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SLS, OVERVIEW AND PROGRESS

A. Wrulich (PSI)

THE CHALLENGES OF THE SLS

The SLS is a medium energy range light source that
also provides light with high brilliance in the regime of
hard X-rays. This becomes possible by a series of
new features that were adopted for the design and
operation of the machine. Insertion devices with small
period lengths and low gaps, combined with the use
of higher harmonics, widen the radiation spectrum up
to photon energies of 15 keV and beyond.

These implementations on the other hand lead to
challenging requirements for machine performance.
Low gaps enhance particle losses due to scattering of
electrons on residual gas molecules. Great attention
must, therefore, be given to the vacuum system in re-
gard to system layout and the treatment procedures
for the materials. The SLS vacuum chamber concept
is tailored to these needs. All around the machine,
there is an antechamber with local absorbers in-
stalled. The radiation not transferred to the experi-
mental lines is intercepted locally by water cooled
copper absorbers. No radiation is hitting the inner wall
of the vacuum chamber. Besides ensuring the ultra
high vacuum, this concept also reduces the condi-
tioning time of the machine, since less Ampere hours
of dose have to be accumulated for cleaning.

In order to compensate the loss in lifetime caused by
the low gap, injection is envisaged in the so called
top-up mode. Every few seconds a small amount of
current is added to the existing filling. In this way, the
intensity can be kept constant up to a level of 103 to
10'4, which also has the beneficial effect of maintain-
ing a constant level for the thermal load on the optical
components and the background noise for experi-
ments. Since a residual motion of the stored beam
during the injection process becomes unavoidable,
even with nowadays technology for injection ele-
ments, a triggered data taking becomes necessary,
where data taking is interrupted for about one damp-
ing time (10 ms) after each injection process.

The use of higher harmonics requires perfect electron
beam conditions. The most harmful instabilities in light
sources are multi-bunch instabilities where parasitic
resonance modes in the accelerating cavities are
coupling the motion of the individual bunches. Par-
ticularly harmful is an enhancement of the longitudinal
phase space, since an energy blow up reduces the
intensity of the higher harmonics in the radiation
spectrum.

These instabilities are partly compensated already at
the source. A precise temperature tuning of the cavi-
ties allows a variation of the higher order mode fre-

quencies in the cavities and therefore a separation
from the oscillation modes of the bunch train. In this
way a reduction of the energy blow up is reached due
to coupled bunch instabilities. In addition, there are
higher-order mode shifters implemented in the cavi-
ties, small plungers, which give an ulterior possibility
to vary the mode frequencies.

On top of this source compensation, two broad band
feedback systems are foreseen, one each for the
transverse and longitudinal plane, in order to compen-
sate the residual excitation of multi-bunch instabilities.

Once the dimensions of the electron beam are rein-
stalled by these measures, a high charge concentra-
tion in the bunch is reached, which in turn becomes
the source for other adverse effects. By intra-beam
Coulomb scattering, transverse momenta of the parti-
cles oscillating inside the bunch are transferred into
the longitudinal direction. If the energy of the scat-
tered particle is outside the energy acceptance of the
machine, the particle is lost. In a circular electron
accelerator, the energy acceptance is defined by the
RF system and by the nonlinear effects of particle
motion. Sufficient RF voltage must be provided by the
accelerating system in order to enhance the energy
acceptance. The limitation coming from the nonlineari-
ties in the machine is more difficult to cure. The
maximum transverse oscillation amplitudes of the
particles are limited by magnet nonlinearities. They
result either from imperfections of the magnets or
sextupoles which are necessarily introduced in order
to compensate the chromatic effects. Particles devi-
ating from the nominal energy experience a stronger
reduction of the maximum amplitude. By a proper
distribution of the sextupoles in the ring, combined
with special conditions for magnet optics (phase ad-
vance between sextupoles), the energy acceptance
can be increased. Such an optimization was per-
formed for the SLS, which created a noticeable in-
crease in lifetime due to intra-beam Coulomb or
Touschek scattering.

An additional method to cure this effect is currently
under investigation. It refers to a superconducting RF
system which is operating at the third harmonic of the
fundamental frequency (i.e. 1.5 GHz). With such a
system, the gradient of the RF system seen by the
bunch can be reduced, which in turn leads to an in-
crease in bunch length without enhancing the energy
spread of the beam (which is the harmful effect). Such
a bunch lengthening reduces the particle density and
consequently the number of intra beam Coulomb
scattering events.



The stabilization of the beam position at the source
points is essentially important for an effective opera-
tion of the machine. Since the vertical rms beam size
is less than 10 microns, a stability of the electron
beam in the range of 1-2 micron must be reached.
This again is achieved by a series of measures that
begin at the source and end with an active feedback
systems.

It starts with the proper construction of the storage
ring foundation which is in the case of the SLS sepa-
rated from the floor of the Technical Gallery. Damping
systems have been introduced for potential vibration
sources. All the magnets are mounted with high preci-
sion on highly accurate machined girders. Statistical
movements of the girders have a less harmful effect
on the beam motion than a statistical movements of
individual supported quadrupoles. The positions of the
girders are continuously controlled by a hydrostatic
leveling system for the vertical direction and an optical
system for the horizontal direction. Remote controlled
movers allow the positioning of the girders with a pre-
cision of 10 microns. A high precision temperature
control of the storage ring tunnel within a band of
± 0.2° limits position variations due to thermal effects.

Active orbit feedback systems, slow and fast, are re-
lying on a sophisticated beam-position monitoring
system which is accurate and fast at the same time. A
new development has been performed for the chal-
lenging requirements of the SLS.

Last but not least, the magnetic layout of the SLS is
highly optimized also towards providing light with
maximum brilliance. It is built up by a compact lattice
with strong focusing which lowers the horizontal
emittance at 2.4 GeV to about 4 nm-rad. Normalized
to the same energy, this is about a factor of 2.5 lower
than for the existing medium energy range machines
of the third generation.

OVERVIEW ON ACCELERATORS AND BEAM-
LINES

The concept of the SLS is going beyond that of third
generation light sources. With a circumference of
288 meters of the main ring it provides a nominal
energy of 2.4 GeV.

In order to facilitate the exploitation of the photons at
the high energy side, a change in machine character-
istics was undertaken by increasing the nominal en-
ergy from 2.1 to 2.4 GeV. By this, the difficulties for
achieving higher photon energies are somewhat alle-
viated. In addition, also adverse effects of beam gas
scattering and Touschek scattering are reduced due
to the increased energy.

For the magnet lattice, a Triplet-Bend-Achromat struc-
ture was adopted with a 12-fold periodicity. The differ-
ent lengths of the straight sections (three long sec-
tions with 11.8 m, 3 medium sections with 7 m, and
six short sections with 4 m) impose a three-fold sym-

metry onto the structure. Two of the short straight
sections are used up for implementing two cavity pairs
for acceleration. One of the long straight sections is
occupied by the storage ring injection system. This
leaves nine straight sections available for insertion
devices (Fig. 1).
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Fig. 1: Layout of the accelerator tunnel, the experi-
mental area and the technical gallery.

The pre-acceleration of the electrons is performed by
a 100 MeV linear accelerator, followed by a full-en-
ergy booster synchrotron. It is a novel feature of the
SLS project, that the booster synchrotron is sharing
the same tunnel with the storage ring. This creates
some small disadvantages regarding accessibility and
independent operation of the two machines, but on
the other hand has some appealing advantages. The
large circumference (270 m) leads to a reduction in
the size of the magnet elements, combined with a
relatively low field and a low power consumption. Due
to the large circumference, the emittance becomes
considerably smaller. Both, low-power consumption
and small emittance are excellent pre-conditions for
the continuous top-up injection.

Phase I of the experimental operation foresees the
construction of five beamlines. Four of them are high-
performance lines from insertion devices (one wiggler,
three undulators), where the fifth one is a bending-
magnet beamline for micro- and nanotechnology.

The Protein Crystallography Line is aiming for an in-
vacuum insertion device with a length of two meters
and a minimum gap of 4 mm. A period length of
17 mm will allow the exploitation of radiation up to
17.5 keV with the 11th harmonic of the spectrum.

Low gaps are also envisaged for the Material Science
Beamline. In this case, an out-of-vacuum hybrid tech-
nology was adopted for the device. The period length
is 61 mm and photon energies up to 40 keV will be
generated. Three experimental stations are planned,



Powder Diffraction, Micro-Tomography and In situ
Surface Diffraction.

The remaining two lines are covering the low-energy
part of the photons. Both insertion devices produce
circularly polarized light. They are occupying a me-
dium and a long straight section. In both cases, the
insertion devices are split into two halves, generating
left and right circularly polarized light which is ac-
cepted by the same beamline optics. A chopper is
selecting between the two directions of polarization.
With this novel system, a variation of the magnetic
field of the insertion devices could be avoided. This
would have been very disturbing as such field switch-
ing operations could not have been made completely
transparent and residual field distortions are shaking
the stored electron beam. With the present layout, this
problem is avoided. In addition, switching of the po-
larization up to several kHz can be performed,
whereas magnetic switching is limited to rather low
frequencies due to eddy current effects.

The Surface and Interface Spectroscopy Beamline is
built up by an electromagnetic undulator with 212 mm
period length which covers the photon energy range
from about 10 eV to 300 eV. The Microscopy Line is
overlapping and goes from 90 eV to 2 keV. It is built
up by a helical permanent magnet undulator of the
Sasaki type with 55 mm period length.

STATUS OF THE PROJECT

Ground Breaking of the SLS building started as
scheduled on June 2nd 1998. In spite of the unfa-
vorable weather condition, which in this year gave us
excessively much rain in November, followed by
snow, wind and low temperatures, (Fig. 2) the mile-
stones for building construction could be maintained.
Except two sectors of altogether 60, the roof could be
covered before the end of the year.

After completion of the specifications for the main ac-
celerator components in 1997, work was concentrated
in 1998 on the completion of the concepts, the details
of the designs as well as the commencement of
production of accelerator components. The majority of
the main accelerator components was contracted to
external companies. Only in cases, for which the call
for tender led to no positive result, or where ' Know
How ' at the industry was missing (and thus time risks
would develop) a PSI internal realization was chosen.

The fabrication of the linear accelerator was assigned
to an external company as a whole. In order to cover
the risks, DESY (Deutsches Elektronen Synchrotron)
could be integrated by an additional agreement as
consultant to the company. All the know-how acquired
by DESY as well as construction drawings and
manufacturing procedures are at disposal to the com-
pany.

For the storage ring crotch chamber of the bending
magnet, a prototype was constructed internally in or-

der to study a new concept with a water-cooled cop-
per absorber which is part of the necessarily smooth
beam vacuum chamber (in order to limit the broad
band impedance) for the circulating beam. The tests
could be concluded positively. Manufacturing of the
vacuum chambers for both accelerators was con-
tracted to external companies, where currently the
construction of prototypes is going on.

Fig. 2: View of the construction site in December
1998. The roof is half closed. Details of the wooden
construction are visible in the upper part.

From the injection and extraction elements, only the
storage ring kickers with their pulser will be realized
externally. At the end of this year, the call for tender
was still in course, with a deadline of February 5th
1999. For the three septa (booster injection, booster
extraction and storage ring injection) a common solu-
tion was adopted which facilitates an internal realiza-
tion of the elements. A prototype septum was con-
structed in house. An extensive optimization of stray
field suppression was performed and extraordinary
good results were achieved. This is particular impor-
tant in view of the top-up injection mode.

For the booster injection and extraction kickers, the
result of the call for tender was negative and therefore
also a PSI internal realization was adopted.



The orders for all magnets (altogether more than 500)
were placed. The first prototypes of the booster
bending magnets arrived before the end of 1998 in
order to be tested at PSI. After detailed tests and
measurements of the prototypes by the PSI, the re-
lease for series production will be given.

Support systems for the booster magnets and girders
for the storage ring magnets were developed in
house. The prototype girder was delivered at the end
of 1998 (Fig. 3). Extensive test and measurements
were performed in order to explore the deformation
with and without load and to measure the pattern of
eigenfrequencies. The prototype satisfactory fulfills all
the requirements.

The contract of the RF systems for booster and stor-
age ring was divided into three lots, for the cavities,
the klystrons and the klystron supplies. All orders
were placed. Since the RF elements have already
proved their functionality in other machines, no proto-
type will be constructed in this case.

For all beamlines, the layouts are defined and the
concepts of the insertion devices have been devel-
oped. Front-end design is completed for the Material
Science and the Protein Crystallography Beamlines.
The test of a photon absorber started at the end of
1998. The development of a monochromator for the
Material Science Beamline was started in collabora-
tion with HASYLAB. The specifications of the detec-
tors are pursued in close contact with the users. First
tests of a pixel detector and of strip line detectors
were performed.

SUMMARY

The schedule of the SLS experienced no delays. The
beginning of test operation for the linear accelerator is
intended for the end of 1998, followed by the booster
synchrotron in July 2000 and the storage ring in the
first quarter of 2001. Start of the experiments is
planned for August 2001.

The orders for all time-critical components of the ac-
celerators were placed. Prototypes were constructed
in-house whenever doubt on performance issues
came up. This regards the crotch chamber with the
new concept of a water-cooled copper absorber
forming part of the beam vacuum chamber and the
septum magnet with a significantly reduced stray field.
Prototypes of externally realized components were
arriving for the storage-ring magnet girder and the
booster combined-function magnets.

There is a time shift of about one year between the
realization of the accelerators and the beamlines. Call
for tenders for beamline components will start at the
beginning of 1999.

For all critical developments on the machine or the
beamline sector, collaborations with other institutes
were established. The SLS is embedded in a series of
contracts stipulated by the ETH-Rat, which are the
Tripartite Agreement with SOLEIL (F) and DIAMOND
(GB), a Collaboration Agreement with NSLS, ALS and
APS (all US) and a Memorandum of Understanding
with SPRING-8 from Japan. In addition, very good
contacts on the project level could be established with
ESRF (EU), DESY (G) and ELETTRA (I).

Fig. 3: Before series production of the girders can
start, detailed test measurements have to be per-
formed on the prototypes.



THE SLS STORAGE RING

L Rivkin (PSI)

The SLS storage ring represents a state of the art, optimized third generation synchrotron light source that
should provide very high-brightness photon beams with energies well into the hard X-ray region. Present
status of the SLS Storage Ring design and implementation is given.

DESIGN GOALS

In order to achieve the high brightness goals over a
wide range of photon energies, the storage ring de-
sign has been optimized to insure the lowest beam
emittance at the design energy of 2.4 GeV for a given
ring size (costs).

We aim for an electron-beam-position stability of bet-
ter than 10% of the rms beam size. The design beam
lifetime is greater than 10 hours. It should be possible
to accommodate small-gap (a few mm) insertion
devices while maintaining the above mentioned per-
formance.

The main parameters of the storage ring are summa-
rized in the table below.

Design energy

Design current (multibunch)

Single bunch current

Circumference

Equilibrium emittance

Emittance coupling

Energy spread

Bunch length

2.4 GeV

400 mA

10 mA

288 m

4.8 nm rad

1%

0.09%

4 mm

Straight sections: 3x11 m, 3 x 7 m, 6 x 4 m

RING LATTICE

The ring lattice consists of 12 Triple Bend Achromat
(TBA) arcs, separated by straight sections for inser-
tion devices, injection and RF cavities. In the basic
lattice mode, the straight sections are dispersion free
(thus the name achromat). The layout has three-fold
superperiodicity. The magnets arrangement for one
achromat is shown in Fig. 1.

An alternative lattice mode with non-zero dispersion in
the straights would be able to achieve an effective
beam emittance of 4.1 nm rad.

Low emittance lattices require strong focusing quad-
rupoles, resulting in high chromatic aberrations, or
high chromaticity. Strong sextupoles have to be in-
troduced to correct the chromaticity. Dynamic aperture
optimization results in a correction scheme that relies
on cancellation of large non-linearities due to the
sextupoles. Precise knowledge and tuning of the lin-
ear optics of the real machine are necessary to
achieve the SLS design goals.

MAGNETS AND GIRDERS

Magnetic elements

The magnetic guide field for bending and focusing the
2.4 GeV electrons is provided by 36 dipole and
174 quadrupole magnets. Chromaticity correction will
be accomplished with the help of 120 sextupole mag-
nets, half of them having additional horizontal and
vertical dipole windings for the closed-orbit correction.

All of the storage ring magnets have been ordered
and the prototype magnets delivery is scheduled for
the spring of 1999.

Girders

The quadruples and sextupoles in each achromat
will be supported by 4 straight girders. The 3 dipole
magnets will form the connecting bridges from one
girder to the next.

Fig. 1: Magnets arrangement in one TBA arc. Fig. 2: Prototype girder.



The individual elements on the girder are pre-aligned
to better than 30 urn. The mounting of the magnets
and BPMs on the girder is realized with the help of
precision grooves in the girder and in the supports of
the individual elements. This will allow for fast instal-
lation of the pre-assembled girders into the ring tun-
nel.

The prototype girder has been delivered to PSI (see
Fig. 2). The delivery of all of the girders is planned for
the summer of 1999.

Alignment issues

The final ring alignment is done with the help of girder
movers that are equipped with DC motors. The verti-
cal alignment of the girders is monitored by a Hydro-
static Leveling System (HLS) that consists of cylindri-
cal pots half filled with water and connected together
around the ring, thus forming a single water level.

First prototype for the HLS system is shown in Fig. 3.
Manufacturing of the first series of these pots to be
used for long term tests is in progress.

Horizontal position of the girders with respect to each
other will be monitored with the help of linear encod-
ers.

A similar system will be used to monitor the position of
the BPMs with the respect to the adjacent quadrupole
magnets.

VACUUM SYSTEM

The contribution to the beam lifetime due to scattering
of the beam electrons on the residual gas has to be in
the range of 10 hours at an electron energy of
2.4 GeV and a beam current of 400 mA. This implies
an average pressure of 1 nTorr for the SLS vacuum
system. It is especially important for the design of the
vacuum system that this pressure will be reached
after a short operation time. In addition, to prevent the
blow-up of the beam energy spread, the impedance
that the chamber presents to the beam has to be
minimized.

To achieve these goals, the vacuum system has been
designed so that the total photon flux will be inter-
cepted only on lumped absorbers. The electron chan-
nel has the same cross section in all vacuum cham-
bers and has a keyhole profile (see Fig. 4). The syn-
chrotron radiation exits through the gap (10 mm) be-
tween the electron channel and the antechamber and
hits the discrete photon absorbers located there.

quadrupole shape

Fig. 3: Hydrostatic leveling system prototype.

Fig. 4: Vacuum chamber cross section.

To further reduce the chamber impedance, the num-
ber of bellows in the system is minimized. Each vac-
uum sector, consisting of 4 straight chambers and
three curved dipole chambers, will be 18 m long and
will be made of 3 mm thick stainless steel 316 LN.
The absorbers will be made of copper and will have
direct water cooling. The entire vacuum chamber has
been ordered.

RF SYSTEM

The storage ring RF system consists of four single-cell
500 MHz RF cavities that are individually powered by
150 kW klystrons. The accelerating cavities restore
the energy the particles lose every turn via synchro-
tron radiation. The maximum achievable RF voltage is
2.6 MV providing an energy acceptance of up to
±4 %. In order to avoid coupled-bunch instabilities
caused by Higher Order Modes (HOM), both the cav-
ity temperature and mechanical shape can be finely
tuned. The turn-key RF system has been ordered.



POWER SUPPLIES

Storage ring dipoles will be connected in series and
powered by a single power supply. Quadrupole mag-
nets will be powered individually and the sextupoles
are arranged into 9 families. All of the power supplies
will have digital controllers: a joint development of PSI
and an external firm. The corrector power supplies will
have sufficiently high bandwidth and resolution to
satisfy the requirements of the fast global-orbit
feedback.

BEAM DIAGNOSTICS

The SLS beam instrumentation has been designed to
allow timely commissioning of the machine, assure
tight stability requirements and to insure that the de-
sign goals are met while minimizing the downtime.

Beam Position Monitors (BPMs) are being built to
provide closed-orbit measurement with micron preci-
sion, as well as to deliver beam position information
every turn for several thousand turns. The BPM solid
stainless steel blocks are supported directly by the
girders. Their position relative to the adjacent mag-
nets is monitored using photosensors with sub-micron
precision.

