 1  percent, 
the i nc i dent f requ ency has been i ntroduced . 

C l early a mo nochromatic sou rce suc h  as  a l aser can 
have a very spec i f i c  spectra l  i ntens i ty wi th a 
comparati ve l y  l ower b ri l l i ance and an even l ower f lu x  
rel at i ve t o  a nonmo noch romatic sou rce . F i na l l y, a l l  
sou rces below 1 00 nm a re pu l sed and can b e  descri bed i n  
terms of thei r peak values and thei r average values . 

Al l of these sou rces of XUV a re only as usefu l as  
the  support i ng technol ogy for  focu s i ng and col l ecti ng 
the l i ght . One of the major efforts in the f i e l d  is the 
devel opment of XUV optics  u s i ng the mi c rofabri cati on 
techniques of the semi conductor i ndustry . For examp l e, 
mi rrors for the ref l ecti on of XUV l i ght at nearly normal 
i nc i dence a re made by l ayi ng down on a substrate 
preci se l y  control l ed thi c knesses of a l ternati ng l ayers 
of h i gh and l ow Z materia l  i n  order to make a 
•syntheti c •  c rysta l for Bragg refl ection . Another 
examp l e  i s  the fabri cat i on of zone pl ates i n  order to 
focu s  XUV l i ght, with the poss i bi l i ty of produ c i ng x-ray 
mi c roscopes wi th unprecedented resol v i ng power .  Several 
speakers at thi s  workshop wi l l  emphasi ze the need for a 
l a rger effort i n  thi s  f i eld, not i ng that none of the XUV 
sou rces i s  of any rea l u se i n  experi ments wi thout h i gh 
effi c i ency opti c s .  

I n  the materi a l  that fol l ows, s i x  topics  of spec i a l  
i nterest t o  t h e  AMO commu n i ty a re d i s cu ssed i n  order to 
i l lu strate how the type of experiment to be done 
di ctates the choi ce of type of photon sou rce . In  eac h  
i nstance, the importance o f  the phys i cs that i s  t o  b e  
done makes a strong case for further devel opment o f  the 
correspond i ng photon sou rc e .  
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EXAMPL E :  Time-Resol ved Energy Transfer on Su rfaces of 
Sol i ds 
Radi ati on Requ i rement : Ultra-short pu l ses of 
h i g h  i ntensity XUV 
Fac i l i ty Choi ce : Short-pu l se XUV laser 

Over the l a st f i ve years, there has been a renew ed 
i nterest i n  al l aspects of the su rfaces of sol ids ; e . g ., 
geometry of the bu l k  l atti ce at the su rface, electroni c 
states of these su rface atoms, positions of adsorbate 
atoms on su rfaces, and pertu rbat i ons of these atoms by 
the underlyi ng bulk .  Thi s  subj ect i s  a l so a n  i nterface 
betw een condensed-matter and AMO phys i c s, and the AMO 
community i s  beg i nni ng to play a s i gn i f i cant role i n  the 
new di recti ons i n  w h i c h  thi s  f i e l d  i s  deve l oping . 

Vi rtua l l y a l l  of the i nvesti gati ons of su rfaces to 
date have been made u s i ng steady-state techniques, 
resu lting i n  i nformat i on about su rfaces that i s  largel y  
restri cted to equ i l i brium, ground-state confi gu rat i ons . 
Thanks to the i mpact of pi cosecond pulse lasers, thi s  
restri cti on i s  now bei ng l i fted w i th the devel opment of 
time- resol ved photoemi s s i on techniques . Time-resol ved 
photoemi s s i on i nvol ves a short pul se of vi s i b l e, or 
near-i nf ra red, l i ght to •pump• the surface atoms i nto an 
exc i ted state . At some subsequent ( short) time l ater, a 
pulse of UV or  XUV l i ght i s  u sed to •probe• the exci ted 
state popu l ation .  The resu l ti ng el ectrons that are 
photoemi tted are recorded u s i ng a time-of-fl i ght 
el ectron energy ana l yzer .  The measu rement consi sts of 
record i ng the complete el ectron energy spectrum as a 
functi on of vari ou s  time delays between the pump and 
probe l i ght pu l ses . Thi s  i nformati on i s  readi l y  
unfolded to revea l the energy spectrum o f  otherw i se 
u npopu l ated exc i ted states, as wel l as  the temporal 
evoluti on of the populati on . Just as i n  normal 
photoemi s s i on, i nformat i on about the energy-momentum 
d i s pers i on i s  obtai ned by resol vi ng the electrons 
accord i ng to thei r angl e  of emi s s i on as well as to the i r  
energy. An experiment that demonstrates the potenti a l  
o f  thi s  technique h a s  been recently reported o n  the 
( 1 1 0) su rface of cleaved InP .  Thi s  experiment, u s i ng 50 
psec pu l ses of l i ght at 5320 A for the pump and at 
1 1 82 A for the probe, demonstrated the enormous 
sci enti f i c  potenti al of performi ng time-resol ved studi es 
on su rfaces . The next generati on of experiments of thi s  
type w i l l  requ i re pu l ses of l i ght of du rati on less than 
1 /2 psec for the pump and probe i n  order to time-resol ve 
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the decay of exc i tati on, and thus reveal the mechani sms 
of energy transfer. Fu rther, tunabl e, short-pu l se l i ght 
in the XUV for the probe wou l d  greatl y  i nc rease the 
types of sol ids and surfaces that cou l d  be 
i nvesti gated . Al l of these changes wi l l  requi re 
s i gni f i cant advances i n  coherent XUV and UV short pu l se 
l i ght generation . 

EXAMPL E :  Dynami cs  o f  Deep Inner-Shel l Processes 
Rad i at i on Requi rement : Broadl y  tunabl e, h i gh 
energy 
Fac i l i ty Choi ce : Synchrotron radi ation f rom 
a h i gh energy storage ri ng 

Deep atomi c hol e  states have pecul i ar properties : 
the energi es a re h i gh ( the l s  b i nd i ng energy reaches 1 00 
keY at atomi c number Z=87 ) ,  trans iti ons are mostl y 
rad i ation l ess and very fast, strai n i ng the l imi ts of 
perturbati on theory ; there are many decay channel s, 
l eadi ng to very short hol e-state l i fetimes, wi th 
concomitant widths as  l arge as tens of el ectron vol ts . 
Relati vi sti c and quantum el ectrodynami c effects are 
pronounced and sometimes domi nate over c l as s i cal  
phenomena . We i l l ustrate the sc i enti f i c  potenti a l  of 
the f i e l d  with three examples of i nner-shel l processes 
that promi se to l ead to new i ns i ghts : threshold 
exc i tati on phenomena, many-body effects on energy 
l evel s, and rel ati vi sti c and QED effects on deep hol e  
states . 

The exc i tati on of atoms and thei r de-exc i tati on 
through emi s s i on of photons or Auger el ectrons i s  
u sual l y  considered to occu r  i n  two steps, separated by 
i nterveni ng rel axat i on of the el ectron cortege . Thi s  
two-step model breaks down near thresholds of 
i nner-shel l  exci tat i on . The b reakdown i s  epi tomi zed by 
the resonant Raman effect, whi ch occu rs when an i nner 
el ectron i s  promoted to an exc i ted state by a photon of 
exactly the ri ght energy (wi th i n  the l i fetime wi dth ) ;  
the state decays resonantl y through an x-ray or Auger 
transi ti on, in a s i ng l e  quantum step . Above resonance, 
the s i ng l e-step mechani sm b l ends i nto the two-step 
mechani sm via  post-col l i s i on i nteracti on, through whi c h  
energy i s  fed f rom the reced i ng photoel ectron to the 
emi tted Auger el ectron . These phenomena can potential l y  
l ead t o  exceed i ng l y  prec i se spectroscopi c measu rements, 
and to novel ways for sens i ng the decaying atom' s  sol i d  
state envi ronment .  
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Atomi c phenomena provide a particularly ferti l e  
testi ng ground for new approaches to the understandi ng 
of many-body phenomena , because the atomi c potenti a l  i s  
rather wel l -known and the i ndependent parti c l e  model 
genera l l y  i s  a good f i rst approximation . There i s  a 
pronounced , as  yet i ncompl etel y  explored correlati on 
s h i ft of i nner-shel l  energy l evel s ,  because of 
i nteracti ons between bound-state confi gurati ons as wel l  
as  to •coster-Kron i g  f l uctuat i ons • to vi rtual exc i ted 
states--the rad i at i on l ess ana l og of the el ectron self  
energy. Onl y  many-body wave functi ons wi l l  permi t a 
quanti tati ve des c ri ption of thi s  phenomenon . Experiments 
with b road l y  tunable  x-ray radi ati on f rom storage ri ngs 
can provide important guideposts for the d i ff i c u l t  
theoreti cal efforts i n  thi s  f i el d .  

The strength of rel ati vi sti c and quantum 
el ectrodynami c effects on deep hol e  states i n  heavy 
atoms i s  surpri s i ng .  The Breit  i nteract i on (the f i rst 
cor recti on to Cou l omb ' s  l aw,  to l owest order i n  the 
f i ne-structure constant) reduces the l s  b i nd i ng energy 
i n  urani um by 480 eV;  the sel f energy and vacuum 
polari zati on , whi ch together produce the lamb shi ft ,  
amount to 344 and 86 ev,  respecti ve l y ,  for thi s  state . 
In  some phenomena , the stati c  Coul omb i nteracti on nearly 
cancel s ,  l eavi ng a domi nant rol e  for the dynami c 
correcti ons expressed by the Breit  term; examp l es are 
f i ne-structure spl i tt i ng and x-ray hypersatel l i te 
s h i fts . The next generati on of synchrotron radi at i on 
sources can be expected to g i ve experimental access to 
these phenomena , l ead i ng to del i cate tests of theory . 

EXAMPLE : The Three-Body Conti nuum Prob l em 
Radi ation Requi rement : Broadly tunabl e ,  h i gh 
energy , narrow bandwi dth 
Fac i l i ty Choi c e :  Synchrotron rad i ati on f rom 
a l ow to medi um energy storage ri ng ; 
radi ati on f rom l aser-i nduced pl asmas 

The three-body conti nuum Coul omb prob l em i s  not 
mere l y  one of the ol dest unsol ved probl ems i n  atomi c and 
mol ecu l ar phys i cs , but one of the ol dest i n  a l l  of 
phys i c s .  I t  i s  particul arl y  i mportant , o f  course , i n  
atomi c and mo l ecular  phys i c s  where Coul omb forces are 
overw helmi ngl y  domi nant . Bas i ca l ly , the d i f f i culty 
resu l ts f rom our i nabi l i ty to characteri ze the 
asymptotic  form ( or boundary cond i t i on s )  for a wave 
funct i on descri bi ng three (or more) unbound charged 
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parti c l es such a s  those that resu l t  f rom the doubl e  
photo i oni zati on of He : 

hv + He � He++ + e- + e-

or the doubl e  photodetachment of H-

Since the equation descri b i ng the wave function i s  a 
partial  d i f ferential  equat i on ( Schroedi nger or Di rac 
Equat i on ), we cannot begi n to sol ve i t  without boundary 
conditi ons, even though the forces are very wel l  known . 

Atomi c and mo l ecular  physics provides an outstandi ng 
l aboratory to gai n  i ns i ght i nto thi s  probl em prec i se l y  
because the forces a re known so wel l ;  the o n l y  unknown 
i s  the boundary cond i ti on of the wave function .  Careful 
measurements, then, on energy di stri but i on and angul a r  
c orre l ati ons i n  vari ous s i tuati ons cou l d  resu l t  i n  
fundamenta l i nformat i on on the probl em.  Amo ng the 
spec i f ic experiments i n  thi s  a rea are the fol l owi ng : 

1 .  doubl e  photo i oni zati on of atoms and mo l ec u l es ; 
2 .  i nner s hel l photo i oni zati on i n  coinc i dence wi th 

an Auger e l ectron ; and 
3 .  doubl e  Auger decay . 

These experiments requi re a photon source that i s  
i ntense, has h i gh resol uti on, and i s  tunable  over a 
b road energy range . 

EXAMPLE : Mol ec u l ar Photophysics 
Radi at i on Requ i rement : Broadl y  tunab l e ;  
narrow bandwidth wi th h i gh peak power 
Fac i l i ty Choi c e :  low to medi um energy 
storage ri ng ; UV and XUV l aser sources 

One major focus of mo l ec u l ar photophysi c s  has been 
the study of i ntense quasi bound resonances i n  the 
i oni zati on continuum, e . g ., shape and auto i oni z i ng 
resonances . Such resonances temporari l y  freeze the 
exc i ted mo l ecular  compl ex i n  a quasi bound state, thus 
ampl1fy1ng the more s ubtl e  dynam1cs of the 
photo i oni zation process . Synchrotron rad i at i on has been 
p1 votal i n  el uc1dati ng the properties of mol ecular  shape 
resonances . Thi s  work has had a major i mpact on the 
study of absorbed mol ec u l es i n  wh1 c h  shape resonance 
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c ha racteri sti cs  are substanti ally preserved . Several 
new opportu n i ti es exi st i n  thi s  general vei n  but requ i re 
enhanced l i ght sou rce capabil i ty .  The study of 
shape- resonance- i nduced vi brati onal effects i n  
polyatomi c s  will produce i ns i ght i nto i nteractions 
i nvolvi ng complex vi brati onal moti on . Thi s  subject 
rema i ns essentially u nexplored and would requ i re h i gher 
sensitivity and electron energy resoluti on than u sed to 
date . Another i mportant extens i on i s  to shape 
resonances populated from deep i nner shell s .  These are 
fundamentally important becau se compl i cati ons i n  valence 
shell exc i tati ons are tu rned off and becau se Auger decay 
and other rel axation processes provi de additi onal 
i nformati on . 

