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The pioprrties of Synchrotron radiation nie sumnarizod wllh a speclal

: . ! • ; 011 the directions of future developmonts, namely the planned dedicate

ntorage rinqs equipped w i t t i undulators and wigglera having electroti beanu
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willi diameters in the 100 un region. In a second chapter the special InsLru-

mcnlation, especlally monochromators, which have lo functIon in comblnatlon

wi th high pownr wigglers and high brilllance undulators, are discueecd. The

l - ! . .h l i n ' , whlch st i l l ni'i'it to be solved likc e.g. power reslstlvity and high

.-. • - . ! ! i y of mirroru are polnted out. Ftnally in a separate chapter the

l"- - , ; . i i . i i - applicatlons of Synchrotron radiation lo photoemisBion mlcroscopy

-ii f- dir.rrussnd. In t his chapter thn dif ferent tnet.hodc and t he i r l Imitat Ions

to geneigte a microfocus arn consldereil and one Kpecial profect in progress

is exo
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Introiluction.

The applicatlon of synchrol r ein radiation from electron G Image rings (o

photDemission and alisorption spectroscopy öl BÖlids and Interfaces is ono

of t he rooet Important expnrintcntal developments in rec«nt years lor cha-

racterlzing electronlc s ta tes . In several cases even contributions tu tlio

clarif icatlon of l !»• geometrlcal arrangenent of atoms wcre obtaitiod l.y

this technigue and mure of this is expected to occur In Ihe future.

The spectrum of Synchrotron radiation covers a very wide ränge of phuton

energies exteuding fron the visible over the v&cuuni ultraviolett to the

soft and hard x-ray regions. Due to the high crobs scct ion for photuab-

sorptlon at lower photon eneigies mögt photoeialssion luvestigations up to

da t a vi:;t> photon energieo below 1000 eV photon energy. 'h im. äs "variiuin

ultravlolet" ( V U V ) , "soft x-ray" (SX), "extreme ultraviolet" <XUV) are

ueed to characterize this Gpectral reglme, bat 1t should be noted that

Lhe boarder line energles are not well deflned due to Ihe hlstofical ori-

gln of these notatlone. In additlon, in ptiotuemission experiments the ne-

ceBsary reiiolution in tlie order of 10 - 100 meV forbids excilation ot •-• i

lence and outer core elerirons to loo high kinutiu energie».

Honocliromators for Synchrotron radiation (SR) in the enmgy i nnge up to

1UOO eV are alMost uniquely based on reflection gratings. Mevertheleos,

interi'ül ing develop«nent& occur where new componente l ike e.g. crysf als

wi l l i wide lattlre spacing and multllayerB penetrate into thi t ; ont-ryy

ränge. The other intere^ting frontler is the extension of photo^miüsinii

«pcctroscopy to energiee above 1000 eV into the x-ray region proper. Syn-

clirol ron radiation originally was u&ed oiily from beiiding magnels In Syn-

chrotrons and storage rimjti. These macbinuB were built and optlmizcd for

high-etiei-gy pliysics. In recütit years a rapid development took place in

deslgning etorage rinqs deilicated to synchrotru» radiatlun work. One op-



t j m i z a t i u n pnrametar in sucl, a mach ine is the source size and source <ii-

verqcncG, thti producl: of which JB closely r^laLed to the so-callcd "elec-

11 on beam emi l tance". The ottier opt imizat ion gtial is Ihe provieion of äs

winy ris poBQible straight spcttons aronnd the ring which are long enough

and e&peoially tailored with respect to the eLectron opttca l.o accommo-

datfi insertion devices. These are wigglers and undulators, sections with

all ernat ing magnat.ic ficlda where the electron beajn is forced on a sinu-

sojdal path. The overall intensity gain is givon by the number of bends N

in ,-j w igg ln r wlule through interference a Eactor of up to N is galned In

p-?aks of the spectral distribution (undulaLor e f f e c t ) .

These devicus need monochromfltora with Kpeclal Komponente in certain

placcK in order t o stand e.g. the great pawer Inad and in order to take

f u l J öd van läge of the gain in intensity and roore specifially in brllli-

ance. Bi-illianca is the Important parameter by which the quäl 1ty of the

ne« dedicated storaga rings and tlie insertion dovices are judged. Bri l l i -

nnce 1s the number of photons per giyen band width per unit source size

and un i t solid angle. Hith hypothetically purfcct uptjcal elements (£<x;u-

sing mirrurs etc.) brilliance ie an invariant when the tadiation is gui-

ded f r tun the source through the monochrometor onto the sample, ßuilding

improved optical elements (or inventing monochromator mountings vililch

make dpi; jmuni nee of teclmically feasible elements) ie another f rentier in

Lho fleld.

Tim enormoiis brilliance getierated by undulators in äedlcated storage

rings wi th vi;ry ninall emittances can be nsed advantageously in many dif-

f<;rent ways. Qulte obvious are: better Epeclral Resolution, better energy

rosohil. ion of Ihe emitted photoelectrons, bettcr accurar;y through better

photon s t a l i a t i c s in order to determine sinn l t changos in speclrn dne to

roodulaLion of the sample properUos (temperature, laser excitation etc.)

ar due to oxidation, gas adsorption, iuterface reactions, aurface pltase

traneitions etc. This requires other properties of the iiew detlicated

storage rings which always are taken äs gtanted on paper but practically

are fulfilled only to a certain degree, these are: s t ab j l i t y , reproduci-

bility of thair praperties over laug periods and relinbility. These

propertiea have to be fulfi l led by the complete experiinental Station. A

contlnuous battle needs to be faught there and unforturiately only the

defeats are noted and criticized whlle the vlctories go wJlhout notice.

CertainLy the users of synchfotron radiation have to iearn thst they dual

with a light source of unprecedented complexity.

In addltlon to photoemisi;jon other secondary procer.ses i ike photosllmu-

lated desorptloti and fluoreecence will also greatly benefit froui tlie in-

crease in intensity ÖD tho sample but they are not wi th in the scope of

thiti paper. In this context iu should be rewembered that iibaorption sp«c-

troscopy l B not only perfornied by transraission roeasui:em«iitK on l.hin

samples but can also be done in a photoemission measurement. Tlie totai

photoelectric yleld from a solid sample üispLnys all the fealures of (he

absorption coefficient since tlie yJeLd is proportional to the powor ah-

sotbed in a thin surface layer of 20 - 50 Ä thickneiäö. There is one di-

rectlon which will prot iL tconi higher brightness more Lhan anyth lng elae

and thls is scanning photoabsorptian and photoemission w i t h high spatiai

resolutiun. The goal is to focus the radiatlou down to a puint on the

sample with 0.1 iun dlameter or less with Fresnel zcme plates or mirrors.

Sut f ic ien t ly high intensities to allow selecLion of üpeclfic eiectro.i

energjec wi th an electron energy analyzer are reguired. ftlLornatively or

addltionally epin seleut ion would al low the investigation of mngt i eL ic

doinüins at the surface of ferromügnetic materials. Such a mioroprobe

should reveai structures in a very easily interpretable wuy. Element spe-



c i t i c contra«L should be ubtainable if plioton and electrori energics could

be varied at choice.

The nia ter taL ineluded in this iectiire is selae:teel in such a way thal

ampliasis i" qiven to developmtants which point to the future. Examples are

selftf j let l predominantly from projects w i th which the authoc hiinaelf was

connected l" orte or another way. The pauL developmenLs in the f ie ld of

Synchrotron radiation ar« covered in sevcral rnviews of which only three

ate cit.ed here (1-3]. There is also availaltle a very useful collection of

e*]uations and data |4|. 'l'he Instrumentation of Synchrotron radiation IK

regulär U? presented in a serles oC conferencn pracet>dings |5-1V). A fül l

suL-vey öf all new developments is not within tlie scope of this lecture.

It is anyhow d i f f lcu l t sine« several tecent advances wil l be spared for

prpRonl.al . ion al. t.lie Conference on SynchroLron Radiation Instrumentation,

SRI 88 to be held in Tsukubii, Japan, August 39__-__Sep_tgmber_ 2t_ _19gfl. the

roeuH.B will be publ tshed in a special iseue of tlie Review of Scientific

liisl.ri-mtint.fi eunu thereaf ter [ 14).