A synchrotron radiation beamline (see Fig. 5) based
on a bending magnet and using X-ray optics (in col-
laboration with the Micro- and Nanostructures Lab),
will be used for the transverse and longitudinal beam
profiles measurements. In addition, several bending
magnet ports will be equipped with mirrors (modified
absorbers) and TV cameras to use the visible part of
the synchrotron radiation spectrum for beam imaging.
These monitors will speed-up the commissioning and
turn-on operational procedures.

\
CCD camera

X-ray source Zone plate Source image

Fig. 5: X-ray imaging beam monitor.

A parametric current transformer will be used for the
beam current high resolution (0.5 uA) measurements
over a large dynamic range (>107).

The storage ring tune will be measured with the help
of the fast turn-by-turn BPM electronics and a mul-
tibunch feedback kicker.

Beam scrapers will be installed in the dispersive sec-
tion for energy spread measurements, as well as in
the dispersion-free straight section for dynamic aper-
ture measurements.

INJECTION

One of the long straight sections in the storage ring is
dedicated to injection. Four kicker magnets are used
to create a 15 mm fully closed symmetric bump of the
stored beam orbit towards the septum.

Top up injection is being planned to fight lifetime limi-
tations. The septum stray field that would perturb the
stored beam during the injection process has been
minimized in the present design. A prototype septum
has been built and tested (see Fig. 6).

Fig. 6: Septum magnet prototype.

CONTROL SYSTEM

The SLS control system is taking advantage of the
world-wide EPICS collaboration and utilizes the EP-
ICS tool kit. The control system is being developed
under the LINUX operating system on PCs. All new
software development uses platform-independent
tools like Java and Tel. The high level applications
development environment should allow for easy
scripting and fast prototyping by the control system
users.

Database development has been started and will pro-
vide the integration of essential commissioning tools
integration like the on-line model, save and restore
utility, all the relevant magnets and power supplies
calibration data and correlation facilities.
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THE SLS BOOSTER SYNCHROTRON

W. Joho (PSI)

The main features of the booster synchrotron are summarized and progress during the last year is re-
ported.

INTRODUCTION

The concept of the booster synchrotron was pre-
sented in June 1998 at the European Particle Con-
ference EPAC98 in Stockholm [1]. Thus only a short
description of the main booster features is given
here.

BASIC FEATURES

To fill the storage ring with electrons one needs an
efficient full energy injector. The most economic so-
lution is to build for this purpose a 100 MeV Linac
and a 2.4 GeV booster synchrotron.

What's New?

The traditional approach is to construct a compact
booster with a so called "separated function lattice".
This requires a special tunnel or even a separate
building for the booster. We decided to put the
booster into the same tunnel as the storage ring. The
large available circumference of 270 m was used to
construct a modified "FODO-lattice" with many small
combined function magnets. This design leads to
some distinct advantages:

Advantages of SLS booster concept

• very low emittance (7 nm at 2.4 GeV)

=> clean injection into the storage ring

• compact magnets with low magnetic fields

=> low power consumption

=> low stored energy (<30 kJ)

=> simple vacuum chamber

• flexible repetition rate and field ramping B(t)

=> ideal for top-up injection

=> normal filling at 3 Hz takes 3 min.

=> operation as DC-storage ring up to 7 GeV

• dispersionless straight sections

=> good for RF cavity and injection from Linac

• simple transferline between booster and ring

• substantial saving of building and shielding costs

Below is a table of the relevant booster parameter.

Table 1: SLS Booster Parameters

Reference extraction energy

Reference injection energy

Circumference

Lattice

Harmonic number

RF frequency

Peak RF voltage

Maximum current

Maximum rep. rate

Tunes Qx Qy

Chromaticities Cx, Cy

[uncorrected]

Momentum compaction factor

2.4 GeV

0.1 GeV

270 m = 3-90 m

FODO with 3
straights of 8.68 m

450 = 15*30

500 MHz

0.5 MV

12 mA

3 Hz

(12.41, 8.38)

(-14, -12)

0.005

values at 2.4 GeV

Emittance

Radiation loss

Energy spread [r.m.s]

Partition numbers (x,y,e)

Damping times (x,y,e) [ms]

7 nm rad

233 keV/turn

0.075 %

(1.7,1,1.3)

(11, 19, 14)

The chosen repetition rate of 3 Hz is a compromise:

• A fast repetition rate allows a fast filling of the
storage ring.

• A slow repetition rate limits the maximum induced
voltage to less than 500 V versus ground, even
with all combined function magnets connected in
series. In addition, it reduces the eddy currents
induced in the vacuum chamber, which lowers the
corresponding sextupole corrections.



• There is however no free lunch! The price we
have to pay for this concept is some restrictions in
the access to the accelerator tunnel and the rela-
tively large number of (small size) components,
listed below:

• 237 magnets:

93 combined function magnets

18 quadrupoles

18 sextupoles

108 correctors

• 2 kicker magnets

• 2 septum magnets

• 1 RF cavity

• 67 vacuum chamber sections

• 97 ion sputter pumps

• 54 beam position monitors

• 3 synchrotron radiation monitors

• 5 optical transition radiation screens

STATUS OF HARDWARE FABRICATION

Most major booster components have been ordered
with a commitment of about 4.5 MCHF in 1998.

The booster contains 237 magnets, and all have
been ordered in summer 1998. The first prototypes of
the combined-function magnets BD and BF arrived in
December 1998 from DANFYSIK in Denmark. Shown
in Fig. 1 is the magnet BF on the magnet measuring
bench at PSI. The preliminary results look promising.
45 magnets of this type will be installed in the
booster.

The magnets will be mounted on consoles at the
inner wall of the ring tunnel. These consoles will be
supplied by the general contractor of the building.

The common power supply for the cycling of the
magnets BD and BF is based on a clever switch
mode circuit with an electrolytic capacitor bank as an
energy buffer. It allows a flexible repetition rate up to
3 Hz. It is being assembled at PSI and is described in
a separate paper of this annex [2].

The RF cavity and the corresponding transmitter and
klystron were ordered in spring 1998.

The orders for the stainless steel vacuum chamber
and the beam position monitors went out in Septem-
ber 1998.

The only major components which have not been
ordered yet are the kickers and septa for injection
and extraction in the booster. Due to a lack of suit-
able offers from industry it has been decided to build
these items in-house at PSI.

Fig. 1: Combined function magnet BF.

This magnet weighs 180 kg and is 1m long, 150 mm
wide and 170 mm high. The magnet gap is 26 mm.

TRANSFERLINES

The booster is connected with the Linac and the
storage ring by the two transferlines LTB and BTR.
These lines are 15 m resp. 20 m long. Although their
design is relatively straightforward, a lot of technical
details have to be sorted out.

For the 100 MeV LTB line from Linac To Booster we
could purchase from the NIKHEF laboratory in Am-
sterdam 12 used quadrupoles at a discount price.

In order to commission and tune the Linac beam,
while the booster is being assembled, a separate
beamline with a beam-dump is constructed inside the
Linac bunker.

In the 2.4 GeV BTS line from Booster To Storage
Ring, we can use the same type of quadrupoles as in
the booster, resulting in a corresponding cost reduc-
tion.
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BEAM LIFETIME IN THE SLS STORAGE RING

A. Streun

Beam lifetime in SLS is limited by Touschek effect and residual gas scattering. Tracking calculations pre-
dict half life times of approx. 7.5 hrs without and 4.5 hrs with mini gap insertion devices for the lattice op-
erating at 2.4 GeV, 0.2 % emittance coupling and 1 mA/bunch beam current.

The lifetime of the electron beam in the SLS storage
ring will be dominated by two processes:

• Touschek scattering is defined as a collision of
two electrons inside a bunch with transfer of
transverse momentum to longitudinal momentum.
If the change of longitudinal momentum exceeds
the momentum acceptance (MA) of the storage
ring, both particles get lost. Since the probability
of collisions increases with electron density in the
bunch, high-brightness synchrotron light sources
like SLS operating at low emittances and large
beam current are usually lifetime limited from
Touschek scattering.

• Gas scattering is defined as the interaction of the
circulating electrons with residual gas molecules.
It is dominated by elastic and inelastic scattering
of electrons on nuclei. Due to elastic scattering,
the electron experiences a transverse kick such
that it may hit the vacuum chamber. Inelastic
scattering (brems-strahlung) leads to a loss of
momentum, possibly exceeding the machine's ac-
ceptance like in Touschek scattering.

Both processes will be aggravated by the proposed
installation of undulators and wigglers of only 4 mm
full gap height restricting the vertical acceptance.

TOUSCHEK SCATTERING

High electron density in the bunch as required for
high brightness increases the probability for scatter-
ing processes. Scattered electrons, however, will
remain bounded and return to the bunch core
through radiation damping if the machine's MA is
sufficiently large to cover their momentum deviations.
The relevant MA is the minimum of the MA provided
by the accelerating radiofrequency (RF) system and
of the lattice's MA: Momentum changes couple
through dispersion to the horizontal and through
magnet misalignments to the vertical betatron mo-
tions. Scattering probability and lattice MA depend on
the local parameters of the beam optics whereas the
RF MA is almost constant along the lattice. During
development of the SLS lattice, great effort was put
on increasing the lattice MA, i.e. on providing dy-
namic transverse acceptances exceeding the physi-
cal acceptances given by the vacuum chamber over
a wide range of momenta [1]. Sophisticated closed
orbit and coupling correction schemes were elabo-
rated to maintain the large acceptance in the pres-
ence of inevitable magnet and BPM alignment er-
rors [2]. Finally, the storage ring lattice in different

optics modes provides ±5...6% of effective MA [3].
The RF system [4] provides ±3.9 % MA with 2.6 MV
accelerating voltage. Fig. 1 shows the local MA in
comparison to the RF MA and the local Touschek
lifetimes. The total Touschek lifetime is calculated by
averaging over the lattice and is calculated to be
10 hrs. for the case shown in Fig. 1.

Fig. 1: Local positive (solid), negative (dotted) and
RF (straight solid line) MA and local Touschek life-
times for 1/6 of the SLS lattice (magnet line-up at
top). Parameters: D2A optics [5], beam energy 2.4
GeV, bunch charge 1 nCb, no misalignments,
(artificial) emittance coupling K = 0.2 %, Ap/p resolu-
tion 0.01 %.

Treatment of ideal lattices [3] had to assume an arti-
ficial coupling value since the flat lattice of the stor-
age ring would not generate any vertical emittance.
In a real machine, however, magnet misalignments
lead to coupling between horizontal and vertical
planes and to vertical dispersion. Both effects gen-
erate vertical emittance, as expressed by the cou-
pling constant K. Furthermore, excitation of coupling
resonances may lead to vertical excursions of scat-
tered electrons and to subsequent losses at the verti-
cal aperture of the mini gap devices.

Tracking calculations for determining coupling factors
and Touschek lifetimes were done for different inser-
tion gap heights. The error scenario included hori-
zontal and vertical misalignment of 300 u.m for the
magnet girders, 100 |im for the connections between
adjacent girders and 50 p.m for the magnets and
BPMs relative to the girder, roll errors were 25 u.rad
for the girders and 100|j.rad for the magnets and
BPMs (r.m.s. values, cut at 2a). 50 seeds were
tracked, 43 survived (i.e. found a closed orbit). The
closed-orbit correction based on the SVD algorithm
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centered the orbit in the sextupoles [2], however,
neither threading of lost orbits nor dedicated coupling
control was yet applied. Narrow gaps over a length of
2 m were set in all six short straight sections. An
example result is displayed in Fig.2: Without ID the
lifetime is dominated by the RF, after introducing the
IDs for some seeds coupled motion leads to a signifi-
cant droop of the lattice MA.

an average K = 0.2 % for comparison1. The Touschek
effect dominates the beam lifetime for all gap heights.
The momentum-acceptance limitation from RF domi-
nates only without IDs, thus increasing the RF
voltage [1] would not help much to improve lifetime
with minigap IDs. Bunch lengthening by a higher
harmonic cavity probably is the only way to increase
beam lifetime [7].

No Insertion Device Mini gop Insertion 30

0.00 0.02 0.04 0.06 0.08
sqrt(kappa)

Lattice normalized lifetime

0.00 0.02 0.04 0.06 0.08
sqrt(koppa)

Total normalized lifetime

0 100200300400 500600700
TJottice/sqrt(koppo) [h]

0 50 100 150 200
T_total/sqrt(koppa) [h]

Fig. 2: Touschek lifetime for the SLS lattice without
and with mini gap IDs of 4 mm full gap height. Top:
Lifetime results vs. coupling using only lattice MA (+),
only RF MA (x) or both (0) without (left) and with
minigap IDs (right). Bottom: Distribution of normal-
ized lifetimes without (dotted) and with ID (solid) us-
ing only lattice MA (left) or lattice and RF MA (right).

GAS SCATTERING

The cross section for electron losses after elastic gas
scattering depends on the minimum transverse
acceptance and on the vacuum conditions [6]. The
vertical acceptance limitation from a mini-gap ID is
given by the ratio of half gap square to betafunction
at entry or exit of the ID. The minimum beta achiev-
able at that location is equal to the ID length. As-
suming an ID length of 2 m, the D2A lattice providing
py=2.2 m is almost optimal. The residual gas pres-
sure assumed for the calculations was 1 nTorr of
carbon monoxide (Z = 7, 2 atoms/molecule). Results
obtained from the code ZAP [6] are shown in Fig. 3.

BEAM LIFETIME

Fig. 3 shows gas scattering and Touschek lifetime as
functions of the insertions' full gap height. Coupling
parameters obtained from different seeds varied
within one order of magnitude, K = 0.05 % ... 0.5 %.
Thus, Touschek lifetime results were normalized to

5 10 15
Full gap height [mm]

Fig. 3: SLS Beam lifetime. Dotted: Touschek Lifetime
(average) for lattice (+), RF (X) and combined (*•) MA
limitations. Dashed: Gas scattering lifetime. Solid:
Total lifetime (Touschek and total lifetime are de-
fined as current decay to 16, gas scattering lifetime to
1/e.)
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POSSIBLE UPGRADING OF THE SLS RF SYSTEM FOR IMPROVING THE BEAM
LIFETIME

P. Marchand (PSI)

INTRODUCTION

The RF system which was adopted for the SLS start-
ing phase is described in more details in [1]. For the
Storage Ring (SR), it consists of four 500 MHz plants,
each comprising a normal conducting (nc) single cell
cavity of the ELETTRA type, powered with a 150 kW
CW klystron amplifier via a WR1800 waveguide line.
This quite conventional system should be capable to
fulfill the SLS nominal requirements:

• restore the 240 kW of power radiated by the beam
at 2.4 GeV with a current of 0.4 A;

• generate the RF voltage of 2.4 MV necessary to
achieve ± 3.5 % of energy acceptance.

In order to further improve the beam lifetime - which is
dominated by Touschek scattering - in the SR when
operating at very high brightness, we could upgrade
the initial RF system by following two approaches [2]:
either by increasing the RF energy acceptance by
doubling the 500 MHz voltage or by lengthening the
bunches using a 3rd harmonic system. Both schemes
could be advantageously realized by complementing
the initial nc system with idle (only beam powered)
"HOM free" superconducting (sc) cavities. Computer
simulations indicated that the latter solution would be
more efficient for our purpose, enhancing the beam
lifetime by a factor of about four. This is therefore the
approach presently investigated.

THE HYBRID "POWERED NC AND IDLE SC"
RF SYSTEM

The basic idea is to separate the functions of the two
RF systems in order to optimize their respective per-
formance: the nc system supplies the power for re-
storing the losses per turn; the beam-driven sc system
only contributes to the potential well.

Beam induced voltage in an idle cavity

Beam induced voltage and power loss in an idle cavity
- when excited sufficiently far from resonance
(Sf » fr/ Q) - are given by:

V=lb(R/Q)f r /8f and Pb = V2 /(2R),

where R, Q, fr are the cavity shunt impedance, quality
factor, resonant frequency and 8f = hfo-fr, the detun-
ing; h, f0, lb are the harmonic number, the revolution
frequency and the beam current.

A sc cavity with its very high Q is an ideal component
for making use of the induced voltage while keeping
the beam energy losses at negligible level : assuming
a typical R/Q value of 50 Q and the SLS nominal
current (lb = 0.4 A), one finds that 2.6 MV are induced

when the cavity is detuned by about 4 kHz at
500 MHz. This amount of detuning which corresponds
to several thousands of the sc cavity bandwidth well
fulfills the required condition Sf » f r /Q and it remains
much smaller than the revolution frequency. The in-
duced voltage could be easily maintained even at
much lower current by controlling the detuning, still
within the previous limits. The beam power lost into
the sc cavity, equal to the wall dissipation (~ 50 W), is
negligible as compared to the radiation losses. The
above results also apply to a harmonic cavity.

Increase of the energy acceptance using a
500 MHz idle sc cavity

If one combines the initial 500 MHz nc system with an
idle sc cavity of same frequency and voltage
(Vso = Vno = 2.6 MV), one gets for the overall RF volt-
age an amplitude of 5.2 MV and a synchronous phase
<|)s of 6.5°. As compared to the situation with only the
nc system, this corresponds to an enhancement factor
of 1.6 in energy acceptance (from ± 3.7 % up to
± 5.8 %). Concurrently, since the sc cavity is detuned
such as to produce additional focusing, the bunches
are shortened by a factor 1.4. Taking into account
both effects, the Touschek lifetime is theoretically
improved by a factor of three. Recent computer
simulations however, showed that the lattice accep-
tance was significantly reduced with the introduction
of mini-gap undulators, limiting the actual efficiency of
this method well below the previous expectation [3].

Concerning the Robinson's stability criterions for syn-
chrotron oscillations, the presence of the idle sc cavity
is beneficial since it reinforces the oscillation-damping
strength while keeping the instability current threshold
unchanged [2].

During the injection, the RF voltage in the sc cavity
will build up with the current and the induced tran-
sients should always remain quite tolerable. Note that
during the injection the detuning of the sc cavity is a
free parameter that can be set at will. In the storage
regime, the RF voltage of the sc cavity is controllable
via its frequency tuning system. For the operation
modes, where the lifetime is less critical, the presence
of the sc cavity should permit to save a significant
amount of the power dissipated in the nc cavities by
operating them at reduced voltage and larger syn-
chronous phase.
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Lengthening of the bunches using a third har-
monic idle sc cavity

An alternative method of improving the beam lifetime
consists in producing longer bunches with less den-
sity. Again, this could be advantageously realized
using a hybrid system as described before but with a
higher harmonic cavity detuned in the other direction
(de-focusing case). Fig. 1 shows the RF voltages (nc,
sc and nc+sc) versus phase, as well as the corre-
sponding computed RF buckets and bunch profiles, in
the SLS case with a 3rd harmonic (1.5 GHz) idle sc
cavity.
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\

-150 -100 -50 0 50 100 150 200

I/I.
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0.81

0.61

0.4 \
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Fig. 1: Normalized RF voltages (nc, sc, nc+sc) vs
phase, RF buckets and bunch profiles (nc, nc+sc) for
Vno = 2.6 MV, Vsc = 0.8 MV and f., = 3.fnc = 1.5 GHz.

The beam induced voltage of about 0.8 MV, required
to have a quasi-zero slope over the phase domain
covered by the bunch, is obtained with a detuning of
36 kHz (for R/Q = 50 Q. and lb = 0.4 A, as before). One
finds that the bunches are lengthened by a factor of

about four (cz~4.azo = 15 mm) while the energy ac-
ceptance is nearly unaffected as compared to the
single nc system. Consequently, the Touschek lifetime
should also be improved by a factor of four.

Concerning the Robinson stability, the condition is
more delicate than in the focusing case since the
harmonic sc cavity is now detuned such that it con-
tributes to anti-damping. The computation of the os-
cillation growth (or damping) rates showed that the
stability condition is largely fulfilled with full stored
beam current since the sc cavity is then detuned far
from the first satellites of the synchrotron frequency. If
one wants to maintain the same voltage at reduced
beam current, instabilities (- 0.1 A) could theoretically
occur when exciting a satellite of the synchrotron
frequency exactly in resonance. On the other hand,
this is easily avoidable. It is sufficient to change the
frequency of the sc cavity - which naturally has an
extremely narrow bandwidth - by a fraction of a kHz it
is sufficient to re-established stable conditions without
affecting too much the operating parameters.