A very timely advance would i nvolve studyi ng the 
photoel ectron branch i ng rati os and angula r  d i stri buti ons 
as a functi on of posi ti on wi thi n  autoi oni zi ng 
resonances . Extens i ve work on total adsorption profiles 
has had major i mpact on atomi c and molecular phys i c s ; 
however, knowledge of the decay c hannel s  ( v i brati onal 
and electroni c  branch i ng rati os ) would greatly advance 
ou r u nderstandi ng of the dynami c s  of thi s  ubiqu i tous 
mechani sm. Partially resolved, prototype measurements 
on the broadest known resonances have been 
made--i nd i cati on that s i gn i f i cant i mprovements i n  the 
photon bandwi dth of synchrotron radi ati on fac il i ti es a re 
requ i red for major progress . 

When an i nner-shell hole i s  produced i n  a molecule, 
an energy greatly i n  excess of the molecule • s  bi nd i ng 
energy i s  stored i n  the molecule, resulti ng i n  a v i olent 
breakup of the molecule .  Thi s  decay results from 
multi p l e  Auger tran s i ti ons, lead i ng to a h i ghly charged 
molecular core that fl i es apart via Coulomb repul s i on .  
Thi s  •coulomb explos i on • mechan i sm was d i scovered long 
ago wi th x-ray tubes . It i s  now pos s i bl e, u s i ng 
advanced synch rotron rad i ation sou rces, to produce 
i nner-shell holes on d i fferent locations  in a molecule, 
and even to •park • the exc i ted electron i n  l ocal i zed 
resonances du ri ng explosi ve decay . Detai l ed studies of 
the mechani sms i nvolved in f ragmentati on of i nner-shell 
molecular hole states under selecti ve conditions are 
ri pe for study . 

Advanced tunable laser sou rces i n  the UV and XUV 
offer a d i fferent form of selecti vity i n  molecular 
exc i tati on . Use of the narrow bandwi dth and h i gh peak 
power permi ts the probi ng of molecules i n  ways 
unimag i nable before modern lasers . In part i cular, i t  i s  
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bec omi ng i nc reasi ng l y  pos s i b l e  to prepare s i ng l e  exc i ted 
quantum states of mo l ecu l es and to probe the dynami cs  of 
thei r further exc i tati on and/or decay. Hence, we are 
abl e to exami ne exci ted states at the quantum state 
spec i f i c  l evel i n  muc h  the same way that we have always 
studied ground states . Prototype studies have been 
carri ed out i n  whi c h  resonant mu l ti photon i oni zati on 
with photoel ectron detecti on has been rotat i ona l l y  
resol ved at each stage o f  the mu l ti step process . As 
l aser sou rces advance, suc h  detai l ed exci tati on schemes 
can be greatl y  extended i n  both spectral range and 
target vari ety . 

These advanced exc i tati on/i nterrogation schemes open 
up many new opportunities i n  mo l ecu lar  phys i c s . For 
examp l e, photoel ectron branching rati os and angu l ar 
d i stri buti ons resu l t i ng f rom photoi oni zati on of s i ngl e  
exci ted quantum states wi l l  provi de f resh, new 
c ha l l enges to a f i e l d  heretofore l imi ted to 
photo i on i zati on of ground states . The study of 
a l i gnment of exci ted states and i ons and of 
f ragmentati on of exci ted quantum states i s  advanc i ng 
rap i d l y .  Mu l ti photon exci tati on through s i ng l e  quantum 
states greatl y  simpl i f i es the spectroscopy of h i gher 
l yi ng states and permits the study of nonoptical  
manifolds . Signi f i cantl y, thi s  i nc ludes nonoptical  
auto i on i z i ng states, whi ch have not been observed by 
other means . 

EXAMPL E :  Producti on o f  Slow Cold Ion Beams 
Radi ation Requ i rement: High  i ntensity x rays 
Fac i l i ty Choi ce : Medium to h i gh energy 
storage ri ng, UV l aser 

The generati on, confinement, and mani pu l ation of i ons  
i n  a wi de vari ety of states of  i oni zati on and exci tation 
have great uti l i ty i n  a mani fold of di verse 
appl i cati ons . Examp l es are the production of fus i on 
plasmas, c haracteri zati on of a wide range of 
astrophysical envi ronments, devel opment of new frequency 
standards, and the des ign of accelerators and storage 
ri ngs . In many of these app l i cations it i s  desi rable  to 
produce s l ow, cold i ons . Espec i a l l y  for h i gh states of 
i oni zat i on and exci tati on, the abi l ity to do so has been 
severe l y  constra i ned . For examp l e, pl asmas hot enough 
to generate suc h  i ons  typi cal l y have temperatu res of 
tens to hundreds of keY, and typi cal l y  produce them i n  
d i rty, h i gh densi ty envi ronments . Col der but sti l l  fast 
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unidi recti onal beams of i ons are availabl e  from 
coll i s i onal i on i zat i on and exc i tation of c harged 
particle beams . 

In  recent years , substantial headway has been made i n  
the c reat i on and storage o f  s i ngly- and mult i ply-c harged 
recoil i ons  produced at eV energ i es by h i gh veloc ity , 
h i ghly c harged fast proj ectile beams i n  dilute gas 
targets . These slow recoil i ons have themsel ves been 
util i zed to form secondary beams for i on-atom and 
i on-molecule coll i s i on experiments . However,  
temperatu res of  a few eV still correspond to tens of  
thou sands of degrees Kelvi n .  Developi ng effi c i ent ways 
to make mult i ply i oni zed , exci ted i ons at room 
temperatu re would ampl i fy opportunities for coll i s i on 
and spectroscopy experiments enormou sly.  Consider what 
the impact wou l d  be , for exampl e ,  on studies of chemi cal 
reacti on dynami c s  i f  beams i n  the range of 1 to 1 0  eV 
per charge with energy spread < 1 0  percent were 
ava ilabl e .  Appl i cations to c haracteri z i ng processes of 
pos s i bl e  importance i n  x- ray laser development alone 
would ju sti fy the effort i n  developing suc h  beams . 
Cool i ng to still lower temperatu res ,  whi c h  wou l d  
mu l ti ply appl i cations , i s  also l i kely t o  b e  easi er at 
sta rting temperatu res of 300 K as opposed to tens of 
thou sands of degrees Kelvi n .  

The recent advance of h i gh bri ghtness photon beams 
f rom synchrotron storage ri ngs and UV lasers has made 
pos s i bl e  the consi deration of energetic  photons as a 
di rect i oni z i ng agent for the fi rst time . It now·' 
appears to be pos s i ble to c reate s i gn i f i cant numbers of 
multi charged i ons by succes s i ve photoi oni zati on wi thi n  
reasonable times . For exampl e ,  whi te l i ght from 
wi ggl ers attached to the mo st advanced x-ray ri ngs of 
the present day i s  calculated to be able to i on i ze 
completely argon i ons to the bare nuclear state wi thi n  a 
few seconds , provi ded the i ons  are trapped i n  the l i ght 
beam for thi s  time . X rays harder than the K edge of 
the target spec i es are a l so capable of di rect producti on 
of multi charged i ons i n  s i ngle ,  low momentum transfer 
photo i on i zation events , s i nce rapid Auger cascades 
subsequent to· the primary i oni zation event spontaneou sly 
occurri ng . 

Extracti on of col d ,  h i gh c harge state i ons from the 
photo i oni zation regi on provides a unique sou rc e .  
Dependi ng o n  wi ggler photon bri ghtnes s ,  sou rce reg i on 
dimens i ons , and timi ng characteri sti cs  of the ri ng , i t  
appears feasi bl e  to extract 1 04 to 1 08 i ons per 
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second from a sou rce regi on of mi l l i meter dimensi ons at 
unprecedentedl y  l ow temperatu res . Suc h  a h i gh 
bri ghtness sou rce has a potenti al ly  broad range of 
exc i t i ng appl i cati ons , extendi ng from atomi c beam 
c hemi stry to i nj ection of heavy i on storage ri ngs 
equ i pped w i th eff i c i ent el ectron-i on cool i ng devi ces . 

EXAMPL E :  Coherent Exc i tati on i n  Extreme Field  
Cond itions 
Radi ati on Requ i rement : Extremely h i gh peak 
power coherent l i ght 
Fac i l i ty Choi ce : Short-pu l se UV l aser w i th 
ampl i f i er 

One of the centra l probl ems i n  atomi c phys i c s  i s  the 
i nvesti gati on of atoms and mo l ecu l es u nder extreme 
cond i ti ons . An examp l e  i s  the behavi or of matter w hen 
i t  i s  subjected to extremel y  h i gh el ectri c f i elds , 
f i e l ds on the order of an atomi c u n i t  (1  a .u .= 
eta6 = 5 x 1 09V) . 

Recent research f i nd i ngs l ead to the conc lus i on that 
the di rect mu lti photon exc itati on of appropri ate 
ampl i fying medi a  w i th h i gh bri ghtness u l trav i o l et 
sou rces i s  a very promi s i ng c hoi ce for the generati on of 
s hort wavel ength rad i ation i n  the ki l ovol t  range . The 
c l ass of physical  mechani sms that dominate the phys i c s  
o f  matter a t  thi s  f i eld  i ntensity appears to i nvol ve 
col l ecti ve e l ectroni c  moti ons , and it has been recently 
show n  to exhili i t  surpri s i ng c haracteri sti cs  w h i c h  
suggest w h i c h  enti re l y  new approaches for the eff i c i ent 
producti on of x rays are feas i b l e .  

From a n  ana l ys i s  o f  certai n data obtai ned to date , 
w h i c h  i nc ludes i n formati on on the atomic number (Z ) ,  
i ntensity ,  f requency,  and pol ari zation dependenc i e s ,  the 
fol l ow i ng approximate description of the el ectroni c  
moti ons i nvol ved i n  these processes has emerged . The 
data strong l y  i ndi cate that a col l ecti ve response of  an 
enti re shel l ,  or a maj or fraction thereof , i s  di rectly 
i nvol ved in the non l i near coupl i n g .  Col l ecti ve 
responses of atomi c shel l s  have been di scu s sed 
previ ou s l y  i n  rel ation to the mec hani sm of s i ng l e  photon 
photoi oni zati on . These studi es simp l y  poi nt to a 
non l i near ana l og of thi s  basi c  e l ectroni c  mechan i sm.  
With  thi s  pictu re ,  the outer atomi c subshel l s  are 
envi saged as bei ng dri ven i n  coherent osci l l ation by the 
i ntense u ltravi o l et wave . ( An osci l l ating atomi c shel l ,  
quantum mechani ca l l y ,  wou l d  be represented by a mu l tiply  
exc i ted con f i gu rati on . )  Atomi c moti on of  thi s  type is  
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not at a l l unexpected . It i s  known , for examp l e ,  for 
the case of xenon , parti cul arly f rom photo i oni zati on 
studi es i nvol vi ng multiple  el ectron ejecti on , the Sp , Ss ,  
and 4d shel l s  exh i b i t  s ubstantial  i ntershe l l coupl i ng 
and behave i n  a col l ecti ve fashi on i n  a manner 
resemb l i ng a s i ng l e  s upershe l l .  An immediate 
consequence of thi s  type of behavior i s  an i nc rease i n  
multi photon coupl i ng resu l ti ng di rectly f rom the l a rger 
magni tude of the effecti ve charge i nvol ved i n  the 

· i nteraction . In thi s  way ,  a multiel ectron atom 
undergoi ng a non l i near i nteracti on responds i n  a 
fundamenta l l y  d i fferent fashi on f rom that of a s i ng l e  
e l ectron atom. Interesti ng l y ,  the moti on envi saged has 
a nuc l ear counterpart known as  the g i ant d i po l e ,  a 
phenomenon that can a l so be mani fested i n  h i gher 
multi  pol es . 

Modern rare gas ha l ogen l aser systems , sca l ed up to 
l a rge diameter and emp l oying femtosecond pul se wi dth 
technol ogy , should a l l ow basi c  phys i cal  stud i es to be 
performed i n  an i ntensity range exceedi ng 1 020 W/cm 2 . 
In  terms of energy density ,  thi s  i s  on the sca l e  of that 
produced by thermonuc l ear envi ronments . At such an 
i ntensity ,  the peak e l ectri c f i e l d  of the coherent 
dri ving wave approaches the unprecedented va l ue of 50 
a . u .  I n  s uc h  an extreme envi ronment , whi c h  i s  
i mpos s i b l e  to generate by any other known physi cal  
means , i t  is  l i ke l y  that phys i ca l  processes never 
previ ous l y  observed wi l l  be detected . Thi s  woul d  
i nc l ude certa i n  mechani sms i nvol ving the production of 
el ectron-posi tron pai rs . 

It shou l d  be noted that at energy densi ti es of the 
sca l e  stated above , an atom experi ences a violent 
perturbation that has important features in common with 
certa i n  wel l -studi ed col l i s i onal phenomena such as 
i on-atom col l i s i ons , e l ectron-i on col l i s i ons , and 
beam-foi l i nteracti ons . Indeed , i n  the case of 
beam-foi l col l i si onsA a radi ati ve envi ronment at an 
i ntensity of 3 x l ol a W/cm2 at an ul travi o l et 
wavel ength approxi mates , i n  severa l  i mportant respects , 
the conditions associ ated with the pas sage of an argon 
i on through a· carbon foi l wi th a ki netic  energy of - 1 
GeV . Thi s  rough s i mi l arity l eads to the consi deration 
of the concept of an •opti cal  sol i d •  i n  whi c h  stati onary 
atoms i n  a s uff i c i ently  i ntense rad i ati ve f i el d  wi l l  
experi ence an i nteraction comparabl e  to that of 
energetic  i ons travers i ng sol i d  matter. 
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Tab l e  1 .  Compari son of Characteri sti c Outputs for 
Vari ous XUV and Soft X-Ray Sources 
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1 .  ATOMIC AND MOLECULAR PHYSI CS WITH VUV 
AND X-RAY PHOTONS 

Steven T .  Manson 
Department of Phys i c s  and Astronomy 

Georg i a  State Uni vers i ty ,  Atl anta , Georgi a  30303 

I .  WHY PHOTON IMPACT? 