In t.lie followJng the materiai is arranged in three sectiona. In section

2. t.ho propertie:; of SR are sumnarized inoluding the main properties of

wigglers and undulators. In eection 3 the typical Standard instrumentu-

t ion for spectroscopy and an advanced liietruinenl. on a witjgler/unciulator

is pref.Rnl-ed with the F[,IPPER monochrom.il or at the W I undula lor at IIRSY-

1VIH äs a specific and operational example. Sectian 4 f ina l ly is cievoted

to the discussio» of the pre^ent attempts and diirections to obtain äs

much intensity äs possible in a roicrofocue. Tliis should allow to tnake

photoemission experiments on microscopic sample s and viould allow a iciicro-

acopy w i L h elument specific contrast.

2.- Properties of Synchrotron radiation

2.1 Radiation from bendlng magnets

The properties of SR can be calcuLated by applying the methoJs of cla:;ai-

cal electfodynamics to relativistic electrons (or posltrons) on circnlar

orbits. Tlie d jpalu chnracteristic is relativistically distortßJ in the

laboratory frame into a riarrow cone according to f i g . 1. The w i d t h of thn

-1 ?cone is in the order of Y = 1~P where ßc is the particle velocity, c

the velocity of llght and ß tlio ratio of the particle energy re la t ive tu

the electron rest mass energy.

Already Schott [18] treated this problem in conneutioii w i t h claaiiical mo-

dels t>f Ihe aLam in the 'beginning of the Century, Zvanenko and Pomeranchuk

[19], followed by Schwinger [20], were the first who predicted its impot:-

tance for circular particle accelerators. How the main equat ions are de-

rived in Standard tuxtbooka, likü those ot Sommerfeld [ 2 1 ] and Jackson

[ 2 2 ) .

The propertieis of SR are listed äs tüllowa:

1) ConLlnuous spectrum trom t h e infrared to the rcgion of hard x-rays,

2) strong collimation in the instantaneous direction of f l ight ( typicaLly

Imrad) ,

3) linear polarization in the plane of the orbit,

4 ) circular polarization In the "wings" above and below the plane of the

orbit ,

5) pronounced time structure, which is a copy of the pulse structure of

the electron beam (pulses äs short äs 100 ps),

6) ab&oiute calculability of all the properties of the source, once para-

iiieterü <jf the particle beam are t)iven,

7) c leanl iness and stabil i ty ( i n pari. ic'.iiar w i t h slorayi: rings) of th<?

source, which, in conl r;ist t o gas-discharge sources, ex i st s in tin



yood vacuum.

The f lux of radiation is ahown for BRSSY l and l.he planned storage ring

BESSY II in f l g . 2 [24|. The tlius markcd curvcs give the miniber of pho-

-•t -3
t<ms/ß«c. in Ac/e = 10 ' or fiX/A = |0 batidwidth in a l mrad wide hori-

zontal rsegirient while vertically intensity ia fu l ly integrated. t and X are

Photon onergy and wavelength respeotively. The asGumed cucrents j = 300 mA

(BESSY l) and j •' 100 mA (HESSY II) explain raost of the dlfference in the

low plioton energy regJon. The fall-off at high energies is deturmined by

the ch.iracteristic energy t (or Mavelength X }. It dopend s on the radius

of curvature K the magnetic field B and the particle energy E.

'l'lio vertical angular spread iV(FWHH) of intensity can be approximated äs

(see t-.g. |25|)

( 2 . J ) /e}1/3 for e « c

( 2 . 7 . ) a* -(2/fHc for e » E

lüoful equations ar«:

( 2 . 3 ) H I T | - R [ m | = 3.34 E|GeVl

- 4) y =- B|GeVJ

= 2218 E |GeV|/R|m}

= 665.1 B[TJE2[GeV)

(3 .6 ) X J Ä ) = 5.5'J R[m]/E {GeV]

lö.t,4/(BIT)E2[G«V|)

{2 .7J e (eV| - 1240O/X [ A ]

( 2 . 8 ) I[phot/(s-mrad-0.1%BH)|

for e«e .

The brllliance f\(1f,t) is defined an the numbor of photons per aec, pet-

0.1% bandwidth, per unit area ft of Lhe source (which is the cross aection

of the electron beam) and per solid angle. In contrasL to many clasainal

sources n(^.e) is a vecy an Isotropie quantity. The iniiximum bfilliaiico in

the plane of the orbit is givcn from eqs. (2.8) and (2.1) by

( 2 . 9 ) for

This quantity ie plotted for IJESSY r and BE3SY II in i ig. 3. H is eiisily

recognized that the smaller source size A in BESSV IT mrirn thati cmnpnn-

säten for tha lowec currenL. The crose section at the eJectron bcriii aronnd

the orbit (see u.g. |20|) is variable arid cliaracterized by t wo qu.int ities

the position (Z) dependent ß-functiotis ß (£) and p (Z) and Uia invariable
x y

horizontal and vertical amitLances of the storage ring e and c . Hitli 5%
x y

coupling the vertical emittance would be e ~ 0.05 e . for a given storage
jf x

ring lattice the emittance varies with beam energy like E . Electcoslatic

and electromagnetic interactione of the particles w i l l i i n the beam wi l l

usually lead to an increaae of E with j. Tlie beam siaes (FWHM) are gi-
"' y

ven by 2*35 a and are calculated according to
x,y

( 2 . 1 0 )

Tho beara divergence is given by

(2.u) M 1 = 7



p '('i) is the derivativo of (J (Z) witli respecL to 2. pue to the second
x ^

square root term a -a = c holds only at waists or beilies of the "en-
^ X X 1 X '

velope functioii", where ß ' (Z) = 0.

Du« to t l i is function and due to another one which 1s of lesser influence.

Hie dlspersion function D ( Z ) , the beam slze nnd divergence can be varied

aL differßnt pnsitions around Lhe orbit by the designers of storage rings

aircordinq to the needs of the experiments.

The Varia t ion is possible wil.hin w Lde boundaries but the general rule ia

that o and o , are coupled through eqs. (2 .10) and (2.11) and change in
x x

opposite directions. The slze of the electron bearo determtnes the source

K ixe and l Ls divertjence lias to be convoluted W i th the natural divergence

of synchrotton cadiatiun. This does not only reduce the bri l l ience of the

aource but also mixes the dlfferent types of polarization and thereby re-

diu:es t.liR actual degrees of polarization.

Höre Information on the cteslgn and optimization of storage rings is itow

avdilable in sevecal reviews (7,9,11|.

2.2 Radiüt io i i fr<wt Wiqqlers and Undulators

F i g . •) sliowe different types of insertion dövices |26l for which straight

sect.ions wi lh lengths between 2 and 6 m wi l l be provlded in Uns noxt gene-

rat ion of dcdicated storage r inya (ALS (Berkeley), ßint:rotr<>nn Trieste

( T r J R B l . ) , BESSy f l (Ber l in)) . In Diese macliiaes die etectron beara optics

is m.itched at the beginning and end of Lhe straight sections in such a way

that additional maqnetic lenses (quadrupo]es) can shape the ß-function at

the incertion devices in a large varlet.y of ways withouf. otherwise af fec-

ting l.lie storagn r ing. Variations of the priramel.ere of the insnr l ion devi-

(:(•!-. l ike e.q- maqnel.ic: f ie ldü shnuld also he d<><:oupled Erom Hie rost of

10

the slorage ring. Up to now these are design goals for which Solutions

appear to exlet in theory, not much practlcal cxperience has yet been

gained, howevi;r.

A wavelength shifter (Hg. 4), typically a superconductlng magaet at hiqh

magnetic fleld, 1s a device In which high photon energles are produced in

low eriergy etorage rings according to eq. (2.5). Presently such deviccs

ara operated at the ADOHE ring (Frascati), at the SRS (Uareabury), at the

NSLS (Biookhaven), at the PHOTON PACTüRy (Tsukuba), at. NOVOSIBIRSK (UStlli)

and elsewhere.

A nultipole wiggler deflects the beam to a sinusoidal path in a plane

while a hellcal wlggler qenerates a Spiral path (eee fig. 4). They ne<;d

specially shaped magnetic conflqurationa, In Lhe first case linearily

polarised radiation ia produced while Lhe helical wiggler producen circu-

lar polarization. Cicculnr polarizatlon is of great intereet in tha lu-

vest Igat Ion of magnetic phenoniena and can succusafully bs comblned with

elec-Lron spin analysis.

