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The properties of synchrolron radiation are summarized with a special empha- o g
-
[+]
sis on the directions of future developments, namely the planned dodlcot1 < :.

storage rings equipped with undulators and wigglers having electron beams'
with diameters in the 100 ym region. In a second chapter the speclal instru-
mentation, especially monochromators, which have to function in combination
with high power wigglers and high brilliance undulators, are discussed. The
problems which still need to be solved like e.g. power resistivity and high
accuracy of mirrors are pointed out. Finally in a separate chapter the
possible applications of synchrotron radiation to photoemission microscopy
are discussed. In this chapter the different methods and their limitations
to generate a microfocus are considered and one special project In progress

is exemplified.

Lecture Noles presented at and to be published in Proceedings of :
International School of Physies “fnrico Fermi®, Varenna, July 12-22, 1908
"Motoemission and Absorplion Spectroscopy of Solids and Interfaces wilh
Synchrolron Radial ion".

1.~ Introduction.
The application of synchrotron radiation from electron storage rings to
photoemission and absorption spectroscopy of solids and interfaces is one
of the wost Important experimental developments in recent years for cha-
racterizing electronic states. In several cases even contributions to the
clarification of the geometrical arrangement of atoms were obtained by

this technique and more of this Is expected to occur in the future.

The spectrum of synchrotron radiation covers a very wide range of photon
energies extending from the visible over the vacuum ultraviolet to the
soft and hard x-ray regions. Due to the high cross section for photoab-
sorption at lower pholon energles most photoemission investigations up to
date use photon energies below 1000 eV photon energy. Terms as “vacuum
ultraviolet" (Vuv), "soft x-ray" (SX), “extreme ultraviolet" (XuVv) are
used to characterize this spectral regime, but it should be noted that
the boarder line energies are not well defined due to the historical ori-
gin of these notations. In addition, in photoemission experiments the ne-
cessary resolution in the order of 10 - 100 meV forbids excilation of va-

lence and outer core electrons to too high kinetic energies.

Monochromators for synchrotron radiation (SR) in the energy range up to
1000 eV are almost uniquely based on reflection gratings. Nevertheleas,
interesting developments occur where new components like e.g. crystals
with wide lattice spacing and multllayers penetrate into this energy
range. The other interesting frontier is the extension of photoemission
spectroscopy to energies above 1000 eV into the x-ray region proper. Syn-
chrotron radiation originally was used only from bending magnets in syn-
chrotrons and storage rings. These machines were built and optimized for
high-energy physics. In recent years a rapid development took place in

designing storage rings dedicated to synchrotron radiation work. One op-
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timization parameter in such a machine 1ls the source size and source di-
vergence, the product of which is closely related to the so-called “elec-
tron beam emittance”. The other optimization goal is Uhe provislon of as
winy as possible straight sections around the ring which are long enough
and especially tailored with respect to the electron optics Lo accomma-
date insertion devices. These are wigglers and undulators, sections with
alternating magnetic ficlds where the electron beam is forced. on a sinu-
snidal path. The overall intensity gain is qiven by the number of bends N
in a wigqgler while through interference a factor of up tao N2 is galned in

peaks of the spectral distribution {undulator effect).

These devices need monochromatars with special components 1in certain
places in order to stand e.g. the great poawer load and in order to take
full advantage of the gain in intensity and wore specifially in brilli-
ance. Brilijance is the important parameter by whic-h the quality of the
new dedicated storage rings and the insertion davices are judged. Brilli-
ance is the number of photons per given band width per unit source size
and unit solid angle. With hypothetically perfect optical elements (focu-
sing mirrors etc.) brilliance Is an invariant when the radiation is gui-
ded from the source through the monochromator onto the sample. Building
inproved optical elements (or inventing manochromator mountings which
make optimum use of technically feasible elements) is ancother frontier in

the field.

The enormous brilliance generated by undulators in dedicated storage
rings with very small emittances can be used advantageously in many dif-
ferent ways. Quite obvious are: better epeclral resolulion, better enerqgy
resalul.ion of the emitted photoelectrons, better accuracy through better

photon statistics in order to determime small changes in spectra due to
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modulation of the sample properlies (Lemperature, laser excitation etc.)
or due to oxidatlon, gas adsorption, interface reactlons, surface phase
transitions etc. This requires other properties of the new dedicated
storage rings which always are taken as granted on paper but practically
are fulfilled only to a certain degree, these are: stabilily, reproduci-
bility of their properties over long periods and reliability. These
properties have to be fulfilled by the complete experimental stalion. A
continuous battle needs to be faught there and unfortunately only the
defeats are noted and criticized while the victories go without notice.
Certainly the users of synchrotron radiation have to learn that they deal

with a light source of unprecedented complexity.

In addltion to photoemission olher secondary processes like photostimu-
lated desorption and fluorescence will also greatly benefit from the in-
crease in intensity on the sample but they are not within the scope of
this paper. In this context it should be rewembered that ubsorption spec-
trascopy 1 not only performed by transmission measuvements on thln
samples but can also be done in a photoemission measurement. The total
photoelectric yleld from a solid sample displays all the features of the
absorption coefficient since the yjeld is proparticnal to the power ab-
sorbed in a thin surface layer of 20 - 50 A thickness. There is one di-
rection which will protit trom higher brightness more Lhan anything else
and thils is scanning photoabsarption and photoemission with high spatial
resalution. The goal is to focus Lhe radialion down to a point on the
sample with 0.1 pm diameter or less with Fresnel zone plates or mirvors.
Sulf{iciently high intensities to allow selection ol specific electroa
energies with an electron energy analyzer are required. ABllernatively or
addltionally spin selection would allow the invest.igatiun. of magnel ic
domains at the surface of ferromagnetic materrals. Such a microprobe

should reveal structures in a very easily interpretable way. Element spe-
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cific contrasl should be oubtainable if plioteon and electron energies could

be varied at choice.

The naterial included in this lecture is selecled in such a way that
emphasis is given to developments which point to the future. Examples are
selecled predominantly from projects with which the author himself was
connected In one or another way. The past deveiopments in the fleld of
synahrotvon radiation are covered in several reviews of which only three
ave ¢ited here [1-3}. There is also availalbille a very useful collection of
equations and data {4). The instrumentation of synchrotron radiation i=
reqularily presented in a serles of conference proceedings [5-17]. A full
survey of all new developments is not within the scope of this lecture.
Tt is anyhow difficult since several recent advances will be spared for

presenlalion abl the Conference on Synchrolron Radiation Instrumentatian,

SRl 88 to be held in Tsukuba, Japan, Ruqust 29 - September 2, 1988. ‘Tthe

results will be published in a special issue of the Review of Scientific

Instrument.s soon thereafter {14}.

In the following the material 1s airranged in three sectionsg., ln section
2. the properties of SR are summarized including the main properties of
wigylers and undulators. In section 3 the typical standard instrumenta-
tion for spectroscopy and anm advanced lustrument on a wiggler/undulator
is presented with the FLIPPER monochromalar at. the Wi undulator al HASY-
LAR as a specific and operational example. Section 4 finally is devoted
to the discussion af the present attempts and directions to obtain as
mich intensity as possible in a microfocus. This should allow to make
photoemission experiments on microscoplc samples and would allow a micro-

scopy with element specific contrast.