Studi es of atomi c and mo l ec u l ar properties usi ng 
i nc i dent photons have two important advantages compared 
to stud i es using i nc i dent parti c l es :  the i nteracti on of 
photons wi th a target i s  smal l and wel l  understood , and 
the photon d i sappears after the photoabsorpti on process , 
l eavi ng onl y  the target ( see Fi gure 1 . 1 ) .  As a resu l t ,  
b y  u s i ng photons as the probe , one can concentrate on 
the properties of the target rather than on the 
i nteracti on process .  

I n  important energy ranges , i nc i dent photons provide 
better energy resol ution than any other i nc i dent 
parti c l e  ( F i gure 1 . 2 ) . Furthermore , photoabsorpti on 
l imits the number of f i na l  states to onl y  those whi ch 
a re opti ca l l y a l l owed , l eadi ng to c l ean , eas i l y  
i nterpretable  experiments . The resu l ts are often 
inva l uable  i n  the i nterpretati on of very much  more 
compl i cated el ectron and i on i mpact experiments . 
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For certai n types of preci se experiments it i s  
essential  to know the ori entati on of the spi n ,  i . e . , the 
polari zation of the i nc i dent parti c l e .  Photons a re 
eas i l y  polari zed; e l ectrons and i ons  are not! 

It i s  thus c l ear that photon impact spectroscopy i s  
exce l l ent for the study of atomi c and molecular phys i c s  
for a vari ety o f  reasons . The fol l owi ng i nformal 
outl i ne s ummari zes a number of probl ems and the rel evant 
experiments . In the parentheses to the l eft of each 
experiment , the spectral reg i on requi red (U for UV and X 
for x ray) i s  spec i f i ed .  

I I .  WHAT CAN BE STUDIED USING PHOTONS? 

A .  Three-Body Conti nuum Coul omb Probl em 

The three-body conti nuum Cou l omb problem i s  one of the 
ol dest unsol ved probl ems i n  phys i c s . The di f f i c u l ty 
a ri ses f rom our i nabi l i ty to characteri ze the boundary 
conditi ons for a wave functi on descri bi ng three (or 
more )  unbound charged particl es; boundary conditi ons are 
c ruc i a l  to the sol uti on of partial  d i f ferential  
equati ons such  as  the Schrodi nger equation .  Among the 
experi ments that bear on thi s probl em are the fol l owi ng : 

( U , X) 1 .  double  photo i oni zati on/photo detachment ( see 
F i gures 1 . 3 and 1 . 4 ) ; 

( U , X) 2 .  i nner shel l photo i oni zation i n  coi nci dence 
wi th an Auger el ectron ( see F i gure 1 . 5 ) ; and 

( U , X) 3 .  doubl e  Auger decay ( see F i gure 1 . 6 ) . 

B .  Strong Corre l ati on/Multiple  Processes 

These stud i es focus on the correl ated moti on of two (or 
more) el ectrons . A typical  mani festati on of thi s  
corre l ation i s  a multiple  process whi c h  woul d  be 
imposs i b l e  i n  a one-el ectron pi cture . Some experiments 
are :  

( U , X) 1 .  i oni zation p l us exc i tati on by a s i ng l e  photon 
( sate l l i te l i nes ) ( see F i gures 1 . 7 and 1 . 8) ; 

( U , X) 2 .  autoi oni zi ng state stud i es ( see F i gure 1 . 9 ) ; 
and 

( U , X) 3 .  i nvestigati ons of the l arge perturbations of 
i nterc hannel coup l i ng by studi es of s ubshe l l s  
wi th sma l l  partial  c ross secti ons ( see Fi gure 
1 • 1 0) . 
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C .  Photoabsorpti on by Unusua l States 

These i nvestigati ons extend our understandi ng of 
f undamental atomi c and molecular i nteractions to new 
vi stas . Among the i nteresti ng targets to study are the 
fol l owi ng : 

(U)  1 .  Exc i ted states of  atoms and mo l ec u l es . These 
studi es wou l d  g i ve i nformati on on the 
i nteraction process whi c h  takes p l ac e  over a 
broad spatial  range and not j ust over a few 
Bohr radi i  as for ground states ( see Figures 
1 . 1 1  and 1 . 1 2 ) .  

( U , X )  2 .  Open-shel l atoms . Al though these consti tute 
a majority of the peri od i c  tab l e ,  there i s  
v i rtua l l y  no extant data . These offer the 
pos s i bi l i ty of studying non-centra l  
i nteracti ons , whi c h  are not observable  i n  
spheri ca l , c l osed shel l atoms . 

( U , X )  3 .  Ions a re i mportant i n  many s c i enti f i c  and 
techno l og i ca l  scenari os , but there i s  a l most 
no experimenta l  data . In additi on , the 
poss i b i l i ty exi sts of studying s impl e  
(few-e l ectron) h i gh- Z  systems . 

D .  Probes of Sma l l  Interacti ons 

Thi s c lass of i nvesti gati ons probes forces that a re 
often masked by larger effects but can be • unmasked • 
w ith c l ean , wel l -resol ved photons . Thi s  category 
i n c l udes the fol l owi ng : 

( U , X) 1 .  Photo i on i zati on of h i gh- Z atoms-studi es 
foc us i ng on rel ati vi sti c efforts ( see Figure 
1 . 1 3 ) ;  

( X )  2 .  Partial  c ross secti ons  of i nner atomi c shel l s  
near threshol d ,  prob i ng the atomi c  EXAFS 
predi cted by theory to understand how thi s  
might affect molecular,  s urfac e ,  o r  sol i d  
EXAFS ( see Figure 1 . 1 4) ; 

( U , X )  3 .  Photoel ectron angul ar di stri bution and spin  
pol ari zati on measurements , studi es that are 
sensiti ve to matri x e l ements (not j ust 
absol ute squares ) and thei r phases ( see 
Figure 1 . 1 5) ;  and 
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( U , X) 4 .  •compl ete• experiments measuri ng total c ross 
section , partial  c ross sections , 
photoel ectron angular  di stri buti ons , and spin  
pol a ri zati on , a l l owi ng deduction of  a l l  
matri x e l ements and phases . 

E .  Other 

( U , X) 1 .  Atomic/mo l ecular  c l uster photoioni zation to 
determi ne how many a re needed to constitute a 
surface or a sol i d .  

2 .  Atomi c/mo l ec u l a r/sol i d  photo i oni zati on 
comparati ve studies  to i sol ate molecular and 
sol i d  state effects ( see Figure 1 . 1 6) .  

( U , X) 3 .  Use of photo i on i zation to c reate i ons to be 
stored and empl oyed as targets i n  other 
experiments such as ionic  photo i on i zation , 
i on-i on and el ectron-i on col l i s i on s .  

I I I . FINAL REMARKS 

Great opportuni t i es awa i t  us i n  the i nvesti gat i on of 
atoms and mo l ec u l es with photons .  S i gn i f i cant 
contri buti ons to both fundamental understandi ng and 
app l i cati ons a re to be made . It wo u l d  be sad , i ndeed , 
to l et these opportunities pas s  us by.  
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F I GURE 1 . 1 .  Compari son of the i on i zation processes 
i nduced by photon and c harged parti c l e  i mpact. 
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F I GURE 1 . 2 .  Photoabsorption c ross secti on of Krypton 
near threshold .  
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DOUBLE PHOTOIONIZATION 

F I GURE 1 . 3 .  The doubl e  photoi oni zati on process . 

220 

F I GURE 1 . 4 .  Rati o  of doubl e  to s i ng l e  photo i oni zati on 
of hel i um .  The poi nts a re experimental and the c u rves 
are experimenta l . Note the d i sc repanci es .  
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INNER SHELL THRESHOLD IONIZATION­
AUGER CORRELATION 
(POST-COLLISION INTERACTION) 

F I GURE 1 . 5 .  The 1nner she l l photo1on1 zat1on fol l owed by 
A uger decay p rocess . 

DOUBLE AUGER DECAY 

F I GURE 1 . 6 .  The dou b l e  Auger decay process . 
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IONIZATION+ EXCITATION 
BY A SINGLE PHOTON 
(SATELLITE LINES) 

F I GURE 1 . 7 .  The p rocess of i oni zati on pl us exc itati on 
by a s i ng l e  photon . 
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PHOTON ENERGY hv(eV) 

F I GURE 1 . 8 .  The ratio of the c ross secti ons for 
photo i on i zation of hel i um with exci tation of He+ to 
the n = 2 l evel and ord i na ry photoi on1 zat1on . The 
poi nts , measured at two di fferent ej ection ang l es , are 
compared wi th theoretical  curves showi ng major 
d1 sc repanc1es . 
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AUTOIONIZING STATES 

F I GURE 1 . 9 .  Photoexc i tation of a n  auto i on i z i ng state . 
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PHOTOELECTRON ENERGY (eV) 
F I GURE 1 . 1 0 .  Photo i on i zati on c ross section of Ar 3 s  
s howi ng experimental  poi nts , s i ng l e  c hannel theory 
(HF - L )  and multi channel theory ( RPA , S RPA, R-matrix) . 
Note the agreement of experiment wi th mul t i c hannel 
theory whi c h  c hanges the c ross secti on both 
qual i tati vel y and q uanti tati vel y  by i nc l ud i ng the 
i nterchannel i nteraction with the open 3p photoioni zation 
c hannel ( havi ng a c ross secti on of tens of Mb) .  
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PHOTOIONIZATION OF 
EXCITED STATES 

F I GURE 1 . 1 1 . Photo1oni zat1on of exc i ted states u s i ng a 
l aser plus  another photon source.  
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F I GURE 1 .1 2 .  Compari son of experiments ( poi nts ) and 
theory ( curves ) for the photo1on1 zat i on c ross secti on of 
the 3p exc i ted state of Na . 
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F I GURE 1 . 1 3 .  Theoretical  Sd photo i on i zati on c ross 
sect i ons  compari ng nonrelativi sti c ( HS )  and rel ati vi stic 
(DS ) calculations , thus highl i ghti ng the i nf l uence of 
rel ati vi sti c effects . 

u 

INNER-SHELL 
PHOTOIONIZA TION 
(ATOMIC EXAFS) 

K-THRESHOLD hv 

F I GURE 1 . 1 4 .  S chemati c i nner she l l  photoioni zation 
c ross secti on d i s p l ayi ng the atomi c EXAFS pred i cted by 
theory . 
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F IGURE 1 . 1 5 .  Photoel ectron angular di stri buti on 
parameter ,  R , for Cs 6s ; the sol i d  c u rve i s  theory and 
the dashed i s  experiment . The arrows show where each of 
the (theoretica l ) d i po l e  matri x e l ements vani shed . 
Experimenta l l y ,  these zeros come at l ower energy . 
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F I GURE 1 . 1 6 .  Compari son of experimental photoabsorption 
c ross secti ons for sodi um vapor and sol i d  a l ong with the 
resu l ts of an atomi c calcu l ati on . Note the simi l arity 
of a l l  three . 
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2 .  PROPERTI ES OF S YNCHROTRON RAD IATION FROM BEND ING 
MAGNETS. WIGGLERS. AND UNDULATORS 

Henman Wi n i ck 
Stanford Synch rotron Radi at i on laboratory 

S LAC B i n  No . 69 
S tanford , Cal i forn i a  94305 

El ectrons i n  c i rcular  moti on at l ow vel oc i ty emit 
radi ation i n  a nondi recti onal pattern as shown i n  Fi gure 
2 . 1 a .  At vel oc i t i es approach i ng the velocity of l i ght 
the radi ated power i nc reases dramati cal ly  and the 
pattern i s  fol ded forward i nto a cone with a f u l l  
openi ng ang l e  gi ven approximate l y  b y  2y-1 = 2 
moc2/E as shown i n  Fi gure 2 . 1 b .  Thi s  angl e  i s  onl y  
1 mrad for a 1 GeV el ectron and correspondi ng l y  smal l er 
for h i gher e l ectron energy. Thus , synch rotron radi ati on 
i s  expl oited di fferently  when the source i s  a bend i ng 
magnet , a wi ggl er ,  or an undul ator.  

BEND ING MAGNETS 

Bendi ng magnets produce a l arge hori zonta l fan of 
conti nuum radi ati on , muc h  l arger than y -1 and muc h  
l arger than the acceptance of a n  experiment . The 
vertical  openi ng ang l e  rema i ns smal l .  Col l ecti ng opti cs  
can  i nc rease the f l ux del i vered to an  experiment by  
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accepti ng a hori zontal ang l e  greater than 2y- l , but 
the bri l l i ance i s  not i nc reased ( see F i gure 2 . 2a ) . 

WIGGLER MAGNETS 

A wiggler  magnet i s  a dev i ce with several pol es whi c h  
produces one o r  more osci l l ati ons of the e l ectron beam 
but no net def l ect i on or d i sp l acement of the beam. The 
def l ection ang l e  i n  each pol e  i s  l a rge compared to y-1 
( see F i gure 2 . 2b) . The spectrum produced by a wiggler  
is  s imi l ar to  that produced by  a bend i ng magnet ; i . e . , a 
rather smooth conti nuum, al though there can be 
i nterference peaks , parti cularl y  at l ong wavel engths . 