A multipole wlggler produces H-timea the flux of a bendltig uiagnct if the

peak magnetic field of the wiggler is the saiiw äs tliat of the bending

magnet. Mure accurately a superpositlon of contribut.inns froin all points

nn the trajoctory has to be calcujated and results in a nartow anqular

distribution around the symnetry l ine of l he wiggler. 1t turns out, how-

ever, to be not just a superpoüition of intensities but rather of ampll-

tudes which interfere. Although typical period lengths A of wigglers are

macroscopic and are in the order of A = 2 - 20 cm Lhe whole structure
o

dlsplays strong interference patterns for wavelGnqUis down to \- l A. Thjs

undulator effect is explained in fig. 5.
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Therp are thcee contribut.ions to the phase sh i f t between light and eler-

tronc wliile boLh travel a period length A of the wiggler/imdulatur. The

KIWI of the three path differences l has to f u l f i l the condition of con-

alruct ive interference

Uue to the srnall difference of the epeed of Ihe electron v to tlie speed of

) ighl c even if both travel on a straiqht l ine there Js a shlft l given

by
C - V

C

(2.13)

**

.
*'

The second contributlon l arises from the detour which tlie electron makes

on its curued path conpared to a straight l Ine. This path integral ie

evnluateci for a sinuaoidal path, it depends of course an Ihe

magnetic field, and the electron energy parameter t-

The result is

where K is cal led the undulat.ar Parameter

(3.15) K = 93.4 B|T | A {m)

w i Hl n the angle of intersection of ths s; ine wnve and the symmetry l ine

(s<>(i f l g . S).

12

If radiation from the undulatot la obeerved froni a diretrlion, wliich is at

an angle 6 with the fiymmetry line (this angle may have any azi inuth) , the

typical path length change encounterad in observing wave fronts origi im-

tinq front pointe A apart is

Thls yieldß

(2.16)

Froin eqa. (2.12) to (2.16) we obtain the [.osit.ions o t the interf erence

peaks in the spectrum äs

(2.17) , = .s-1 < +
» * l ' -

,?

the correapondlng undulator peak enei'fjiefi w i t h e . fuoni eq. ( 2 . Ü )

we obtain

(2.1B)

If E /c is much larger Lhan l there will not be miicli in ten&ity in the
in c

undulator peak. An exact evaluation ohows that the moximuin inLöi is i t - ies in

the m = 1,3,5,7 harmonics occur for K - 1.2, 1.9, 2.3, 2.6 respectively.

The quantitative theory of undulator radiatioti has been worked out in de-

tail and allows an cxact prediction of Llie properties of a speci f ic de-

sign. Many features are already easily derived f rum t he iiiudel oresented

here:

1) There iß no ir i tengily in eveii harmonics along the ax in (ö=0) , The

reasou ja t.he an t i.symnetr ic emission with in one "unit cell". The lof t

wigqle emits radiation w i l h oppos;*.e phase to the • ~'qh'. w^ggSe w ' i ' c t i pro-
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vider. a H dcpondencö (N IK the nuniber of pn l rcM) of the in tens i ty in odd

orders but destrncttve intetfisrence for even Orders.

2) D e T i n i n g a" in-plane äug! o {i and an out-of-plane angle fl perpenditniiar

? 2 2
lo tliii p jane of tlie linear wiggler euch that e ' - (i t & the antisymmetry

o£ the uni t cell mentioned under 1) is braken in the (i- direction but not

in the 9 - direction. Even orders will appear only in tlie ^ - direction.

3) In analogy to o t her interference pheiiomena (or a specific wavelenglh

An cancellation of intensity occurs if the phaae shif t of tradiatlon from

both ends <i[ thc undulatnr is 2n. For a fixed wavelength Am this occurs in

analeigy Lo eq- (2 .16) at an angle 8 "L/2 = A where L is the length of Lhe

uudulatoL-. Therefore

JE roughlv the uidth of the centtal maximura. For A = 20 A and L = 4 m we
m

obtain 0 = 3'10 rad, which deiiionstrates Ihe nefid of high angular reaolu-

Lio» t» reaolvH Lho angular distribution of an undulator.

1) The sarao cnrisideration an used in deriving eg. ( 2 . 1 9 ) at a fixed angle

o yields a minimum in the intensity if (A-A )m-H/2 = A , A A = A - A . This
m m m

gives foi- th« width of the undulator lines

(2.2(1) u/A - 2 / ( N - m ) = A / ( L - m )

This e.g. means that in first (m=l) order the relative apectral resuluLiou

is tho reciprucal of the number of periods.

5) Mo.'il. uf the prcspnt. day nndiiiator structiit 'es are bul i t f rom periodic

14

arrangements of permanent mayneLs, whiuh are giued to t wo bars mounted

(mostly outöide the vacuuni chaiiiber) on both eidea of the electron beam.

By varying tlie wiggler g<ip also B is varied and tnus K. This is the way

to tune the undulator harmonics to different wavelengths. In thg new sro-

tage rings it wi l l be attempted to vary K synuhrQuously wlth the wave-

length ecan of the monochromstare by microcomputer control. Thus, thc ti i-

ning to the maximum intar is i ly is always maintained.

6) If tlie radiation patt«rn of an uudulator is integrated »ver a wlde

angular acceptance in | and p, or if the angular sprend of Uie electron

beam ia very large, there is also intensity between the undulator peaka.

2 2
This is diic to the y 6 term in eq. (2.18). Nevertheless, sharp -j truuturoK

in the spectrum persist since the 6 - shift is always directud to !nng«r

wavelengths. Such a spectrum 1s showri in t ig. 6.

7} For the design of the first optical element In a wigcjler or undulator

beam line the total emitted power is of great tmportancc. This power P i?

given for vilgglers and undulators likewise by

( 2 . 2 1 ) P [ k W J = 0.633 E2 |nBV|B2 |T )L[m | j |A] .

8) The polarization of an undulator is linear since the circular polariaa-

tion, which changes ftroro left band to riglit hand abovc and below the orbi-

tal plane of a bending magnet, disappears with the simuitaneoua presence

of right-hand and left-hand bonds in an undulator. The direction of l inear

polarizaLion is hor izonta l in the undulator plane but changes direction

out s i de the plane.

Several attempts have bpen made lo produce circular [>olarizatJon. l only

want to niention oiie rucenL idca which was tested altready successtul ly in

the visible.
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FJqure 7 sliows the a r r a n gerne n t ortginally pruposed by Onuki (27|. I.ater a

protut ype was buiit and tested |28|. The device rroiiBists of a c:rossod pair

of linear undulators AA and 130. The gap of each pair can be tuned from S'?

to 116 rrm. The relative phase a of tlie two pairs of magnetstructures could

be shifted mechanlcally between -n/2 i a S + n/2 thus forcing the electron

lieam irito a right-hand and a left-hand spiral at the extremes. Wi th a=0 a

linear undulator is realized. ThiE undulator produees l ight with any de-

gree ot elliptical polarization. It may wr?ll be iiecessary to produce el-

J ip t lca l degrees of polarizatioii in oirder to obtaln cirnular polarization

at the ex i t slit of the monoc h r oma to r. The perfurmance in the visible was

in aqreenient with theöry at the 600 HeV storage ring TERAS. The peak mag-

nelic fields were 0.15 T in the helical f ieLd confiquration and 0,21 T in

the plane Eield eontiguration. The authors managed to modulate the polari-

zation w L l l i a motor drive at a rate of 3 Hz. TM s arrangement appears to

be a promising device.

Ther« are other ideas undor dlscussion for the production of circular pü-

larizatloii . In one case |29J the two perpendicular plane field undulators

are placed ona behind the other and the • phase sl i lf t ie impoued on the

Rl.ectrc.vi beani in a single controllable wtggle between the two tmdulatois.

The otlier idea which is especially considered ior wigglers in the hacd

x-t-ay regime is to build a device wi th , say, high field left-hand bends

and iow f j e l d right-hand bends [30) . Of course the field integral äs in

any other wlcjgler t<Ki has to be zero. Then, in the same way äs witli ben-

ding magnets r i g h t - and left-hand ell iptic polarization is obtained above

rtiid Lvplow the Miqgler plane for the high energy end of the spe^tns*.