&

2.- Properties of synchrotron radiation

2.1 Radiation from bending magnets

The properties of SR can be calculated by applying the methods of classi-
cal electrodynamics to relativistic electrouns (or posltrons) on circular
orbits. The dipole characteristic is relativistically distorted in the
laboratory frame into a narrow cone according to fig. L. The widkth of the
cone is in the order of 1‘1 = l-pz where pBc is the particle velocity, <

the velockty of light and g the ratio of the pariicle energy relative to

the eleclron rest mass ensrgy.

Already Schott [18] treated this problem in counection with classical mo-
dels of Lhe alom in the beginning of the century, Ivanenko and Pomeranchuk
[12}, followed by Schwinger [20], were the first who predicted its impor-
tance for circular particle accelerators. Now the main equations are de-
rived iu standard textbooks, Like those of Sammerfeld [21] and Jackson

122].

The properties of SR are listed as follaws:

1) Contlpuous spectrum from the infrared to Lhe region of hard x-rays,

2) strong collimation in the instantaneous direction of flight (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 kime structure, which is a copy of the pulse structure of
the electron beam (pulses as short as 100 ps),

6} absolute calculability of all the properties of the source, once para-

‘meters of the particle beam are given,

7) cleanliness and stability (in parlicular with storage rings) of the

source, which, in contrast to gas-discharge sources, exists in an



extremely good vacuum,

The flux of radiation is shown for BESSY U and Lhe planned storage ring
BESSY I in fig. 2 [24). The thus marked curves glive the number of pho-
tonsfeec. in Aefe = lu_3 or AA/A = 10_3 bandwidth in a 1 mrad wide hori-
zontal segment while verticaily intensity ia fully integrated. ¢ and A are
Photon energy and wavelength raespectively. The assumed currents j = 300 ma
(BESSY 1) and j -+ 100 mA (DESSY IT) explain most of the differeace in the
low photon energy region. The fall-off at high energies is determined by

the characteristic energy €. {or wavelength Ac). It depends on the radius

of curvalure R the wagnetic field B and the particle enerqy E.

The vertical angular spread Ay(FWHM) of intensity can be approximated as

(see e.g. [25])
21) M =Apte o fore e,
(2.2)  ae z{z/yy{ccjae)l/z for € >> € .
fIseful equations are:
{2.3)  BITI'R[m| = 3.34 E(GeV)
(2.4) v = 1957 B[Gev]

2218 Ealﬁevl/k{m]

(2.5) & fev]

665.1 B[TJE%(GeV)

It

(2.6) AR} = 5.59 Rmi/E*[Gev)

lﬂ.bAI‘BIT]EZ[GeV])

2.7y e_lev] = 12400/AU[§]

(2.8) Ilphot/{s mrad-0.13BW)| = 4.5-109R1/3[mj:1/3[eV]j[mA]

For e<<e
et

The brilliance n(¢,e) ls defined as the number of photons per sec, per
0.1% bandwidth, per unit area A of Lhe source {which is the cross section
of the electron beam) and per solid angle. In contrast 1o wany classical
sources n{y,e) is a very anisotropic quantity. The maximum brilliance in
the plane of the orbit is yiven from egs. {2.8) and (2.1} by

(2.9) n(0,e) = jR2/3A'152/3

for e((cc_

This quantity i plotted for BESSY I and BESSY 1i in tig. 3. il is easily
recognized that the smaller source size A in BESSY [T mare than compen-
sates for the lower currenl. The crose section of the electron beam around
the orbit (see e.g. [26]) is variable and characterized by twu quantities
the position {Z) dependent g-functions px(z) and py(Z) aud the invariahle
horizontal and vertical emittances of the storage ring €, and € . With 5%
coupling the vertical emittance would be ey = 0.05% L For a givenr storaye
ring lattice the emittance varies with beam enerqy like Ez. Electrostatic
and electromagnetic interactions of the particles wilhin Lhe heam will
usually lead to an increase of Ex,y with j. The beam sizes (FWHM) are gi-

ven by 2+35 Ox v and are calculated according to
’
(2.10) o =Jcp (2)
x X X
The beam divergence is given by

—— T — : -
(231 o, =Je JE {2 -1+ g (2)" / 4}
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nx'(z) is the derivative of Bx(z) with respect to 2. Due to the second
square root term 9,00 T & holds only at walsts or bellies of the "en-

velope Function", where p'(Z) = 0.

pue to this function and due to another one which is of lesser influence,
the dispersion function D(Z), the beam size and divergence can be varied
al diffevent positions around Lhe orbit by the designers of storage rings

according to the needs of the experiments.

The variatlun is possible within wide boundaries but the general rule is
that cx and o, arve coupled through eqs. (2.10) and (2.11) and change in
opposite directions. The size of the eleckron beam determines the source
size and its divergence has to be convoluted with the natural divergence
of synchrotron radiation. This does not only reduce Lhe brilliance of the
source but also mixes the dlfferent types of polarization and thereby re-

duces Lhe actual degrees of polarization.

More information on the design and optimization of storage rings is now

avallable in several reviews [7,9,11).

Radiatiou From Wigglers and Undulators

Fig. 4 shows different types of insertion devices |26} for which straight
sections with lengths between 2 and 6 m will be provided in bhe next gene-
ration of dedicated storage rings (ALS (Berkeley), Sincrotrone Trieste
{Triesl), BESSY 1 (Berlin)). In Lhese machines the electron beam optics
is matched at the beginning and end of the straight sections in such a way
that additional magnetic lenses (guadrupoles) can shape the @-functlon at
the lnsertion devices in a large variety of ways without otherwise affec-
ting the storage ring. Variations of the parameters of the inseriion devi-

ces like e.q. magnetic fields shauld also be decoupled Erom the roest of
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the storage ring. Up to now these are design goals for which solutions
appeatr to exlst in theory, not much practical experience has yet been

gained, however.

A wavelength shifter (fig. 4), typically a superconducting magaet at high
magnetic field, is a device in which high photon energies are produced in
low energy storage rings according to eq. {2.5)}. Presently such devices
ars operated at the ADONE ring {Frascati}, at the SRS {Daresbury), at Lhe
NSLS (Brookhaven), at the PHOTON FACTORY (Tsukuba), at NOVOSIBIRSK (USSR)

and elsewhere.

A multipole wiggler deflects the beam to a sinusoidal path in a plane
while a helical wiggler generates a spiral path (see fig. 4). They need
specially shaped magnetic configurations, In the first case linearily
polarized radiation is produced while the helical wiggler produces circu-
lar polarization. Circular polarization is of great interest in the in-
vestigation of magnetic phenomena and can successfully be combined with

electron spin analysis.