Wigg l er magnets may be i nserted i nto storage ri ng 
strai ght secti ons and can produce beams with a wide 
range of spectra l  and geometri cal  properties . The 
s impl est wi gg l er produces a s i ng l e  osc i l l at i on of the 
e l ectron beam, and the central pol e  genera l l y  has a 
h i gher magnetic  f i e l d  than the ri ng bend i ng magnets , 
resulting i n  a hardeni ng of the spectrum. Such  s i ng l e  
osc i l l at i on wiggl ers (al so cal l ed wavel ength shi fters ) 
with s uperconducti ng f i elds up to 6 T a re i n  operati on 
at the Daresbury S RS and the Photon Factory i n  Tsukuba , 
Japan . In  Novos i b i rsk , USS R ,  a 3 . 5-T s uperconduct i ng 
wi ggler with 20 pol es has been used on the VEPP-3 ri ng . 
The Japanese wigg l er emp l oys a hori zontal magnetic  
field,  causi ng the e l ectron beam to  execute a vertical  
osc i l l ation,  produc i ng a vert i ca l l y  pol ari zed 
synchrotron radi ati on beam. The fan f rom s i ng l e  
osc i l l ation wigglers i s  usua l l y  very l arge ( several 
degrees ) and the beam i s  eas i l y  shared by severa l  
experimental stati ons . For examp l e ,  the S RS wigg l er 
wi l l  serve 1 s imul taneou s l y  operati onal x- ray stations . 

S i x  pol e e l ectromagnet wi gglers a re i n  operati on at 
F rascati and Cornel l  and two 8-pol e  e l ectromagnet 
wi gglers are i n  operati on at S tanford . These devi ces 
have peak f i elds  of 1 . 8-1 . 9 T. In 1984 a 54-pol e  
permanent magnet wi gg l er with a peak f i e l d  of 1 . 2 T 
began operati on at Stanford produc i ng a very i ntense and 
very narrow (about 2 mrad wide) beam . Permanent magnets 
offer the poss i b i l i ty to construct short peri od devi ces 
with f i elds up to about 2 T. Thi s  technol ogy i s  l i ke l y  
t o  b e  extremel y  i mportant f o r  future wi ggler  and 
undul ator appl i cati ons . I n  particular  the new hybri d 
approac h  devel oped by K .  Hal back of Lawrence Berkel ey 
Laboratory extends capabi l i ties to produce short peri od , 
h i g h  f i e l d  devi ces . 
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Wiggl ers now i n  use produce total rad iated power up 
to 3 KW and power dens i ty on beam l i ne components up to 
a bout 5 KW/cm2 . New desi gns for beam l i ne components 
have been devel oped to hand l e  these thermal l oads . 
Proposed new ri ngs wi l l  present even more severe thermal 
probl ems because of the h i gher el ectron energy , l onger 
stra i ght sect i on l ength , and l ower emittance . Because 
of thi s ,  undul ators wi th thei r quasi-monochromati c  
spectrum and l arger number of useful photons per unit of 
total rad i ated power appear attracti ve . 

UNDULATOR MAGNETS 

An undul ator magnet i s  a mul ti pol e device with N peri ods 
i n  whi c h  each pol e produces a def l ecti on of the order of 
y- 1 , the natura l  emi s s i on ang l e  of synchrotron 
rad i at i on ( see F i gure 2 . 2c ) . Thus the i ntri n s i c  h i gh 
bri l l i ance of the rad i ation i s  preserved and enhanced . 
Furthermore , i nterference effects i n  the radi at i on 
produced at many essential l y  col i near source poi nts 
res u l ts i n  a modi fi ed spectrum with tunable  quasi­
monoch romati c  peaks at wavel engths gi ven by � -
�u/y2 and harmoni cs . Thi s  further enhances the 
bri l l i ance at these wavel engths . If  the el ectron beam 
angular di vergence i s  < y- l N- 112 , the on-axi s 
bri l l i ance produced by an undulator i nc reases as the 
square of the number of undul ator peri ods .  Thus i n  new 
l ow  emittance ri ngs i t  shou l d  be pos s i b l e  to get 3- 4 
orders of magnitude enhancement i n  bri l l i ance (compared 
to ri ng bend i ng magnets)  f rom undul ators wi th about 100 
peri ods . 

Permanent magnet undulators a re i n  use at the NS LS 
VUV ri ng , the Photon Factory, and S PEAR and are bei ng 
bui l t  for other ri ngs such as PEP . Al though undul ators 
on present ri ngs offer h i gher bri l l i ance than bend i ng 
magnets , the ful l potenti a l  of undul ators i s  reached 
onl y  at l ower emittance than i s  avai l ab l e  i n  present 
ri ngs . Undulators provide l ower energy photon beams 
than bendi ng magnets and wiggl ers , l eadi ng to the need 
for h i gher el ectron energy to extend the i r  spectral 
range . 

F i gure 2 . 3  shows a compari son of the bri l l i ance that 
woul d  be produced by bendi ng magnets , wi ggl ers , and 
undulators i n  the l ow  emittance 1 . 3 GeV Advance Li ght 
Source proposed by the Lawrence Berkel ey Laboratory . 

Copyright © National Academy of Sciences. All rights reserved.

VUV and X-Ray Sources for Atomic and Molecular Science:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=18787

http://www.nap.edu/catalog.php?record_id=18787


35  

----.. � 

�s..� 
... 

' 

e· _,. 
-.... --

::!. << 1 c 

F I GURE 2 . 1 a-b . E l ectrons i n  c i rcular moti on i n  a 
nond i recti onal pattern . 
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F I GURE 2 . 2a-c . Magnets . 
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FIGURE 2 . 3 .  Comparati ve br1111ance of magnets . 
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3 .  PARTIALLY COHERENT X RAYS 
FROM MOD ERN STORAGE RINGS 

Davi d Attwood , Klaus Hal bac h ,  and Kwang-Je Kim 
Center for X-Ray Opti cs  

Law rence Berkel ey Laboratory , Uni vers i ty of Cal i forn i a  
Berkel ey ,  Cal i fornia  94720 

The s oft x- ray and vacuum u ltrav i o l et spectral regi ons 
( col l ectively the XUV) , extendi ng f rom photon energi es 
of several  el ectron volts ( eV)  to severa l  thousand 
el ectron vol ts ( KeY) , are ric h  i n  atomi c and mol ec u l ar 
structure . The regi ons i nc l ude primary resonances of 
carbon , oxygen , and nitrogen , whi c h  are important to 
f i eld s  as d i verse as biol ogy and mi c roel ectron i c s , as 
we l l  as my ri ad mo l ecular resonances . A lthough 
p rev ious l y  of l imi ted access to a l l  but a few 
spec i a l i sts , the XUV reg i on i s  now experi enc i ng a 
renai ssance whi c h  wi l l  open i t  to a broad c l ass of l i fe ,  
phys i ca l , and i nd ustrial scienti sts . 

Recent review arti c l esl desc ri be s igni f i cant 
progress in the devel opment of x-ray optical techni ques , 
such as foc us i ng l enses , i nterference coati ngs , normal 
i nc i dence mi rrors , pi cosecond detectors , thi n  wi ndow 
materia l s ,  and so forth . In  addi ti on ,  there i s  great 
progress bei ng made i n  the devel opment of coherent 
radi at i on sources , 2 whi ch wi l l  permi t the exten s i on of 

37 

Copyright © National Academy of Sciences. All rights reserved.

VUV and X-Ray Sources for Atomic and Molecular Science:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=18787

http://www.nap.edu/catalog.php?record_id=18787


38 

phase sens iti ve techni ques to thi s  i nterest i ng spectral 
reg i on .  These new sources wi l l  provide new capabi l ities 
for achiev i ng h i g h  photon f l ux l eve l s  wi th narrow spec­
tra l  widths , pi cosecond time structure , pol ari zat i on 
control , and the abi l i ty to poi nt and focus to smal l 
samp l e  vol umes . 

The ideal source of soft x rays i s  one of ful l 
coherence , and h i g h  peak or average power as di ctated by 
appl i cati ons . Ful l  coherence i mpl ies  a l i ne wi dth 
l imited on l y  by tempora l pul se durat i on and a perfect 
phase f ront (as f rom a •diffraction l imi ted • source) .  
Several routes to the devel opment of such ideal soft 
x-ray sources are now bei ng acti vel y pursued . These 
i nc l ude atomi c l asers , free el ectron l asers ( FEls ) , and 
storage ri ng ( synchrotron ) undul ators . For short 
wavel ength ( XUV) app l i cati ons , FEls and undulators are 
very c l osely rel ated , each bei ng dependent on the 
devel opment of a l l  control l ed (low• emittance• )  e l ectron 
storage ri ngs , with energ i es of the order of 0 . 5  to 1 . 5 
GeV beam energy , and many peri od magneti c structures , 
referred to as undulators . The major thrust of thi s  
art i c l e  i s  that undul ators provide the onl y  sure route 
to coherent soft x rays i n  the near term, that they are 
tunable  throughout the region of i nterest , and that they 
wi l l  serve a multi tude of users , i n  d i s parate f i elds of 
sci ence and technol ogy , a l beit at a l arge central 
researc h  faci l i ty . 

Figure 3 . 1  i l l ustrates i nteresti ng atomi c and 
mol ecular transitions that mi ght be uti l i zed to pursue a 
vari ety of sci enti f i c  ends i n  the pure and appl ied 
sci ences . S hown i n  the upper l eft i s  the extent to 
whi c h  coherent radi ation sources ( k l ystrons , l asers , 
etc . )  are avai l abl e .  Note that they d o  not extend 
s i gni f i cantly beyond 1 000A . Incoherent x-ray sources , 
parti c u l arly broad-band synchrotron radi at i on 
faci l i ties , are s hown i n  the l ower right . The l arge 
b l ock i n  the overlap regi on shows the extent to whi c h  
parti al l y  coherent undul ators coul d  b e  uti l i zed to 
bri dge thi s  gap .  

Fi gure 3 . 2  i l l ustrates the producti on o f  coherent 
undul ator radi ation by a very f i ne penc i l l i ke beam of 
rel ati vi stic  el ectrons traversi ng a peri odi c  permanent 
magnet structure . The rad iati on wavel ength i s  
rel ati v i stica l l y  contracted from centimeter magnetic  
peri od l engths to x-ray wavel engths and appears in  a 
very narrow rad iation cone of angular  width typ i ca l l y  
1 00 prad . As observed i n  the forward di recti on , 
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und ul ator rad i ation i s  large l y  coherent i n  nature-­
appeari ng to come from a near di ffracti on l imi ted source 
( sma l l area times sol id angl e  product) , and havi ng a 
narrow spectra l width , on the order of �6� = N .  Figure 
3 . 3  shows the sharp spectral features of a proposed 
undul ator, as wel l  as the spatial  radi ation pattern 10 m 
f rom the sourc e .  

Photon 
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F I GURE 3 .1 .  Coherent sources currently  extend to about 
1000 A .  Incoherent synchrotron radi ation sources 
currentl y  cover the x-ray reg i on . Undulator rad i at i on ,  
at the next generati on storage ri ngs , wi l l  provide a 
much needed source of parti al l y  coherent rad iati on i n  
the important soft x- ray and VUV spectra l  regi ons . 

F igure 3 . 4 shows a compari son of undulator and l aser 
techni ques i n  terms of average coherent power,  that i s  
the power radi ated with ful l  spati a l  coherence , and a 
l ongi tud i na l  (tempora l ) coherence of 1 � (mi c ron) or 
l onger. Note that onl y  undulators are able  to provi de 
coherent rad i at i on i n  the important soft x- ray reg i on . 
Atomi c and mo l ec u l ar l asers , as wel l  as l aser harmon i c  
and mi x i ng techni ques , are primari l y  l imited to 
wavel engths of the order of 1000 A .  Exc i ti ng new results 
at Lawrence L1vermore3 have now demonstrated l as i ng 
techni ques to the 200 A  regi on ,  and we anti c i pate that 
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these wi l l  be extended somewhat bel ow  l OOA . These 
devi ces wi l l  l i ke l y  reac h  hi gher peak power at some 
poi nt ,  provide rel ati vel y  narrow spectra l  width (�/6� -
1 04 ) ,  but wi l l  not necessari l y  possess ful l spatial  
coherence , and so a re al so parti a l l y  coherent in  
nature . Other l aser techni ques ,4 of  s igni f i cantl y  
smal l er sca l e ,  are l i ke l y  to appear i n  the several l OOA 
reg i on over the comi ng years . 

In  summary ,  we see an important rol e  for undulators 
as next generation storage ri ngs i n  the comi ng years . 
Undul ators wi l l  provi de parti al l y  coherent x rays , at 
wavel engths to l OA and beyond . Undulators are tunab l e ,  
wi l l  b e  avai l ab l e  t o  a broad array of s c i enti f i c  groups , 
and i mportantl y ,  wi l l  provide rad i at i on of ful l spati al  
coherence , ful l pol ari zation control , and pi cosecond 
time structure . 