Finally I wmit t.o point out t hat using a ütoraqe ring with a higher beain

energy F. (or •>} makea the dnaigu of wigglers and unrtulatortä tntich a impl . i e r .

In ordcr t o achieve a certain short wavelungth X acc-irdiiig t o eq. (2 .17)

IG

great efforts rieeil to be inade if y ia too emaJ l. If an undulaLot* upl. imlzed

for m=l is deairedP K=1 .2 is fixed. Ae a consequence, A is determined and

thon B through eq. (2.1S). The reduction in A requiree increaaed f i e lds

B. Looking Into the details of undulator deeign |31J it turns out that the

magnet gap needs to decrease proportionally to X if the Eield B should be

kept constant but the gap needs to decrease fester than X if thu t ie ld

needs to grow proportional to l/l , From this requirement there folLows a

technlcal lirait to the minimura A and maximum e. achievable wi th a certain

storage ring. Flux and briliiance of wiggleia (K»l) and undulaturs de-

signed for BE9SY II are shown in f ige. 2 and 3.

3. Monochromators and experimeiilal fitaLions

3.1 The main advantage of Synchrotron radJation, namely ite tunabiiity ovet

a very wide ränge of pholon energiea, is also the reauon öl one o[ ils

greatest problems in practice. Typically an energy band of 0.1 eV needs to

be filtereil out of a continuous spectrum 1000 eV - 50.00U eV wide. This La

done by d i f f rac t ing elemsnts, usually optical. refiection gratinga and ciry-

stals. In addition to the wanted radiation in the d i f f r a ^ l i o n p<mk unu<tii-

ted radiation from surface scattering and higher order hamioiiic d i fEra i : -

tion penetrates the exlt a l l t of the inonoctirocnator. W h i l e Lhe prcblnrn oE

ecattered radiation is Biunewhat relieved by using andulators in the t'irst

Harmonie tunable undulators which are scanned over a wide photon energy

ränge enhance higher haimonics with increaaing values oE K more than tlie

fundamental peak. In the beginning oE experiiwntal work w i t h Synchrotron

radiation more than 25 years ago the probiert! of suppressing Calse l ight

was conaidered to be so sovere that many spectroecoplsts consideted il ta

be Mut solvable. Tliis is one of the reasons of the slow accepl ancc of

synclirutrun radiation j.n the comriunity at that t ime. Even nowadayn t.he

Problem is far from being solved aat isEactor i ly and in many cases experi-



Hwnta l i s t s are happy to obtain a 90 - ^b \l purlty wl lh their

inunochtomators. Indeed, in photoemisKion experImunts the eler.tro« energy

analysis and the tuning of the excitlng radiaLion alLow to identify peaks

in npi l K of t bis spei: t ra l impurity. Whenever intensity measurements are

roquired on an absolute basis eerioue pi'oblems arise.

Tlie typicai high performance phol.oemiEsion Station at a bending magnet

port of one of the present day high performance storage rings like e.g.

BESSY in B e r t i n or the NSLS in Brookhaven coiisiate of one or eeveral com-

blned toroidal grating manochromators (TGMs) prnviding up to 10 pho-

tons/s in t.he peak of the spectral ränge in a resolution interval of

= 0.2 eV. The spot on the sample is typically l iini wide or somewhat lesa.

Thlü spot size is matchöd ta the acceptance of typicai electroa spectra-

meters (cylindrical miriror analyzet, spherical mirror analyzer or display

type analyzecs w i t h wlde angle acceptance and multi channel read out) .

TGMs scaii by rotatirtq a toroidal grating witli fixed entranca and exit

slit.s [see flg. B). They rapidly go out of focus and thus are restricled

to a l i n i t t ! nnei-gy rangp. Honetheleee, the simplloity of the mountlng, the

i i f iar ly K t i grantle ijnaging and the moderal.e requl rements of resolut Ion In

soliJ stote spectroacopy gave tlie T(5M a wiiäe d lu t r ibu t ion after Llie

Jotilri-Vvon Company succeeded to put grating strucluros holograpliically on

toi-diiifi] Kiirfaces conmerclally. The f i rs t monorhromator of this type was

b u l l t in the l a t e 70's t^2 | and Inetalled at tlie ACO storage ring. 1t ia

t h i s type of monochromator which has nowadaya the widest dletribution, but

neuerthelefis appears not. to be the instrumenL fu C u l f 11 the recjnlirements

at ni idulator lines in the future. H slionld b(> menl .ioncd t. ha t. thcire IB ra-

npnl progress with dcsigns uairig only plane and sphericat oplical elements

(33[ and wi th plane grat.ings w i th variable g j - a l ing <:i>rist,nnt |J4| to dosign

liiqh resolut ion monothromal.ors wl i iuh do not n u f f e r from tde itnpcrfect ions

IQ

of non-spherical optical elements any langer.

In ttie followlng I am not going ta glve a complete review of all the d i f -

ferent monochromatCir mountings which have been designed and reallzed in

this field, thetre exiat good surveys and reviews in the li terature (15-37)

I am also not reviewing the different types and arrangements of electron

epectrometers which are in exlstence- These are alLugether not typicai for

work with Synchrotron radiation. They could be used or are a c t u a l l y used

äs well in combination with claasical fixed photon energy aources. The

rest of this chapter is devoted to Ihe descriptiun «£ l he Fl.IPPER Station

at the Wl undulator at H/lHYLAfl. In thie context Ihose probltims wt i l c l i hdve

to bft eolved for the undulator/wiggler stations at the future dedicated

storage rings like the ALS in Berkeley, the Sincrotrone Trieste and the

BESSY II in Berlin are exompliEied.

3.2 WonachromatarB at qndulatorB

The FLIPPER monoclitomator at HASYIAB [38} is a prototype instrument covo-

ring almost the fül l ränge of interest in this context w i t h the cdpability

of suppressing higher order ligtit by taking advantage of the critical

angle of total reflection. As a consequence of this special design tlie

angular acceptance is [airl y rt*sLricled, which ia tiowever n u disridvantay«

in combination witli an undulator.

Tlie FLIPPER [39,40) waa successfully operated at a bending magnet beamliue

for alrooat a decade. Its optical design originales from the Gl.lilSPIHO

nounting invented at DESY in 196B [41 r J2 | and was followed In the meantlme

by other siniilar desigm;, namely tlie SX 700 at BESSY (43| arid the BUHBI.E

BliE at IIASYLAB [441 . si* al ternat ively used plane inirrtire SL . . . K f i (see

f i < 3 . 9| cover the enercjy r<inge 15 to 450 eV. An addi t ionai mi r rn r K which

is li luiiiinated ät l. 2" graziwj angle was added [or t he set-up a t the
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wiggler l Ine and covers the enetgy ränge up to ahove 1000 eV. As a matter of

fsct Llie A] K edge aL 1560 eV can be observed in absorption. There tlie level

of "guod" licjht roughly equale that of stray l ight . A plane grating (1.5°

Itlazit, 1200 lines/mmj disperses the prefiltered radial:ion and a paraboloid

il luminated at riow 2° grazlng angle (formerly at 5.1") focuees a beam of

flxed direction inLo the exit slit. An experimental chamber But table for

photoemission and other surface sensitive techniquus is mounted behind the

exit s l l t .

Wlien Ine Installation of a 12-polo wiggler |4SJ was planned at the 5.3 GeV

storage ring DORIS it was decided to eplit off a VUV beam wilh a 2.2° gra-

zJnq JncLtlenoe mirror alternatively to tlie x-ray beam. The FUPPKR »ono-

chrcmator with Its angular acceptance of roughly 0.2 mirad vertically and

0.8 mrail norizontally almost perfectly inaliclies tha emißeion cone of thls

Ejtecial wiggler Hl. Purthermore, Lhe undulator peak in f irat ordei of the

HRRYI.AB wiggler can be tuned hy the gap height over the wliole energy ränge

i>f tlie FI.H'PER Monochromatar (see table 1).