A multipole wiggler produces N-times the flux of a bendlng magnet if the
peak magnetic fleld of the wiggler is the same as that of the bending
magnet. More accurately a superposition of contributions From all points
on the trajectory has t¢ be calculated and results in a narvow angular
distribution around the symmetry line of the wiggler. It turns out, how-
ever, to be not just a superposition of intensities but rather of ampli-
tudes which interfere. Although typical period lengths ).0 of wigglers are
macroscopic and are in the order of AO = 2 - 20 cm the whole structure
displays strong interference patterns for wavelengths down to A= 1 A. This

undulator effect is explained in fig. S.
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There are three contributions to the phase shift between light and elec-
trons while Abotll travel a period length AO of the wiggler/undulator. The
sum of the three path differences l1 has to fvlfil the condition of con-

structive interference

(2.12) 1+ 1, + 1, =mA

[ue Lo the small difference of the speed of the electron v to the speed of

light ¢ even if both travel on a straight line there is a shift 11 given

R TR A I P U
t R AU A
(2.11) t, = Ao

4%

The second contribution 12 arises from the detour which the electron makes
on its curved path compared to a straight line. This path integral is
readily evaluated for a sinuscidal path, it depends af course an the
maximam magnetic field, and the electron energy parameter y.

'he result is

(2.14) L= 7=F

where K is called the undulatar parameter

(2.15) K = 93.4 BTIA _{w)

ay

with a the angle of intersection of the sine wave and the symmetry tine

{sece flg. 5}).

12
If radiation from the undulator is observed from a direclion, which is at
an angle 8 with the symmetry line (this angle may have any azimuth), the
typical path length change euncountered in observing wave fronts origina-

ting from points Ao apart. is

»

)\,“5 = )\ncosek }\o— —f(‘)a

Thls yields
Ao gt
(2.16) = 570"

From egs. (2.12) to {(2.16) we obtain the positions of the interference

peaks in the spectrum as
1 A i”<* 20°
{(2.17) Ao = = ...‘3_( {+ 5 s J" (_) )

Comparing the corresponding undulatar peak energies wilh €. From eg. (2.5}

we obtain

Em "
(2.18) P ’3)_'5 Ty
€ K1+ 47)
If Em/Ec is much larger Lhan 1 there will not be much inteasity in the
undulator peak. An exact evaluation shows that the maximum intensities 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 radiation has been worked out in de-
tall and allows an exact prediction of the properties of a specific de-
sign. Many features are already easily derived frum the awdel oresented
here:

1) There is no intensily in even harmonics along the axis (€=0). The
reason is the antisymnetric emission within one "unit c¢ell". The left

wlggle emits radiation wilh opposi‘e phase to the -~ ‘gh' wiggle which pro-

oo T S S
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vides a N2 dependence {N Is the number of polest) of the intensity in odd

orders but destructive interference for even orders.

2) Defining an in-plane angle p and an out-of-plane angle 8 perpendicular
to the plane of the linear wiggler such that 92 = 02 + 92 the antisymmetry
of the unit cell mentioned under 1} is broken in the y- direction but not

in the § - direction. Even orders will appear only in the ¢ - direction.

3} In analegy to ather interference phenocmena for a specific wavelength
Am cancellation of intensity occurs if the phase shift of radiation From
both ends af the undulator is 2n. For a fixed wavelength :m this occurs im
analogy Lo eq. {2.i6) at an angle eozL/Z = '\m where L is the length of the
undulator. Therefore

(2.19) o = J'ZAN/L

is roughly the width of the central maximum. For Am =20 and b = 4 we
obtain ’Ooz 3‘10_5 rad, which demonstrates the need of high angular resolu-

tion to resolve Lthe angular distribution of an undulator.

1) The same cansideration as used iIn deriving eqg. {2.19) at a fixed angle
6 yields a minimum in the intensity if (X-Am)m-le = Am‘ M=X-,\m. This

gives for the width of the undulator lines
(2.20)  BA/x = 2/(@em) = A f(Lem)

This e.g. means that in first (m=1) order the relative spectral resolution

is the reciprocal of the number of periods.

5} Most of the present day undulator structures are built from periedic
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arrangements of permanent magnels, which are glued to two bhars mounled
{mostly outside the vacuum chamber) on both sides of the electron beam.
By wvarying the wiggler gap also B is varied and thus K. This is the way
to tune the undulator harmonics to different wavelengths. In the new sto-
rage rings it will be attempted to vary K syachranously wlth the wave-
length scan of the monochromators by microcomputer coatrol. Thus, Lhe tu-

ning to the maxinum intensity is always maintained.

6} If the radiation pattern of an undulator Is Integrated over a wide
angular acceptance in ¢ and p, or if the angular spread of Lhe electron
beam iz very large, there is also intensity between the undulator peaks.
This is due to the 1282 term in eq. (2.18). Nevertheless, sharp structures
in the spectrum persist since the 92 - shift is always directed to langer

wavelengths. Such a spectrum is shown in fig. 6.

7} For the design of the first optical element in a wiggler or undulator
beam line the total emitted power is of great importance. This power P is

given for wlgglers and undulators likewise by
) 2 2 .
(2.21)  P[kW] = 0.633 E*|GeV|B” [TIL[m}3[A].

8) The polarization of an undulator 1s linear since the circular polariza-
tion, which changes from left hand to right hand above and below the orbi-
tal plane of a bending magnet, disappears with the simultaneous presence
of right-hand and left-hand bends in an undulator. The direction of 1inear
polarization is bhorizontal in the undulator plane but changes direction

outside the plane,

Several attempts have been made to produce circular pelarization. I only
want to mention one recenl idea which was tested already successtully in

the vigible.
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Figure 7 shows the arrangement orlginally proposed by Oonuki {27). Later a
prototype was built and tested [28]. The device consists of a crossced pair
. of lirear undulators BA and BB. The gap of each pair can be tuned from 57
to 146 mm. The relative phase a of the two pairs of magnetstructures could
be shifted mechanically between -w/2 S @ < + r/2 thus forcing the electron
beam into a right-hand and a left-hand spiral at the exiremes. With a=0 a
linear undulator is realized. This undulator produces }ight with any de-
gree of elliptical polarization. It may well be necessary to produce el-
liptical degrees of polarization in order ta obtain circular polarization
at the exit slit of the monochromator. The perFormance in the visible was
in agreement with theory at the BOC MeV storage ring TERAS. “he peak mag-
netic fields were 0.15 T in Lhe helical field configuration and 0.2)1 T in
the plane field configuration. The authors managed to modulate the polari-
zalblon wilh a motor drive at a rate of 3 Hlz. This arrangement appears to

be a promising device.

There are othgr 13eas uv;der discussion for the production of circular pa-
larization. In ouwe case {29} the two perpendicular plane field undulators
are placed cune behind the other and the.phase shift i imposed on the
electron beam in a single controllable wiggle between the two uwndulators,
The other jdea which is especlally considered for wigglers in the hard
X-tay ‘regime is to build a device with, say, high Field left-hand hends.
and low field right-hand bends [30). Of course the field integral as in
any nther wiggler toa has to be zero. Then, in the same way as with ben-
ding magnets right- and left-hand elliptic palarization is obtained above

and below the wiggler plane for the high energy end of the spectrvm.

Finally [ want to poinkt out that using a storage ring with a higher beam
enerqy F (or y) makes the design of wigglers and undulators much simplier.