Using two cavities instead of a single one (see next
section) should extend the operating beam current
range down to a few tens of a mA.

DISCUSSION OF THE UPGRADING ALTERNA-
TIVES

The previous results indicate that, in order to improve
the beam lifetime of the SLS, the bunch lengthening
technique is more efficient than increasing the funda-
mental RF voltage. With the former solution, an en-
hancement of the beam lifetime by a factor of about
four is anticipated. Moreover, one can expect a sig-
nificant amount of Laudau damping - due to the non-
linearity of the RF waveform - which should help in
fighting the coupled-bunch instabilities. Another bene-
fit is that the resulting decrease in peak current should
raise the threshold for single-bunch instabilities. Note
also that the harmonic cavity could easily be detuned
in the other direction, shortening the bunches by
about a factor of 1.5, if wished.
Different possible versions of harmonic systems were
considered and compared. This is summarized in
Table 1 which shows typical operating parameters for
an idle sc system using one or two cavities and for a
nc alternative.

Although the required level of performance is fully
compatible with the use of a single sc cavity, adding a
second one presents significant advantages:

• lower accelerating gradient and cryogenic losses
for the same total voltage;

• higher voltage capability;
• extension of the operating beam current range

down to lower values (doubled detuning for the
same voltage and current);

• possibility of applying the two-cavity HOM damping
technique developed for SOLEIL (at 350 MHz) [4].
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The SOLEIL design consists of a pair of sc cavities
with the HOM damped by means of coaxial couplers,
located on the tube in between the two cavities. Fol-
lowing this approach, the space requirement and in-
vestment cost should remain quite comparable with
equivalent systems based on a single cavity [5].

Idle harmonic nc cavities are being operated (or
planned) at other laboratories [6,7]. For our purpose,
this solution would require about ten cavities in order
to keep the power to be restored by the main RF sys-
tem at a reasonable level (~ 40 kW) and to ensure the
stability within a range 100 < lb < 400 mA [2]. Moreo-
ver, making this system "invisible" for the beam would
require an unpractical amount of detuning.

All the above considerations led us to favor the idle sc
version based on the SOLEIL two-cavity design,
"scaled down to 1.5 GHz".

CONCLUSIONS

In order to further improve the beam lifetime in the
SLS SR when operating at very high brightness, two
approaches have been considered: either increasing
the energy acceptance by doubling the 500 MHz volt-
age or lengthening the bunches by using a
3rd harmonic system. Both schemes could be advan-
tageously realized by complementing the initial nc
system with idle (only-beam-powered) sc cavities.
Such a hybrid "powered nc and idle sc" system ap-
peared to be particularly flexible and easy to control.
Moreover, the difficulties are naturally eliminated
which are related to the transmission of large power
through the sc cavities with the associated technologi-
cal and operational problems.

Computer simulations indicate that the bunch length-
ening option would be more efficient, improving the
beam lifetime by a factor of about four. This is the
approach presently investigated and amongst the
possible variants of such a system, the favored one is
an idle sc version based on the SOLEIL two-cavity
design, "scaled down to 1.5 GHz". This solution is well
suited to provide the necessary damping of the para-
sitic HOM impedances and moreover leads to a quite
good compromise in terms of reliability, flexibility,
space requirement as well as investment and opera-
tional costs.

f.[GHz]

Q
V[MV]

E [MV/m]
PJW]
UA]

(j)s [degree]
8f [kHz]

«w[%]
az [mm]
fJkHz]

idle sc system
1.5

1 2
10x109 40x109

2x108 4x108

0.85 0.85
8.5 4.25
40 10
0.4 0.4
- 0 ~0
35.5 71

3.65
15
2.2

idle nc system
1.5
10

10x106

1.5x10"
0.85
0.85

36 000 *
0.4
6

470
3.45
15
2.2

Tab. 1: nc and sc versions of 3rd harmonic idle RF
system for bunch lengthening (* power to be restored
by the 500 MHz system : A<|)s = 2°).
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TRANSVERSE STABILIZATION OF THE SLS BEAM

M. Boge (PSI)

Experiments at the SLS require a highly stabilized photon beam spot. The goal is to reduce the residual
rms beam jitter to 1/10th of the electron beam sigmas which corresponds to 1 \im in the vertical plane and
10 \im in the horizontal plane assuming an emittance coupling of 1 %. The fact that ground motion ampli-
fied by girder resonances and finally the SLS machine optics can lead to orbit oscillations with amplitudes
of up to 15 nm and rms values of 5 \im makes it necessary to introduce a fast orbit feedback system which
attenuates the jitter to the desired limit. In the following, the concept for the envisaged feedback is
outlined. Not covered are static orbit corrections which do not require a dedicated feedback system.

ORBIT STABILITY

The initial orbit stability is determined by three factors:

• The ground motion spectrum

• The girder response

• The orbit response

Measurements of the ground-motion spectrum [1]
indicate that the amplitudes are well below 100 nm
except for a 27 Hz/300 nm peak which could not be
reproduced in recent measurements [2]. Assuming a
girder response factor of ten for certain eigenmodes,
the maximum excursion of the elements on the girder
is determined to be 1 p.m. Taking into account simula-
tion results for the corresponding orbit response, orbit
excursions of up to 15 |im and rms values of 5 p.m at
the location of the experiments are expected for the
horizontal and vertical plane. This corresponds to 5 %
of the vertical beam sigma for an emittance coupling
of 1 %. It should be noted that this coupling factor is
somehow arbitrary in the sense that much smaller
coupling ratios are achievable utilizing a proper cou-
pling compensation of the lattice [3]. The lower limit is
defined mainly by requesting a tolerable Touschek
lifetime [4].

in the following, it will be shown that a fast orbit feed-
back is capable of attenuating the residual oscillations
such that the requirements from the experiments are
fulfilled.

FAST ORBIT FEEDBACK

Generally speaking, an orbit feedback detects the
orbit oscillations induced by incoming ground waves
using the beam position monitors around the ring. A
lattice-dependent, well known correlation between
monitors and corrector magnets is then used to fight
the oscillation, (see subsection "Theoretical Con-
cepts"). No information on amplitude, frequency, and
phase of the distortion is needed for the correction. If
the noise source would be exactly known a feed for-
ward would be much more appropriate and much
easier to implement. There are two different ap-
proaches to implement a feedback. Firstly, it could be
tried to minimize orbit variations at each experiment
individually, involving only correctors around the in-
sertion device. This would have the main disadvan-

tage that a non locality of the correction would lead to
a crosstalk between the local feedbacks which could
be extremely difficult to control. A much better alter-
native represents a global orbit feedback which tries
to minimize the orbit variations at all experiments at
the same time. Following this argumentation, a global
orbit feedback will be adopted at SLS.

Theoretical Concepts

The correlation between correctors and monitors for
the linear optics is established by superimposing the
monitor reading pattern for every single corrector. The
horizontal and vertical planes are treated independ-
ently, assuming a small betatron coupling. The coeffi-
cients of the two resulting correlation matrices, also
called response matrices, can be derived analytically
from the machine model or from orbit measurements
in the real machine. In the SLS storage ring, these
matrices have a dimension of 72x72 corresponding to
the 72 correctors per plane built into sextupoles and
72 monitors adjacent to the corresponding sextupoles.
To turn this into a correction algorithm, it is necessary
to invert the matrices in order to get the corrector
pattern as a function of a given monitor pattern. If the
correlation matrix is a quadratic n x n matrix and has n
independent eigenvectors this is easy to do and one
gets a unique solution for the problem. In reality, it is
often necessary to reduce the number of correctors
and monitors so that the matrix is no longer quadratic
and the solution is no longer unique.

A very flexible way to handle these scenarios offers
the SVD (Singular Value Decomposition) algo-
rithm [5]. The numerically very robust method mini-
mizes the rms orbit and the rms orbit kick at the same
time if the number of correctors is larger than the
number of monitors and the rms orbit in the reverse
case. The upper plot in Fig. 1 depicts the 72x72 cor-
relation matrix for the vertical plane as derived from
the machine model. It should be noted that the coeffi-
cients of the matrix are highly correlated. As a result
the inverse matrix in Fig. 1 has the remarkable prop-
erty that only the diagonal and their adjacent coeffi-
cients have significant values. In spite of the fact that
the matrix contains the global correlation information
of all correctors and monitors the matrix contains lo-
cality. Thus, for a given corrector only adjacent moni-
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tors determine its value. This fact has a direct influ-
ence on the implementation of the feedback.

vertical matrix coeflicii

Fig. 1: The upper plot depicts the response matrix for
the vertical plane. The lower plot shows the corre-
sponding inverse of the matrix.

Implementation

The SLS storage ring is partitioned in 12 sectors cov-
ering 6 monitors and 6 correctors for each plane. Cor-
responding submatrices of the inverse response ma-
trix are distributed to the sectors in order to determine
their corrector settings based on their monitor
readings. Obviously, there must be the possibility to
get monitor and matrix information from the adjacent
sectors to cover correctors close to the edges of a
sector. This can be implemented by means of dedi-
cated links between adjacent sectors. The result is a
"leap frog" like link structure around the machine.
Fig. 2 shows a schematic view of the feedback struc-
ture. A central unit "SVD Engine" performs the SVD
based response matrix inversion and distributes the
submatrices. All subsequent matrix operations are
then performed by the individual sectors in parallel.
Only if the corrector-monitor structure changes, the
inverted matrix has to be recalculated by the "SVD
engine". This solution requires local intelligence within
the sectors. The necessary computing power is deliv-
ered by special signal processor boards [6] which are

integral part of the proposed digital BPM system [7].
The link structure is based on a protocol free unidirec-
tional data connections transferring data at a rate of
40 Mb/sec.

Fast Link 40Mb/s

laspense Matrix i
theoretical

c ' measured

|A-L(=; Subraatrices of A "

= Signal Processors
= SVD Engine

Fig. 2: Schematic view of the fast orbit feedback.

Based on the previously discussed model a simulation
of the feedback loop has been performed in order to
determine the detailed specifications for the feedback.
It has been found [8] that the feedback has to operate
with a sampling rate of 4 kHz/sec in order to provide a
-20 dB orbit noise attenuation at 90 Hz. The BPM
noise should be not larger than 0.5 u.m rms. The same
holds for the tolerable granularity of the corrector
power supplies. Assuming a maximum kick of 1 mrad
per corrector the analogue resolution should not ex-
ceed 15 ppm in amplitude.

If these prerequisites are fulfilled a vertical orbit stabi-
lization to 1 u.m and an residual angle distortion of
0.1 u.rad at the location of the insertion devices can be
achieved.
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SLS STORAGE RING BPM SYSTEM

M. Dehler, A. Jaggi, P. Pollet, T. Schilcher, V. Schlott, Ft. Ursic (PSI)

We describe the layout of the Beam Position Monitor System BPM of the Swiss Light Source SLS. As
sensors, button type pick ups are used. The button signals are further post processed by a multi-purpose
electronics being able to deliver fast-speed/high-bandwidth measurements as well as low-bandwidth/high-
precision data.

INTRODUCTION

One of the challenges of the SLS project is to ensure
the beam quality needed for the production of high
brilliance synchrotron radiation requiring a wide range
of beam diagnostics measurements. The beam posi-
tion monitor system therefore, has to provide a variety
of operation modes.

One extreme (in terms of requirements) is the mode
used for the closed orbit feedback. Since the feed-
back has to reduce the electron beam jitter to 1 urn,
the corresponding measurements require sub-micron
precision at a bandwidth of a few kHz [1]. The other
extreme is to take a snap shot of the beam orbit in
turn-by-turn mode, a high speed measurement re-
quiring an approximate bandwidth of 0.5 MHz. The
following table summarizes the technical specifica-
tions (Details can be found in [2]).

BPM PICKUPS

Parameter
Dynamic Range

Multi Bunch Mode
(average current)
Single Bunch Mode
(average current)
Pulsed and First Turn Mode
(peak current)

Position Measuring Radius
Resolution (100 kHz bandwidth)

10-400 mA
1 -10 mA

Beam Current Dependence
1 - 400 mA
Relative 1 to 5 Range

Maximum Data
Acquisition Rate
Closed Orbit Operator
Display Rate
Feedback Mode
Throughput
Modes of Operation

Specification

1 - 400 mA

1 - 20 mA

1 -10 mA

5 mm

< 1 urn
< 10 urn

< 100 urn
<5um

revolution

2 orbits/s

4000 x&y
meas./sec.

Pulsed
Booster

Turn-by-turn
Tune

Closed Orbit
Feedback

Fig. 1: Cross section of BPM station (Only symmetric
half is shown).

The BPM station consists of a set of four button type
pickups welded into the standard vacuum chamber.
72 of these (6 stations per sector) are distributed
around the storage ring.

For the minimum beam current of 1 mA, the calcu-
lated signal from the pick ups is 53 dBm into 50 Q at
the nominal measurement frequency of 500 MHz. The
position is calculated from the weighted differences of
the button signal AVYEV, this sensitivity with respect to
beam off sets is 6% per mm horizontally and 7 % per
mm vertically. The longitudinal beam impedance IZI/n
totals 14 mQ for all BPM stations, which is far below
the assumed total limit of 1 Q for the whole ring.
Mechanical drifts of the BPM stations will be
measured by a separate mechanical Position Moni-
toring System POMS [3].

BPM ELECTRONICS

The SLS BPM electronics represents a departure from
conventional BPM system designs insofar, as the
same setup is used for high speed/medium precision
and low to medium speed/high precision measure-
ments.

The conventional approach circumvents problems
posed by gain drifts and nonlinearities in the elec-
tronics by multiplexing the raw pickup signals and
processing them in a common chain. Clearly, the
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bandwidth of this setup is restricted by the maximum
multiplexing rates to a few kHz, so that for fast mea-
surement modes like the turn-by-turn mode, a sepa-
rate electronics using parallel processing channels or
hybrids is needed.

versus beam current and sampling rate is shown in
Fig. 3.

Fig. 2: Block diagram of BPM electronics.

For SLS, it was decided to develop a system with four
parallel channels (see Fig. 2). The button signals
enter analog RF front ends, where they get mixed to
the intermediate frequency of 36 MHz. After the ana-
log-digital conversion the remainder of the filtering,
mixing and demodulation is done via commercially
available digital down converter ICs (DDC), which also
reduce the original sampling rate of approximately
330 MS/s to a programmable rate of 0-1 MS/s. In a
third stage, digital signal processors calculate the
beam positions, apply correction factors and do fur-
ther post processing like FFTs. A second task for the
DSP is the real time calculation of corrector settings
via the singular value decomposition algorithm, which
is used for the closed orbit feedback loop. To that
effect, additional communication links to DSPs in the
adjacent storage ring sectors had to be included in the
design.

Problems associated with nonlinear or drifting gains
are avoided by two schemes. A separate pilot signal is
added to the inputs which later on is demodulated in
the DDC and used to keep the gain of the four RF
front ends matched within the dynamic range. Direct
digital sampling, filtering and demodulation using the
digital down converters offers excellent linearity and
stability versus time and temperature.

The effective resolution is determined by the following
consideration. The A/D conversion using a 12 bit wide
ADC in itself would restrict the resolution to an order
of 3 urn. The subsequent reduction of the data rate of
33 MS/s in the digital down converter, which is done
by averaging, recovers the missing precision such,
that for the nominal beam current of 400 mA and a
sample rate of 4 kS/s, which is critical for the closed-
orbit feedback, beam offsets smaller than 0.1 jj,m can
be measured. A graph of the expected resolution
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Fig. 3: Expected BPM resolution versus beam current
and sampling rate.

CONCLUSION

For the SLS beam position monitoring system, a wide
range of measurement modes, from high speed to low
speed/high resolution, is required. To cover these,
only one type of system will be used, which provides
the flexibility to adapt to different measurement types
by the use of programmable digital down converters.
The DSP back end allows further high level post
processing like FFT and an implementation of the
closed orbit feedback algorithm as an integral part of
the BPM electronics. Compared to more conventional
solutions, the approach is cost advantageous, it offers
the required sub-micron resolution and programmable
bandwidth, including turn-by-turn capability, at a cost
equal to that of two separate electronic systems to
perform the same set of functions. As a nearly free
feature, the closed-orbit feedback is integrated into
the BPM system.

An evaluation using an experimental setup of ADC,
digital down converter and digital signal processor
very similar to the proposed system has shown the
validity of the approach. A first prototype is in work,
first tests with beam are planned in the course of this
year at the synchrotron light facility ELETTRA in Tri-
este.
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MONITORING OF MECHANICAL DRIFTS AT SLS USING LINEAR ENCODERS

V. Schlott (PSI)

The layout of a mechanical position monitoring system for the SLS BPM stations as well as description of
a horizontal positioning system of the SLS girders is presented. Both systems will use absolute linear en -
coders as measuring sensors, providing sub-micron resolution over mm measuring ranges.

INTRODUCTION

The alignment concept for the SLS girders, magnets
and beam position monitors (BPM) takes advantage
of the progress made in the ability to machine large
components very accurately at reasonable prices. A
self-aligning mounting system has been proposed [1]
for SLS, where components have a mechanical refer-
ence feature machined or stamped into their shape
which fits without play onto a straightness ruler incor-
porated into the girder design. This approach replaces
the traditional way of fiducializing and surveying indi-
vidual components. Nevertheless long term ground
motion and thermal effects cause displacements of
the elements, which affect adversely the machine
performance and reliability. Therefore, three measur-
ing systems will be installed at SLS for online moni-
toring and correcting mechanical drifts and misalign-
ments of girders and BPM stations. The relative posi-
tion and position changes of the BPMs in respect to
adjacent quadrupole magnets will be monitored by a
special mechanical positioning system (POMS). The
continuously updated readings will be taken into con-
sideration, when the final electron beam position is
calculated. A hydrostatic leveling system (HLS) accu-
rately monitors relative and global vertical position
changes of the girders. Relative horizontal move-
ments of the girders will be measured by a horizontal
positioning system (HPS). Both HLS and HPS provide
correction data for the girder movers, which will be
used for a remotely controlled realignment of the ma-
chine.

This article describes the setups and functionalities of
the HPS and POMS. Both use the same operational
principle, which is based on absolute linear encoders
as measuring sensors.

MECHANICAL POSITION OF BPM STATIONS

The performance, operational reliability and stability of
synchrotron radiation sources depend strongly on the
exact knowledge of the electron beam position around
the ring. BPMs consisting of four capacitive pick-ups
are widely used for these purpose. Their spatial reso-
lution is in the sub-micron range and is determined
mainly by the layout of the electronics. While elec-
tronics has reached its limits, aspects like long-term
stability of position readings become more and more
important for higher machine performance and in-
creasing operational reliability [3].

At SLS, there are six BPM stations per storage ring
sector. They are rigidly attached to the girders and
serve as supports for the vacuum system. According
to the specifications of the BPM supports and the
straightness rulers on the girders, the relative position
deviation of the BPM center to the adjacent quad-
rupole axis is within ± 50 urn. A more precise align-
ment of both, BPM and quadrupole axis, to less than
10 jim can be obtained with a stored electron beam
by applying the method of beam based alignment
(BBA) [4]. A complete BBA-cycle takes about 15 min-
utes and will be performed after every new start up of
the machine.