It ir> intet esting to note (ha t wl^glers used in high energy storage ringe

(from 2 GeV upwjirds) ar« not only excellent Bources of x-rays but äs undu-

lat.ots also deliver inore photons In a smalt solid angle (i .e. more bright-

ncss) in l lie vacuwn ultraviolut than wigglers/undulators installed in low

energy nloragfi rings. Moreover, much eimpler technlc:al Solutions are pos-

sible and the Irifluenca on the storage ring is smal] . Thero are, however,

som« Problems involved in using high energy machines like DORIS In the VUV

and SX loginns which will not exist at Binaller mach ine H llke e.g. BESSY

I t -

One of ULÖ problems is radial ion satety due to the h a cd x-rays gnnerated

by nearby bending magnets [n the storage r ing t iinne t . This p r ob lern watr

2U

solved at the W l Station by insertlng a first plane defl tdcLion mii'ror 3

<see in f lg . 9) and by using large beam paths, which are reguired by the

FLIPPER mounting anyhow. There is a long-atanding expeiienoe at [>E.SY/

In coping with such Problems.

Another more aevere problem was detected only du r ing thw contiimous ojie-

ration of Uh i s beara-line over the past few years. The Hl wiggler i u pre-

ceded and followed In the 10 m ]ong straight section by l he fringe f ie ld

of t wo bending magnets and by several quadrupole magnets which focus the

election beam. A well aligned quadrupole mag riet has zero field oti axie but

the wings of the bsain extend altready i n t o reglons of t in iLe magnel ic

Clelds (in th© order of 0.01 T). A beam which is not properly uligned, «itd

this may occur frequently in actual storage ring Operation, t:ould be s\ib-

ject to even larger Heids. From eq. (2.5| it follows th;it c = 200 eV dt

E - 5,3 GeV and B = 0.01 T. Aa a consequence a background of »ot very well

uontrol led radiation i B super impoaed on the undulator spei: t turn. Hitli t;to-

rage rings at low er energy t hl« is not such a severe prohlem nince quadi-u-

poles are o^erated at magnetic fiolds gradiants proportianal to C. As a

consequence e « E and E thus dacreases rapidly with energy.

A crit-lcal e lerne n t for a succeasful use of a VUV undulator beam from a

high-energy storage ring is the fitrst mirror S_ . it haa Lo take a htsat

load of up to 600 watt when the wiggler gap is completely closed { see

table 1). Tliiß power is concentrated in an angular Intervai of roughly 0.7

mrad horizontally and 0.25 mrad vertlcally taking into consideratian an

angular divergence of the electron beam of 0.5 x 0.07 mrad (FHI1H) at tlie

Gource point- Due to the grazlng angle of 2.2° most oC Lhe power iy dis-

tributed over a etrip of 10 x 100 imi on the surface.

The mirror itself is a coppcr block wi th diniensions 201) x 50 x üQ inm
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iinver«v3 w i th Kanigen and polished to high aceuracy (90 % of reflected J n -

tensity in an angular Intervall of ±2"=tlO |irad). It 1s pressed cm a water

couled GupptirL w i t h a layer of Indium in between providing good thermal

contact. The rise in temperature of the mirror block is only sorae ten de-

groes measnred about halfway between the irradiated surface and the cooled

hoLtoin. In order to kuep the temperature of Lhis mirror low the Kantgen

coal ing «E tlie backside had to be removed par t ly far better thermal con-

tnct . Wi thou l t h i s measure tha temperature roae up to 200° C. But even in

the UKW crinf igurat. um wo observe large ef fec ts on tlie intensity of the mo-

nochromster Output when the wiggl-ir gap is amall and thua the power high.

Wo found tha t these lossea orlglnate f reim mirror S . A drop in intensity

oE up to a fnctor of two is observed in the first 20 seconds after openlng

the beam stop. The performance of the monochromabor appears to be other-

viine unaffectod.

From a seriee of investigationa on teat minors [46| it 1s understood now

t.hat lim f;urfac:G ot t t ie mirrcir revoraibly dovolope a bump due to s l arge

surfaco leiapcrature denreasing rapidly wi th n high gradiert into the inner

of the copper block. Uue to the elongated shape of the illuminated part of

the surface thio bump will act äs a cylindral nonvex horizontally defocu-

BJng mirror wliich deFleetg part of the incident radiation in such a way

that it ia lost at the horizontal apertures. Any additional horizontal di~

vcj-genct! added th l s tray to the beam does not pose serious prohtems to the

monochromattzation sinne the ßpectral reaolution of the monochromntor de-

pends n ia in ly on verticaL imaging. Such di.slorl ions t>f heavily loaded mir-

tora haue bee» treated theoietically |47,'ie| (KOG f i g . 10).

It is possible to avciid tliis ef Fect by operating the wiggler at iarge

gups. The hisat Loacl nn the mirror S_ l s thnn drgst i c a i l y reduced. The

wiggler still providea a gain of roughly a factor of 40 compared to a
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bending inaqnet. The undulator peak in First order, however, ia shifted to

929 eV a t: 3.7 CeV and W = 168 irni (aee table 1). With the completely closed

gap, H - 34 mm, the undulator peak is lowered >n energy to 36 eV at 3 - 7

GeV. As will be shown below (eee fig. 11), the yain of intensity in the

undulator peaks can be appreciable, It can, neverthelecs, be advantageoua

for low photon energies at high currenta in the storage ring to eacrifice

this Option in order tu avoid the distortion of mirror S and l he üiibs«-

quent Itisses.

This problem may not be unique to undulatora operating at high em>rgy hto-

rage rings. In future ringa dedic:ated to the VUV-SH region E will be lower

tlian that of DORIS but tunability over Iarge spectral regions inevitable

leads to Iarge values of K which together with the increaüing lengLh i>f

undulators will lead to high power loads according to eq. (2.21)- Hore-

over, with the mich smal ler divergencies of the electron beam the power

will be concentrated on a rauch smaller spot on the surEace. The only ad-

vantage will be the abaence af uiiwanted hard x-raya. It will hecoine IIBCRS-

ßary to find ways für better cooiing the mirrors, to find materials with

high heat conductivity and low thermal expaneion (48), and to dlstribute

the heat load over larger areas on the mirror surface by going to laiger

diEtances or to apply even shallower anglea of incidence for the first

mirror in a beam line. The latter measure may well ehift the problem to

the f o L low ing el einen ts äs was experienced also a t the t'Lll'PÜR Station to

some extent.

For 3.7 GeV about 10 % of the radiated power ie reflected by mirror S

Thls is incident on mirror S which is made af AlMg coated with Kanigen.

This mirror has no water cooiing. Due to a Iarge rcduction in the apparent

aperture a maximum of about 7. % of the total power hits the grating of s
o

ia illuniinating the gral ing directly and about 4 t of the total power hits
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the mirrors S, to S, in the other müde. We liave detected Eerious dißtor-
1 6

tlons of the mirrors S. Lo Sc which original!* were fabricated from glatts
l Q

( B K 7 ) The heat load reuulted in a convex curvature of the flat mirrors

prubabLy due to both a btunp at the surface and a bending of the. whole mli—

ror. This was an eepecially eerious problern for Lhe ISKB grazing incidence

mirrors S, lo S for which raost of the jneident radiatlon la also absor-
J b

bed. T h« dietorUon was observed äs a defocusing atenmin-g wilhout doubt

from these mirrors. 1t could be partly compensated by changing the focus

of the paraholold. Latetron these mirrors were replaced by all-metal mir-

rorB (AlMg eovered with Kau i gen) and this problem ig nov* solvüd. Small

warm-up effects still occur on S and on the grating which IB etched on

glass and coated with gold. He have attempted Lo measura the power inci-

dent on S by directly measurlng the rise in temperature of thia mirror

wi th a thermocouple. The f irst result, noroely 1,5 watt at S.3 GeV storage

ring energy and 30 mA appeacs to be too iow by ruughly a factor of 3. A

more detailod analysis is needed.

Tlie main Information on the performance of the FLIPPER roonochromator is

Condensed in f lg . 11. The old bending magnet Version was actually operated

untiJ August 191)4 but no characteriaation of the out put was made imne-

diately before the transfer to the wiggler line. Therefore the Btatus äs

of December B2 Is given.

The muüt striking feature iß the appearance of the undulator peak in f lrst

order <ind also in higher arders (see ref. (45|). 1t shifts according to

tiie theorütical calculation given in labLe ' ] . The additional intensity

gain in Hiia peak amoimts typically to 6. For the conroon photon energy

ranges of the two FLIPPER vcrsiona a maximiim gani of 200 over the December

82 performance was obsorved at the undulator. This must not be completely

attrjtiuled tu the undulator üinoe all opticat eiements and the arrangement

of Ihn pre-mirtors have been chanqed in be 'wEpn-
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An analysis of the ahape of the unduJator peak is given by Gür t le r [4!>|.