In order ta achieve a certlain short wavelength A according to eq. (2.17)

16
great efforts need to be made if y is too small. If an undulalor oplimlzed
for m=1 is desired, K=1.2 is fixed. As a consequeice, .ln is determined and
then B through eq. (2.1%). The reduction in .\o requires increased fields
B. Looking into the details of undulator design |31] it turns out that the
magnet gap needs to decrease proportionally to .lo if the Field B should be
kept constant bul the gap neseds to de:crease faster than *o if the field
needs to grow proportional to l/.lo. From thie requirement there follows a
technical limit to the minimum Al and maximum e achjevable with a certain
storage ring. Flux and brilliance of wigglers (K>>1) and undulators de-

signed for BESSY II are shown in figs. 2 and 3.
Monochrumators and experimental stations

The wain advantage of synchrotlrun radiation, namely its tunability over

a very wide range of photon energies, is alsa the reasen of one af its
greatest problems in practice. Typically an energy band of 0.1 &V geeds to
be filtered out of a coutinuous spectrum 1000 eV - 50.600 eV wide. This is
done by diffracting elemants, usually optical reflection gratings and cry-
stals. In addition to the wanted radiation in the diffraclion peak unwan-
ted radiation from surface scattering and higher order harmonic diffrau-
tion penetrates the exit slit of the wouochromalor. While the prchlem of
scattered radiation is somewhat relieved by using undulators in the first
harmonic tunable undulators which are scanned over a wide photon energy
range enhance higher harmonics with increasing values of K more than the
fundamental peak. In the beginning of experimental work with synchrotron
radiation more than 25 years ago the problem of suppressing false light
was considered to be so severe that many spectroscoplsts considered il to
be nol solvable. ‘This is ane of the reasons of the slow acceptance of
synchratron radiation in the community at that time. Even nowadays the

problem is far from beiug solved satisfactorily and in many cases experi-
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mentalists are happy to obtain a 90 - 95 % spectral purity with their
wmonochromators. Indeed, in photoemission experiments the electron ensrgy
analysis and the tuning of the exciting radiation allow to identify peaks
in spite of this spectral impurity. Whenever intensity measurements are

roquired on an absolute basls serious problems arise.

‘the typical high performance photoemission station at a bending magnet
port of one of the present day high performance storage rings like e.q.
BESSY iu Bertin ar the NSLS 1n Brookhaven consists of one or several com-
bined toroidal grating monochramators (TUMs) praviding up to 1012 pho-
tons/s in the peak of the spectral range in a resolution interval of

= 0.2 eV. The spot on the sample is typically 1 mm wide or somewhat less.
This spol size is matched to the acceptance of typical electron spectro-

meters (cylindrical mirror analyzer, spherical mirror analyzer or display

type analyzers with wide angle acceptance and multi channel read out).

TGMs scan by rotating a toraidal grating with fixed entrance and exit
slits (see fig. B). They rapldly go out of focus and thus are restricted
to a finite energy range. Nonetheless, the simplicity of the mounting, the
uwearly stigmatic imaging and the moderate requirements of resolution in
solid state spectroscopy gave the TGM a wide distribution after the
Johin-Yvon Company succeeded to put grating structures holographically on
torajdal surfaces conmercially. The first monochromator of this type was
bullt in the late 70's {32] and installed at the ACO storage ring. 1t is
this type of monochromator which has nowadays the widest distribution, but
nevertheless appears not to be the instrument fo fulfil the regnirements
at undulator lines in the future. 1t should be mentioned that there is re-
cenl progress wilh designs using only plane and spherical optical elements
[33} and with plane gratings with variable grating constant {34} to design

high resolntion monochromalors which do not suffer {rom the imperfections
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of non-spherical optical elements any longer.

in the following I am not going ta give a complete review of all the dif-
ferent monochromator mountings which have been designed and realized in
this field, there exist good surveys and reviews in the literature {35-37]
I am also not reviewing the different types and arrangements of electron
spectrometers which are in existence. These are altogelher not typlcal for
work with synchrotron radiation. They could be used or are actually used
as well in combination with classical fixed photon energy sources. The
rest of this chapter is devoted to the descriptian af the FLIPPER station
at the W1 undulator at HASYLAB. In this context those problems which have
ta be solved 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 exemplified.

Monochromatars at undulators

The FLIPPER monochromator at HASYIAB [38] is a prototype instrument cove-
ring almost the full range of interest in this context with the capability
of suppressing higher order light by taking advantage of the critical
angle of total reflection. As a consequence of this special design the
angular acceptance s fairly restricted, which is however no disadvanlaye

in combination with an undulator.

The FLIPPER [39,40) was successfully operated at a bending magnet beamline
for almost a decade. Ils optical design originates from the GLEISPIMG
mount ing invented at DESY in 1968 [41,42) and was followed LIn the meant lme
by other similar designs, namely the SX 700 at BESSY [43]) and Lhe BUHBIE
BEE at HARSYLAB [44). S5ix alternatively used plane mirrurs Si ...S8h (see
fig. 9) cover the energy range 15 Lo 450 eV. An additional mirror S(J which

is illuminated at 1.2¢ grazing angle was added for the set-up at Lhe
'
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wiggler line and covers the enefgy range up to above 1000 eV. As a matter of

Eact Lhe Al K edge at 1560 eV can be observed in absorption. There the level

of "good" light voughly equals that of stray light. A plame grating (1.5°
blaza, 1200 lines/mm} disperses the prefiltered radiation and a paraboloid
illuminated at now 2° grazlng angle (formerly at 5.7°) focuses a beam of
fixed dirvection Into the exit slit. An experimental chamber suitable For
Photoemission and other surface sensitive techniques is mounted behind the

exit slit.

When the installation of a 32-pole wiggler [45] was planned at the 3.3 GeV
storage ring DORIS it was decided to split off a VUV beam with a 2.2° gra-
zing incidence mirror alternatively to the x-ray beam. The FLIPPER mono-
chrowator with {ts angular acceptance of roughly 0.2 mrad vertically and
0.8 mrad horizontally almost perfectly wmatches the emission cone of this
special wiggler W1. Furthermore, Lhe undulator peak in firat order of the
HASYLAB wiggler can be tuned by t.ile gap height over the whole energy range

of the FLIPPER wonochromatar (see table 1).

It is interesting to note that wigglers used in high energy storage rings
(from 2 GeV upwards) are not only excellent sources of x-rays but as ul;xdu-
lators alsa deliver more photons in a small solid angle (i.e. more bright-
ness) in the vacuunm ultraviolet than wigglers/undulators installed in low
energy sloragé rings. Moreover, much simpler technical solutions are pos-
sible and the influence on Lhe storage ring is small. There are, however,
somd problems involved in using high energy machines like DORIS In the VUV
and SK rvegions which will not exist at smaller machines like e.g. BESSY

IL.

One of Lhe problems is radiation satety due to the hard x-rays geunerated

by nearby bending magnets in the storage ring tunnet. This problem was
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solved at Lhe W1 station by inserting a first plane defleclion mirror S~1
{see in fig. 9) and by using large beam paths, which are required by the
FLIPPER mounting anyhow. There is a long-standing experlence at DESY/

HASYLAB lu coping with such problems.