During operation, any change in ambient temperature
or any thermal load on the vacuum system leads to
strong forces on the BPM supports, resulting in rela-
tive position changes of the BPM stations. This effect
has been simulated for the SLS vacuum system and
turns out to be in the order of 2 jiim/°K. The resulting
monitor movements override the alignment and initial
calibration of the BPMs, which leads to false readings
and corrections of the electron beam positions. It is
obvious that this effect can be extremely critical when
running a transverse feedback, where beam positions
are automatically stabilized in a bandwidth from DC to
around 100 Hz. Therefore, the supervision of me-
chanical drifts will be accomplished by a set of abso-
lute linear encoders which are rigidly clamped to the
quadrupole magnets. These sensors serve as dial
gauges, which monitor the relative movement of the
BPM stations in respect to the adjacent quadrupole
magnets. The system's resolution is less than 1 jam in
a measuring range of ± 2.5 mm. The raw data from all
12 monitors per sector (6 vertical and 6 horizontal) will
be locally interpolated, serialized and finally sent to a
single VME card, which is providing the link to the
SLS control system. In this way, any mechanical drifts
are continuously recorded and updated into a data-
base. The information will be used for the final deter-
mination of the electron beam position. The exact
knowledge of the absolute monitor position is of great
importance, because it minimizes the need for com-
plete BBA-cycles even after power failures. The
POMS therefore eases and optimizes storage ring
operation and supports the correct interpretation of
BPM readings by allowing to differentiate between
real electron beam movements and simple drifts of the
BPM stations.
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HORIZONTAL POSITIONING SYSTEM

The use of very accurately machined straightness
rulers as self-aligning mounting systems for all mag-
nets on the girders gives tolerances of ± 25 jim for
their initial positions. Since the vacuum system is not
attached to the magnets, it will, unlike the BPM sta-
tions, remain in its initial positions. From a beam dy-
namics point of view, all magnets on the girders can
then be treated as a so called ,,train link system",
which is connected by virtual joints between the gird-
ers [5]. In order to minimize electron-beam-orbit dis-
tortions around the storage ring, it is important to keep
these joints in position. Any ground setting of the SLS
building is on the other hand moving the crossing
points of the ,,train link" transversely, so that the virtual
joints between the girders can be lost.

The HLS and HPS systems are designed to continu-
ously monitor these movements with |im resolution.
While the HLS, which is absolutely measuring the
vertical motion, has a unique reference provided by
gravity, the HPS can only monitor girder movements
in respect to an artificially created reference. For this
reason, all four girders of a single sector are com-
bined and treated as a self-contained system. There
will be one reference point on each side of the flank-
ing straight sections, providing this artificial reference.
Its position is determined by the resolution of conven-
tional aligning methods, which is expected to be less
than 100 |im. In order to reconstruct any relative mo-
tion of two adjacent girders within this self-contained
system, it will be necessary to measure the inner and
outer distance between the girders as well as the
length change of one diagonal. Using the artificial
references as starting points, any motion of individual
girders can be detected and traced back. Again, we
are planning to use absolute linear encoders as
measuring sensors. The acquired data will be inter-
polated, serialized, and sent to the control system
which is connected with the girder movers [6] in order
to realign to the initial positions.

ABSOLUTE LINEAR ENCODERS

The most promising sensor for both systems is an
absolute linear encoder, which has been developed
by former PSI-Zurich [7] in collaboration with Baumer
Electric AG [8]. It provides absolute position readout
of less than 1 [im resolution within a measuring length
of a few mm. It has been developed for the use in
machine tools, handling systems and robotics and
integrates optoelectronic components in motion con-
trol units.

The functional principle of the photosensor can be
described as follows. A scale, which consists of a
linear or circular code and an incremental track, is
illuminated by an LED and displayed by means of a
telecentric imaging system on a specially designed
detector. The code track detector is capable of 12 bit
resolution. If one bit corresponds to a length ,,x", the
total distance of 21 2 times the length ,,x" can be en-
coded with a resolution of ,,x". In the incremental part
of the detector the image of the incremental track is
converted into four quasi harmonic free photo current
signals which are offset by 90° during the scanning
process (conversion in local sine-cosine functions).
The resulting signals are digitized by electronic inter-
polators which in principle achieve a resolution of
,,x"/256. In conclusion, the absolute position respec-
tively angular value can be measured by the ,,smart
photosensor" system with up to 20 bit resolution.

PRESENT STATUS

Some incremental prototype encoders are presently
tested at the SLS girder teststand and at Sinchrotrone
Trieste in order to examine their radiation resistance
and validate the measurement principles. Since the
,,smart photosensor" concept represents a new tech-
nology, we are expecting the final release of the ab-
solute encoder version from Baumer Electric AG in
the mid of 1999. In order to support this development,
it is planned to provide Baumer Electric with an abso-
lute scale, which will be fabricated at PSI's LMN de-
partment [9].
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THE 3 HZ, 1MWPEAK BOOSTER BENDING MAGNET POWER SUPPLY

G. Irminger, M. Horvat, F. Jenni, H. U. Boksberger (PSI)

A system analysis using a resonant WHITE CIRCUIT, as described by M.G. White et al. (1956), showed
very inconvenient results due to the low Q value in the circuit and the low repetition rate of 3 Hz. Further
investigations showed the feasiblity of a snubber-less switched mode two quadrant power supply. With a
DC/DC chopper staged in series, ideally, a constant power flow from the line can be achieved reducing
the influence voltage fluctuations on other loads.

INTRODUCTION

To power the magnets in a booster synchrotron, it is
quite popular to use a resonant WHITE CIRCUIT as
described by M.G. White et al. (1956). This scheme is
very useful for high repetition rates and circuits with
high Q values [2,3,4].
In our case, the WHITE CIRCUIT becomes less at-
tractive, since the reactive energy stored in the mag-
nets is low (approx. 28 kJ) with respect to the DC-
power and furthermore, a repetition rate of 3 Hz is
sufficient to fill the storage ring in 2-3 minutes.

We have decided to use a switched mode power sup-
ply offering the following features:

• flexible choice of the repetition rate up to several
Hertz sinusoidal.

• free programmable ramping profile for the current
between a triangle and a (1- coscot)-function (the
choice of low dB/dt at injection to reduce sextu-
pole field induced by eddy current in vacuum
chamber). In addition, a smooth variation of u(t)
reduces delay line mode effects.

• possibility of a low-duty-cycle mode for top-up
operation; unlimited dead time between pulses.

• possibility to run the booster in a storage ring
mode up to 1.7 GeV.

Load and Magnet Parameters

All 93 combined-function magnets [1] are connected
in series, representing a load of 0.6 Q and 80 mH.
The design specifications ask for a peak current of
950 A at a maximal ramping frequency of 3 Hz. This
results in a current slew rate of 10 kA/s and a 1000 V
peak voltage requirement.

An average of 205 kW is required to power the dipole
magnets. At 3 Hz sinusoidal operation, the power
swing between + 750 kW and - 200 kW peak.

The following specifications for current/time perform-
ances were based on the tolerances of the booster's
FODO-lattice [2]:

Long term stability

Mid term stability

Short term stability

Reproducibility

1 0 s - 8 h

100 ms -10 s

< 100 ms

per year

Accuracy (absolute) at nominal
current ln

POWER SUPPLY DESIGN

40 ppm of ln

20 ppm of ln

10 ppm of ln

100 ppm of ln

1000 ppm of ln

Our investigations showed the feasiblity of a snubber-
less switched mode two quadrant power supply. If a
DC/DC chopper is staged in series, ideally, a constant
power flow from the line can be achieved reducing the
voltage fluctuations for other loads. The block diagram
is shown in Fig. 1.
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Fig. 1: Power Supply Blockdiagram.

Output Current

A small signal control loop bandwidth of 1 kHz is re-
quired for the power supply. With the new range of
SIEMENS IGBT (BSM400GA120DL) and a very com-
pact design, a switching frequency of 10 kHz be-
comes feasible. In order to operate within the practice
of having the switching losses equal to the conduction
losses we opted for paralleling two power units, each
delivering half of the power supply's nominal peak
current of 950 A. The estimates for the losses add up
to 1.5 kW per IGBT at 300 A average current. Six
paralleled IXYS DSEI 2X61-12b soft recovery diodes
were selected as free wheeling diodes. They allowed



22

to significantly reduce the commutation losses and the
path impedance.

Fig. 2: Compact switching devices.

Output Voltage

To avoid HV-practice and restrictions, the voltage
swing has to be limited to less than 1000 V. This can
be achieved by either grounding the magnet circuit
half way or by using two power supply units with a
grounded midpoint. We chose the latter. It resulted in
a total complement of four power units. Each power
unit carries half the current, i.e. 475 A and half the
voltage, i.e. 500 V.

Output Filter

Operating the two switches of each power units
phased by 180° doubles the effective frequency at the
output to 20 kHz. The first filter stage is designed for
an attenuation of 30 dB at 20 kHz. The Q was re-
duced to about unity in order to limit the voltage over-
shoot in case of a load shed to 30 %.

The two series modules (each consisting of two par-
alleled units) are phased by 90° in order to (ideally)
cancel the 20 kHz. The second filter stage attenuates
43 dB at 40 kHz. The resulting voltage ripple should
be well below 1 V.

CONTROL / REGULATION

Mains current and storage capacitor voltage
(DC-DC-converter)

As mentioned before, the magnet current require-
ments lead to a pulsation of the capacitor voltage uc

and consequently also the mains current im; the low
frequency pulsations of the mains current however
should be avoided. Therefore, mains rectifier and
storage capacitor were decoupled with a DC-DC-
chopper (DC-DC-converter).

Both goals, a low pulsation of the mains current and a
stable average value of the storage capacitor voltage,
have to be fulfilled as good as possible with an appro-
priate control scheme. The 2Q-chopper as a load to
the storage capacitor can be modeled with a differen-

tial resistor rd = -(uc /iin). Mains, rectifier and the con-
trolled DC-chopper are replaced by a voltage source
with the source resistance Rs as shown in Fig. 3.

i m R

Fig. 3: Stability Model for DC-Chopper.

The analysis reveals that such a circuit itself can be
unstable under certain load conditions. Stability re-
quires, that

I (Rs+Rd)-rd | < | L/C | and | rd | > | (Rs+Rd |
must be true. For the majority of the applications, the
storage capacitor gets coupled directly to the voltage
source, ensuring circuit stability; in our case up to
about 6 kA at 500 V capacitor voltage. This would be
more than sufficient for our application.

The task of stabilizing the amplitude of the mains
current can be modeled by varying the resistor Rs. A
constant mains current would imply an infinite value
for Rs. It is however, not possible to stabilize the cir-
cuit for higher values of Rs.

A sophisticated controller was developed which stabi-
lizes the average value of the capacitor voltage and
limits the pulsation of the mains current to less than
20% of its average value. Fig. 4 shows the predicted
current and voltage values versus the time for a sinu-
soidal load current of 950A with 3Hz.
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Fig. 4: DC Chopper Currents and Output Voltage.

The dynamic operating parameters are visualized in
Fig. 5 as a voltage-current-diagram showing the
variations at the input of the 2Q-converter versus volt-
age and current at the input and output of the DC-DC-
chopper superimposed to the stability criteria. It can
be seen that the circuit operates partly in unstable
regions (2Q-lnput). The good suppression of the pul-
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sation of the DC-chopper input current and therefore
of the mains current is well noticeable.
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DC-DC-Chopper.

Load Current Regulation (2Q-Chopper)

Care had to be taken to ensure proper current and
voltage sharing between the power modules. Each
power unit has its own local current regulator to as-
sure equal current loading. The two units forming a
power module are controlled for symmetrical voltage
sharing by an extra loop. An overall current control
loop ensures the power supply's performance re-
quired by the magnet.

o-

l l ref

Fig. 6: Control Blockdiagram of the 2Q-Chopper.

MEASUREMENTS

One of the four 2Q-Chopper power unit and one of the
two 1 Q-DC-DC-Chopper have been built and suc-
cessfully tested. The measurements performed
showed a good agreement with the design values
simulated by PSPICE.
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Fig. 7: Measurement of a Single 2Q-Power Unit
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CONCLUSION

The substitution of the classical WHITE CIRCUIT by a
switched mode power supply opens a new range of
flexibility just limited by the peak voltage and peak
current design values. The high switching frequency
per device results in small reactive filter components
and a high control bandwidth.

The ideal of a constant current flow from the mains
could not be achieved. Stability governs the lower limit
of the fluctuation.
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OVERVIEW AND STATUS OF THE BEAMLINES

ft Abela (PSI)

An overview is given of the SLS beamlines and the related infrastructure that will be built in Phase I of the
project.

INTRODUCTION

Based on the Letters of Intent, on discussions with
academic research groups and on dedicated Work-
shops held during the planning phase of the SLS
project, a set of 5 beamlines including the corre-
sponding photon sources and the related experimen-
tal infrastructure, have been selected for construction
in Phase I of the project. The research fields envis-
aged cover a wide range of photon energies from tens
of electron volts for surface studies up to tens of
kiloelectron volts for materials science investigations.

The conceptual design of the beamlines fully exploit
the low-emittance characteristics of the SLS Storage
ring and take into account the technical possibilities
offered by the long straight sections planned. The
beamlines are designed to be high-performance fa-
cilities which fulfill well-specified experimental require-
ments. The photon sources are state-of-the-art undu-
lators, a high-field wiggler and a bending magnet.

t LINAC (100 MeV)

Booster (2.4 GeV)

Storage Ring (2.4 GeV, 288 m)

Undulators

4*
10m

Fig. 1: Sketch of the five beamlines in Phase I and of
proposed future facilities.

OVERVIEW

The location of the beamlines in Phase I is sketched
in Fig. 1.

The Surfaces/Interfaces Spectroscopy (SIS) beamline
is designed for experiments in the field of photoelec-
tron spectroscopy utilizing an energy range from
10eVto200eV. Experimental techniques include
high-resolution photoelectron spectroscopy, low-en-
ergy photoelectron diffraction and angle-resolved
ultraviolet photoelectron spectroscopy. The photon
source consists of two independent electromagnetic
undulators, generating two beams of circularly polar-
ized light with different helicities which are accepted
by the same optical elements in the beamline. A
scheme has been developed to provide switchable
light at the experimental station (see the contribution
of Ch. Quitmann). Due to the high electron energy in
the storage ring, a long undulator period is required
(212 mm). A concept based on the quasi-periodic
variation of the magnetic field amplitude will be intro-
duced, in order to reduce the contamination from the
higher harmonics of the undulator radiation

The Surfaces/Interfaces Microscopy (SIM) beamline
will cover research fields such as photoemission with
very high spatial resolution, magnetometry, imaging
with chemical contrast, and imaging of molecules on
surfaces. Its energy range is complementary to the
Surfaces/Interfaces Spectroscopy (SIS) beamline:
90 eV to 2000 eV. Similar to that of the SIS beamline
the photon source also consists of two undulators,
providing light of different helicities. The scheme for
rapid helicity switching will also be implemented.

The Protein Crystallography (PX) beamline is opti-
mized for the study of biological crystals with small
physical dimensions and with large units cells. The re-
quirements of the multiple wavelength anomalous
dispersion technique are also fulfilled. The high
brightness in the range between 5 and 17 keV can be
provided only by a mini-gap undulator of high mag-
netic quality. A key component of the experimental
infrastructure is the large-area pixel detector with
short read-out times (see the contribution of Ch.
Bronnimann).

The Materials Science (MS) beamline will provide
high flux of photons in the energy range from 5 to
40 keV for structural studies of materials. The scien-
tific emphasis of the line will be the powder diffraction
station. A separate hutch at the end of the beamline is
foreseen for in-situ studies of surfaces and interfaces
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using glancing-incidence techniques. Experiments
with microtomography, using a polychromatic beam,
can be performed in the first part of the powder dif-
fraction hutch. The photon source will be a high-field
mini-gap wiggler, with magnets outside the narrow
vacuum chamber. In order to explore new experi-
mental techniques and to guarantee the rapid access
needed on the powder diffraction station, a new, fast
microstrip detector with large angular coverage and
high angular resolution is under development at PSI.

The design of the Micro- Nanostructures beamline is
still in the preliminary phase. In March of 1999, a spe-
cial Workshop dedicated to this facility will take place.

STATUS AND DEVELOPMENTS

The technical specifications of the insertion device
beamlines are well defined and the concepts were
presented to user groups during 1998.

The conceptual designs of the insertion devices are
finished. Due to the tight schedule, development work
will concentrate on those items that cannot be directly
ordered. Of the four insertion devices planned, two
will be commercially built, an electromagnetic device
for the SIS beamline and a small gap wiggler for the
MS beamline.

In order to cover the energy range needed for experi-
ments on protein crystallography, the development of
an in-vacuum device is mandatory. This device is
being developed by PSI in collaboration with the in-
sertion-device group of the ESRF. Also the magnetic
array needed for the SIM beamline will be designed
and constructed at the Institute.

The construction of the optical components will also
follow a similar route. Only those critical items that are
not commercially available are under development at
PSI. These are the monochromator for the Materials
Science beamline (designed in collaboration with
Hasylab), the first mirrors of the soft X-ray beamlines
which must withstand high heat loads with stringent

slope errors, and the sagittally-focusing monochroma-
tor for the PX beamline, for which a new concept has
been worked out.

FUTURE BEAMLINES

Taking into account that the definition and specifica-
tion procedures for new beamlines are challenging
and time-consuming, the planning of future beamlines
has to be started now.

In January 1998, an Information Day on X-Ray Ab-
sorption Spectroscopy was organized. As a result, a
broad user community from different research fields
has formed, and a scientific case for an Absorption
Spectroscopy beamline was documented. Detailed
planning of this installation will be started, soon.

Other possibilities under discussion are a far-infrared
beamline from a bending magnet and the realization
of a spectromicroscopy beamline based on an existing
photoemission electron microscope.

USERS RELATIONS

Close contact and interaction with the research
groups of universities and industry has high priority. In
1998, a series of dedicated Workshops and users'
meetings were organized. These are :

• Information Day on X-Ray Absorption Spectros-
copy

• Users group meeting on Powder Diffraction

• Two meetings of the users of the SIS beamline

• Pixel Detector Workshop and Presentation of the
Protein Crystallography Beamline

• 1st International SLS Workshop on Synchrotron
Radiation

• Information Day on In-Situ Surface Diffraction

Furthermore, discussions and presentations at insti-
tutes have been made.
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INSERTION DEVICES FOR SLS

G. Ingold, T. Schmidt, B. Patterson, L Patthey, C. Quitmann, C. Schulze, D. George, V. Vrankovic,
ft Abela (PSI)

We describe the insertion devices (IDs) under construction for the first set of beamlines for the SLS.
These IDs will span a photon energy range from 10 eV up to 60 keV. To achieve the very demanding
goals set by the experiments, insertion devices at the limits of present technologies have to be built. We
will build quasiperiodic IDs in order to avoid harmonic contamination, in-vacuum IDs to optimize the
brightness at high photon energies. Two of the IDs will produce linear as well as circular polarization.

INTRODUCTION

Producing synchrotron radiation with high brightness
requires a low emittance storage ring with high current
and long straight sections where undulator and
wiggler magnets, dedicated to a specific experiment,
can be installed. In a first step, four insertion-device
(ID) based beamlines will be built until 2001.

10"

SLS 2.4 GeV
I = 400 mA

o.oi 0.1 1 10
Photon energy [keV]

Fig. 1: Brightness of SLS insertion devices as function
of photon energy. The undulators U200, U55, and
U17 are optimized for maximum brightness. The wig-
gler W40 on the other hand, is optimized for maximum
flux at high energies.

They cover a broad spectrum of photon energies and
have different polarizations. Each of the two surface
science beamlines will be equipped with a pair of IDs
providing linearly and circularly polarized light from 10
to 300 eV and from 90 to 2000 eV respectively. The
Protein Crystallography beamline will use photons
between 5 and 17.5 keV. On the high energy range of

the spectrum, a wiggler producing photons up to
40 keV will provide the high flux density needed for
the material science beamline (see Fig. 1).

U200 UNDULATOR FOR SURFACE / INTERFACE:
SPECTROSCOPY (SIS)

For this beamline, the undulator will deliver photons
with energies from 10 to 300 eV. The undulator spec-
trum along the axis is a line spectrum which depends
on the period length Ku and the magnetic field B. It is
redshifted towards larger observation angles 8 and in
practical units given by :

950-»-£2 [GeV]

K2/2 + (E/m0c
2 cm]

with

K = 0.934 - cm].