The analysig is baaed on the eolid angle accepted by tlie FI.IPPKR optica

and yielda an excellent agrooment between theory and experiment. By de-

flectlng the beam with the he 1p of the reraote control of mirror S , the

eharp undulator peake decay rapidly aa soon at> the ceritral ray of the beam

ie outsld« of tha entrance aperlure of the monochromator. Thia also pro-

vides a simple means to align the monochromator to "laok head an" to the

undulator. It haa to be taken into account that the emlttance of the eleo-

tron beam in DORIS and eubsequently its angular epread caiises a spread uf

"forward directions". Thia distrlbution hae the following dimenslons at

the entrance aperture of'the FLTPPER, namely 18 ran horizontally and 2 .b nm

vertically (FWI1H). This perfectly matches the aperture of the FLIPPER. It

becomes obvious front section 2 that the FLIPPER monochromator instdlled at

one of the low emlttance atorage rings could use smallui- apertures w i t h o u t

Intensity loss In the undulator peak. ßut it should also bo kept in m i n d

thal no additlonal f lux would bu obtained tlirouqh the eKiL slit sinue dl l

"forward directions" of individual electrons wi th in the tiearo onvelope are

collected by the monochranaCor already now. The real advantage vjould be an

Increase in brilllance a t the ex iL sl1t position, provided perfect mono-

chrofnator optice 1s available. Even with preeent day state of the art qua-

lity of aspherlcal optics brilliance and thereby also spectral resiolutioii

Cüuld be improved, ßlnce the nuch smaller optical elenmnts could be f ab r i -

cated with a higher overall accuracy.

final ly, I should mention that the stability of the niidiilaLot: Iteam dependL;

very crllically on the performance of the storage r ing DORIS: If the mono-

chromator is tunud to an undulator peak, very small inotions and pulsations

of the electron beam become percaiptible äs intensity f luctuat ion. A good

monitor and good electronics are needed to eliminate this noise from the

measurements. Long term dr i f ta change the ehape of the whole spectral diü-
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t r ibut lern and can cause serious i r cul. l •• t l . | » > D . ] m < j on t he scope of t ho

• • / ( . • - i i i n i ' i i t Uef in i te ly I h n , problem w i l l need to be solved In Order Lo

rond«r Ihe new dedicated storage rings ur.edii since they w i l l be much muro

sensit ive dne to t he i r smallcr emittances.

4 . - Microfocusing nnd microscopy

4 . 1 r . i - n i M . i l rcmarks

The general effoirts to est abl ich n eoft x-ray microscopy wi th Synchrotron

i u l i . i t H in iire wel l documented in a series of Conference proceedlngs

{49-52) .A wicioscopy whlch involves photoelectronn ae the signal which

generates the image coulc] follow in princ Iple t wo quite dlf ferent paths.

üne IIH.-I hdtl usos an elect ron opt ical leim System des iijned t o f i l i e r and

in. H«1 photoelectrons w i t h i n a certain band of kinet ic energies with large

maijni f icat ion onto a screnn or a two diinenslonal detector. W i l l i the uther

mct.lioi] a bcam of monochromatlzed Synchrotron radiatlon 1s focused down Lo

a vciy small spot which 1s scanned acrous l l ie sample. Then photoelectrons

of selected cnergieB, or Lhe total emiltni) f ) u x ara providlng the slgnal

which generates the Image. This type of microscope 1s already operating In

the t.rannmission mode [or biologlcal appllcations at s«verat places 1 5 2 ) .

The eleclron microscopy type of imaglng is already In UBB w i th an ul-

traviolet Xenon high power lawp in tho f i r s t exlnt ing l^ED-nicroecope

im j 11. by Dauer and co-workers |S3). The operat ion of thls microscope in

'-otmt t tTt ion w i t h Synchrotron radial ion involves t hu Inkorporation of a

f i t t e r i ' l i i w f i i . Thore are also a f cw other projects of ttiis type e .g . the

c.ne by l ' i i l . n k and co-workers in Paris [ 5-1) and the one by Belhge and

<:• K . J I k i - i .. in Halle [Sü|. A reäolution of '_iO A anpears (o be achievable.

The main challenge for the SR pari ot I h h ; experiimint is to maximizc

n <l i - i i r . i ty on the object w i t h i n an .iroa of about 10 IHM in diaim'ler.
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Thls 1s the typlcal field size for such mlcroscupes. The optical System

must be dosigned and incorporated in auch a way that it does not interfer

with tne electrodes of thc electron microscope.

A third type of mlcroscope is only applicable in absorption speclroscopy

on thin samf>les, the direct Imaglng llght Microscope. This type of »icros-

copy hciü been dt-veloped by the group Rudolph/Schmahl/Niemann licm GÖttln-

gen for more than ten years now, see e.g. |49-52|. Thcy u:ic Hpecially (If-

signed Fresnel zone plates äs lenses and have achieved a resolution in l ho

order of 500 A. They apply the microscopy exclusively to the investigalion

of blologlcal objects in the so called water wlndow at 275 eV and at bOO

eV photon energy. Additional contrast to the nbeorption contrast was re-

cently obtalned by means of Ihe varlations in the real part of the refrac-

tlve Index. Thls phase contrast needs a speclatly roodifietl version of thu

microscope |56|.

We turn now agaln to the scatining microöcope which may not match Ihe elec-

tron optIcal nicroBcope wi th respect to ultiroate resolut ion but in many

öl her respects has advantages over tho other types of microsuopy. The nd-

vantagcs He in several places.

(1) Radiation load on the sample can be mlnlmlzed cotnpared to the fnviging

microscope.

{2} Imaglng and electron analysls are well eeparated measiirements.

(3) Electron spln analysis can be added.

(4) Other secondary procuascs, äs photostImulated desorpt ion, reflecli -

vity, scatterlng, can be analysed easily. Absorption can be mea&ured in

transmlssion and iiy nieans of the total photoelectrIc yield.
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4.2 I.lmil.ations

Fig. 12 shows tlie general ar r an gerne n t of a roicroprobe mlcroscopy Station.

StarUng with an undulator in one oE tlie advaneed neu pLanned storage

rings radiation originatcs from a source wi th an effeclive eource sise of

tuüghly 100 \m and a divergence of considerahly lese than 0.1 mrad, The

goal la monochromatlzation to 0.1 eV nnlesg the natural monochromaticlty

of undulator radiation oC At/e = 1:50 is s u f f icient for certain types of

expariments. The further gaal 1s focusing down the radiation to a dif-

fracition UmRed spot äs emall äs possible. As focusing elements there are

avai lable quite generally mirrors with ordinary reflecting coatingö, rair-

rorr; w i t h specially tailored multilayer coatinys, curved crystals and

Ktesne] zone plates. There are fundamental limitationa to Ihe minimum spot

size avaiiablß and techiiical limitations t.o the inanufactutriiig of tho op-

t Jca l ulements, The technical limitations may be ovarcome step by step due

to incjKiitiity oc by Investlng enough effort and money.

Wa try now to obtain a rough eatiroate of tlie fundamental limitations. The

Final step of inwging onto the sample must be a large demagnif ication D of

the source Kneif or of an intetmediate Image which 1s defined ptropetrly by

a dUiphragm. According to fig. 13 D - d/d '= l / l ' . Then Liouville's theorem

( i n optier, knciwn äs the Abbe" condition)

£ 4 . 1 ) d ain 8 *• d 'ain e'

provides a relat.lon for the angular wldUis 0,8' in the case of perfect

linnging. Fur lher , a focue of diameter d requiies a minimum angular width

diie to the r^oherence condition

(4 .?) d ain ö *
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By d I mean in agreement wi t l i the usual defini t ion of the d i f f r ac t ion li-

mlt of the clasatcal light mictoscope Lhe FWHH of the Central dil 'fraction

peak which is roughiy approximated for the purpose ot this papt-i1 tc. l ie

wi th in 20 % of the value given by eq. ( 4 . 2 ) .

a) A Fresnel zone plate (see flg. 14) is a circular diffracLion grating

with the Icwal grating oonstant Ar deterroined such that the beaw is dif-

fracted to the Image point. The grating equatlon ia

( 4 . 3 ) flr(sit.8-einO' ) = m\e m is the oider of difftaction. Mlth sm,-ill D it foliows O'=0 and «q.