Rnother more severe problem was detected only during the continuous ope-
ration of this beam-1ine over the past few years. The W1 wiggler is pre-
ceded and followed in the 10 m long straight section by the fringe field
of two bending magnets and by several guadrupole magnets which focug the
electron beam. A well aligned guadrupole magnet has zero field on axis but
the wings of the beam extend already into reglons of finite magnelic
fields (in the order of 0.01 T). A beam which is not properly aligned, and
this may occur frequently in actual storage ring operation, could be sub-
ject to even larger filelds. From eq. (2.5) it follows that €. = 200 eV al
E = 5.3 GeV and B = 0.01 T. As a consequence a background of not very well
controlled radiation is superimposed on the undulator spectrum. With sto-
rage rings at lower energy this is not such a severe problem since quadru-
poles are operated at magnetic flelds gradiants proportionsl to E. As a

consequence € « 23 and €. thus decreases rapidly with energy.

A critical element for a succeasful use uf a VUV undutator beam from a

high-energy storage ring is the first mirror S_ It has Lo take a heat

1
load of up to 600 watt when the wiggler gap is completely closed {sece
table 1). This power is concentrated in an angular Interval af roughly 0.7
wrad horizontally and 0.25 mrad vertically taking into consideration an
angular divergence of the electron beam of 0.5 x 0.07 mrad2 {FHliM} at the

source palnt. Due to the grazing angle of 2.2° most of the power is dis-

tributed over a strip of 10 x 100 "'"2 on the surface.

. . . 3
The mirror itself is a copper blouck with dimensions 200 x 50 x 50 m
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envered with Kanigen and polished to high accuracy (90 % of reflected in-
tensity in an angular intervall of #2"=$10 urad)}. It is pressed on a water
conled support with a layer of indium in between providing good thermal
rcontact. The rise in temperature of the mirror block is only some ten de-
grees measnreh about halfway bietween the irradiated surface and the cooled
battom. In order to keep the temperature of Lhis mirror low the Kanigen
coating of the backside had to be removed partly far belter thermal con-
tacl. Without this measure the temperature rose up to 200° C. But even in
the new configuration we observe large effects on the intensity of the mo-
nochromator output when the wiggler gap is small and thus the power high.
We found that these losses originate from mirror 541. A drop In intensity
of up to a factor of two is observed in the first 20 seconds after opening
the beam stop. The performance of the monochronator appears to be other-

wise unatfected.

From a series of investigations on test mirrors [46] it is understood now
that. Lthe suriace af the mirror reversibly develops a bump due to a large
sur{ace lemperature decreasing rapidly with a high gradient into the inner
of the copper block. bue to the elongated shape of the illuminated part of
the surface this bump will act as a cylindral convex horizomtally defocu-
sing mirror which deflects part of the incident radiation in such a way
that it is lost at the horizontal apertures. Any additional horizontal di~
vergence added thls way to the beam dues not puse serious problems Lo Lhe
rmonochromat {zation since the spectral resolution of Lhe monochromator de-
pends mainly on vertical imaging. Such disloriions of heavily loaded mir-

rors have been treated theoretically [47,48) (see fig. 10}.

It is possible to avoid tLhis effect by operating the wiggler at large

gaps. The heat load on the mirrvor S_l is Lhen draslically reduced. The

wiggler sti)l provides a gain of raughly a factor of 40 compared to a
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bending magnet. The undulator peak in first order, however, is shifted to
929 eV at 3.7 GeV and W = 168 mm {see table 1). With the completely cloused
gap, W = 34 mm, the undulator peak is lowered «n energy to 36 eV at 1.7
GeV. As will be shown below (see fig. 11), the gain of intemsity in the
undulalar peaks can be appreciable. It can, nevertheless, be advantageons
for low photon energies at high currents in the storage ring to sacrifice
this option in order te avoid the distaortion of mirror S_, and Lhe snbsa-

1

quent. Josses.

This problem may not be unique to undulators operating al high energy sto-
rage rings. In future rings dedicated to the YUV-SX region E will be lower
than that of DORIS but tunability over large spectral regions inevitable
leads to large values of K which together with the increasing leangth of
undulators will lead to high power Jloads accarding to eq. {2.21). More-
over, with the much smaller divergencies of the electron beam the power
will be concentrated on a much smaller spot on the surface. The only ad-
vantage will be the absence uf unwanted hard x-rays. It will hecaome neces-
sary to find ways for beller cooling the mirrors, 1o find materials wilh
high heat conductivity and low thermal expansion {48]), and to distribute
the heat load over larger areas on the mirror surface by yoing to larger
distances or to apply even shallower anglea of incidence for the first
mirror in a beam line. The latter measure may well shifl the problem to
the following elements as was experienced also at the FLIPPER station to

suome extent.

For 3.7 GeV about 10 % of the radiated power is reflected by mirror s_l.
This is incldent on mirror So which is made of nlugs coated with Kanigen.
This mirror has no water cooling. Due to a large reduction in the apparent

aperture a maximum of about 2 % of the total power hits the grating of §
Q

is illuminating the graling directly and about 4 % of the total power hits
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the mirrors S1 to S5 in the other mode. We have detected serious distor-

tions of the mirrors 51 Lo 56 which originally were fabricated from glass
(BK7). The heat load resulted in a convex curvature of the flat mlrrors
probably due to both a bump at the surface and a bending of the whole mir-
ror. This was an especially seriocus problem for the less grazing incidence
mirrors S.j to Sﬁ for which most of the incident radiation ls also absor-
bed. The distorlion was observed as a defocusing stemming without doubt
Erom these mirrors. 1t could be partly compensated by changing the focus
of the parabolold. Lateron these mirrors were replaced by all-metal mir-
rors (ang‘j covered with Kanigen) and this problem is now solved. Small
warm-up effects still occur on So and on the grating which is etched on
glass and coated with gold. We have attempted Lo measure the power inci-
dent on 83 by directly measuring the rise in temperature of this mirror
with a thermocouple. The first result, namely 1.5 watt at 5.3 GeV staorage

ring energy and 30 mA appears to be too low by ruughly a facltor of 3. A

more detailed analysis is needed.