(1)

(2)

In order to limit the intensity from the unwanted higher
harmonics (n = 1, 3, 5, ...) the K value should be kept
close to one.

o z

- 100

100
- 100

Fig. 2: Cross section of the electromagnetic elliptical
U200 undulator. The vertical field is generated by the
two vertical poles, the horizontal field by the four di-
agonal poles. The magnet is modeled using RADIA
[2].
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On the other hand, the period length should be small
in order to achieve a high number of periods from
which the radiation can interfere, thus maximizing the
brightness. Given the ring energy E and the required
photon energies, the optimum value of the period is
around \ = 20 cm. Such an device can be built as a
electromagnet undulator. To realize the circularly po-
larized radiation, a plane undulator with a phase shift
of n/2 between horizontal and vertical poles will be
used. It will be open in the horizontal plane to allow
access and pumping. Such an undulator has been
constructed at ELETTRA and put into operation in
1998 [1]. Fig. 2 shows the cross section of this mag-
net. Two of these magnets with 20 periods each will
be installed in series. A static parallel displacement of
the electron trajectory generates two sources in the
two IDs with either the same or opposite helicity (see
Fig. 3). For switching the helicity, a chopper will be
installed later in the beamline. This scheme minimizes
interference with the stored electron beam and thus
with other experiments. Details are described sepa-
rately [3].

•A J

Synchrotron-
light

Magnet 1 Magnet 2
Electrons

Fig. 3: Setup of the IDs used in both surface science
beamlines. Two identical undulators with opposite
polarization are placed in series, creating two sepa-
rate sources. If the parallel displacement is turned off,
by phase matching the undulators can be operated as
a single device.

For low photon energies, there are higher order har-
monics present which can not be suppressed suffi-
ciently by a grating monochromator. Since their inten-
sity can be higher than the intensity in the fundamen-
tal, they have to be suppressed to allow meaningful
experiments. An approach to overcome higher har-
monics is to use either a helical undulator or a figure-8
undulator [4] which has linearly polarized light without
on-axis harmonics. In order to reduce the harmonic
contamination in a device providing both linear and
circular polarized light, we use a quasiperiodic modu-
lation of the magnetic field amplitude. The periods
which have to be changed are given by a Fibonacci
series [5],

(3)

where n runs from 1 to the maximum number of pe-
riods and t| has to be chosen such that the trajectory
is straight overall but with small displacements locally.
The difference xn-xn., is either 1 or 1/n, giving the
recipe for changing a period. The field strength itself
has also a strong influence on the resulting spectrum.

Fig. 4 and 5 show the result of such a quasiperiodic
distortion of the field, the trajectory and the spectrum
in comparison to a periodic structure. The harmonics
are simply shifted by this method, the power remains
the same and has to be managed by the optics.

U200 Magnetic Field

4000 •

2000 -

CD,
m

0 •

-2000 •

-4000 •

200 400 600
s[cm]

U200 Trajectory

800 1000

3e+16

^ 2e+16
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I
5e+15
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800 1000

_j i_
10 20 30 40 50 60 70

Energy [eV]
80

Fig. 4: Magnetic field, trajectory and the resulting on
axis spectrum of the two Undulators in series in the
10 m long strong straight section. The two undulators
are phase matched.
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U200 Magnetic Field - quasi periodic
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Fig. 5: Quasiperiodic distortion of the undulator fields
results in a shift of the rational harmonics to irrational
ones.

U55 UNOULATOR FOR SURFACE/INTERFACE:
MICROSCOPY (SIM)

The second surface science beamline uses pure per-
manent magnet IDs and the same setup to switch
helicity optically in the beamline. The 2 IDs will each
have 28 periods of 55 mm length and the fields will be
0.8 T in vertical and 0.4 T in the horizontal direction.
To obtain circularly polarized light, this planar ID will
be made out of four magnet arrays. Two diagonally
opposing arrays can be shifted by a variable amount
in the horizontal direction, thus creating the horizontal
field [6]. The photon energy of an elliptical ID is also

given by equation 1 but the K value is replaced by the
effective value

Keff = 4K (4)

Compared to standard IDs, the requirements of me-
chanical stiffness and field accuracy are much more
demanding. In addition, standard shimming tech-
niques cannot be used so that presently such IDs are
not available commercially.

X

Fig. 6: Planar elliptical ID built out of permanent
magnets. A single period consists of 4 magnet blocks
with the magnetization directions as indicated by the
arrows. The upper and lower halves are split and two
diagonally opposing rows can be shifted. With the
shift shown, the device operates as a helical ID emit-
ting circularly polarized light.

As already mentioned, a planar helical undulator has
no higher harmonics on axis and the tuning range of
the fundamental is limited. Circularly polarized light,
however, can be produced from higher harmonics
using different field strengths in the vertical and hori-
zontally direction. This intermediate mode of operation
produces a certain amount of higher harmonic radia-
tion which is circular polarized.

For the SIM beamline, the spectral purity could also
be improved using a quasiperiodic ID: This can be
done by moving horizontally magnetized magnets in
the vertical direction away from the axis, so that the
field strength of a full period is changed. Because the
overall field strength decreases, the period length
would have to be increased to reach the lower photon
energy limit of 90 eV. Therefore, the price to pay
would be less brightness.

U17 UNDULATOR FOR PROTEIN CRYSTALLO-
GRAPHY (PX)

Due to the advances in undulator technology resulting
in the demonstration of low phase and multipole er-
rors and the successful operation of a short-period in-
vacuum undulator at a magnetic gap of 3.3 mm
(vacuum aperture 3.0 mm) at the NSLS X-Ray Ring
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[7], the SLS plans to make explicit use of the high
harmonic radiation from such an unduiator to produce
the flux and brightness required for state-of-the-art
macromolecular experiments [8]. Operating at a beam
energy of 2.4 GeV and a high current of 400 mA, a
short period unduiator at the SLS will be a viable high-
brightness source for intermediate-energy X-rays in
the range of 5 - 17.5 keV to be used at this beamline.
The majority of the experiments will use tunable
radiation between 12-14 keV.

The in-vacuum unduiator technology, which has been
originally pioneered at BESSY and developed since
then at SPring-8 [9], is also under investigation at the
ESRF. At the APS, an alternative approach is being
pursued. A family of extruded vacuum chambers
(aluminum) for IDs has been developed [10]. The
smallest ID-chamber built so far allows a magnetic
gap of 7.5 mm (vacuum aperture 5.0 mm). Given the
operational challenges such as beam lifetime, beam
instabilities, resistive wall heating and radiation ha-
zards associated with small-gap unduiator operation,
both options should be studied carefully. Because top-
up injection is planned at the SLS, beam-lifetime limi-
tations will be of minor importance.
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Fig. 7: Calculated brightness for the unduiator of the
protein crystallography beamline. The phase error is
2° and the electron beam emittance and energy
spread have been included. The upper curve is for the
in-vacuum unduiator (17 mm period, 4 mm magnetic
gap, Bo = 1 T). The lower curve is for an unduiator
operating outside the vacuum with a small aperture
(5 mm), fixed vacuum chamber (23 mm period,
7.5 mm magnetic gap, Bo = 0.7 T).

In Fig. 7 we compare the calculated brightness for the
in-vacuum (out-vacuum) approach. The following
parameters have been used: period length
A,u=17mm (23 mm), total number of periods
A/=117(87), minimum magnetic gap g=4 .0mm
(7.5 mm) and K- value K= 1.6 (1.5). A phase error of
2° rms has been assumed in both cases and an en-
ergy spread AE/E = 9-10"4 and a beam emittance
e = 4.8 • 10"9m rad have been included. At 12keV
(17.5 keV), the in-vacuum unduiator provides a factor
5 (10) higher brightness compared to the out-vacuum

unduiator and can be operated on the harmonic num-
ber 9 (11) instead of 11 (13). The high-brightness
radiation for the out-vacuum option could further be
increased, provided a 4 mm aperture fixed ID cham-
ber (6.5 mm magnetic gap) would become available in
the future.

Based on Fig. 7, it was decided to built an in-vacuum
unduiator for the Protein Crystallography beamline.
The out-vacuum option will further be evaluated as a
backup solution. Calculations of a hybrid structure
showed that in both cases the parameters as men-
tioned can be obtained by using Sm2Co17 magnets
instead of NdFeB magnets. Because of the higher
coercitivity at higher temperatures (magnet tempera-
ture during bakeout will be around 130°C) and the
higher radiation resistance SmCo magnets will be
used for the in-vacuum unduiator.

The beams for supporting the magnetic structures and
the fixtures for poles and magnets are made from
aluminium. The unduiator support frame is C-shaped
and has to give adequate stiffness in all directions to
keep the parallelism between the upper and the lower
unduiator beam to within 5 urn. The gap adjustment
mechanism is based on two axes with two vertical
spindles synchronously driven by two stepping mo-
tors. They provide a magnet gap adjustment from 4 to
30 mm in 1 um steps. The gap position at both axis is
derived from two linear encoders and will be used to
correct the gap setting if necessary. It is planned to
build the PSI in-vacuum unduiator in collaboration
with ESRF.

W61 WIGGLER FOR MATERIALS SCIENCE (MS)

The wiggler for the materials science beamline will be
installed in the short straight section 4S of the SLS
storage ring with a horizontal (vertical) beta function of
1.6 m (2.6 m). The beamline will deliver a high flux of
hard X-ray photons in the energy range 5 - 40 keV
[11]. As a figure of merit, the horizontal angular flux
density should be maximum and the total radiated
power minimum.

The angular divergence of the photon beam should
not exceed 3 mrad FWHM (i.e. K= 10). For a high
photon flux (high magnetic field on axis) and a small
angular photon beam divergence (low K- value), the
wiggler period and the operating magnetic gap must
be minimum. The minimum magnetic gap is 7.5 mm
using a small aperture (5 mm) extruded ID-vacuum
chamber developed at the APS [10]. With a fully
three-dimensional model using the magnetostatic
code Opera-3D/Tosca [12], it is found that with a
61 mm period hybrid wedge-pole design a peak field
(effective field) of B0 = 1.97T (Beff = 1.69 T) is
reached. Additional permanent magnet pieces
(NEOMAX - 48BH with B r=1.36T, H ^ M k O e )
were placed at the sides of the permendur poles to
enhance the field and to reduce the flux leakage into
the horizontal direction. Operating at a beam energy
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of 2.4 GeV and a current of 400 mA, the flux for a 2 m
long ID with 32 periods will reach at 10 keV (40 keV)
1.3 1015 (3.3 1013) photons/s/0.1 % BW. The critical
energy is 7.5 keV and the total radiated power
8.4 kW.
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NEW DESIGN FOR RAPID SWITCHING OF PHOTON HELICITY USING TWIN
INSERTION DEVICE WITH PARALLEL BEAM DISPLACEMENT

C. Quitmann, L Patthey, G. Ingold, T. Schmidt, U. Flechsig (PSI)
M. Howells (PSI and Lawrence Berkeley Ntl. Lab.)

We present the design for a beamline where two insertion devices are used to produce light with left- and
right-handed helicity and where switching of the photon heiicity is done optically in the beamline. The
photon beams overlap for most of their optical path and thus, are relatively insensitive to imperfections of
the optical components and to alignment errors. The design described here minimizes the interference
with the stored electron beam. It allows high chopping frequencies and is relatively inexpensive. It will be
used for both surface science beamlines at the SLS.

INTRODUCTION

Many beamlines are currently under construction
which aim at measuring dichroic signals from mag-
netic surfaces or chiral molecules. For such experi-
ments, one needs the possibility of measuring spectra
with right-handed and left-handed photon heiicity un-
der otherwise identical conditions. It is also very de-
sirable to be able to rapidly switch the heiicity of the
photons. For that, two general concepts exist. At
ELETTRA [1] for example, an electromagnetic inser-
tion device (ID) is used and the heiicity is reversed by
reversing the current in the electromagnet. The dis-
advantage is that there can be significant interference
with the stored electron beam and the maximum fre-
quency is limited to vmax~ 100 Hz. At the ALS [2] and
at BESSY [3], two separate IDs producing right-
handed and left-handed light, respectively, are used.
The photon beams are separated by either tilting the
IDs [2] or the electron trajectory in the IDs [3] resul-
ting in two non-overlapping beams and switching is
achieved by means of a chopper. This approach ne-
cessitates the use of either two separate focussing
mirrors [2] or one single large mirror [3]. Separate
mirrors tend to have different reflectivities resulting in
intensity differences on the sample and are difficult to
align. Single large optics are hard to fabricate and
expensive.

PARALLEL ELECTRON BEAM DISPLACEMENT

We have developed a design (shown in Fig. 1) [4],
which avoids many of these problems. This scheme
will be used for both of the surface/interface science
beamlines (SIM and SIS) at the SLS [5]. It uses two
IDs each producing light of independently controllable
polarization, for example the one producing right- and
the other producing left-handed light. The IDs are
located in line behind each other. Instead of tilting the
photon beams, a small parallel offset A of the stored
electron beam is introduced by steering magnets. This
results in two photon beams, separated by a distance
A perpendicular to their propagation direction.

If the separation A is small, the photon beams overlap
on the focussing mirror and the subsequent optical

elements. Thus, both beams are affected equally by
imperfections.

Fig. 2 shows the focussing of the two beams using a
single curved mirror. The beams overlap for most of
their path, but since the sources are separate so are
the images.

Undulators 1 & 2

Steering magnets = 210"'
Light sources

Fig. 1: Sketch of the twin-insertion-device setup
showing the two IDs separated by a length L, the
steering magnets and the two photon beams, sepa-
rated by A.

Jocusing
minor

Fig. 2: Sketch showing the photon beams and their
images created by a focusing mirror. The beams
overlap on the mirror but are separate at the image
plane where a chopper can be placed.

The separation A which is given by the field strength
in the steering magnets, can be continuously adjusted
in order to separate the images. A vibrating reed lo-
cated in the image plane can be used to selectively
block one of the beams, resulting in a device deliver-
ing photons of alternating heiicity. The amplitude of
the vibrating reed has to be on the order of the image
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separation A' which is given by A' = M A where M is
the magnification of the focussing mirror and A is the
parallel shift of the stored electron beam. Reasonable
parameters for the beamlines at the SLS are
A ~ 4*aXitot - 1 mm and M ~ 1/5 give A' ~ 200 jim. For
such amplitudes, vibrating reeds can operate at very
high frequencies vchopper, meaning that the helicity of
the beamline can be switched very rapidly and that
experiments with a time resolution of At ~ 1/vchopper

become possible. Values of At = 1 ms or lower seem
realistic.

The monochromator will be placed between the first
focussing mirror and the image plane so that the two
beams overlap within the monochromator. Since the
chopper is exposed only to the monochromatic beam
it is not subject to a high heat load.

Refocusing

For the experiment, the two images produced at the
image plane need to be superimposed on the sample.
This can not be achieved exactly because the sources
are not at infinity. Their separation A' however, is very
small compared to the focal length of the refocusing
mirror. Thus, the two refocused images can be su-
perimposed with only slight blurring due to defocus. In
most experiments, such an increase in spot size can
be tolerated.

Coupling of the two IDs

In case that no switching of the photon helicity is
needed, the two IDs can be coupled to a single effec-
tive device. For this, the center steering magnet lo-
cated behind the first ID introduces a kink in the
stored electron beam so that the electron beam and
the photon beam are phase matched when entering
the second ID. The combined IDs then have the same
properties as a single ID with an effective length
Lafl = L, + L,. In particular it has the same brightness
as the full length device.

Advantages

The advantages of the design can be summarized as
follows:

• The photon beams overlap almost completely on
all reflecting surfaces. Therefore, these optical
components can be of the same size as in a con-
ventional beamline.

• Optical imperfections and alignment errors have
identical consequences for both helicities because
the photon beams overlap.

• Because the separation of the images A' is small,
high chopping frequencies can be used and time
resolved experiments on a millisecond scale
should be possible.

• The separation A is a controllable parameter and
can be adjusted to the photon-energy-dependent
source size.

• Because the parallel shift A is static, it does not
affect the stability of the electron orbit or other us-
ers.

• After monochromatization the two sources are
coherent.
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STATUS OF THE PROTEIN CRYSTALLOGRAPHY BEAMLINE

C. Schulze, Ch. Bronnimann, G. Heidenreich, G. Ingold and M. Shi (PSI)

The conceptual design for the SLS Protein Crystallography (PX) Beamline 6S was finalized and approved
by the users at the SLS Protein Crystallography Workshop in November 1998. The beamline is dedicated
to the study of biological crystals with small physical dimensions (micro-crystals) as well as those with
very large unit cells. In addition, it fulfills the stringent requirements of the Multiple wavelength Anomalous
Dispersion (MAD) technique. The beamline design is based on three key components which are currently
under development at SLS: an in-vacuum minigap undulator for the production of high brightness syn-
chrotron radiation in the 1 A wavelength regime; a dynamically focusing optical system for the adjustment
of the photon beam properties to the phase space acceptance of the sample; a fast read-out pixel detector
for high resolution data acquisition.

MAIN SPECIFICATIONS

After detailed discussions with all Swiss user-groups
and international experts, the conceptual design of the
PX-beamline was approved in November 1998.

The beamline covers all relevant K- and L-absorption
edges used in MAD and other anomalous diffraction
techniques. This corresponds to an energy range from
5 to 17.5 keV. The beamline optics provides a fixed-
exit beam, a prerequisite for rapid energy tunability.
The focal spot size is continuously adjustable bet-
ween 20 and 500 urn. Moreover, in order to reconcile
the conflicting requirements of a divergent beam in
micro-focusing with the need for a parallel beam in
large unit-cell experiments, two diffractometers will be
installed at different positions. This allows the beam
divergence to be varied between 0.07° and 0.02°, and
0.01° and parallel beam in the horizontal and vertical
plane, respectively.

INSERTION DEVICE

Protein crystallography requires high brightness syn-
chrotron radiation between 5 and 17.5 (35) keV. Due
to the moderate electron energy of the SLS storage
ring, undulators with gaps larger than 10 mm do not
provide sufficient flux in the hard X-ray regime. How-
ever, when the magnetic gap is narrowed by placing
the magnets in the storage ring vacuum, high bright-
ness hard X-rays can be generated. Detailed field
calculations by the PSI magnet group demonstrated
that a hybrid in-vacuum minigap undulator based on
current magnet technology would be an excellent
source for the PX beamline [1]. Fig. 1 shows the cal-
culated brightness and flux of the proposed U17 un-
dulator.

The extremely tight mechanical, magnetic and vac-
uum requirements of this insertion device pose severe
technological and logistical challenges. In order to
address these problems most efficiently, a collabo-
ration with the ESRF insertion device group is being
established [2].

OPTICAL SYSTEM

The optical system consist of a Si (111) Double-Crys-
tal Monochromator (DCM) with sagittal focusing of the
second crystal, followed by a vertically focusing bent
Rh-coated mirror. Due to the small vertical divergence
of the undulator radiation, an energy bandwidth of
0.02 % can be reached without a collimating mirror.

The prototype optical components were successfully
tested at the ESRF optics beamline. Using a newly
developed sagittal crystal bender, it was possible to
focus 6 mm of bending magnet radiation to less than
20 urn, the overall gain being 250 compared to a sim-
ple slit [3]. In a second experiment, the DCM was
combined with a vertically focusing, dynamically bent
mirror developed by U. Lienert (ESRF and RiS0).

10 15
Photon Energy [keV]

Fig. 1: Brightness and flux of the U17 undulator
(period: 17 mm, min. gap: 4 mm, B: 1.04 T, 117 peri-
ods). The flux curve (b) shows the spectrum inte-
grated over 250 x 50 urad2 after passing through
250 urn Be and C absorbers.
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Fig. 2 shows an image of the focal spot as measured
by means of a pinhole scan. In the next step, the
bending reproducibility of both optical elements will be
tested before the construction of the final beamline
components will start. Extended analytical and finite-
element heat-load calculations have shown that even
elaborate internal water cooling schemes result in
intolerable slope errors, due to the high power density
of the undulator. Calculations carried out for Liquid
Nitrogen (LN2) as the cooling agent indicate an ex-
cellent optical performance. Therefore, LN2 will be the
used for cooling of the first crystal.

40

-20 0 20
x—coordinate \_l*Lrri\

40

Fig. 2: Measured focus profile of the prototype optical
system. The beamsize of the incident beam was
3 x 0.5 mm2 and the photon energy amounted to
10keV. After deconvolution with the pinhole size of
10 urn, the focal spot size is found to be 25 x 12 urn2.