(4.3) reads Arsinö-mA . Inaerting A from eq. (4.2) and the local grating

conatant Ar
min

of tha outermost zone yields

(4.4) d = ar . /m.
1 ' min

If otie rerneiiibers that all zonea must be concentric and spherical to w i t h i n

a fraction of Ar/m it is uiiderstandrible that at preeent reuolution of <x>ne

pLates is Ümiled to d = 500 A. Nevertheless producintj zone platcs w i t h

even lower dimenslona of ftr , appears to be a techntcal rather l.han a
min

fundamental llmitation. In this context it should be rememfaered that. the

"dark" zories need to have a certain thlcknees t either in order to block

the beam or in order to shift the phase of the radiation by A / 2 . The lat-

ter is achieved in so called "phase zone plates" taking advantaye ot the

very sniall deviation of the real part of Lhe indox of refraction of l In

tho 500 - 1000 eV ranye. The aapect ratio 2t/f l r . , however, becomes for-
3 r m i n

biddingly laige wi th decrtasing flr . •
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b) Hiider the assumption that a single mirroi: constitutes the optical ele-

ment in the f inal demagnification ßtage wn eorne to an eetimate fnr the

qrazinq incidence region (photon energies above 100 e V ) . From a Drude mo-

? 2 2 2
del for l.he indox of refraction n = l - m /(2w ) = l- A / ( 2 A l wi th u ,

P P P

X bcinq a plasnia frequency and plasma "wave]ength" respectively. 6 the
t> c

grazing critical angle of total reflection is defined by n=coa 8 . e is

roughly the angle at which the reflectivity is 50 % . n = l - Q /2 for

small G yields 9 ~ A/A and wltli 6 = 2 6 (see f lg. 14} In combination

with eq. ( 4 . 2 ) .

(•1.S) d = A /2.

Tliis efEent.ive plastna wavelength oC coiirse gives only a rough repreaenLa-

tion of the optical constants in a certain apectral ränge. In principle

A ehouid be Inuersely proportional to the square root of the number of

"freo" electrons per unit volume. In addltion In the conduction electrona

a l l those core electrona should be counted which can be excited at a glven

photon energy and wtiich hnve exhausted their oscillator B t retigt h. There-

fore A mlght dacreage slowly wi th decreasing wavelcngt.h. In practice,

[ipwevcL-, reflectivit.ies are well repreeentej by a constant A , which ie

e.g. fnr qolil coated mirrors \ 200 A over a wide energy ränge 157).

Taklng th i a A iutti eq. (4 .5 ) gives an u l t imate llmit to the oblainable

spot s i zu of d = 100 A with a eingle mirror oplics. With a double mirror

oplics, e.g. the Wolt«r type l arrangement [b8-Ü9] the limit couia become

half thifi value. Other llmitatlons lie of couri;e in Lhe aberrationa and in

the roanuEacturing aocuracy of mirror elernentK w i l h compllcated shapes.

c) BiMil. crystal optica and muLLi layer noatnd rsf lec t inq optica are limited

lo f ixed photon enorgieg but w i th Lhos« elernen t. s yrazing r e f l ecL ion anqles
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can be made large. There is, however, the problem that the graziny angle

of reflection Q and the wavelength A are linked by Braygs law.

(4.6) 2d sin8 =

where dj ie the lattine or muitilayer epacinq and m the order. Laterally

graded lattlce constante may be genetrated with multilayer coabings but not

so easily with crystals. fl near normal incidence optics like the Schwärz-

schild arrangement [60J see fig. 15.is probably the optimum for such ule-

ments. Due tu the large rouyhness acattering a t normal incidence by sur-

Eace rougliness there is a ßerioua technical problem in this af

(see eq. (4.'j) below.

Normal incidence will also minimize anotner lImitation of sucli optics

which 1s due to the finite deptli in which radiation ia reflected (aoe (ig.

14). If l is the extinction length the wldth of- the focus du© to this

effect ia

(4.7)
,*,in </''

Sin<:e l can be in the order of üOOQ A Uiis effect can seriovisly intluencc

the size of the focal spuL unleas p ia lees than a few dugrees, or miltise

p is equal to 90 " within a few degrees {back reflecLion).

d) The simplest way to obtain a microfocus le by placing a pin hole in a

parallel beam, The size of tlie light apot dependa on the clistance x be-

tween the pin hole of diaineler d and the sample. Tlien tlie size of the

spät is givKii (see f i g . 16) äs:

(4.fl) d ^ d' ' v>xtane t x ( A / d ' )

size divergence diffract ion
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We assmne x = 5 n«i, a diulanca barely large enouyh in arder to be ab'le to

extrnct the pliotoelectrons froro the sample surface. At X=20 A, neglecting

the (Jiverqency term, the Optimum pin hole size is t hen d' = 3 (im yieldirig

a spot slze of d - 6 HJH. The dlvergency of the beam illujnlnating tlie pin

-4
hole would haue to be 6 < 10 rad. This amounts, however, to a demagnl-

fication f) = l of the undulator source onto the pin hole. The lose of in-

tensity with an assumed eource diaineter of 100 |im corresponda to (3 [im/100

H i n ) " - 10 . All Lhls is jußt a simple demonstratIon of where the limi-

tationa für this simplest posslble approach to spatlally resolved photo-

emifisloii l i n s . Neverthele&s, in certain cases, e.g. photoemission on cry-

;;t«lü which can only be grown in sizes np to 10 (im, this approach might

makc senae. Also with plkoton exclted Auger anaiysis [61} which does not

require moiwchromatlKation of the exciting radiatlon such an approach

might be reaaonable.

Let ua f i d u l l y consiclar emittance/accepLanne matching between the eoutce

in Lhe storrigo ring and the epot on tho sample. If the source size of 100

(im in d^magnified by D = 10 to a spot of 1000 A the overall emission

üngle (electron beam dlvergence convoluted with the undulator angular di-

_A
str ibut ion) which we assuraed äs 29 = 10 rad transforms accordlng to ei).

( 4 . 1 ) by a factor D to 26 - 10 rscl. This amounts to an angle 9 = 3° or

a grairlng incidence reflection angle 9/2 = 1.5°. At A=10 A 6 =A/A =3" for

a Au roating is well above this angle. Even further demagnlficotion ie

fessible withoiit more loas of intenslty thaii that due to the limited re~

flectivlty of the optical elemente. One important factor in this context

is tho toss of specular reflectivity due to ».-oughness. Ths actual reflec-

L l v i t y is calculated in the simpleßt theoretical approach from the re-

f luc t iv i ty of a pecfectly smooth aurface R by
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(4 .9) R = R e x p ( - [ { 4 r i O B i n ü / 2 ) / A l }

where a is thu mean square rougliness with Gaus a l an light distribut ion. The

Bcatterad intensity ia unfottunately not lost but generates a spread out

background ia the Image of the sample which will reducü the cotitrasl

4.3 A ring mirror microacope

It can easily be Ghown lliat a rotatlonally Symmetrie (ring shaped) single

mirror has twu fundamental pLoblenie. The most eefloua orm is (hat such a

mirror can not Image an extended area point by point onto another arna.

Hol t er ha s therefore designed arrangements lnvolvlng t wo cansecut ive rc-

Clections which avold this ptobJem (57,58). Hith a smalL enough eegraent of

a single mirror, however, linaging is feaslble with a certain degree of

accuracy. The second probl^m is due to tha demagnif ication D which Je not

constant Eor rays reflected at dlfferent points in the axial direcLioa

along t he mirror. This ef fect limits the ueable length w öl KW:\I m i rrors

since AD/D=w/l, where l Ia the dlstance to the Image plane. In arrange-

ments where only Hght is concentrated into a small spot A U / D = 0 . 3 ia s t i l l

acceptable.