Relativistic 
electron 
beam, 
E = -vm c2 

e ' o 

1 e - -­

- n/N 

FIGURE 3 . 2 .  Penc i l  l i ke beams of rel ati vi stic el ectrons 
produce spati a l l y  coherent x rays of rel at i vely  narrow 
spectra l  wi dth , �/6� = N ,  when travers i ng a peri od i c  
magnet i c  undul ator. 
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FIGURE 3 . 4 .  Parti a l l y  coherent undul ator radi ati on wi l l  
be avai l ab l e  at wavel engths throughout the VUV and soft 
x-ray spectra l  reg i ons at the next generati on storage 
ri ng fac i l i ty .  With feedback mi rrors , or very l ong 
undul ators , these fac i l i ti es wi l l  eventual l y provide the 
fi rst XUV f ree el ectron l asers . Atomi c and mo l ec u l a r  
l asers , as wel l  as  l aser harmon i c s  and mi x i ng 
techni ques , are shown for compari son . 
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4 .  LASERS IN  THE VACUUM ULTRAVIOLET 
AND X-RAY REGION 

Charl es K .  Rhodes 
Department of Phys i c s  

Uni vers i ty o f  I l l i noi s a t  Chi cago 
Chi cago , I l l i noi s 60680 

ABSTRACT 

A bas i c  probl em i n  l aser technol ogy i s  the generati on of 
coherent energy i n  the vacuum u l travi o l et ,  the extreme 
ul travi o l et ,  and the x-ray reg i ons . Recent research 
f i ndi ngs strongl y  s upport the conc l us i on that the 
phys i ca l  and technol ogi cal  el ements necessary to c reate 
the conditions for ampl i f i cation i n  these spectral 
regi ons are now avai l abl e .  The experimenta l ly 
normal i zed sca l i ng l aw for the short wavel ength l aser 
technol ogy proj ects an average spectra l  bri ghtness at 
1 kV quantum energy , whi c h  i s  a factor of approximate l y  
ten thousand-fol d  h i gher than any other a l ternati ve 
known . I f  the l aser-based approaches for short 
wavel ength generati on that are currentl y  bei ng devel oped 
meet thei r goa l , a new and unusua l l y  cost effecti ve 
technol ogy wi l l  be avai lable for sci enti f i c  and 
i ndustri a l  appl i cati ons of x-ray sources . 

44 

Copyright © National Academy of Sciences. All rights reserved.

VUV and X-Ray Sources for Atomic and Molecular Science:  Report of a Workshop
http://www.nap.edu/catalog.php?record_id=18787

http://www.nap.edu/catalog.php?record_id=18787


4 5  

INTRODUCTION 

The wavel ength of x rays i s  c l ose  to the atom-atom 
separati ons i n  normal sol i d  matter .  Because x rays can 
penetrate condensed materi al s .  they provide a versati l e ,  
natura l and conveni ent yardstick for v i sua l i z i ng the 
bas i c  mi c rostructure of a l l  sol id  materi a l s .  S i nce 
knowl edge of thi s mi c rostructure i s  of fundamental 
importance to severa l  scienti f i c  and i ndustria l  areas . 
sources of radi ati on i n  the x-ray regi on are i n  very 
h i gh demand . Maj or areas of app l i cation i nc l ude bas i c  
materia l s  researc h , el ectroni c  mi c rostructures . b i o l ogy . 
mi c roscopy . geneti c s .  and cata l ys i s .  

F igure 4 . 1  1 -22 i l l ustrates rel evant data for 
several important app l i cati ons . Two important features 
are i mmed i atel y  apparent . They are ( 1 ) the rather broad 
range of useful wavel engths and ( 2 )  the rapi d  expans i on 
i n  the range of appl i cations that occurs j ust above a 
quantum energy of - 1 00 ev . D ue to the bas i c  nature of 
the wavel ength i nteraction of x rays wi th condensed 
matter.  i t  i s  natural that appl i cati ons i nvol v i ng the 
sol i d  state . s uc h  as mi c rostructure measurement and 
surface anal ys i s .  are promi nent . 

LAS ER-BAS ED APPROACHES FOR X-RAY GENERATION 

A bas i c  and l ong-stand i ng probl em i n  the f i e l d  of 
coherent sources of radi ation i s  that associated wi th 
the generati on of coherent energy i n  the short 
wavel ength range i nc l ud i ng the vacuum ul travi o l et ( VUV) . 
the extreme ul travi o l et (XUV) . and the x-ray reg i ons . 
The sca l e  of d i ff i culty i nvol ved i n  generati ng 
ampl i f i cation at a quantum energy of 1 kV i s  apparent 
from the genera l  requi rement . establ i shed by bas i c  
phys i ca l  reason i ng .  cal l i ng for the c reati on of 
extraordi na ry spec i f i c  power dens i ti es . on the order of 
1 01 4  W/cm3 , i n  a carefu l l y control l ed way . 

Nomi na l l y ,  spectra l l y  bri ght coherent sources of 
wavel engths � in the range 0 . 1  < � < 1 00 nm are 
desi red . It i s  genera l l y  understood23 . 24 that ( 1 ) a 
h i gh power state-sel ective ( h i gh effecti ve bri ghtnes s )  
source o f  exc i tati on and ( 2 )  a n  appropri ate phys i ca l  
coupl i ng mechani sm are the key requi rements for the 
successful c reat i on of the conditions for ampl i f i cation 
i n  the vuv . XUV , and x-ray ranges . These bas i c  
conditions are common to a l l  approaches . The 
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general  l ack of ampl i fying medi a  at wavel engths shorter 
than approximate l y  1 00 nm i s ,  therefore , di rectly 
attri butabl e  to the absence of these two essenti a l  
factors worki ng i n  concert .  I t  i s  o f  primary 
s i gni f i cance that the resu l ts of phys i cal  stud i es 
conducted over the l ast few years strongly i ndi cate that 
these two necessary el ements are now avai l ab l e .  

A s i mp l e  schemati c o f  a l aser-based i nstrument for 
x-ray generation i s  shown in Figure 4 . 2 .  Several 
technol og i ca l  choi ces and approaches are avai l ab l e  for 
components 1 ,  2 ,  and 3 .  For component 1 ,  vari ous types 
of di scharges , el ectron beams , and avai l able  l asers a re 
a l ternati ves c urrentl y  undergoi ng eva l uation . A group 
at Stanford Uni vers i ty25 i s  using a l aser-pl asma 
approach to generate i on i z i ng rad i ation ,  whi ch 
s ubsequentl y  serves to exc i te the medi um.  Another 
research effort at the Pri nceton Pl asma Phys ics  
Laboratory26 is  devel opi ng a techni que based on  
recombi n i ng pl asmas ori g i na l l y  produced by  i ntense 
i nf rared l aser rad i at i on . The Li vermore Nati onal 
Laboratory27 is exami n i ng a c l ass of medi a  ari s i ng 
f rom p lasmas formed by l aser i rradi ation of thi n  f i l ms .  
In  the work28 at the Uni versi ty of I l l i noi s ,  we have 
sel ected an approach ,  whi c h  i n  addition to the energy 
density requi rement , uti l i zes the coherence obtai nabl e 
f rom l aser sources serving as component 1 .  In  thi s  
case , di rect exc i tati on of the ampl i fying medi um i s  
produced through coupl i ng ari s i ng f rom spec i a l  phys i ca l  
mechani sms , 29 wh i c h  have been found t o  occur at 
extremel y  h i gh rad i ati ve i ntens ities . 

SCALING RELATIONSHI PS FOR X-RAY SOURCES 

Si nce the qual ity of techno l og i es serv i ng as x-ray 
sources can be pl aced on a s impl e  numeri cal sca l e ,  a 
genera l compari son of the l aser approach to avai l ab l e  
opti ons i s  read i l y  performed . One rel evant compari son 
is based on average spectra l bri ghtness per unit cost . 
Brightness i s  s i gn i f i cant , s i nce i t  i s  the phys i ca l  
measure o f  the abi l i ty to del i ver x-ray energy to a 
g i ven spot i n  a g i ven time at a def i ned wavel ength l .  
Genera l l y ,  greater bri ghtness tran s l ates , in  d i rect 
proport i on ,  i nto greater q ua l i ty and uti l i ty of the 
radi ation . Therefore , for many appl i cati ons , the un i t  
cost o f  brightness i s  equ i va l ent to the u n i t  cost of 
uti l i ty.  F i gure 4 . 3  i l l ustrates the bas i c  character of 
th i s  compari son . 30 The framework of a s i mp l e  and 
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general phys i ca l  model  with conservat i ve l y  stated 
assumpti ons , the sca l i ng l aw for the bri ghtness of the 
laser-based approach , can be shown to vary as �-2 . 
Thi s  rel ati ons h i p  serves to establ i sh the s l ope of the 
dashed contours on Fi gure 4 . 3 .  Two l i nes with thi s  
s l ope have been norma l i zed with experimental ly 
observed31 , 32 sources u s i ng hydrogen ( H2 , 1 1 7  nm) 
and krypton ( Kr ,  93 nm) , thus , def i ni ng a band for the 
l ocus of the projected l aser techno l ogy . Thi s  band , 
then , represents a c rystal bal l  that revea l s  the 
expected trend for the future . Note that the mi dpoi nt 
of thi s  reg i on ,  at a quantum energy of 1 KeY (� = 1 . 24 
nm) , i s  approxi mate l y  a factor of ten thousand above al l 
the al ternati ves , ei ther present or projected . 
Signi fi cantly,  s i nce the deri vation approximate l y  one 
year ago30 of the antici pated sca l i ng behavi or of the 
l aser-based techno l ogy i l l ustrated i n  F i gure 4 . 3 ,  a 
resu l t  has been obta i ned by the group at the Li vermore 
Nati onal Laboratory27 that furni shes an important test 
of our abi l i ty to correctl y  forecast the future course 
of thi s  f i el d . The ex�erimental datum representing the 
fi ndi ngs at Li vermore , 1 whi c h  demonstrated 
ampl i f i cati on at 20 . 6  nm, has been pl aced on Fiiure 4 . 3  
and i s  i ndi cated by the poi nt desi gnated a s  se2 + . We 
observe that thi s  poi nt l i es a l most i n  the center of the 
f i e l d  prev i ou s l y  estab l i shed for the proj ected scal i ng .  

The regi on i n  the l ower port i on of Figure 4 . 3  refers 
to the doma i n  served by synchrotron techno l ogy. 
Currently,  synchrotron technol ogy is the on l y  practi cal 
al ternati ve to the l aser approach . The upper boundary 
i s  the recentl y  proposed Advanced Li ght Source ( ALS) , 
and the l ower l imi t i s  defi ned by the parameters of the 
currentl y  operati ng National Synch rotron Li ght Source 
( NSLS) . Thi s  l evel of performance s hould be contrasted 
to the di agonal regi on near the top representing the 
proj ected operati ng regi on for l aser technol ogy . A 
compari son based on peak rather than average bri ghtness 
wou l d  i nc rease the gap between these technol ogi es ,  for 
the cases shown , by another factor of approxi mate l y  one 
mi l l i on .  Moreover , because of the rel ati ve s i mpl i c i ty 
and smal ler scal e  of the l aser method , the cost of that 
approach i s  estimated to be in the vi c i n i ty of one 
percent of the synch rotron technol ogy . Such a technical 
devel opment , by i nc reas i ng the average bri ghtness per 
uni t  cost by a factor on the sca l e  of one mi l l i on and 
the peak bri ghtness per uni t  cost by approximate l y  one 
tri l l i on ,  woul d  certa i n l y  cause profound c hanges i n  both 
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the avai l abi l i ty and use of short wavel ength rad i ati on 
( x  rays ) .  The overa l l  mes sage contai ned i n  Fi gure 4 . 3  
i s  that , i f  the l aser devel opments can successful l y  
continue to proceed a l ong the scal i ng band shown down to 
quantum energ i es i n  the ki l ovol t  range , then they wi l l  
c l early represent the superi or technol ogy by an enormous 
margi n .  

CONCLUSIONS 

New l aser-based approaches for x-ray generati on are 
currently bei ng devel oped . If  thi s  general  method of 
devel opment is s uccessful in meeting i ts goa l , a new and 
unusua l l y  cost effecti ve technol ogy wi l l  be avai l ab l e  
for s c i enti f i c  and i ndustria l  appl i cati ons o f  x-ray 
sources . Th i s  technol ogy, perforce , woul d  serve an 
unusual range of important appl i cati ons concern i ng the 
mi c rocharacteri zati on of sol i d  matter.  In compari son to 
a l ternati ve methods for the generati on of radi ation i n  
the x-ray range , o n  the bas i s  o f  performance per un it 
cost , the l aser-based technol ogy envi saged is  projected 
to represent a mi n i mum improvement of approximate l y  one 
mi l l i onfold .  

Recent research  devel opments strong l y  suggest that we 
are now at a propi tious stage for rapid  advance of the 
l aser-based techno l ogy . No fundamental barrier exi sts 
preventi ng its devel opment , and phys i cal  technol og i es 
are avai l ab l e  that can produce the conditions necessary 
for its operation . If thi s  v i ew i s  correct , current 
l evel s  of support for the di s c i pl i nes i n vol ved are 
i nsuff i c i ent to susta i n  the pace of acti vity both 
pos s i b l e  and desi red . Among the rel evant sci enti f i c  
areas i s  a s ubstanti al  number of topics  normal l y  
con s i dered under the general  headi ng of the phys i c s  of 
atomi c col l i s i onal and rad iative phenomena . For ful l 
advantage to be deri ved f rom thi s  c i rcumstanc e ,  a 
s i gn i f i cant i nc rease i n  the resource base over the next 
3- to 5-year peri od i s  i ndi cated . 