PIXEL DETECTOR

A pixel detector dedicated to protein crystallography is
currently under development at PSI [4]. Its main ad-
vantages over existing detectors are the very fast
read-out time of 100 ms and the high local and global
rate capabilities in counting mode. The relatively large
pixel size of 200 urn offers the advantage of a larger
distance between sample and detector, thereby re-
ducing the diffuse background. Moreover, due to the
direct bonding of the Si-sensor to the detector and the
small fraction of scattered X-rays within the sensor,
the Point Spread Function of this detector is expected
to be outstanding. The combination of the pixel de-
tector with a low divergence beam and fine (j)-slicing
should provide ideal conditions for high-resolution,
high-speed data acquisition. In order to fully exploit
the expected gain in data quality, it is planned to
adapt the 3D-profile fitting routines of existing data
processing software to the expected 8-function-like
reflection profile of the pixel detector.

EXPERIMENTAL INFRASTRUCTURE

The experimental hutch will comprise two diffracto-
meters, located at the 8:1 and 2.5:1 demagnification
position, respectively. The diffractometer in the micro-
focusing position will be a single-axis instrument op-
timized for the work with small samples (small sphere
of confusion, strong microscopes, coaxial sample
illumination, etc.) The second diffractometer, for crys-
tals with large unit cells and larger physical dimen-
sions, will be a K-goniometer. This geometry allows
for a more flexible data acquisition (optimized scan
ranges, inverse-beam method) and for a simplified
crystal mounting.

Both diffractometers will be equipped with cryo-stream
coolers as well as fluorescence detectors for XANES
scans in MAD-experiments.

Beamline control will be handled through an inte-
grated data-acquisition/control system, similar to the
MARMAD system installed at X12-C at NSLS [5]. The
computing system has to support the high data rates
achievable with the pixel detector, both on the pro-
cessing and on the storage level. A separated com-
puting room for data processing and backup will be at
the disposal for the users.

A small laboratory for crystal mounting and storage
will be available at the beamline. While a 20°C crystal
growing room will be located next to the laboratory, a
4°C cold room can be found at a distance of approxi-
mately 75 m in the central bio-chemistry laboratory of
SLS.

SCHEDULE

The in-vacuum undulator is scheduled to be installed
in July 2001. Field simulations revealed that beamline
commissioning at low photon energies can start as
soon as the storage ring tolerates magnetic gaps be-
low 10 mm. With improving vacuum, the gap will
gradually be closed to the target value of 4 mm.
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PIXEL DETECTOR FOR THE PROTEIN CRYSTALLOGRAPHY BEAMLINE

Ch. Bronnimann, R. Baur, R. Horisberger and C. Schulze (PSI)

The specifications of the pixel detector have been set. They have been presented at the international
workshop in November 1998. Currently, design work for the final detector system is under way together
with tests of prototype detector elements. A major step forward was the development of the in-house
bump-bonding technology, which allows a cheap and flexible manufacturing of the detector components.
Results of tests with a bump-bonded detector are available.

INTRODUCTION

Among the different X-ray imaging detectors, pixel
detectors built in hybrid design have a large potential
in the field of protein crystallography. Such detectors
consist of CMOS pixel chips, which are bump-bonded
to a radiation-sensitive sensor. The available space
per pixel in the read-out chip allows the integration of
amplifiers, discriminators, and dedicated analog or
digital circuits. The pixel electronics can be adapted to
the experimental and scientific needs of the planned
applications, thus offering new perspectives.

The development at PSI is driven by the design of the
pixel detector for the CMS (Compact Muon Solenoid)
experiment at the planned Large Hadron Collider
(LHC) at CERN [1]. Radiation environment and rates
at the LHC are similar to those expected at the PX
beamline of the SLS. Thus, a dedicated SLS detector
is developed in collaboration with the PSI pixel de-
tector group.

STATUS OF PIXEL DETECTOR DEVELOPMENT

One of the technological challenges is the bump-
bonding of the sensor to the read-out chip. For com-
plete wafers, the technique is offered by specialized
companies. For single chips, however, there is no
commercial solution. Thus, in the course of last year,
the single-chip bump-bonding technique was deve-
loped at PSI. A prototype pixel chip (PSI32) was suc-
cessfully bump bonded to a sensor with less than
0.5 % missing bumps.

The detector consists of 22 x 30 pixels with a pixel
size of 125x125 Jim2. Each pixel circuit includes a
charge-sensitive amplifier, a discriminator with pro-
grammable threshold, and a storage capacitor, where
the charge information from the sensor is stored. In
Fig. 1, the result of the illumination with 14 keV X-rays
from a radioactive source of the detector, covered with
a mask is shown. The equivalent noise charge (ENC)
of the chip is 140 e' at a shaping time of 60 ns. In
order to use the charge information, pedestal and gain
corrections are performed for each pixel. Fig. 2 shows
the resulting spectrum of the 8.04 keV Cu-Ka line
(2230 e'). A global threshold for all pixels was set to
1100 e". The peak on left is the noise-peak, originating
from the threshold variations on the chip. Its intensity
is dominated by some noisy pixels. The Cu-Ka-peak to
the right is well separated from the noise level.
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Fig. 1: PSI32 chip illuminated with 14 keV X-rays.
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Fig. 2: Pulseheight spectrum of the 8.04 keV Cu-Ko

line. The resolution of the peak is 0.94 keV (11.6 %).

It should be mentioned that the PSI32 pixel chip is
equipped with simple and robust push-pull amplifier
stages which allow peaking times of down to 40 ns.
They are conceived for charge depositions an order of
magnitude higher than shown in the above spectrum.

THE DEDICATED SLS PIXEL DETECTOR

For the PX beamline, a pixel detector system is being
developed, which is adapted (1) to the properties of
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the beamline [2] as e.g. energy range, rates, etc. and
(2) to the needs of modern protein crystallography ex-
periments, such as large area, low noise and fast
read-out. In order to discuss the specifications with
the experts of the field, an international workshop was
organized in November 1998 at PSI. The workshop
was very successful: The concept of the SLS detector
system was discussed and many suggestions from
detector-developers as well as from experts in the
field of protein crystallography could be incorporated.
Table 1 shows the main parameters of the detector.

Size: 40x40 cm2 (0.16m2)

Number of Pixels: 2000 x 2000

Pixel size: 200 x 200 u,m2

Energy range: 5 -17.5 keV

Radiation hard ASIC chip

Rate capability: 106 /pixel /s

15-bit counter in each pixel

Maximum frame rate > 10Hz

Table 1 Design goals for the pixel detector.

The detector will be built up from sub-units (modules)
consisting of 12 pixel-chips bump-bonded to a silicon
sensor. The modular design has many advantages.
Modules can be individually fabricated, tested and
operated. The assembly of approximately 80 modules
to form the complete detector seems manageable
(Fig. 3). The disadvantage of the modular technique is
that gaps are introduced into the sensitive area of the
detector. The influence of the dead area on the quality
of the data was investigated by masking real data sets
with a pattern corresponding to the effective detector
geometry.

Fig. 3: CAD drawing of the mechanical support struc-
ture with mounted modules.

The analysis of the data showed that a dead area of
5 % is tolerable and leads to an only marginally re-

duced data quality. A possible way to overcome the
problem could be to shift the detector and thus to
have redundant data-sets. As sensor material, silicon
is chosen because of its suitable absorption proper-
ties in the relevant energy range. For X-ray energies
above 12 keV, a certain dose is deposited in the read-
out chip. Calculations have shown, that the underlying
ASIC-chip has to withstand doses of up to 1 Mrad in
5 years of operation. Therefore, the chip is designed
in DMILL-technology, a 0.8 u.m radiation hard Bi-
CMOS process.

The components of the pixel unit cell in the read-out
chip are similar to already existing non-radiation hard
X-ray pixel chips [3].

• CS-Amplifier, with 100ns shaping time and noise
<100 e" for a load of Cd = 200 fF. This corresponds
to an energy resolution of about 0.36 keV.

• A comparator with a minimum threshold below
1000 e". This allows for the detection of X-rays
down to 5 keV.

• A pseudo-random counter in each pixel with a
large dynamic range, preferably 15 bits or more.

This architecture is implemented in the first prototype-
chip, which is currently under fabrication.

The read out of the information in the counters is done
serially with a 10 MHz clock. This leads to a read-out
time of -7.5 ms per chip. In order to prevent
distortions from the read-out clock, chips are disabled
from counting during the on-chip read-out sequence.
Therefore, data with frame rates of 10-20 Hz are
achievable with high efficiency. This enables data-
taking with continuous sample rotation resulting in fine
sliced data-sets with angular resolution of 0.01° to
0.1° per frame.

OUTLOOK

In early spring 1999, the SLS-specific pixel electronics
will be tested. Based on the results, a 20 x 20 pixel
prototype chip will be submitted in spring, which is
expected to be available in fall 1999. In parallel, the
read-out electronics is developed including many of
the final building blocks. By the end of 1999, a system
with 8 chips bump-bonded to one sensor together with
a read-out system should be available.
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HARD X-RAY OPTICS DEVELOPMENTS AT SLS

C. Schulze, G. Heidenreich and M. Shi (PSI), U. Lienert (ESRF & Rise) andA.K. Freund (ESRF)

The SLS developments in the field of hard-X-ray optics concentrated on the optical system of the Protein
Crystallography (PX) Beamline 6S. A sagittally focusing crystal bender for undulator radiation was deve-
loped and successfully tested at ESRF. It was then combined with a vertically focusing mirror. The ob-
served deterioration of the vertical focus due to the bent crystal monochromator was found to be small.
Finally, extended analytical and Finite-Element (FE) calculations demonstrated that efficient cooling of the
first monochromator crystal can be achieved only by means of Liquid Nitrogen (LNJ, while even sophisti-
cated water-cooling schemes result in intolerable slope errors. The construction of the optical system of
the PX-beamline will be based on these three results.

INTRODUCTION

Protein samples vary between a few microns and
almost a millimeter in dimension and between arcsec
and few tens of a degree in rocking curve width.
Therefore, an optical system is required which allows
the photon phase space to be adapted to the sample
acceptance, thereby optimizing the achievable reso-
lution of the diffraction data. To this end, a decoupled,
dynamically focusing optics scheme will be used. It
was realized for the first time that sagittal focusing
with a crystal monochromator provides an elegant
way for dynamical micro-focusing of undulator radia-
tion in the horizontal plane. Due to the small diver-
gence of the photon beam, angular errors and aberra-
tions are negligible even at strong demagnification,
i.e. far below the well known 'magic' ratio of 3:1 [1].

In view of the production-like character of modern
protein crystallography, the aim of the hardware de-
velopment was to combine functional flexibility with
high stability and reproducibility.

SAGITTAL CRYSTAL BENDER

Conventional sagittal crystal benders either do not
constrain the position of the crystal relative to the
bender or they require the crystal to be fastened me-
chanically to the bender. While the long-term align-
ment and hence bending reproducibility of the former
solution is not guaranteed, the latter tends to induce
distortions in the thin crystal, giving rise to additional
aberrations. Both problems were overcome by an
innovative design of the crystal and the bender. The
characteristic feature of the crystal is a double step
between the inner bent region and the outer stiff part.
The crystal rests on one step (neutral layer) and by
the other is kept in position relative to the bender
without application of forces, thereby minimizing the
crystal deformations and alignment errors. Anticlastic
bending is minimized by the aspect ratio of the optical
surface of 6:1 and by the stiff side parts of the crystal.
Cylindrical bending is achieved by means of four mo-
torized micrometer screws, which act directly on the
stiff parts [2].

The test results obtained with the bender were excel-
lent. At 10keV photon energy, a 6 mm beam was
focused to less than 20 urn with an efficiency greater
than 90 %. Dynamical focusing was demonstrated.
This is illustrated in Fig. 1 which represents a series of
CCD images of the beam recorded at different ac-
tuator settings.

Fig. 1: Dynamical focusing of a 4 x 1 mm2 beam with
the sagittal crystal bender. The figure shows CCD
images (4 urn pixel size) taken at actuator increments
of 1 um. The width of the beam on the left side is
200 um. The intensities are normalized.

MIRROR BENDER

The mirror bender was developed at ESRF [3]. It is
based on the so-called flexural hinge design. The
flexural hinges act as friction- and backlash-free pi-
vots. They are designed to compensate the bending-
induced shortening of the free mirror length, thereby
minimizing possible distortions. The use of silicon for
the actuator leaf-springs ensures good bending re-
producibility. A cubic approximation to the ideal ellipti-
cal mirror figure can be obtained by applying two une-
qual bending moments.

In a preliminary test, a W-coated pyrex mirror with a
slope error of 2 urad (rms) was set at an incidence
angle of 3 mrad. When used alone, it produced a line
focus of 9 um height. This value increased to 12 um
when the sagittal bender was added, indicating a re-
sidual broadening of approximately 8 um due to anti-
clastic bending and other crystal deformations. In the
horizontal plane, a focus of 25 um was reached.

The position reproducibility of the mirror bender was
verified by releasing the actuators completely. The
vertical offset after refocusing was 2.9 um.
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MONOCHROMATOR COOLING

The proposed in-vacuum undulator of the protein
crystallography beamline [4] produces a power den-
sity of 22 Wmm2 at the position of the first monochro-
mator crystal. Thermal deformations of the crystal
reduce the transmission efficiency, broaden the verti-
cal source size and give rise to thermal drifts. There-
fore, it is absolutely mandatory to minimize them.
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Fig. 2: Comparison of the vertical focus profiles as
measured with the mirror (full line) and with the sagit-
tal bender-mirror setup (dashed line). The full-width-
at-half-maximum increases from 9 to 12 um when the
crystal is added.

It was shown, both by analytical and finite element
calculations, that only cryogenic cooling provides sa-
tisfying cooling efficiency. In the worst case (5 keV
photon energy) the slope error over the beam footprint
amounts to 1 urad, increasing to 140 urad for a crystal
cooled internally with water, and 70 urad for cooling
with a binary ice solution [5].
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THE MATERIALS SCIENCE BEAMLINE AT THE SWISS LIGHT SOURCE

B.D. Patterson, R. Abela, H. Auderset, Q. Chen, F. Fauth, G. Ingold, M. Lange, C. Schulze, M. Shi,
U. Staub and S. Zetenika (PSI), P. Pattison (Univ. Lausanne)

The Materials Science Beamline will provide a high flux of hard X-ray photons (5 - 40 keV) serially to one
of three experimental areas: generic experiments with polychromatic beam, high-resolution, fast turn-
around powder diffraction and glancing-incidence in-situ surface diffraction. An important feature will be
the ability to make quick change-overs from one experimental area to another, permitting flexible sched-
uling. The high power of the wiggler source (8.5 kW) represents a major consideration for the design of
the optical system.
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Fig. 1: Layout of the Materials Science Beamline.

The Materials Science Beamline will provide a high
flux of poly- and monochromatic photons in the en-
ergy range 5 - 40 keV for investigations of the micro-
and mesoscopic structure of materials. The tech-
niques foreseen include powder and surface diffrac-
tion, reflectometry, standing waves and computer
microtomography.

Computer microtomography (CMT), a generic experi-
ment using the polychromatic photon beam, incorpo-
rates a specialized broadband monochromator (e.g.
multilayer) as part of the experimental setup. In this
technique, a parallel beam passes through the sam-
ple, and 2 D maps of the absorption are made with an
imaging detector. Rotation of trie sample allows a 3 D
reconstruction with a spatial resolution given by the
detector system (approximately 1 \in\).

Crystal structure determinations will be the scientific
emphasis for the powder diffraction (PD) station. With
a combination of high throughput and high angular
resolution, delicate structural details such as micro-
twinning will be accessible during the rapid screening
of technologically interesting materials. In addition to a
conventional analyzer crystal detector, a silicon mi-
crostrip detector is under development which will si-
multaneously measure a large region of 29 at high
resolution (0.01 °).

A separate experimental hutch at the end of the
beamline is foreseen for in-situ studies of surfaces
and interfaces using glancing-incidence X-ray tech-

niques. Individual research groups will mount their
own process chambers onto a robust multi-circle dif-
fractometer to study surface layers during processes
such as reactive sputtering, chemical vapor deposition
and UHV-evaporation.

The beamline's X-ray source will be a 2 m long mini-
gap wiggler, with permanent magnets situated outside
of a narrow vacuum chamber (7.5 mm magnetic gap).
The maximum field of 2 T implies a critical photon
energy of 7.5 keV, and an angular range of 0.23 mrad
vertical by 2.5 mrad horizontal will be accepted by the
front-end safety system. A Be vacuum window limits
the lowest photon energy to 5 keV.

The beamline optics consist of a vertically-collimating
mirror, a double-crystal monochromator and a verti-
cally-focusing mirror. The two mirrors, 1 m long pieces
of Rh-coated silicon, are dynamically bent to a typical
radius of curvature of 10 km. The Si (111) monochro-
mator crystals yield an energy resolution of 0.014 %.
The first crystal is flat and efficiently cooled, and the
second, with a ribbed form to minimize anticlastic
curvature, is dynamically bent for horizontal focusing.
The crystals are removed from the beam during poly-
chromatic operation.

The predicted flux at 15 keV is 4.6 x 1014 photons/s/
0.1 % bandwidth into a focus of 0.5 x 0.5 mm2. The
beamline will generate first photons in the summer of
2001, and operation at the minimum wiggler gap will
be contingent on the storage ring commissioning.
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MICROSTRIP DETECTOR FOR THE POWDER DIFFRACTION FACILITY

Ch. Bronnimann, H. Auderset, F. Fauth, B. Patterson (PSI), G. Maehlum (IDEAS),
P. Pattison (Univ. Lausanne)

A major improvement of today's experimental techniques in powder diffraction can be achieved by using a
massively parallel detection of the diffraction pattern with arrays of solid-state detectors. In order to deter-
mine the feasibility of this technique, a test experiment was performed at the Swiss-Norwegian Beamline
(SNBL) at ESRF. Diffraction patterns recorded with the conventional set-up were compared with mea-
surements from a double-sided silicon microstrip-detector. The results achieved provide a basis for the
design of a dedicated detector-array for the powder diffraction facility at the SLS Material Science Beam-
line.

SYSTEM DESCRIPTION

In order to compare the capabilities of the different
detection systems, measurements were carried out
under real experimental conditions at the SNBL. The
measurements were performed on 3 different samples
of known structures. Diffraction patterns from the
samples were first measured with the standard slit
system and a high-resolution crystal analyzer,
mounted on the diffractometer. The angular resolution
of the analyzer system is 0.005°. The double-sided
silicon-microstrip detector (a prototype detector sys-
tem from IDE AS1) was mounted as well on the dif-
fractometer at a distance of 1m from the sample. The
detector has a total of 640 x 640 strips (-10 cm2) with
a strip pitch of 50 jim; an angular range of 1.92° in 29
was recorded simultaneously. In principle, the angular
resolution of one strip (0.003°) exceeds that of the
analyzer crystal. The analyzer crystal system, how-
ever, has the advantage of recording the data almost
background- and parallax-free.

The microstrip detector is equipped with self-triggering
XA1.2 chips, which are very similar to those described
in [1]. Upon a valid signal, each chip delivers an ana-
log-coded strip address together with the pulse height
information of the central and the two neighbouring
strips. Via the driver/repeater board, the signals were
routed to a PC ADC card. By the opto-couplers on the
PC card, the overall rate capability of this system is
limited to -200 Hz. The system is optimized for p~
and y-radiography, where rate limitations are of no
concern.

RESULTS

To avoid saturation of the microstrip detector, the
measurements were carried out during single-bunch
mode at the ESRF at a beam current of 10-15 mA.
The X-ray energy was usually set to 25 keV. Due to
the very good noise performance of the detector sys-
tem, however, data could be taken at as low as
12.5 keV. In Fig. 1, raw xy-data of the microstrip de-
tector are shown.

Fig. 1: Image of the diffraction pattern of a zeolite
sample ZSM-5 recorded at 25 keV. The selected size
is 1.6 x 3.2 cm, the range in 29 is 0.96°.