The simple s t possible rotationally eyiuraetric: focusing element is a rola-

tional ellipaoid which collects radiation originating from one focal spot

into the other one. Fig. 17 shows an arrangement which is presently set up

at the HASVLAß laboratory by the University of Hamburg [63J. The ellipti-

cal ring mirror has a diameter of 5 ran, a length of 6 mm and dislances L'

= 1000 n«d, l = 35 mm, a demagnification D = l : 30, a grazing angle of re-

flection e/2 = 2°. It will reflect radiation up to e ! 2000 eV. The ima-

ging properties are such that a point in the ob]nct plane at a disLance d"

from the axis generates a wliole circle with a radins d - Dd1 in tliß Image

plane. Thls circle ie concentric to the axis of the ellipsoid. Thus a c:on-



c e n f r i c circle in the Image plane is imaged on a conconttit dmiiagnlf ied

c L r c l e in the object plane and a concentric diaphragm of diameter d' has

an image of diam«ter d =* Dd 1 . For t.he purpose of formlng a rtücrofocuB such

a niirroi' f u l f i l a all the neceesary requirements. Alca calculatlons invol-

ving d i f f r ac t i on show that the diffraction pattern is dose, although not

oxac:t ly equal, ta that of an annular aperture of 15 mm diameter and 200 um

w i d t h . Therefore the geiieral considerations mado above for the resolution

l imi t eine to di f f ract. Lon apply. As a matter of fact due to the neces&ary

apodjz.nl ion eq. ( 4 . 2 ) needa to be modlfied for a liollow cone yielding ap-

proximatel.y

(4 .10) 2d eine=A ,

AR a confiequence also eq. (4.5) is modified Lo

( 4 . 1 1 ) d ~ X /4 .

In the cnse of the ellipeoid mlcroscope, wi th 9/2=0.035, 6/2<6 for photun

energles helow 2000 eV.

The hollow cune diffract ion pattern 1s insofnr disadvantageoue that the

central diffract.iori psak although very prominent contains only about 1Ü%

of the total intensity. The rest is smeared out into the diffraction ringe

of higher order and wi l l generate a background in the image. W i t h the

phase I mjcroscope which is pre&etitly insta] led at HASYLAB a 10 \im diame-

ter dlaphragm w i l l be dcmagnified to a d = 0 . 3 3 |im diameter iniage. Becauee

of the imperloctIons of thls first mirror (manufar.tured by the Zelsa Com-

pany with lhe best pjresently available technoloqy) the f inal apot Gi20 ia

expected to be in the order of 0.5-1 um. This has to be comparcd w i t h the

di f f rac t ion l i ln i t accoirding to eq. (4 .10 ) w i t h O-0.07 Y i e i< l i n9 at A = 2° *
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d = 0.007 (im. Thus in tliiG phase of the project there is no limitation to

be expected due to diffraction. In a phase II which aims at a focus of 0.1

\m this mirror will reach the diffraction limit of 0.1 (im at. *30Q A cor-

reaponding to e=4Q eV-

This microscope will be inatalled behind the FLIPPER Station (s;ee section

3.2) at the Wl undulator at IIASYIJVß. It can be onerated witli oiie single

aligriment In the whole ränge €=15-1500 eV, its angular acr:eptance 1s niat-

ched to that of the FLIPPER. The overall intensity loss is: at the exit

-3 2
elit of the monochrornatnr a [actor of 10 (10 |im diaphragm, 300x250 \un

spat slze), at the mirror a geometrical acceptance factur üf 1.25-10

The specular reflectivity of the mirror will depend on its roughness. Sonie

initial teeta an prutotype mirrors were promising. Assuming an optimistic

value of R=0.8 we obtain a general loss factor of 10 by which the valu&t;

given in fig, ^1 need to be multiplled. At the oxigon K-edge (534 eV) ap-

proximately 10 photona are expected in the phase I microscope.

Possible gains in intensity at storage rings of lower emittances wilh mo-

nochromators equipped with better optical Glernents are roughly estimated:

A factor of 10 at the erilranco aperture, a factor of 5 with a smaller ho-

rizontal divergence and a factor of 20 uein^g longer undulators with niore

periads (Konservative estimate). Thus three Orders magnitude in l tut gain

appear to be a reasonable estimate due ta improvements of the storage

rings. Using somewhat longer mlrrors or mirrors with higher angles 6/2

could also gain some intensity but to a lesaer extent. 1t should, however,

be mentioned that uslng such a small angle äs 6/2=2° also for longer wawe-

lengths erihances speculai- ref lection and reduces roughnuas scattering ac-

«ording to eq. (4.9).
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The inechatiltial Installation i s presently under consttuctlon in Hamburg.

The meist inipottant facLor is mechanical stability with respect to the axis

of the elllpsoid and the scanning of the sample. Not rauch can be said

«ib«ul. Uiis set up befote the microscope is Ihoroughly tested.
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Table l

Parameters of t he

orbit

ni.lt t*

Gap W

(mm)

33. a

40.0

50.0

60.0

70.0

80.0

90.0

100

120

140

160

168

- B, photon

id powder = P.

B

(Tesla)

0.567

0.493

0.382

0.295

0.229

0.176

0.137

0.104

0.063

0.036

0.023

0.017

HASYJAB

energy

K

7.10

6.08

4.71

3.64

2.82

2,17

1.69

1.2B

0.777

0.444

0.271

0.21U

wiggler/undulator W l . Gap = H, maximum f ie ld on

of Elrs t order

3.7 GeV

hu ( eV)

36.2

40.7

78.5

124

191

283

391

522

729

864

916

929

unduiator radiation = hv , total

3.7 GeV 5.3 GeV

5.3 GeV 100 mA 50 mA

l iv.(eV) P ( W a t t ) P ( W d t t )
1

74.3 C09 62'j

99.9 446 458

161 26t) 275

254 160 164

392 96 99

581 57 59

802 35 36

1071 20 21

1496 7 . » t!

1773 2 . 4 2 .5

1880 0.9 0.9

1906 0.5 0.6



Flgure Caßbigris

Fig . l Angular tlistribution of Synchrotron radiation ( a ) äs emitted in the

rest f r<ime of t he electron (b) äs einiU.nd In tlie laboratory frame.

(Frora re f . 23)

. 2 Flux of photons emitted frora the bending magnets of BESSY I (300

mA) and II (100 mA) and from t he planned wigglers W and U of BESSY

II. (From r«f . 24)

Flg. 3 Britl iance of the same elements äs in fig. 2. (From tat. 24)

Fig. 4 Three different typea of inaertion devtces. (Fron) ref. 25)

Fig. 5 Ihe undulator with period langth A shown in a) f u l f i l s the undula-

tor condition xhenever the sum of the three path length differences

l , l and l exploined in b)-d) ie nqual to a multiple of the pho-

Lon wavelength \. The angle a is relevant in eq. (2.15)

Fig. 6 (Jridulalor spnctra integtated ower all anyles fot dl f ferent values of

the undulator Parameter K. (From tef. 26)

44

Fig. 7 Undulator deslg» for an utidulalor with variable left-hand/riqlit-hand

circular/elliptic pularization of any di^grue. The two sets of inag-

nets AA and BB can be tihifted wi th respect to eacli oLhet by one pe-

riod, the whole unit can be rotaLed around the beain. (From ref. 28)

Fig. 6 Layout of a toroldal grating monochromator with two interchangeablo

gratlngs T G t X l ) ^ T G ( X 2 ) . FH are focusing mitrore, (Frora ref. 33)

Fig- 9 Layout of the order soi-ting FLIPPER monochromator at HASYLAB. The

m i fror S can be LnserLed into the white beam vjhich otherwise

eerves an x-ray wiggler Etation. The grating G is either Hlmniriated

dlrectiy by mirror S or by one of the inlrrors S - 3,. The parabo-
o l fa

loid P focuses loonochrontatlc radiation into L he exit s)it ES. (From

ref. 38). The ecaLe at tlie bottom gives diütanceo from the source in

Fig. 10 Calculated surface diiturnaLion by iLluminating a copper and a quartz

mirror with a wiggler bearo at 2" grazing incidence. (From ref. 4öJ

Fig. 11 The Output of the FLTPPER monochromator of fit). 9 with a maxiinum 200

lim alit width at a bending magnet (Dec. 82) and at the II AS Y LA B

wiggler/undulator Wl (Dec. 84). The resolution ÄE äs given ia that

for a 2QO um slit and <.-an be reduced by a factor of rouytiiy 1/3 by

ciosing the slit. (Krön» reE 38)
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