The main information on the performance of the FLIPPER monochromator is
condensed in fig. 11. The old bending magnet version was actually operated
until August 1984 but no characterisation of the output was made imme-
diately before the transfer to the wiggler Yine. Therefors the status as

of December 82 is given,

The most striking feature ks the appearance of the undulator peak in Elrst
order and also in higher orders (see ref. [45]). 1t shifts according to
the theoretical calculation given in table ‘1. The additional intensity
gain in this peak amounts typically to 6. For the common photon energy
ranges of the two FLIPPER versions a maximum gain of 200 over the December
82 perfurmance was observed at the undulator. This must not be completely
attributed to the undulator since all opticat elements and the arrangement

of the pre-wirrors have been changed in belween.
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An analysis of the shape of the undulator peak is given by (;(lr.t'ler [4%].
‘The apalysis is based on the solid angle accepted by the FLIPPER optics
and ylelds an excellent agreement between theory and experiment. By de-
flecting the beam with the help of the remote control of n'\lrror S—l' the
sharp undulator peake decay rapidly as soon as the central ray of Lhe beam
is ontslde of the ealrance aperture of the monochromator. This also pro-
vides a simple means to align the monochromator to "laok head on" to Lhe
undulator. It has to be taken into account that the emittance of the elec-
tron beam in DORIS and subsequently its angular spread causes a spread of
“forward directions". This distribution has the following dimensions at
the entrance aperture of "the FLIPPER, namely 18 wm horizontally and 2.5 nm
vertically {FWIIH}. This perfecLly matches the aperture of the FLIPPER. It
becomes obvious from section 2 that the FLIPPER monochromator installed at
one of the low emittance storage rings could use smal)ler apertures withaut
intensity loss ln the undulator peak. But it should also be kept in wind
that no additional flux would bhe obtained through the exil slit since all
"forward directions" of individual electrons within the beam civelope are
collected by the monochromazor already now. The real advantage would be an
increase in brilliance at the exit slit position, provided perfect mono-
chromator optice is available. Even with present day state of the art qua-
lity of aspherical optics brilliance and thereby also speclral resolution
could be improved, since the wmuch smaller optical elements could be fabri-

cated with a higher overall accuracy.

Finally, 1 should mention that the stability of the undulator beam depends
very critically on the performance of the storage ring DORIS: If Lhe mono-
chromator is tuned to an undulator peak, very small motions al;-‘l pulsatlons
of the electron beam become perceiptible as intensity fluctualion. A good
monitor and good electronics axe needed ta eliminate this noise from the

measurements. Long term drifts change the shape of the whole spectral dis-
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tribution and can cause serious troubles depending on the scope of the
experiment. Definitely this problem will need to be solved In order to
ronder Lhe new dedicated storage rings useful since they will be much more

sensitive due to their smaller emittances.

Microfocusing and microscopy

General remarks

The general efforts to establish a soft x-ray microscopy with synchrotron
radiation are well documented in a serles of conference proceedings
[49-52].A microscopy which Involves photoelectrons as the slgnal which
generates the image could follow in principle two quite different paths.
One method uses an electron optical lens system designed to fllter and
image photoelectrons within a certain band of kinetic energies with large
magnification onto a screen or a two dimensional detector. With the other
meLthod a beam of monochromat lzed synchrotron radliation is focused down to
a very small spot which Is scanned across the sample. Then photoelectrons
of selected energies, or the total emitted flux are providing the signal
which generates the image. This type of microscope is already operating in

the transmission mode for blological applications at several places |52].

The electron microscopy type of imaging is already in use with an ul-
traviolet Xenon high power lamp in the first existing LEED-microscope
bullt by Bauver and co-workers [53). The operation of this microscope in
connection with synchrotron radiation Involves the Incorporation of a
filter element. There are also a few other projects of this type e.g. the
one by Polack and co-workers In Paris [54] and the one by Bethge and
co-workers in Halle [55). A resolution of 50 A appears to be achievable.
The main challenge for the SR part of this experiment is to maximize

radiation densily on the object within an area of about 10 ym in diameter.
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This is the typical field size for such microscopes. The oplical system
must be designed and incorporated in such a way that it does not interfer

with the electrodes of the electron microscope.

A third type of microscope is only applicable in absorpLion spectroscopy
on thin samples, the direct imaging light microscope. This type of micros-
copy has been developed by the group Rudolph/Schmahl/Niemann from GSttin-
gen for more than ten years now, see e.g. [49-52]). They use specially de-
signed Fresnel zone plates as lenses and have achieved a resolution in the
order of 500 A. They apply the microscopy exclusively to the investigation
of blological objects in the so called water window at 275 eV and at 500
eV photon energy. Additional contrast to the absorption contrast was re-
cently obtained by means of the variations in the real part of the refrac-
tive index. This phase contrast needs a specially modified version of Lhe

microscope [56].

We turn now again to the scanning microscope which may not match the elec-
tron optical microscope with respect to ultimate resolution but in many
other respects has advantages over the other types of microscopy. The ad-
vantages lie in several places.

(1) Radiation load on the sample can be minimized compared to the imaging
microscope,

(2) Imaging and electron analysis are well separated measurements.

(3) Electron spin analysis can be added.

(4) Other secondary processes, as photostimulated desorption, reflecti-
vity, scattering, can be analysed easily. Absorption can be measured in

transmission and by means of the total photoelectric yield.
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4.2 TLimilations

Fig. 12 shows the general arrangement of a microprobe microscopy station.
Starting with an undulator in oné of the advanced new planned storage
rings radiation originates from a source with apn effeclive source size of
roughly 100 pm and a divergence of considerahly less than 0.1 mrad. The
goal is wmonochromatization to 0.1 eV unless the natural monochromaticity
of undulator radiation of 8efe = 1:50 is sufficient for certain types of
experiments. The further goal is focusing down the radiation to a dif-
fraction limited spot as small as possible. As focusing elements there are
available quite generally mirrors with oardinary reflecting coatings, ric-
rors with specially tailared multilayer coatings, curved crystals and
Fresuel zone plates. There are fundamental limitations to Lhe minimum spot
size available and technical limitations to the manufacturing of tha op-
tical elements, The technical limitations may be overcome step by step due

to ingenuity or by Investing enough effort and money.

We Lry now Lo obtain a rough estimate of the fundamental limitations. 'The
final step af imaging onto the sample must be a large demagnification D of
the source itself or of an intermediate lmage which i5 defined properly by
a diaphragm. According to flg. 13 D = d/d'= 1/1'. Then Liouville's theorem

(in optics knawn as the Abbé condition)

(4.1) d sin ® = d'sin &'

provides a relation for the angular widths ©,6° in the case of perfect

lmaging. Further, a focus of diameter d requires a minimum angular width

due to the coherence condition

(4.2) d sin ©

®
>
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By d I mean in agreement wilh the usual definfiion of the diffraction li-
mit of the classical lighl microscape the FWHM of the central diffraction
peak which is roughly approximated for the purpose of this paper to lie

within 20 % of the value given by eq. (4.2).