The analyses of the strip data includes the projection
of the xy-data onto the y-axis (=29-axis) after the cor-
rection of the small misalignment of the detector of
0.87°. Based on the reference data from the analyzer
crystal, the transformation of the strip coordinates into
29-space was performed. In Fig. 2, a selected 29
range measured on a Yb12FeMGa24 sample with the
microstrip detector and with the conventional ana-
lyzer-detector setup is reproduced. The sample was
enclosed in a 0.2 mm capillary, and the beam energy
was set to 25 keV. The Yb^Fe^Ga^ alloy crystallizes
in two coexisting phases with space groups Pe^mmc
(a = 8.5693 A, c = 8.3574 A) and R-3m (a = 8.5906 A,
c= 12.5644 A). Because of the slight differences in
the lattice parameters of both phases, this alloy is par-
ticularly well suited for evaluating the angular resolu-
tion of the experimental setup. With both systems, the
measured Bragg reflections are well resolved. The
calculated line widths, constrained to be equal for all
four peaks, are 0.029° and 0.034° for the analyzer-
detector and microstrip detector setup, respectively.
The analysis of the data from the other samples is
currently under progress.
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Fig. 2: Measured 29-range on Yb12Fe64Ge24 with a) the
analyzer system and b) the microstrip detector
(circles). The solid curves are fits to the data. Top and
bottom ticks indicate the (220) and (303) reflections of
the R-3c phase and (220) and (302) reflections of the

phase, respectively.

TOWARDS A DEDICATED MICROSTRIP DETEC-
TOR SYSTEM

Based on the encouraging results of the data quality
from the test-measurements, a dedicated system for
the powder diffraction facility at the Materials Science
(MS) beamline can be specified. The goal is to cover
an angular range of 60° in 20 with approximately
20'000 channels, as shown in Fig. 3. Parameters as
angular resolution and noise performance of the final
system should be similar to the prototype system from
IDE AS.

A drastic increase, however, must be realized in the
rate capability of the detector. A major improvement is
achieved by implementing digital counters for each
individual strip of the system. With such an architec-
ture, a maximum counting-rate per strip of approxi-
mately 104/s can be achieved. An example of a read-

out chip with this architecture is described in [2]. With
a readout time of -1.5 |is per strip, the total readout
time of a 20'000 strip system is 30 ms. Even shorter
read-out times can be achieved by dividing the de-
tector into sub-sections, which are read out in parallel.
A complete data set, covering an angular range of
60°, could thus be measured with the angular resolu-
tion shown in Fig. 2 within a fraction of a second. A
similar system for powder diffraction is described in
[3]. The feasibility of a system based on such read-out
chips will be tested in 1999.

Inelastic background from the sample can be some-
what reduced by the discriminator setting of the
counters. Background from elastic scattering not
originating form the sample could be reduced by de-
signing an appropriate slit system, as shown in Fig. 3,
which would make use of the inevitable gaps between
the detector module boundaries.

detector

beam divergence: 0.003 -0.01

capillary: 0.1 -0.3mm

1m

Slit system

20000 Strips
.003'

60

Fig. 3: Proposed detector system for the powder dif-
fraction facility. The analyzer crystal and the mi-
crostrip-array are mounted on a diffractometer.
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STATUS OF THE SURFACES/INTERFACES: SPECTROSCOPY BEAMLINE

L Patthey, C. Quitmann, T. Schmidt, M. Howells, U. Staub and U. Flechsig (PSI)

We report here on the Surface/Interface: Spectroscopy Beamline (SIS). This beamline is one of the five
first beamlines which will come to operation at the Swiss Light Source. The SIS beamline will be dedicated
to angle-resolved photoemission experiments with very high energy and angular resolution and will pro-
vide photon energies down to 10 eV.

INTRODUCTION

The SIS-beamline will be used for various experi-
ments in the field of photoelectron spectroscopy.
These cover high-resolution photoelectron spectros-
copy, low-energy photoelectron diffraction, angle-re-
solved ultra-violet photoelectron spectroscopy
(ARUPS) and Fermi surface mapping. All of these will
be performed with state-of-the-art resolution and ex-
perimental equipment.

The beamline will provide an energy resolution of 10'4

in the range of 10 eV to 200 eV and 103 at higher
photon energies. The maximum usable photon energy
will be about 850 eV. Two long-period electromag-
netic undulators will provide both linearly and circu-
larly polarized light. Fast switching of polarization for
time-resolved experiment, will be performed by using
the parallel-displaced-photon-beam concept [1].

The experiments require both, very high energy reso-
lution and good rejection of higher harmonics. Be-
cause of the high ring energy (2.4 GeV) and the low
photon energies needed this is a complicated prob-
lem. It will be solved by using quasi-periodic undu-
lators [2] and a sagittally focusing first mirror, colli-
mating the beam in the dispersive direction of the
monochromator [3]. The experimental station will be
equipped with two end-stations and standard surface-
science facilities. The entire experimental station will
be located on a large rotating platform.

INSERTION DEVICE

The radiation source will consist of two long-period
elliptical electromagnetic undulators (212 mm period,
maximum vertical field 0.4 T, maximum horizontal field
0.13 T) with a length of 4.4 m. The expected flux and
brightness at 2.4 GeV electron energy and 400 mA
beam current are 3x1015 (ph/sec/mm70.1 % BW) and
4x1017 (ph/sec/ mm7mrad2/0.1 % BW) at 20 eV photon
energy. Details are described in ref. [2]

Since the monochromator is unable to reject rational
harmonics of the fundamental wavelength, the prob-
lem of higher harmonic contamination has to be
solved at the source, the insertion device. For this, a
quasi-periodic variation of the magnetic field ampli-
tude will be introduced. This results in a shift of the
higher harmonics away from rational values. These
are then suppressed by the monochromator. Simula-

tions using a pinhole of ± 50 jirad result in less than
12 % harmonic contamination.

The two undulators will be used in the parallel beam
scheme as described in ref [3]. This will allow fast
switching of the photon helicity and a coupling of the
two insertion devices to a single effective insertion
device.

For normal operation where flux and brightness are
needed, the two undulators are phase matched to a
single effective undulator by a steering magnet lo-
cated between the two undulators. In case that fast
switching of photon polarization is needed, the same
steering magnet is used to produce parallel displaced
photon beams and the fast switching between the two
photon beam is done optically at the exit slit [3].

BEAMLINE OPTICS

The optical concept of this beamline is based on a
plan grating monochromator (PGM) with sagittally
collimated beam [4]. It is schematically sketched in
Fig. 1.

20m 24.6m 25.2m

Fig. 1: Schematic drawing showing the optical layout
of the SIS-beamline with position and orientation of
the different optical elements.

In this geometry, no entrance slit is used. The first
mirror is in a sagittal geometry and collimates the
photon beam in the vertical plane, which is the dis-
persive plane of the grating. The plane mirror and the
interchangeable plane gratings deflect and mono-
chromatize the beam onto the focusing mirror. This
element focuses the beam both vertically and hori-
zontally onto the exit slit. An adjustable refocusing
mirror is placed behind the exit slit and provides a
minimum spot size <50 urn on the sample.
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This design has various advantages. Since the photon
beam is collimated in the dispersive direction, the
virtual vertical source for the focusing mirror is at in-
finity for all possible grating angles. It opens the pos-
sibility to operate the monochromator in high resolu-
tion, high harmonic rejection or high transmission
mode without moving its exit slit.

Since the collimating and the focusing mirrors are in
sagittal geometry they are at the same height which
eliminates problems caused by vertical thermal gradi-
ents in the experimental hall. In addition, this geome-
try is less demanding in terms of the slop error for the
mirrors.

EXPERIMENTAL STATIONS

The experimental equipment shown in Fig. 2 consists
of two different stations: (i) a well-tuned high-resolu-
tion spherical analyzer equipped with a 5-axis high
precision manipulator and (ii) an option for a more
flexible station allowing the implementation of par-
ticular spectrometers belonging to users. The stations
are connected by a preparation chamber, which also
serves as a sample transfer device from one station to
the other. The two stations and the preparation cham-
ber will be mounted on a large rotating platform to
switch the experimental station aligned to the photon
beam without breaking vacuum. Additional equipment
for sample preparation can be connected to the
preparation chamber in case of particular user needs
(for example: cluster source or laser). This design
should provide maximum flexibility for users, without
compromising the performance of the beamline.

Rotating
pljtform

Fig. 2: Sketch of the experimental station sitting on a
large rotatable platform.

REFERENCES

[1] [1] C. Quitmann, L Patthey, T.Schmidt,
G. Ingold, M. Howells, PSI Annual Report 1998,
SLS-Annex.

[2] [2] G. Ingold, T. Schmidt, B. Patterson,
L Patthey, C. Quitmann, C. Schulze, D. George,
V. Vrankovic, R. Abela, PSI Annual Report 1998,
SLS-Annex.

[3] R. Follah and F. Senf, Nucl. Instr. and Meth. A
390(1997)388-394.



44

STATUS OF THE SURFACES/INTERFACES: MICROSCOPY BEAMLINE

C. Quitmann, U. Flechsig, M. Howells, L Patthey, T. Schmidt, U. Staub, Ft. Abela (PSI)

The Surface/Interface: Microscopy (SIM) Beamline is dedicated to studying surface topology and elec-
tronic structure using a Photo Emission Electron Microscope (PEEM). Photons in the range of 90 -
2000 eV with linear or circular polarization will be provided by a permanent-magnet insertion device. In
addition to a fully equipped endstation supplied by the SLS, there will be space to install a user chamber
for specialized experiments needing a source of soft X-ray photons with high brightness and variable po-
larization.

BEAMLINE MISSION

One of the first beamlines to be build at the SLS is the
Surface/Interface: Microscopy (SIM) Beamline [1]. Its
specification and concept was developed after con-
sultation with the future users. The beamline will allow
research in the following areas:

• Photoemission with very high spatial resolution

• Real-time imaging with chemical contrast
• Space and time resolved magnetometry
• Imaging of catalytical surfaces
• Imaging of chiral molecules on surfaces

Its mission is to provide a state-of-the-art experimental
setup to study the topology and the electronic struc-
ture of surfaces using soft X-rays with linear or circular
polarization and high brightness. The beamline design
aims at preserving the brightness of the source at a
maximum level. The energy resolution will be mainly
limited by the source size.

BEAMLINE COMPONENTS

Two helical permanent-magnet insertion devices (IDs)
[2] will produce the photons for this beamline. They
can either provide a source of circular light with
switchable helicity or be coupled to a single device
[3, 4]. The light will be monochromatized using an
plane-grating monochromator (SX-700 geometry)
without entrance slit. The light will be collimated in the
dispersive direction, giving additional flexibility to op-
timize either the resolution or the higher order sup-
pression of the monochromator. The same design is
used in the surface/interface: spectroscopy (SIS)
beamline [5],

challenge. It is foreseen to use internally cooled Glid-
cop mirrors [5] which are successfully being used at
the ALS and other synchrotrons.

Beamline parameters :

Energy range [eV]

Source brightness in
ph/s/mm7mrad7o.1 % bw

Max. source power [kW]

AE/E at 800 eV

Spot on sample [jim2]

90 - 2000

1.6 1019(at500eV)

3.5

4000

variable: 20 x 20 to
200 x 200

ID,
Monochromator Chopper

Because of the high thermal load produced by the
IDs, the cooling of the optical elements will be a major

User
equipement

Fig. 1: Sketch of SIM beamline showing twin insertion
device, monochromator, chopper and two endstations.
The PEEM endstation will be build by the SLS. A user
endstation can be attached separately.

There are several reasons for basing this microscopy
beamline on an insertion device: Only insertion de-
vices provide the brightness to couple sufficient flux
into the small field of view (~10x10^m 2 ) used for
PEEM experiments with the highest magnification.
Energy analysis of the photoelectrons in the PEEM
decreases the signal by orders of magnitude, again
calling for a source with the highest possible bright-
ness. In synchrotron-based beamlines, the photon
energy range is usually limited by the monochromator,
not by the source. The plane grating monochromator
planned for the SIM beamline will cover a factor of 22
in photon energy. It is the limiting element. The IDs
will provide flux up to several keV photon energy. In
addition, ID-based beamlines facilitate the rapid
switching of helicity needed for real time studies of
magnetic dichroism which is intended at this beam-
line.

ENDSTATION

One endstation will be installed permanently. It will
use a commercial rjhoto emission - electron micro-
scope (PEEM). This instrument should provide spatial
resolution of Ax < 50 nm and have the capability for
energy analysis of the emitted photoelectrons. It will
be connected to a sample-preparation chamber, giv-
ing the possibility to prepare well defined surfaces and
analyze them using complementary methods like
LEED and STM.

In addition to this endstation, built and maintained by
the SLS, there will be room for a second endstation
brought by external users. This will allow users to
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perform any kind of experiments making use of the
high-brightness soft X-ray beam. The construction will
allow a sample transfer between this user chamber
and the preparation chamber of the SLS endstation.

Fig. 2: Sketch of SIM endstation showing the cham-
bers for PEEM and sample preparation and the space
for a user chamber.

There are several reasons why it was decided to use
a PEEM rather than a scanning microscope. At first, a
PEEM is a full-field imaging instrument allowing pa-
rallel acquisition of the data whereas all scanning
microscopes acquire data sequentially and thus are
much slower. Furthermore, the spatial resolution in a
PEEM is achieved by electron optics which is a rela-
tively well controlled and inexpensive technique.
Scanning microscopes focus the light into a small spot
using for example Fresnel zone plates. Their focal
length depends on the photon energy hv making X-
ray absorption measurements (NEXAFS) very compli-

cated. In addition, their collection efficiency drops as
1/(hv)2.

TIME SCHEDULE

The insertion devices and the monochromator are in
their final design phase and should be ordered in
1999. The endstation will be designed in collaboration
with the users and should be ordered in the year
2000.

The time-critical step is the installation of the IDs in
the storage ring. This can only begin after commis-
sioning of the ring in the spring of 2001. Since the
4 IDs for the 4 beamlines have to be installed sequen-
tially, the ID for this SIM beamline will not be installed
until the fall of 2001. This means that user operation
should start during the year 2002.
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CONSTRUCTION OF AN ELLIPTICAL DISPLAY ANALYZER FOR MODERN
PHOTOELECTRON SPECTROSCOPY

C. Quitmann, B. Reihl (PSI)
T. Dutemeyer, K. Dornemann, M. Kitz, M. Gari, G. Pike, G. Ernst (Univ. Dortmund)

We have constructed an elliptical display analyzer for photoelectron spectroscopy. This analyzer records
the 2-dimensional distribution of photoelectrons at fixed energy as a function of the polar and azimuthal
emission angles. Because it has a very large acceptance angle of nearly n/2 steradian (0<Q< 43°,
0 < 9 < 360°), the data taking speed is increased by orders of magnitude over conventional angle resolved
photoelectron analyzers while retaining comparable energy and angle resolution. Such an analyzer is ide-
ally suited for measuring Fermi surfaces or X-ray photoelectron diffraction patterns at modern synchro-
trons. The analyzer was build at the university in Dortmund where it is being tested. In the future it could
be moved to the SLS.

PRINCIPLE OF OPERATION

Despite of its wide spread use, angle resolved pho-
toelectron spectroscopy (ARPES) is a very inefficient
technique. The fraction of photoelectrons detected T)
by an analyzer with acceptance angle Acp and energy
resolution AE can be estimated as,

IQOmeV _, 2.\(\~7

^ - in ' hv IK 20eV

Here 2.% is the halfspace over the sample into which
the photoelectrons are emitted and hv is the photon
energy which is the upper limit for the kinetic energy
of the photoelectrons. For values commonly used in
ARPES, the efficiency is below the PPM level. The
low efficiency not only means that the information pro-
duced in the experiment is not fully exploited, but also
leads to problems with surface contaminations due to
long acquisition times.

This limitation is overcome in the elliptical display
analyzer by using a very large acceptance angle. A
sketch of the analyzer is shown in Fig. 1. Such an
analyzer was first built by D. Eastman [1]. The main
component is an elliptical electrostatic mirror with the
sample in the upper and an aperture in the lower focal
point. The mirror is kept at a repulsive potential and
focuses photoelectrons coming from the sample into
the lower focal point. It also acts as a low-pass filter
because electrons with a kinetic energy higher than
the mirror potential hit the mirror and are absorbed.
To create an effective energy filter for the photoelec-
trons, this elliptical mirror is combined with a high-
pass filter located behind the aperture. It is con-
structed out of three concentrical spherical grids simi-
lar to a LEED system. The photoelectrons transmitted
through this band pass are then amplified by a micro
channel plate (MCP) and detected by a phosphor
screen and a CCD camera. The resulting image re-
presents an isoenergetic cut through momentum
space. The energy position of this cut can be varied
by adjusting the potentials of sample, elliptical mirror
and high-pass in the analyzer. To operate the ana-

lyzer with fixed kinetic energy of the photoelectrons, it
also contains a preretarding stage retarding photo-
electrons to a constant kinetic energy, the pass en-
ergy Ep^. This preretard stage is also shown in Fig. 1.

Elliptical mirror
= Low-pass

Electron trajectory: Scale:
50 mm

Fig. 1: Schematic drawing of the elliptical display ana-
lyzer showing main components and electron trajecto-
ries.

The complete intensity distribution of photoelectrons
as a function of energy and angle can be recorded by
taking cuts at different energies, which is achieved by
biasing the sample. The position of the photoelectron
on the 2-dimensional detector is determined by the
emission angles cp and 6 at the sample and can thus
easily be converted into the photoelectron momen-
tum k.

Raytracing

In order to calculate the focal points of the elliptical
mirror and the angle and energy resolution of the
analyzer we have written a raytracing program [2].
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Fig. 2 shows an image calculated with this program.
Here, the lines of points correspond to photoelectrons
leaving the sample under fixed polar angle cp or fixed
azimuthal angle 9 respectively.

Fig. 2: Calculated image showing the position of pho-
toelectrons leaving the sample under angles <p and 9
on the detector.

The lines corresponding to a fixed azimuthal angle 9
are distorted in the vertical direction because of the
reflection at the elliptical mirror. In Fig. 2, this distor-
tion has already been minimized by tilting the MCP.
The remaining distortion has been calculated both
analytically and numerically and can be removed by
software after data taking.

1.06 1.07 1.08

E/E

Fig. 3: Calculated transmission functions of the ellipti-
cal mirror TmiTOr and the high-pass Thigh.pass for the ellipti-
cal display analyzer.

The raytracing program was also used to calculate the
theoretical energy resolution AE. For this, photoelec-
trons with different energies Ekin and angles (cp, 6)
were traced through the analyzer. Fig. 3 shows the
transmission functions for the elliptical mirror (full cir-
cles) and the high-pass (open squares) respectively.
Their combinations results in a triangle shaped band-

pass with a FWHM of AE/Epass = 0.7 %. Assuming a
conservative lower limit of the pass energy of
Epass= 10 eV this results in a resolution of
AE = 70 meV. This value for example is well suited for
Fermi surface measurements.

First results

The analyzer was completed in October 1998. At pre-
sent, it is being tested using a He-resonance lamp as
a photon source. In Fig. 4 we show first angle-inte-
grated spectra of a Si (100) test sample. The squares
correspond to a measurement taken on the passiva-
ting SiO2 surface of the sample. This was later re-
moved by direct heating and the spectrum of the
clean Si is shown by the circles. The spectra demon-
strate that the main components of the analyzer are
functional.

-Secondary

electrons

First ingle integrated
Si-oxid spectrum of EDA:

— • — S i before cleaning
—••—Si after cleaning
Photon energy hv = 21.2eV

10 12 14 16 18 20 22

Fig. 4: First angle integrated test spectra taken with
EDA. The spectra shown were taken before and after
removing the passivating SiO2 layer of a Si (100) wa-
fer.

Presently, we are working on angle resolved images.
These are difficult to obtain because of the large spot
size of the He-lamp on the sample, and because of
charging problems leading to distortions of the trajec-
tories. We expect to solve these problems and have
first results in the spring of 1999.

Measurements will then be done using a He-lamp in
the laboratory and at beamline 41 of the Swedish
synchrotron Maxlab in Lund. In the future, this spec-
trometer could be moved to the SLS, where the com-
bination of a high-brightness source and the large
efficiency of the analyzer would for example allow the
measurement of Fermi surfaces within seconds. This
could be used to monitor the Fermi surface across
electronic or structural phase transitions.
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A LASER AND SYNCHROTRON RADIATION PUMP-PROBE ABSORPTION
EXPERIMENT WITH SUB NANOSECOND RESOLUTION

C. Bressier (Univ. Lausanne, PSI), M. Chergui, P. Pattison (Univ. Lausanne), M. Wulff (ESRF),
A. Filiponi (Univ. dell'Aquiia), R. Abela (PSI)

We present the concept of an experiment that aims at probing in real time photoinduced structural modifi-
cations in a large class of media using time-resolved X-ray spectroscopies in the sub-nanosecond time
domain.