A summary of the potential  s i gn i f i cance can be stated 
i n  the context of b i o l ogy . As a phys ical  technol ogy for 
bas i c  measurement , the x-ray l aser woul d  be unsurpassed 
i n  i ts abi l i ty to see the properties of l i vi ng matter. 
If  achi eved , how wou l d  thi s  outcome fit wi th i n  the 
h i stori cal pattern that has evol ved wi th the use of 
bas i c  phys i cal  techni ques of measurement in the f i e l d  of 
b i o l ogy? The i nvention of the l i ght mi c roscope in the 
seventeenth century marked an enormous advance i n  the 
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abi l ity to perceive the l i vi ng world on a smal l sca l e .  
Indeed , the f i e l d  of bacteri ol ogy devel oped a s  a di rect 
consequence . Most s i gn i f i cant , however,  was the 
phi l osophical  sea c hange in worl d v i ew moti vated by 
these observati ons that transpi red as man began to 
rea l i ze h i s  pos ition of competition with and dependence 
upon thi s  newl y reveal ed and far o l der mi c roworl d .  The 
second maj or advance occurred s hortly  before Worl d War I I  
with the use of the el ectron mi c roscope , a device 
i nvented around 1 930, to furni s h  man ' s  fi rst v i ew of  a 
v i rus . The x-ray l aser,  i f  i t  can be devel oped , wi l l  
enabl e  us to di rectl y visua l i ze the mol ec u l a r  soc i ety 
i ns ide l i vi ng organ i sms , essenti a l l y  on an atomi c 
sca l e .  With thi s  k i nd of tru l y  revol uti onary vi s i on ,  i t  
i s  very hard to bel i eve that new, i mportant , and 
fundamental i n s i ghts para l l el i ng the di scoveri es of the 
past wi l l  not devel op . 
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F IGURE 4 . 1 . Wavel ength regi ons serv i ng a range of 
spec i f i c  app l i cat i ons  i nvol v i ng short wavel ength 
i nstrumentation . 
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F I GURE 4 . 2 .  Simp l e  schematic of l aser-based approach to 
x-ray generati on .  E l ement ( 1 ) ,  the dri ver technol ogy 
for exc i tation ;  el ement ( 2 ) , the coupl i ng mechani sm,  
serves as the essential  •connecti ng rod • enabl i ng the 
energy ava i l ab l e  f rom ( 1 ) to be properl y channel ed to 
the acti ve materi a l  ( 3 )  whi ch generates the x-ray beam. 
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F I GURE 4 . 3 .  Compari son of projected performances of 
synchrotron and l aser technol og i es for the production of 
s hort wavel ength rad i ation . The l aser approach i s  
assumed to have a 1 00 H z  pul se rate . See di scus s i on i n  
text . The experimental poi nts . H2 • Kr.  and se24+ 
c arry desi gnati ons of the appropri ate references i n  
parentheses . 
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5 .  LASER PRODUCED PLASMA LIGHT SOURCES 
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Insti tute for Phys i c a l  Sc i ence and Technol ogy 

Uni vers i ty of Maryland 
Col l ege Park , Maryland 20742 

ABSTRACT 

Radi ati on f rom l aser produced p l asmas has been shown to 
be an eff i c i ent source i n  both the extreme ul trav i o l et 
( XUV ) and soft x-ray reg i ons of the spectrum . The XUV 
rad i ati on �an be produced as a c l ean conti nuum between 
1 0  ev and 300 ev wi th eff i c i encies > 5 percent . 
Generati on of x rays as a mi xture of l i nes and cont i nua 
can be achi eved with -1 0 percent eff i c i ency for 
generati on of . 7-20 keY rad i at i on . Laser produced 
pl asma sources compl ement synchrotron rad i at i on sources 
i n  that they have h i gh peak f l uxes but l ower average 
i ntens i ti e s . Laser pl a sma sources can be run i n  a 
vari ety of envi ronments and i n  many cases prov ide a 
modest cost , portabl e  source of highly control l abl e and 
reproduc i b l e  rad i at i on . 
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INTRODUCTION 

Hot plasmas have been the major laboratory source of 
i ntense radi ation in the v i s i b l e  and ul travi o l et 
throughout the peri od characteri zed as modern phys i c s . 
Thi s  i s  espec i a l l y  true for radi ation i n  the extreme 
ultravi o l et ( XUV) bel ow 1 00 nm where the blackbody 
temperature necessary to produce apprec i ab l e  radi ation 
exceeds the boi l i ng poi nt of the most refractory 
materi al s .  The traditi onal approach has been ei ther to 
run a discharge i n  a gas or to stri ke an a rc between two 
el ectrodes so that the d i sc harge runs through the 
vapori zed materi a l . In ei ther case a pl asma with a h i gh 
el ectron temperature ( 1 -20 eV) can be obtai ned . The 
electri cal pl asma di scharges are wel l  treated i n  
Sampson ' s  book o n  vacuum u ltraviolet spectroscopyl . 
In recent years synchrotron radi at i on l ight sources have 
pl ayed a major rol e  i n  extreme ul trav i o l et phys i c s . 
However, these sources exi st as fac i l ities rather than 
traditi ona l l aboratory l ight sources . Furthermore , they 
compl ement rather than compete with pl asma sources i n  
that they are conti nuous sources of h i gh average 
bri ghtness whi l e  pl asma sources at short wavel engths  are 
pul sed with h i gh peak brightness . 

E l ectri cal d i sc harge pl asmas are l imi ted i n  the 
amount of energy that can be depos i ted in a smal l vol ume 
i n  a mi nimum time ,  whi c h  l imi ts the maximum temperature 
i n  the pl asma . It was rea l i zed very earl y that the 
extreme l y  h i gh brightness of pul sed l asers provides an 
i dea l mechan i sm for heat i ng p lasma sources . Ehl er and 
Wei s s l er2 used a Q-swi tched ruby l aser of 1 00 MW peak 
power to study the VUV radiati on f rom vari ous target 
materi a l s .  Since that time the spectral regi on of study 
has been extended i nto the x-ray regime whi l e  the powers 
avai lable  have been rai sed severa l  orders of mag�i tude : 
The aim of thi s  paper i s  to g i ve a bri ef , but by .no 
means exhaustive,  s umma ry of the status of l aser pJ asmas 
as extreme ul travi ol et ( XUV) and x-ray l ight sources . 

NATURE OF LASER PLASMA SOURCES 

Laser produced plasma l i ght sources are genera l l y  sol id  
targets that are vapori zed and heated by  i ntense , short 
duration ,  focused l aser beams . Liquid Hg has a l so been 
used to provide sel f heal i n g ,  l ong l i ved tar�ets3 . 
Inc i dent power densiti es vary from l ol l  Wcm- to 
1 01 6  Wcm-2 and the dense pl asma i s  heated by i nverse 
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Bremsstrahl ung and rad i ates by Bremsstra h l ung , 
recomb i nati on , and l i ne emi s s i on .  The sources 
themsel ves are s i mp l e  metal rods or foi l s  and the s i ze ,  
expense , and portabi l i ty of the system are determi ned by 
the properties of the l asers . For XUV radiat i on the 
l aser can be a Nd : YAG system of modest cost and 
suff i c i entl y  portable  to be carri ed f rom l aboratory to 
l aboratory as the need ari ses . For the most i ntense 
x-ray sources l a rge ki l oj ou l e  l asers in f i xed fac i l i t i es 
a re used . Intermedi ate s i zed systems such as s l ab g l ass 
or excimer l asers shoul d  provide sources of x rays to � 
2 keY at a cost and comp l exity that i s  appropriate for 
smal l  laboratori es as opposed to fac i l i t i es . 

The rad i at i on from l aser produced pl asmas vari es f rom 
very pure conti nuum emi s s i on to predomi nantly l i ne 
sources dependi ng on the c hoice of target materi al  and 
the spectral regi on of study . The p lasmas are very h i gh 
i ntens i ty ,  pul sed sources of l ow duty cyc l e  with a pul se 
durati on determi ned by the dri v i ng l aser down to 
< l o-1 0 sec durat i on .  The radi ati on i s  unpol ari zed 
and nearly i sotropi c  and i s  h ighly  reproduci bl e .  
Although the radi ant power produced i s  comparable  to 
that produced by synch rotron radi at i on sources , the very 
d i fferent output parameters make compari sons of the 
sources d i f f i c u l t  and the two sources in fact are 
compl ementary rather than d i rect l y  competiti ve . 

One particularl y useful feature of l aser plasma 
sources i s  the absence of any requ i rement for h i gh 
vacuum conditions . Sources are eas i l y  run with an 
atmosphere of 1 00 torr of background gas or more with no 
apparent effect on the emi ss i on .  Thus He can be 
i ntroduced i nto the source c hamber to absorb much of the 
XUV radi ation whi l e  transmi tti ng the soft x-ray 
output . � , 4  Simi l arl y ,  l aser pl asma sources have been 
i nserted i nto atomi c vapors and used in s i tu as sources 
of i oni z i ng radi ati on for pumping metastable  i on i c  
systems . S I n  genera l , the sources are compat i b l e  with 
most cond i ti ons whi c h  are cons i stent with the use of XUV 
or x-ray radi ati on . 

SOURCES OF RADIATION � 300 eV (� 4 nm) 

Intense sources of rad iation i n  the XUV C l 0-300eV) 
be produced with l aser i ntens i t i es of l ol l  to 
1 01 3  Wcm-2 . Al though some experiments have been 
performed with 1 0 . 6  pm rad iati on , most work to date 
been done with 1 . 064 pm and . 694 pm sources . It i s  

can 

has 
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expected that exc imer sources f rom 200 nm to 350 nm wi l l  
a l so prove to be useful d ri vers . Typ i ca l  d ri vi ng l aser 
energ i es range f rom 10 J in 20 ns for ruby and Nd : g l ass 
systems to 1 mJ i n  1 0  ps for mode l ocked Nd : YAG l asers . 
With the use of Nd : YAG l asers the repetition rates are 
typi ca l l y 1 0  Hz with pu l se durati on of l o-1 1 -l o-1 0 
sec for mode l ocked l asers and l o-B sec for Q swi tched 
l asers . The rad iat i ng source si ze vari es f rom < 50 pro 
for ti ghtly foc used , mode l ocked beams to - . 2- . 5  mm for 
l onger durati on pul ses . The VUV output ri ses l i nearly 
with the i nc i dent l aser energy at l ower val ues and shows 
s i gns of saturati on at h i gher energ i es . Thi s  feature 
means that the stabi l i ty and reproduc i b i l i ty of the VUV 
output i s  at l east as good as that of the dri vi ng l aser. 

If  targets of l ow to moderate Z are used , then the 
emitted rad i at i on consi sts of recombi nation and 
Bremsstrahl ung conti nua with i ntense l i ne spectra 
s uperposed . In  recent years i t  has been shown that i f  
h i gh Z targets are used then the comp l exity of states of 
the parti a l l y stri pped i ons produces such a multi tude of 
l i nes that they merge i nto regi ons of conti nua that 
modulate the underlyi ng recombi nati on conti nua . & The 
res ult  i s  not on l y  an extreme l y  c l ean spectra , 
essenti al l y  l i ne f ree for as much as 300 eV , but a 
concentrati on of i ntens i ty i n  l imi ted regi ons of the XUV 
( see Fi gure 5 . 1 ) .  The regi ons of i ntense emi ss i on can 
be va ried by varying the target materi a l . The 
producti on of l i ne f ree conti nua has been shown to be 
greatl y  enhanced by observing the source with focus i ng 
opti cs , whi c h  se l ect out the h i gh dens i ty

1 
h i gh 

temperature core of the radi ating pl asma . 
Ca l i bration studi es of l aser pl asma XUV sources are 
sti l l  under way but measurements of the absol ute 
i ntens i ty of the sources i ndi cate absol ute conversi on 
eff i c i enc i es from the dri vi ng rad i ati on to blackbody 
rad i at i on i n  excess of 5 percent . 5 

The use of h i gh repetition rate l asers al l ows the 
constructi on of l i ght sources that for many purposes are 
quas i -conti nuous . The i rradi at i on of the target causes 
rapi d  erosi on of the materi a l  as a crater i s  focused , 
the rate of eros i on dependi ng sens itive l y  on the target 
materi a l , but the area of damage i s  comparable to the 
l aser spot s i ze .  Targets can be mounted on a rotati ng 
threaded shaft that presents f resh materi a l  to the l aser 
after a f i xed number of shots . B For systems that 
erode more s l owl y ,  such as W or C u ,  1 0  or more shots can 
be made at each posi t i on and i t  becomes feas i b l e  to 
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construct a compact system that woul d  run 1 06 shots 
before changi ng target materi a l . An a l ternat i ve 
approach has been demonstrated by Jopson et al . 3 where 
l i qu i d  Hg was used as the target materi a l  so that there 
was no c umu l ati ve target damage . A more seri ous probl em 
for multiple  exposures i s  the accumu l ati on of spattered 
debri s on optics  and other s urfaces . Incomi ng l aser 
surfaces can be shielded by use of movable  thi n  pl ast i c  
f i l ms but thi s  i s  obv i ously  not feas i bl e  for regi ons 
exposed to XUV rad i ati on . Kuhne et a l . 4 and Carrol l 
et a 1 . 6 showed that l aser plasmas can be operated wi th 
an ambi ent background gas that transmi ts the rad i at i on 
of i nterest and Jopson et al . 3 used a He background 
pressure to protect thei r optical  system from spattered 
Hg f rom thei r target . 