a) A Fresnel zone plate (see flg. 14) is a circular diffractijon graling
with the local grating coustant &r determined such that the beam is dif-

fracted to the image point. The grating equation is
(4.3) Ar(sinB-sln8') = mA

where m is the order of diffraction. With small D it follows 6'=0 aud aq.
(4.3) reads Arsin@=mA . Inserting A from eq. (4.2) and the local grating

constant’Arm of the outermost zone yields

in

{4.4) 4= Armi"/m.
If one remembers that all zones must be concentric and spherical to within
a fraction of Ar/m it is understandable that at present resolution aof zone
plates is limited to d = 500 A. Mevertheless producing zone plates with

even lower dimensions of Arm appears to be a technical rather than a

in
fundamental limitation. In this context it should be remembered that the
“dark" zone.s need to have a certain thickness 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 advantage of the
very smnall deviation of the real part of the index of refraction of 1 in

the 500 - 1000 eV range. The aspect ratio Zt/drmin, however, bedomes for-

biddingly lavrge with decreasing Arm.m.
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b) Under the assumption that a single mirror constitutes khe optical ele-
ment in the final demagnification stage we come to an estimate for the
grazing incidence region (phutonlgnergies above 100 eV). From a Drude mo-
del for the index of refraction n = 1 - mzp/(lmz) = 1- A2/{232p) with wp,
Ap being a plasma frequency and plasma "wavelength" respectively. SC the
grazing critical angle of total reflection is defined by n=cos ec . ec is
roughly the angle at which the reflectivity is 50 %, n = 1 -éc/Z for
small ec yields ec = A/Ap and with @ = 2 ec (see fly. 14} in combination

with eq. (4.2).
1.5 d= A /2.
(1.5) p/

This elfertive plasma wavelength of course gives only a rough represents-
tion of the optical constants in a certain spectral range. In principle

AP should be inversely proportional to the square root of the number of
"frec" electrons per unit volume. In addition Lo the conduction electrons
all those core electrona should be counted which can be excited at a given
photon energy and which have exhausted their oscillator strength. There-
fore AP might decrease slowly with decreasing wavelength. 1n practice,
however, reflectivities are well represented by a constant Xp, which 1s
e.g. for goll coated mirrors Ap = 200 A over a wide energy range {57}.
Taking this AP into eq. (4.5) gives an ultimate limit to the obtainable
spol size of d = 100 A with a single mirror optics. With a double mirror
oplics, e.g. the Wolter type 1 arrangement [58-%3] the limit could become
half this value. Other limitations lie of course in the aberrations and in

the manufacturing accuracy of mirror elements with complicated shapes.

c} Benl crystal optics and multilayer coated reflecting optics are limited

ta {ixed photon energies but with those elements yrazing refleclion angles
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can be made large. There is, however, the problem that the grazing angle

of reflection 8 and the wavelenglh A are linked by Bragygs law.

(4.6)  2d, sing = mA
where d1 is the lattice or multilayer spacing and m the order. Laterally
yraded lattice constants may be generated with multilayer coatings but not
60 easily with crystals. A near normal incidence optics like the Schwarz-
schild arrangement [60) see fig. 15.is probably the optimum for such ele-
ments. Due to the large rougyhness scattering at normal incidence by sur-
face roughness there is a serlous technical problem in this arrangement

(see eq. {4.9) below.

Normal incidence will also minimize another iimitation of such optics
which i1s due to the finite depth in which radiation is reflected (see fig.
14). 1f le is the extinction length the width of- the focus due to this

effect is

sin S

wn d- “feos 251

Since le can be in the order of %000 A this effect can seriously influence
the size of the focal spul unless p is less than a few degrees, or unless

p is equal to 90 ° within a few degrees (back reflection).

d) The simplest way to obtain a microfocus is by placing a pin hole in a
parallel beam. The size of Lhe light spot depends on the dislance x be-
tween the pin hole of diameler do and the sample. Then the size of the

spot is given (see fig. 16) as:

{4.8) a=a4a" Ixtan® ¢ x{A/d"})

size divergence diffraction
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We assume x = 5 mm, a distance barely large enough in order to he able Lo
extract the photoelectrons from the sample surface. At A=20 A, neglecting
the divergency term, the optimum pin hole size is then d' = 3 ym yielding
a spot slze of d = 6 yun. The divergency of the beam illyminating the pin
hole would have Lo be & < IIIJ-‘1 rad. This amounta, however, to a demagni-
fication B = 1 of the undulator source ontc the pin hale. The loss of in-
tensity with an assumed source diameter of 100 um corresponda to (3 pm/100
y\m)2 T 10”3. All this is just a simple demonstratlon of where the limi-
tations fur this simplest possible approach to spatially resolved photo-
emission lies. Mevertheless, in certain cases, e.g. photoemission on cry-
slals which can only be grown in sizes np to 10 pm, this approach might
make sense. Also with photon excited Auger analysis [61} which does not
require monochromatization of the exciting radiatlon such an approach

mignt be reasonable.

Let us finully consider emittance/acceptance matching between the source
in the slorage ring and the spot on the sample. If the source size of 100
pm is demagnified by D = l()_3 to a spot of 1000 A the overall emission
angle (electron beam dlvergence convoluted with the undulator angular di-
stribution) which we assumed as 20 = 10_4 rad transforms according to eq.
(4.1) by a factor DA1 to 20 = 1('1-l rad. This amounts to an angle 8 = 3° or
a grazing incidence reflection angle ©/2 = 1.5°. At A=10 A BC=A/XP=3° for
a Au coating ias well above this angle. Even further demagnification is
feasible without more loss of intensity than that due to the limited re-
flectivity of the optical elements. One Important factor in this context
is the loss of specular reflectivity due to roughness. The actual reflec-
tlvity is calculated in the simplest theorvetical approach from the re-

fluectivity of a perfectly smooth surface Ro by

4.3
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(4.9) R = Ru exp(-l{4rtosin0/2)/h]2)

where o is the mean square roughness with Gaussian light distribution. The
scatterad intemsity is unfortunately not losi but generates a spread out

background in the image of the sample which will reduce the contrast [62}.

A ring mirror microacope

It can easily be shown Lhat a rotatlonally symmetric (rinyg shaped) single
mirror has two fundamental problems. The most serious one is that such a
mirror cannot 1lwage an extended area point by point onto another area.
Wolter has therefore designed arrangements involving two consecutive re-
flections which avoid this prcblem {57,58). With a small enocugh segment of
a single mirror, however, imaging is feasible wilh a certain degree of
accuracy. The second problem is due to the dewagnification D which is not
canstant for rays reflected at different points in the axial direclLion
along the mirror. This effect limits the usable length w of such mirrors
since AD/D=w/l, where 1 is the dlistance to the image plane. In arrange-
ments where only light is concenltrated into a small spot AU/D=0.3 is still

acceplable.

The simplest possible rotationally symmetric focusing element is a rola-
tional ellipsold which collects radjation origihating from one focal spot
inta the other one. Fig. 17 shows an arrangement which is presently set up
akt the HASYLAB laboratory by the University of Hamburg [63]. The ellipti-
cal ring mirror has a diameter of S mm, a length of 6 mm and distances 1°
= 1000 mm, 1 = 35 mm, a demagnification D = 1 : 30, a grazing angle of re-
Flection 8/2 = 2°, It will reflect radiation up to € = 2000 eV. The ima-
ging propertles are such that a point in the object plape at a distance 4’
from the axis generales a whole circle with a radius d = Dd' in the image

plane, This circle is concentric to the axis of the ellipsoid. Thus a con-
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centric circle in the Image plane is imaged on a concentrle denmagnified
circle in the object plane and a concentric diaphragm of diameter d' has
an image of diameter d = Dd'. For the purpose of forming a microfocus such
a mirvor tulfils all the necessary requirements. Alsa calculations invol-
ving diffraction show that the diffraction pattern is close, although not
exactly equal, to that of an annular aperture of 5 mm diameter and 200 pm
width. Therefore the general coneiderations made above for the resalution
limit duwe tn diffraction apply. As a matter of fact due to the necessary
apodizat ion eq. {4.2) needs to be modified for a lollow cone ylelding ap-

proximately
{(4.10} 24 sin®=A,

As a consequence also eq. (4.5) is wmodified Lo
(4.11) 4 = Ap/4,

In the case of the ellipsoid microscope, with 8/2=0.035, 6/2<ec for photon

energles helow 2000 eV.

The hollow cune diffraction pattern is insofar disadvantageous that the
central diffraction peak although very prominenL contains only about 1%%
of the total intensity. The rest is smeared out into the diffraction rings
of higher order and will generate a background in the image. With the
phase | microscope which is presently installed at HASYLAB a 10 pm diame-
ter dlaphragm will be demagnified ta a d = 0.33 um diameter image. Because
of the impertections of this first mirror (manufactured by the Zelss com-
pany with Lhe hest presently available technology} the final spot size is
expected to be in the order of 0.5-1 pm. This has to be compared wilh the

diffraction limit according to eq. (4.10) wilh ©=0.07 yielding at A=20 &
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d = 0.007 pm. Thus in this 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
wm this mirror will reach Lhe diffraction limit of 0.1 pm at 1300 A cor-

responding to €=40 V.

This microscope will be installed behind the FLIPPER station (see seclion
3.2) at the W] undulator alb HASYLAB. It can be operated with one single
allgnment'ln the whole range €=15-1500 eV, ite angular acceptance ls mat-
ched to that of the FLIPPER. The averall intemsity loss is: at the exit
slit of the wonachramator a factor of 10-3 {10 pm diaphragm, 2300x250 um2
spat size}, at the wmirrvor a geometrical acceptance factor af l.ZF-lﬂ_Z.
The specular reflectivity of the mirror will depend on its roughness. Some
initial tests an prototype mirrors were promising. Assuming an optimistic
value of R=0.8 we obtain a general loss factor of 10-5 by which the values

given in fig. .l need to be multiplied. At the oxigen K-edge (534 eV) ap-

proximately 107 photons are expected in the phase I microscope.

Possible gains in intensity at storage rings af lower emitlances with mo-
nochromators equipped with better optical elements are roughly estimated:
A factor of 10 at the entrance aperture, a factor of 5 with a smatler ho-
rizontal divergence and a factor of 20 using longer undulators with more
periods (conservative estimate). Thus three orders magnitude in the gain
appear to be a reasonable estimate due to improvements of the storage
rings. Using somewhat longer mirrors or mirrors with higher angles ©/2
could also gain some intensity but to a lesser extent. It should, however,
be mentioned that using such a small angle as 6/2=2° also for longer wave-
lenglhs enhances specular reflection and reduces roughness scattering ac-

cording to eq. (4.3).



a5
The mechanical installailon is presently under construction in Hanburg.
The most important factor is mechanical stability with respect to the axis
of the ellipsoid and the scanning of the sample. Not much can be said

about. this set up before the microscape is Lhoroughly tested.
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Parameters of the HASYLAB wiggler/undulator Wl. Gap = W, maximum field on

orbit =

B,

emltted powder =

Gap W

{mm)

B

{Tesla)

photon epergy of [first order undulator

5.3 GeV

hvl(eV)

radiation =

3.7 GeV
100 ma

P{wWatt)

hvl, total

5.3 GeV
S0 mA

P(Matt)

33.a

40.0

50.0

60.0

70.0

80.0

90.0

100

120

140

160

168

0.567

0.493

0.382

0.295

0.229

a.176

0.137

0,104

0.063

0.036

0.022

a.017

2,17

1.69

1.28

0.777

0.444

0.271

0.210

124

191

283

391

522

129

864

916

929

74.3

99.9

1e1

392

581

802

1071

1496

1773

1880

19016

009

446

268

160

96

57

35

20

275

164

99

59

36
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Figure Captions Fig.
Fig. 1 Angular distribution of synchrotron radiation {a} as emitted in the

Fig. 2

Fig. 3

Fig. 4

Fig. §

Flg. 6

43

regt frame of the electron (b) as emitied in the laboratory frame.

{From ref. 23)

Fig.

Flux of photons emitted from the bending magnets of BESSY T {300
mA) and IT (100 mA) and from the planned wigglers W and U of BESSY

1T. (From ref., 24)

Fig.

Brilliance of the same elements as in fig. 2. {From ref. 24)

Three different typea of insertion devices. (From ref. 25)

The undulator with period length Ao shown in a) fulfils the undula-

tor condition whenaver the sum of the three path length differences Fig,

1,1

v 1 and 13 explained in b)-d) is equal to a multiple of the pho-

Lon wavelength A. The angle a is relevant ln eq. {2.15)

Fig.

Undulator spectra integrated over all anyles for different values of

the undulator parameter K. (From ref. 26)

10

11

a4
Undulator design for an undulator with variable Lleft-hand/right-hand
circular/elliptic polarization of any degree. The two sets of mag-
nets AA and BB can be shifted with respect to eack other by one pe-

riod, the whole unit can be ratated around the beam. {From ref. 28)

Layout of a toroidal grating monochromator with two interchangeable

gratings TG(Al), TG(A2}. FM are focusing mirrors. (From ref. 33)

Layout of the order sorting FLIPPER monochromator at HASYLAB. 'The

mirror S . can be inserled into the white beam which otherwise

1
serves an x-ray wiggler station. The grating G is either i{lluminated
directly by mircor Sn or by one of the wirrors Sl - SB' The parahbo-
loid P focuses wonochromatic radiation inlo the exit slit ES. {From
ref. 38). The scale at the botlom gives distances [rom the source in

in

Calculated surface deformaltion by illuminating a copper and a quartz

mirror with a wiggler beam at 2° grazing incidence. (From ref. 4H)

The output of the FLIPPER monochromator of fig. 9 with a maximum 200

pm slit width at a bending magnet (Dec. 82) and at the HASYLAB
wiggler/undulator W1 {Dec. 84). The resolution AE as given is that
for a 200 pm slit and can be reduced by a factor of roughly 1/3 by

closing the slit., {(¥rom vef 38)
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Ly

45
Typical layout and parameters of a microfocus arrangement at an un-

dulator in one of the next generalion storage rings

Illustration to explain Licuvilles theorem in a microfocus arrange-

ment, 5 = source, I = image, d' and d are corresponding elements of '

S and T respectively

Limitations ta the smallest spol size d altainable in a microfocus

arrangement a} with a Fresnel =zone plate with outermost zone
separation Ar, b) with mirror optics with the critical angle of
tolal reflection Oc, ¢} with a bent crystal with Lhe extinction

length 1e contributing to the spot size 4, % is the Bragg angle

Prototype of a scanning microscope lnstalled at the original DESY

synchrotron wsing a wmulti-layer coated Schwarzschild objective

(From ref. 60)

Delinition of the parameters of a pin hole scanning microprobe

Principle and parameters of Lhe scanning photoslectron microscope

under construction at HASYLAB. Fl' l-‘2 are the foci of the elliptical

mirror
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