SOURCES OF RADIATION � 300 eV 

The use of moderate power l asers (�l o9w) i s  a 
conveni ent source of emitti ng pl asmas but the e l ectron 
temperatures are typi cal l y l ess than 1 00 ev . 9 , 5  
The output for a 1 00 eV b l ackbody peaks near 200 eV and 
outputs fal l rapidly  at hi gher energ i es . For the 
production of x-ray photons it i s  necessary to go to 
larger power densiti es assoc i ated with very h i gh energy , 
short pul se lasers , wh i c h  are usua l l y  assoc i ated wi th 
nat i onal l aboratori es , both here and abroad , and some 
l arge i ndustri a l  efforts . The x-ray emi s s i on has been 
studi ed with sophi sti cated d i agnostics and computer 
mode l i ng capabi l i ties so that it i s  better understood 
than the XUV rad i at i on . The spectrum i s  predomi nantly 
free-free and free-bound rad i ation combi ned wi th a 
simp l e  l i ne spectrum. The heating mechanism for these 
high power l asers i s  inverse Bremsstra h l ung , whi ch 
typi cal l y produces a hot , dense plasma wi th a density 
around 1 021 cm-3 and an el ectron temperature of 
300 ev to 500 ev . The pl asma i s  characteri zed by 
trans i ent stages of i oni zation before the i oni zati on 
stages come to equi l i bri um. Duri ng subsequent times 
there is rapid i on movement because of expansion .  The 
preponderance of el ectrons are Maxwel l i an and provi de 
radi ati on of a few kevl O . There i s  genera l l y  a l so a 
tai l  of hot electrons wi th energ i es up to severa l  keV 
wi th radi ati on produced out to 350 kevl l . An 
experimental and theoretical study of l aser pl asmas with 
h i gh time resol uti on has recently been reported by 
Nakano and Kuroda . l 2  Thei r  work not on ly  covers the 
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features menti oned above ( except for the hot el ectrons )  
but a l so exp l a i ns the strong dependence of e l ectron 
temperature , and subsequent soft x-ray emi ssion ,  on the 
Z of the target materi a l . 

Severa l stud i es have been made of the absol ute 
convers i on effi c i ency f rom l aser i nput energy to x-ray 
photons . Matthews et a1 . 1 0  of lawrence li vermore 
laboratori es have made such measurements with 
1 . 06 pm, 0 . 53 pm, and 0 . 35 pm radi ati on u s i ng 
i ntens ities between 1 01 4  and 1 01 6  W cm-2 with 
durati ons between 1 o-1 0  and 2 x 1 o-9 sec . Targets 
of Al , Au , Ti , Ni and Zn were used , generating i ntense 
radi ation between 2 and 1 0  keV with a strong , s impl e  
l i ne spectrum on top of a continuum background ( see 
Fi gure 5 . 2 ) . The eff i c i ency def i ned as the ratio of 
x-rad iati on to i nc i dent l aser energy was i ndependent of 
spot s i ze (total energy) i f  pul se duration and i ntens i ty 
were constant . The eff i c i ency dec reased with increas i ng 
i ntensity and for Al and Ti targets was f i ve times 
hi gher for . 35 pm radi at i on than for 1 . 06 pm rad iati on . 
For i ntens ities above 3 x 1 01 5  w cm-2 the eff i c i ency 
was constant f rom 1 o-1 0  sec to 2 x 1 0-9 sec using 
1 . 06 radi ati on . For the 1 o-1 0 sec pul ses the l i ne 
output had a durati on of 1 . 4 to 2 . 4 times the l aser 
pulse durat i on , varying wi th the target , whi l e  the 
conti nuum output had approximate l y  the duration of the 
laser.  For 6 x 1 o-1 0 sec pul ses the l i ne emi s s i on 
fol l owed the l aser . 

Yaakobi et a l . 1 3  at the Rochester laboratory for 
laser Energetics  have made s i mi lar stud i es but f i nd a 
s i gn i f i cantly  stronger i nc rease i n  eff i c i ency i n  going 
f rom 1 . 06 pm to 0 . 35 pm rad i ation . For a constant pul se 
durati on they report that the x-ray output depends 
almost exc l u s i ve l y  and l i nearly on the l aser pu l se 
energy . Defocu s i ng to decrease the i rradi ance by more 
than a factor of 1 0  causes a decrease i n  eff i c i ency of 
l ess than 1 . 5 .  The radi ation temperature of the pl asma 
was 0 . 8  keV for the conti nuum and 2 keY for the l i ne 
emi s s i on .  For a g l ass (Si ) target with a 5 x 1 01 4  w cm-2 
5 x 1 o-1 0 sec driver laser the output was 2 x 1 01 5  
photons i n  the continuum and an approximatel y  equa l 
amount i n  the l s2-l s 2p resonance l i ne . The eff i c i ency 
i nto i ndi vidual  l i nes i n  the 1 . 8 to 7 . 8  keV regi on was 
between 0 . 1  percent and 1 percent i nto each l i ne . Nagel 
et al . 1 4  used lasers at 1 0 . 6  pm, 1 . 06 pm, and 0 . 694 pm 
wi th 20 to 1 0  J i n  20 ns to 40 ns pul ses to study x-ray 
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emi s s i on .  The 1 . 06 � l aser was at l east 1 0  times more 
eff i c i ent than the 1 0 . 6  � l aser . With a 40 ns pul se 
the x-ray i ntensity sca l ed wi th energy as En with n -
2 . 5  to 3 .  The maximum eff i c i ency i nto the 1 - to 3-keY 
region was 1 0  percent . Gi l bert et a l . 1 5  made s i mi l a r  
stud i es o n  the effect o f  target material o n  x-ray 
generation . They studi ed 36 el ements between Be and U 
us ing a 1 . 06 PID l aser generati ng 28 J i n  8 ns focused to 
4 x 1 01 3  W cm-2 . They observed an el ectron 
temperature of 365 eV with an eff i c i ency i nto 0 . 7-20 keY 
photons whi c h  depended on Z but had a maximum val ue of 
9 . 6  percent . The same eff i c i ency was observed with a 
1 ns l aser pul se .  The use of a 1 00 � focal spot 
resu l ted in a 1 20 � emitti ng reg i on .  When U was used 
as a target no l i ne emi s s i on was observed superposed on 
the conti nuum at energ i es above 800 eV us i ng a c rystal 
spectrograph . Nakano and Kuroda1 2  have studi ed x-ray 
emi s s i on u s i ng 2 J of 1 . 06 � rad i at i on and have a l so 
di scussed the l a rge variat i on of x-ray output with 
target z .  The atomic number for maximum output above 
1 keY was shown to be a functi on of the l aser power 
dens i ty ,  and the convers i on eff i c i ency i nto photons 
> 1 kev. rose rapi d l y  with the i nc i dent energy , reach i ng 
a maximum of 2 x 1 o-3 for 2 5  J on target . The use of 
mi c roba l l oon targets a l l ows the achi evement of h i gher 
el ectron densities ( 1 o23cm-3 ) and temperatures 
(-1 keY)  than the use of f l at targets1 3 . 

ABSOLUTE INTENSITIES 

laser pl asma outputs are most mean i ngful l y  compared with 
synchrotron radi at i on in the XUV where both sources 
provi de a very c l ean continuum of radiati on . Tab l e  5 . 1  
l i sts the results of measurements of absol ute 
i ntensi t i es f rom l aser pl asmas produced u s i ng 
conventi onal Nd and ruby l aser of energy � 1 0  J .  The 
energy range of the measured photons vari es from 10 eY 
to 4 50 eY and a l l  measurements were made u s i ng grating 
spectrographs and monochromators . The measurements of 
Kuhne et a 1 . 1 1 were in s i tu compari sons with a 
synchrotron rad i ati on sourc e ,  those of Mahajan et a l . 7 
were i n  s i tu compari sons with a wel l  characteri zed theta 
p i nc h  and those of o • sul l i van et a l . 1 8  were i n  s i tu 
c ompari sons with a cal i brated standard arc l amp . The 
measurements of Nicolosi  et al . 1 9  used a ca l i brated 
g razing i nc idence spectrometer and detector system whi l e  
the ol dest measurement , that o f  Breton and Papoul a r , 20 
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used measured and estimated eff i c i enci es for thei r 
spectrometer and photomulti p l i er .  The measurements have 
a l l  been put in the same units and the choi ces of 
pa rameteri zati on are made to a l l ow compari s on of both 
the peak outputs and the average va l ues (assumi ng 1 0  Hz 
operation )  and of the i ntensity and the total f l ux 
output . The cond itions of focus , temporal pul se 
behavi or , and i nc i dent ang l e  on target are not 
standardi zed enough to make vari at i ons of factors of 2 
mean i ngful . The va l ues for synchrotron radi at i on 
sources a re shown to g i ve a sense of the comparabi l i ty 
of the two sources . 

The output of l aser generated pl asmas i n  the x-ray 
regi on invol ves strong l i ne emi s s i on as shown i n  Figure 
5 . 2  f rom the work of Matthew et a l . at the Li vermore 
l aser fac i l i ty . l O  The dependence of the x-ray outp�t 
as a f uncti on of i nc i dent power dens i ty i s  seen i n  
Fi gure 5 . 3  from Babonneau et a l . l 6  u s i ng the thi rd 
harmoni c  of a Nd : g l ass l aser.  One particul arly 
i nteresti ng feature of thi s  data is the c ros s i ng of the 
curves near 600 ev so that i n  the XUV regi on an i nc rease 
in l aser power densi ty dec reases the radi ant output i n  
contrast to the behavior i n  the x-ray reg i on .  In  
add ition to  the thermal emi s s i on i n  the soft x-ray 
reg i on ,  fast , suprathermal e l ectrons i n  the l aser dri ven 
pl asma produce muc h  harder x rays . Th1 s  i s  shown i n  
F i gure 5 . 4  from Sl i vi nsky . l l  Some of the many 
measurements of x-ray i ntens i ti es are shown i n  Tabl e  5 . 2  
a l ong with a compa ri son of the range of synchrotron 
radiati on outputs . 

SUMMARY 

Laser produced pl asmas now exi st as usab l e  l i ght sources 
in the XUV and soft x-ray reg i on .  The app l i cat i ons of 
the sources fol l ow d i rectl y  from the spec i f i c  propert i es 
of the sources , name l y ,  that they are sources of 
radi ati on i n  the 1 0  eV to 1 0  keY regi on with very h i gh, 
peak i ntens ities and l ow duty cyc l es g i ving average 
output f l uxes , whi c h  can be comparable  to synchrotron 
rad i ation sources . The outputs are unpol ari zed , wi th a 
ful l i l l umi nation sphere , f rom a poi nt source and they 
are h i gh l y  reproduc i bl e ,  i n  contrast to pul s ed e l ectri c 
arc or d i scharge sources . They can be run i n  the 
presence of s i gn i f i cant pressures of background gas and 
impuri ties and , at l east for XUV sources , are moderately  . 
pri ced , compact , and eas i l y  portabl e .  
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In  add i t i on to bei ng an i ntense source of XUV and 
soft x-ray rad i at i on , l aser produced p lasmas have been 
shown to be as reproduc i b l e  as the driving l aser, 
provi ded the target i l l umi nation and observati on 
geometry are kept f i xed . Thus they are very promi s i ng 
for the rol e  of transfer standard s ,  a l though i t  wi l l  
probably  be necessary to use s i ng l e  transverse mode ,  
smooth pul se l asers a s  the d ri v i ng sourc e .  Efforts are 
now goi ng on to study the use of such pl asmas as 
i ntens i ty standards in the xuv . l 7  The compactness and 
modest cost of XUV systems make these a natural 
cand idate for such appl i cati ons . In contrast to 
synchrotron radi at i on sources , l aser pl asmas woul d  
provide i ntensity standards for h i gh i ntensity ,  short 
pul se radi ation and could be used to cal i brate detectors 
for these conditions wi thout the large extrapol ati ons 
needed with cal i brati on f rom l ow peak i ntensity sources . 
The suitabi l i ty as standards i s  particul arly apparent 
for sources bel ow -300 ev where the l aser pl asma can 
produce a true conti nuum .  

The conti nuum nature o f  the sources and thei r h i gh 
reproduc ibi l i ty a l so make them excel l ent for 
spectroscopy , whi l e  the h i gh i ntens i ty between 200 eV 
and 2 keY makes them wel l  suited for materia l s  
appl i cati on such a s  mi c rol i thography and the poi nt 
sourc e  nature and tol erati on of ambi ent background gas 
make them wel l  suited for x-ray mi c roscopy . The h i gh 
peak i ntensiti es are wel l  suited for studyi ng the 
interact i on of i ntense bursts of i on i z i ng radiat i on with 
matter,  i nc l ud i ng efforts to produce h i g h l y  
nonequi l ibrium cond itions suitabl e for x-ray l aser 
operati on . S The h i gh reproduc i b i l ity under eas i l y  
prescri bed conditions makes them exce l l ent candidates 
for transfer standards i n  the XUV and soft x-ray reg i ons . 

Pul sed l aser pl asma l i ght sources are sti l l  i n  need 
of extens i ve study to ful l y  characteri ze thei r 
properties and optimi ze thei r outputs . However, 
suff i c i ent work has been done s i nce they were fi rst 
observed 20 years ago to establ i sh them as useful and 
sometimes essential  sources for XUV and x-ray science .  
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Tab l e  5 . 1  XUV Intensities and Fl uxes from Laser-Produced Pl asmas 
( Synch rotron parameters are qual itati ve for compari son . )  

Average Peak Average 
Laser Peak Spectral Spectral Spectral Spectral 
Pulse Measured Intensity Intensity Flux Flux 
Energy Wavelength Phot . sec - 1  ( 1 0 Hz Phot . sec- 1 ( 1 0 Hz 

Ref _J_ __ L(lliiJ M!_z :_1_ •r-2 rep. rate) ttfz- 1  rep . rate) 

1 9  1 0  1 2 1 . 6  l . S  X 1 09 l . S  X 1 02 1016 1 09 

7 2 1 2 1 . 6  S X 1 06 S X 1 0- l  
3 X 1 01 3 3 X 1 06 

1 7  2 . 2  1 2 1 . 6  1 07 1 . 0  6 X 1 01 3 6 X 1 06 

1 6  0 . 8  100 3 X 1 07 3 2 X 1 014 2 x 1 07 

l . S1 07 1014 1 07 t1't 
1 6  0 . 8  IS l . S • 

16 0 . 8  6 7 X lOS 7 X 1 0-2 4 X 1 01 2  4 X lOS 

18 10 2 . 7  6 X 1 08 6 X 1 01 4 X l OlS 4 X 1 08 

1 8  1 0  8 6 X 1 08 6 X 1 01 4 X lOIS 4 X 1 08 

Characteristic 
Synchrotron 
Radiat ion 
Parueters 

Bending Magnets l OS - 1 08 1 03 - 1 04 S X 106 - S X 1 09 S X 1 04 - S x lOS 

Wigglers 1 06 - 1 09 104 - l OS S X 1 07 - S X 1 01 0  S X l OS - S x 1 06 

Undulators 1 07 - 1 01 1  105 - 1 08 S X 108 - S X 1 01 2  S X 1 06 - 5 X 1 09 
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Tab l e  5 . 2  X-Ray Intensities and F l uxes from Laser-Produced Pl asmas 
( Synchrotron parameters a re qua l i tati ve for compari son . )  

Measured Peak Peak 
Laser Laser Output Spectral Spectral 

Laser Pulse Pulse Photon Intensity Flux 
Intensity Duration Energy Energy Phot . sec: - 1  Phot . sec-1 

!!..!: w Cll-2 ns _ll_ kev 1 0\BW u-2 10\ BW 
1 1  3 X 1014 2 . 2  4 . 1  40 5 X 101 3  3 X 1020 

11 3 X 1014 2 . 2  4 . 1  160 5 X 101 2  3 X 1019 
1 1  3 X 1014 2 . 2  4 . 1  350 5 X 1010 

3 X 1017 
10 3 X 1015 0 . 7 . 6  1 . 8 - 3 . 6  '1 X 1016 4 X 1023 <:1' 

"' 

13 5 X 1014 . 5 . 04 ( . 3511) 2 . 7 2 X 101 7  1024 

15 4 X 101 3  8 . 028 1 7 X 1016 4 X 1023 

S�chrotron Radiat ion Sources 

Bending Maanets <100 11;14 _ 1015 5 X 1015 • 5 X 1016 

Wi&&1ers <200 1015 - 1 016 5 X 1016 • 5 X 101 7 

Undulators <10 1016 - 1019 5 X 1017 • 5 X 1020 
(proj ected) 
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FIGURE 5 . 1 . Qua l i tati ve representati on of conti nuum 
i ntensity di stri bution from l aser produced - pl asmas u s i ng 
rare earth targets6 . 
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FIGURE 5 . 2 .  X-ray i ntens i ty di stri bution from Al 
targetl O .  
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F IGURE 5 . 3 .  Intens i ty di stri bution for di fferent 
i ncident l aser f l uxes u s i ng Au target and . 35 pm 
i rrad i ation 1 6 . 
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FIGURE 5 . 4 .  Suprathenmal x-ray spectrum from a Ta 
targetl l . 
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6 .  FREE ELECTRON LASERS FOR THE XUV SPECTRAL REGION* 

c .  Pel l egri ni 
Nati onal Synchrotron Li ght Source 

Brookhaven National Laboratory , Upton , New York 1 1 973 

1 .  Remarkab l e  experimenta l progress has been made on 
the free el ectron l aser ( FEL) duri ng the l ast two 
years . FEL osc i l l ators and ampl i f i ers have been 
operated , at wavel engths varyi ng f rom the centimeter to 
the v i s i b l e  and near UV and at power l evel up to about 
one hundred MW peak power,  i n  many l aboratori es : MSNW, 
TRW-Stanford , LASL,  LBL-LLNL , MIT , NRL , Col umbia-NRL, 
U . C . -Santa Barbara and Orsay . These FELs thus j o i n  the 
f i rst FEL osci l l ator bui lt  by Madey and col laborators i n  
1 978 . 1 -6 

The theory of FELs has at the same time reached a 
high  l evel of compl eteness and i s  i n  good agreement wi th 
the experimental results . 

Because of thi s  experimental and theoretical progress ,  
we have now a good understandi ng of the phys i c s  and 
tec hnol ogy of FELs , and we have a 1 so the capabi l i ty 

*Work supported by the U . S .  Department of Energy . 
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of des i gn i ng systems operati ng in new wavel ength 
reg i ons , l i ke the XUV spectral reg i on .  

The poss i b i l i ty of bui l d i ng a FEL operati ng at 
wavel engths shorter than l OOOA i s  a result  of the 
progress made i n  produc i ng h i gh density rel ati v i stic  
el ectron beams u s i ng el ectron storage ri ngs . Storage 
ri ngs spec i a l l y  des i gned for FEL appl i cati ons and 
capable  of accommodati ng undul ator magnets 5 to 1 5  m 
l ong , s hou l d  offer the poss i bi l i ty of produc i ng coherent 
radi ation down to a few hundred angstroms wi th average 
power of the order of watts and peak power up to 
hund reds of megawatts .  One such ri ng i s  bei ng bui l t  at 
Stanford Uni vers i ty , 7 and s i mi l ar ri ngs are bei ng 
studi ed a l s o  i n  other l aboratori es . B , 9 

2 .  I n  a FEL a rel ati vi sti c el ectron beam and an 
el ectromagnetic  wave traverse an undul ator.  The 
coupl i ng of the wave and the trans verse e lectron beam 
c urrent , i nduced by the undulator , can produce an energy 
transfer between the beam ki netic  energy and the rad i ­
ati on f i e l d  energy , i f  a synchroni sm condition i s  
sati s f i ed . l O  Thi s  condition rel ates the rad i ation 
f i e l d  wavel ength �.  the undul ator peri od �u • f ield  
Bu , the parameter K = eBu�u/2.mc2 , and the beam 
energy y measured i n  rest energy units mc2 : 

( 1 )  

( Noti ce that thi s  wavel ength i s  a l so the wavel ength at 
whi c h  the spontaneous radi ation f rom an e l ectron 
travers i ng an undul ator i s  emitted . )  

An i mportant property of the FEL i s  that the energy 
transfer between the beam and the radi ation can be 
enhanced by a col l ecti ve i nstabi l i ty produci ng an 
exponenti a l  growth of the radi ationl l . When thi s  
i n stabi l ity becomes important the FEL i s  said to operate 
i n  the h i g h  gai n  regime .  The exi stence of thi s  regime 
i s  very i mportant for the FEL operati on i n  the XUV 
regi on where we do not have optical  components wi th h i gh 
ref l ecti vity and smal l absorption . l 2  

Three modes of operati on of a FEL have been 
consi dered . I n  the fi rst mode , Sel f  Ampl i f i ed 
Spontaneous Emi s s i on ( SASE ) , the i nitial  spontaneous 
rad i ation emi tted by the el ectrons , i s  ampl i f i ed ;  thi s  
system does not requi re any optical  component but needs 
a h i gh dens i ty el ectron beam and a rather l ong 
undul ator. B , l l  
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The  second mode is  the FEL osc i l l ator . An  opti cal 
cavi ty is used to ref l ect back and forth the radi ation 
for further ampl i f i cati on by another el ectron bunc h .  
Thi s system requi res a smal l er el ectron beam dens i ty and 
a s horter undul ator but needs mi rrors for the cavity;  at 
wave l engths smal l er than 1 000A these mi rrors have sti l l  
to be deve l oped and thei r ref l ecti vity i s  expected to be 
on order of 50 percent . 1 2 . In the thi rd mode ,  or 
Transverse Opti cal Kl ystron , l3 an external l aser beam 
at the spontaneous rad i ation wavel ength i s  used to 
mod u l ate the beam energy and l ong i tud i na l  dens i ty 
di stri buti on , thus l eadi ng to the emi s s i on of coherent 
rad i at i on at the hi gher harmon i c s  of the i nput l aser. 
Of the three modes thi s  is the one requi ri ng the l east 
stri ngent el ectron beam parameters . It does not need 
opti cal el ements ; on the other hand it requi res an 
undul ator wi th rather stri ct magnetic field  tol erances 
and produces the smal l est coherent rad i ation power.  

3 .  In  al l  these modes the FEL can  be c haracteri zed 
by one parameter,  N* , the FEL e-folding l ength , measured 
i n  number of undul ator peri ods l l  

N* = 2/(•1 /233/4 K�unp/c ) 2/3 ( 2) 

where QP i s  the el ectron beam pl asma frequency ,  
defi ned i n  terms o f  the el ectron dens i ty n0 , and 
energy y, by 

QP = ( 4•rec2no/y3 ) 1 /2 ( 3) 

re bei ng the c l assical  el ectron rad i us . 

For an osci l l ator to operate at short wavel ength , 
where the optical  cavity l osses can be on the order of 
1 00 percent per round tri p ,  one needs a number, Nu , of 
undul ator peri ods on the order of N* , i . e . ,  a rat 1 o  of 
Nu/N*-1 . 

I n  the case of SASE l l  the va l ue of the rati o  
Nu/N* must b e  on the order o f  1 0 .  

I n  both cases the energy transfer f rom the beam to 
the rad i at i on f i e l d  i s  on the order of 1 /( 4•N*) , wh i l e 
i n  the TOK case the transfer from the i nput l aser to the 
harmon i c s  i s  rather sma l l .  

The express i on ( 2 )  for the FEL growth rate appl i es 
on l y  i f  two other cond itions on the el ectron beam a re 
sat i s f i ed .  One i s  a conditi on on the beam energy 
spread , whi c h  must be l ess than 1 /(4•N*) ; the second i s  a 
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conditi on on  the beam emittance , whi c h  must be  smal l er 
than the rad i ation wavel ength . If these cond itions are 
not sati s f i ed the radi ation growth rate decreases , and 
the output l aser power becomes sma l l er. B 

For wavel engths i n  the mi l l imeter regi on and el ectron 
energy of a few MeV , the val ue of N* can be on the order 
of 1 0 ,  whi l e  i n  the VUV regi on and el ectron energ i es of 
severa l  hundreds of MeV , N* can be on the order of 1 00 
to 1 000 , and one can expect an energy transfer from the 
beam to the rad i ation on the order of a few parts i n  a 
thousand . 

4 .  In  the wavel ength regi on bel ow l OOOA , the best 
acc e l erator to produce h i gh density el ectron beams i s  at 
the moment an el ectron storage ri ng . Exi sti ng storage 
ri ngs , l i ke the VUV of the Nati onal Synchrotron Li ght 
Source at Brookhaven , can provi de an average emittance 
on the order of l o-B mrad , an energy spread of about 
l o-3 , and a peak current of 60A at an energy of 750 
MeV . A ri ng l i ke thi s ,  wi th strai ght sections capable  
of  accommodati ng undul ators 5 to  6 m l ong , woul d  a l l ow 
us to produce coherent rad i ation i n  the l OOOA reg i on .  

We bel i eve that i t  i s  now pos s i b l e  to des i gn a 
storage ri ng wi th an energy of 700 to 1 000 MeV , an 
emittance sma l l er by an order of magni tude,  same energy 
spread , and peak currents i n  the range of 1 00 to 200A . 
Such a ri ng wou l d  a l l ow us to produce radi ati on i n  the 
wavel ength range of 1 00 to 500A u s i ng undul ators about 
1 0 m l ong . 7 , 8 , 9 Us i ng thi s  ri ng , the peak radi ation 
power that one can obta i n  i n  the SASE mode i s  on the 
order of 1 o-3 times the beam peak power,  or 1 00 MW.  
Thi s  pul se woul d  have a durati on of  about 1 00 ps and a 
repetition rate of 1 0  H z ,  for an average radi ation power 
of 0 . 1  w. 

Wi th the same system operati ng in the osc i l l ator 
mode,  one can obta i n  an average output power of the 
order of 1 W, pul se durati on of about 1 00 ps , a 
repetition rate , determi ned by the ri ng revol uti on time ,  
on the order of a few MHz ,  and a peak power of about 
1 0  KW. For thi s  osc i l l ator i t  i s  a l so poss i b l e ,  by 
modulating the system gai n ,  to reduce the repetition 
rate and i ncrease the peak power.  

For the TOK mode one can expect conversi on eff i c i en­
c i es on the order of 1 0-6 around the tenth harmoni c s ,  
s o  that starting wi th a 1 00-MW peak power l aser at 
2000A , one should be able  to produce about 1 00 W at 
around 200A . 
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I n  a l l  of these cases the angular di stri buti on of the 
radi ation is determi ned by the el ectron beam rad i us , a ,  
and the radi ation wavel ength ; the c haracteri sti c ang l e  
i s  o n  the order of �/a , i . e . , o f  a few tenths o f  mi l l i ­
rad i ans . The l i ne wi dth i s  on the order of the wave­
l ength d i vi ded by the el ectron bunch l ength , i . e . , 
l o-6 , for the osc i l l ator and the TOK mode .  For the 
SASE mode it depends on the detai l of the system and i s  
i ntermed iate between the osc i l lator l imi t and the 
inverse of the number of peri ods i n  the undulator , i . e . , 
between 1 o-6 and 1 0-3 . 
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7 5  

FINAL NOTE 

Reproducti ons of presentati on Vu-Graphs by Drs . Attwood , 
Mc i l rath , Pel l ig ri ni , Rhodes , and Wi nick  are avai l ab l e  
from the Board o n  Phys i c s  and Astronomy upon request . 
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