INTRODUCTION

With the advent of lasers capable of delivering ul-
trashort light pulses of picosecond to femtosecond
duration, it has become possible to probe, in real time,
the elementary steps of photoinduced processes in
physical, chemical and biological media [1]. A de-
scription and understanding of the dynamics therein
can thus be obtained. The principle of ultrafast spec-
troscopy relies on the design of a stopwatch that can
resolve the photoinduced processes. First, an ul-
trashort laser pulse (the pump pulse) triggers a reac-
tion at time t = 0 and a second pulse probes the status
of the reaction in dependence of the adjustable time
delay between pump and probe pulses.

Crystallographic techniques such as X-ray or electron
diffraction and X-ray absorption techniques such as
Extended X-Ray Absorption Fine Structure (EXAFS)
or X-Ray Absorption Near Edge Structure (XANES)
have proven to be powerful techniques for structural
determination of biomolecules and condensed matter
systems with a high spatial resolution. Diffraction
techniques require a periodic structure, while X-ray
absorption techniques or X-ray diffuse scattering
probe the local structure, thus allowing investigations
in natural and dilute environments.

In principle, it is very interesting to combine the ad-
vantages of these X-ray techniques with the high
temporal resolution of ultrafast pump-probe tech-
niques, provided that the X-ray pulses are sufficiently
short. One possibility among others is the use of syn-
chrotron radiation pulses with durations of tens to
hundreds of picoseconds, that are commonly pro-
duced in storage rings over a large and flexible spec-
tral range and with high intensities.

The ultimate time resolution required depends on the
time scale of the mechanism under study. We are
primarily interested in time-resolved local structural
changes in chemical and biological systems, which
may be triggered by absorption of an optical light
pulse.

EXPERIMENTAL METHOD AND CURRENT RE-
SULTS

In order to fully characterize the advantages and limi-
tations of X-ray absorption in the nanosecond time
domain, we start off with simple condensed phase
chemical systems, which have been studied already
by optical techniques. Of particular interest is l2 in
liquid solvents. This system has been the test bench
for most ultrafast laser studies of photochemistry in
the condensed phase [2 - 4]. It is an ideal candidate
because the dynamics and kinetics spans from ul-
trashort to relatively long times, and exhibits strong
structural changes. Static spectra in solutions and in
the vapour phase have been obtained [5].

The relevant potential energy surfaces of iodine in the
condensed phase are shown in Fig. 1.

0-
250 300 350 400 500-600

INTERNUCLEAR SEPARATION / pm

Fig. 1: Relevant potential energy surfaces of iodine in
the condensed phase.

An ultrashort laser pulse excites l2 from its ground
state into the predissociative B state at t = 0. Elonga-
tion of the fragments occurs up to distances of ca.
0.5 nm within some picoseconds (pathway 1). Two
processes into the X state exist: Our experimental ef-
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forts focus on the electronic relaxation from the A
state (pathway 3 in Fig. 1) and on the vibrational
cooling in the X state because of their long lifetime
(hundreds of picoseconds to nanoseconds) for appro-
priate solvents, and the molecule bond distance is
significantly large. Our strategy to follow processes 3
and 4 relies on acquiring time-resolved EXAFS spec-
tra. We have started a series of static experiments
progressing stepwise towards the envisioned pump-
probe studies.

The schematic set up for pump-probe experiments is
shown in Fig. 2. An X-ray chopper at 900 Hz can cut
out single synchrotron radiation pulses. The laser
system is slaved to that frequency. The time delay
between laser and X-ray pulses can be electronically
adjusted in steps of 3 ps. In order to increase the sig-
nal-to-noise ratio, a laser chopper running at 100 Hz
can be introduced. The transmitted signal I, is than
run trough a Lock-In Amplifier.

X-ray
Chopper
(900 Hz)

In a first step, we have established the capability of
the ID09 beamline at the ESRF operating in the 32-
bunch mode using regular techniques( Fig. 3).

• X-Ray Chopper

Laser-Chopper

Fig. 2: Schematic experimental setup.

33.2 33.3 33.4 33.5

X-Ray Energy/keV

Fig. 3: Static EXAFS spectra of iodine/benzene.

In a second step, we introduce the X-ray chopper,
which reduces the incoming flux by 3 orders of mag-
nitude. Such a weak signal can be easily detected
with the Lock-In Detection set up (see Fig. 2).

We are already capable of acquiring a relevant pump-
probe signal, provided overall optical excitation effi-
ciency on the order of 30 % is achievable. Photoex-
citation efficiencies play an important role, and opti-
mizing the sample thickness and the concentration
with respect to the optical absorption cross section is
important.

The next step consists in acquiring an EXAFS spec-
trum at a fixed time delay. This will enable us to es-
tablish the time-resolved X-ray absorption techniques.
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BAND WIDENING IN GRAPHITE

C. Heske* (Lawrence Berkeley Ntl. Lab.), R. Treusch, F. J. Himpsel (Univ Madison), S. Kakar (Univ. of
California Davis/Livermore), L. J. Terminello (Lawrence Livermore Ntl. Lab.), H. J. Weyer (PSI),

E. L. Shirley (Ntl. Inst. of Standards and Technology)

In an experiment at the ALS, Berkeley, the valence band width of graphite has been measured with high
accuracy by imaging the momentum distribution of photoeiectrons for various binding energies. The re-
sulting value has been compared with theoretical calculations. Compared to local-density-functional the-
ory, the experimental band width (22.0 eV) is stretched by about 11 %. Quasiparticle calculations, which
properly describe electron interaction effects on the excited states of a solid, give a width of 21.8 eV, in
agreement with the experiment within the experimental and theoretical relative uncertainty of about 1 %.
The results demonstrate the importance of including final-state and associated many-body effects into the
theoretical description of the electronic structure of solids.

INTRODUCTION

Synchrotron radiation
has developed to an
excellent tool for
studying basic elec-
tronic properties of
solids. Especially the
band width is often
considered the single
the single most im-
portant quantity cha-
racterizing the valen-
ce band of a mate-
rial. Therefore, it is
somewhat surprizing
that rather few angle-
resolved photoemis-
sion measurements
have been performed
with an accuracy of a
few percent which is
required to quantify
the difference bet-
ween measured and
theoretical band
widths.

Previous experimen-
tal results for the va-
lence band width in
graphite vary signifi-
cantly. Results from
laboratory-based X-

• •

*
• •

a): BE=0.5 eV b) BE=3 5eV

g) BE=17 5 eV h) BE=21 5 eV

Fig. 1: Selected photoe-
iectron momentum distri-
bution images for a vari-
ety of different binding
energies. All images
were recorded at a ki-
netic energy of 130 eV.

ray photoelectron
spectroscopy (XPS) investigations and angle-resolved
photoelectron spectroscopy (ARPES) at synchrotron
sources scatter between 20.5 and 24 eV thus
complicating significantly any systematic comparison
with theory.

Mirroring the large scatter in experimental values,
theoretical results vary from 19.2 eV to 21.9 eV, with
most of these results obtained using the local-density
approximation (LDA) [1], the most common theoretical
method for obtaining energy bands and total energies

of solids and surfaces. This approach has been
surprisingly successful for computing band
dispersions, requiring very accurate band
measurements to detect any systematic difference
between LDA and experiment. This paper presents
high-precision band structure measurements of
graphite which test the limits of the local density
approximation. We also go beyond this approximation
by performing quasiparticle band calculations. In so
doing, we also consider the many-body mechanisms
(i.e., exchange and correlation or self-energy effects)
which influence band energies.

For a typical simple metal, Na, a band narrowing by
18% has been found relative to the LDA, and
quasiparticle calculations suggest varying degrees of
self-energy band narrowing. On the other hand, for a
prototype insulator (LiF) and wide-gap semiconductor
(diamond), band widening compared to the LDA of
similar strength has been found in measurements and
quasiparticle calculations. Graphite (refer to Refs.
[3], [4] for a depiction of the two-dimensional graphite
band structure), has traditionally been a test system
for demonstrating the band-mapping capacity of
angle-resolved photoemission. It is worthwhile, there-
fore, to consider this semimetal for study, particularly
in view of the fact that the bandwidth discrepancy
changes its sign from metals to semiconductors.

EXPERIMENTAL SETUP

We have performed an accurate valence band
mapping of graphite at room temperature by
employing an imaging photoelectron spectrometer [2],
which allows for a data rate orders of magnitude
higher than was obtainable with single-angle
spectrometers. A total of 5 x 106 image points were
acquired at different angles, photon energies, and
electron energies. The experiments were performed
on a synthetic single-domain single crystal of Kish
graphite by utilizing the high flux and small spot size
of the undulator Beamline 8.0 at the Advanced Light
Source. Photoelectron momentum distribution images
were taken for a set of 35 different binding energies
throughout the valence band. Each of these images
represents an iso-energetic slice through momentum
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space, i.e. shows an intensity distribution of emitted
photoelectrons for a given binding energy, with
different locations within an image being directly
related to different values of k,,, the electron
momentum parallel to the sample surface. For all
images presented here, the detected electron kinetic
energy was kept fixed at 130 eV and the incident
photon energy was varied in order to probe electronic
states with different binding energies. The overall
energy resolution was determined to be better than
0.5 eV. A FWHM analysis of the K-points for binding
energies close to the Fermi level yielded a
conservative upper limit for the angular resolution of
1.6 degrees, corresponding to a kM resolution of better
than 0.1 A"'.

RESULTS

Fig. 1 shows images for binding energies near
prominent points of the graphite valence band
structure. Features of high intensity are depicted as
dark regions. The high-intensity features (shown as
dark regions) correspond to k-space regions of high
density of state. Most pronounced, (a) shows the
hexagonal structure of K points, while (b) is
dominated by emission from the M points. The r point
is most clearly identified at the bottom of the valence
band (h). A more complete discussion of the valence
band structure of graphite derived from our
experiments will be given elsewhere [5].

In order to include the transmission of the analyzer, all
images were normalized by an image of the
secondary electron distribution at identical analyzer
settings. A symmetrization of the images has been
performed according to the threefold symmetry of the
three-dimensional graphite crystal. All features in
Fig. 1 were clearly visible in the unsymmetrized raw
data. In particular, the valence band width reported
here could be derived from both symmetrized and
unsymmetrized images.

To obtain accurate experimental information about the
overall width of the valence band, we determined the
Fermi energy by use of a Ta foil reference in electrical
contact with the graphite sample and investigated the
closing of the ring structure in the center of our
images for binding energies close to the bottom of the
valence band. We analyzed a line scan across the
image, along a K-r-K direction and along an M-r-M
direction. The center-of-mass peak positions obtained
from the line scans were plotted against the binding
energy for the associated image and a parabolic fit
was applied to determine the binding energy at the
bottom of the valence band. In both cases, the bottom
of the band was determined to be close to 22.0 eV. A
conservative error analysis led to an uncertainty of
± 0.2 eV. By including the effects of the final energy
resolution and a anisotropy of the inelastically
scattered electrons, we denote our final result as
22.0 eV (+0.2/-0.4 eV).

Our experimental value agrees with our quasiparticle
calculations within the error margins and is 11 %
larger than the corresponding local density band width
of 19.6 eV.

It is tempting to infer that band widths are
misestimated by LDA in a manner correlated to
metallicities. However, there are several factors which
influence the theoretically derived band width,
including many-body effects as e.g. dynamical
correlation effects and non-local exchange effects.
This means that a theory, which more accurately
takes such effects into account (as does the
quasiparticle approach), will be better able to model
experimental methods involving excited final states
(such as photoelectron spectroscopy).

CONCLUSION

In summary, we present a high-accuracy determina-
tion of the valence band width of graphite. Both the
experimental result of 22.0 eV (+0.2/-0.4 eV) and our
quasiparticle calculations (21.8 eV ± 0.2 eV) exceed
theoretical predictions based on the local-density
approximation by 11 %. These results quantify the
accuracy limits associated with the widely-used local
density approximation and might lead towards
efficient methods to improve it.
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SPONTANEOUS ORDERING IN AIGaAs

B.D. Patterson, H. Auderset, C. Bronnimann and U. Staub (PSI), M. Moser, A. Vonlanthen (CSEM),
P. Pattison (Univ. Lausanne), K. Knudsen (ESRF) and ft Mathiessen (Univ. Trondheim)

A spontaneous ordering of Al and Ga ions on the group-Ill sublattice of the compound semiconductor
AlxGaUxAs has been observed for the first time using X-ray diffraction. The material, with a nominal Al-con-
centration x = 0.75, was grown as a 500 nm thick epitaxial layer on a [110] GaAs substrate wafer. High
intensity synchrotron radiation was required to observe the very weak superlattice diffraction peaks and to
demonstrate a strongly anisotropic diffuse scattering component.

The ternary Ill-V semiconductor AI^Ga^s, grown in
the form of epitaxial layers on GaAs substrates, is an
important material, both from the point of view of fun-
damental quantum-well physics and in terms of tech-
nological applications (e.g., heterostructure transistors
and laser diodes). Its usefulness derives from the fact
that the aluminum concentration x can be varied con-
tinuously between 0 and 1, producing a large shift
(87 %) in the direct electronic band gap but a small
change (0.14%) in the lattice constant. This allows
the growth of elastically-strained epitaxial barrier lay-
ers on GaAs substrates. The most common growth
techniques are molecular-beam epitaxy (MBE) and or-
gano-metallic vapor phase epitaxy (OMVPE), and the
standard substrate orientation is [100].

Due to the similar covalent radii of Al and Ga, it has
generally been accepted that A ^ G a ^ s is a random
alloy, with the Al and Ga ions occupying uncorrelated
positions on the group-Ill sublattice of the cubic
zincblende structure. In 1985, however, Kuan, et al [1]
could observe, using electron diffraction, superlattice
reflections in AI075Ga02BAs samples grown with
OMVPE on [110] substrates. The diffraction pattern
implied a weakly developed spontaneous ordering of
Al and Ga in the CuAu I structure, with alternating
(100) Al- and Ga-rich atomic planes. Although stimu-
lating much theoretical work, to date no independent
observation of this spontaneous ordering has been
published.

We have used OMVPE to grow a 500 nm AI075Ga025As
on a [110] GaAs substrate at a growth temperature of
780° C. Upon investigation with 0.7 A synchrotron
radiation (at the Swiss-Norwegian Beamline of the
European Synchrotron Radiation Facility, Grenoble),
we observed weak reflections satisfying the selection
rule (h+k=even, k+l=odd) specific to the CuAu I
structure. The Figure shows the observed diffracted
intensity as a function of scattering angle for the
zincblende-allowed (220) reflections from the GaAs
substrate and the epitaxial layer and for the CuAu I
(110) superlattice reflection.
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Fig. 1: Measured rocking curves for the (220) and
(110) reflections in the epitaxial sample.

The extreme weakness of the superlattice diffraction
peak makes the use of high-intensity synchrotron
radiation a necessity. Fig. 1 shows (110) diffraction
results for both the 0 (II) and 8-28 (JL) scanning
modes. The former samples reciprocal space parallel
to the wafer surface and the latter perpendicular. In
spite of the weakness of the signals, one clearly sees
a broad diffuse scattering component perpendicular to
the surface, indicative of finely-spaced stacking faults
running perpendicular to the [110] layer growth direc-
tion.

Although this anisotropic diffuse scattering was also
seen in the earlier electron diffraction experiment, the
present high-resolution X-ray results permit a quanti-
tative evaluation of the stacking fault correlation. It is
believed that the long diffuse tails make a substantial
contribution to the integrated scattering intensity.
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INTERACTION OF BI-ISONICOTINIC ACID ON RUTILE TIO2(110)

L Patthey (PS1); H. Rensmo, P. Persson, K. Westermark, L Vayssieres, A. Stashans, A. Petersson,
P. A. Bruhwiler, H. Siegbahn, S. LunellandN. Martensson (Univ. Uppsala)

We report here on X-ray absorption spectroscopy (XAS), high resolution X-ray photoelectron spectroscopy
(XPS) experiment, and total energy calculations carried out on multilayer and submonoiayer bi-isonicotinic
acid on rutile TiO2(110). We show that the molecule bonds to the rutile TiO2(110) surface via both depro-
tonated carboxyl groups, with a tilt angle of 25°, and additionally an azimuthal orientation of 44° with re-
spect to the [001] crystallographic direction. Both oxygen atoms of each carboxyl group are bonded to
five-fold coordinated Ti atoms (2M-bidentate).

Solar cells based on dye-sensitized nanostructured
materials are intensively investigated nowadays due
to their potential application in photovoltaics [1, 2]. It is
known that the basic mechanism in a dye-sensitized
solar cell involves the transfer of photoexcited elec-
trons from dye molecules to, for example, TiO2 parti-
cles [3]. Much, however, remains still to be under-
stood about the atomic-scale properties of the
dye/TiO2 interface, such as the molecular orientation,
adsorption geometry and adsorption sites which are
fundamental parameters in the basic understanding of
the electron transfer. Therefore, these parameters are
important for the efficiency of the solar cell.

Bi-isonicotinic acid (2,2'-bipyridine-4,4'-dicarboxylic
acid),

COOH COOH

is the ligand of several organometallic dyes used in
dye-sensitized solar cells. Therefore, the understan-
ding of the bonding of this molecule to rutile TiO2(110)
should give insight into the crucial dye-surface inter-
action.

The combination of the chemical specificity of XPS
and the structural information available from angle
resolved XAS are powerful tools to analyze the ad-
sorption of bi-isonicotinic acid on rutile TiO2(110). We
report 0 1s XPS and N 1s XAS spectra of multilayer
and submonoiayer bi-isonicotinic acid on this surface.
The experiments were performed at Beamline 22 [4]
of the MAX I synchrotron storage ring at MAX-Lab in
Lund, Sweden.

Fig. 1 shows the O 1 s core-level XPS spectra of the
bi-isonicotinic covered TiO2(110) surface. For the mul-
tilayer (top spectrum), it can be seen that the O 1s
core-level exhibits three peaks with ionization poten-
tials of 535.0 eV, 536.6 eV and 537.9 eV. The lower
ionization potential peak is due to the TiO2(110) sub-
strate, whereas the two higher ionization potential
peaks correspond to the two different O atoms of the
protonated carboxyl group. We attribute the chemical

shift between these two O atoms to the presence of
the proton in the carboxyl group. A simple estimate
using the intensity ratio between the bi-isonicotinic
acid and TiO2 O 1 s XPS signals gives an average
multilayer thickness of about 20 A.
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Fig. 1 :0 1s core-level XPS spectra of the bi-isonico-
tinic covered TiO2(110) surface.

For the submonoiayer (bottom spectrum), the data
show only two O 1s peaks with ionization potentials of
536.6 eV and 535.0 eV. The higher ionization poten-
tial peak corresponds to both oxygen atoms of each
carboxyl group of the bi-isonicotinic molecule. The
lack of a double-peaked structure in the bi-isonicotinic
acid-derived signal strongly indicates that there is no
second layer contribution. The lower ionization poten-
tial peak is due to the TiO2(110) substrate, where the
increased intensity is due to a lower attenuation of
photoelectrons due to the bi-isonicotinic layer. The
fact that no chemical shift and/or double peak struc-
ture is observed in the 0 1s signal of the adsorbed
molecule, indicates that the carboxyl groups are de-
protonated. Hence, the two oxygen atoms of each
carboxyl group are chemically equivalent and both
groups are involved in bonding to the surface.

Fig. 2 shows the N 1s XAS spectra for the submono-
iayer case, with different azimuthal orientations of the
sample. The spectra exhibit a sharp % orbital reso-
nance at approximately 398.5 eV. The data indicate a
maximum of the n resonance at normal incidence,
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with the intensities decreasing with increasing inci-
dence angle. This observation shows that the n mo-
lecular orbital is parallel to the surface. Since the n
molecular orbital is oriented perpendicular to the mo-
lecular plan, we conclude that the molecules do not
stack parallel to the surface as for the multilayer (not
shown data) but stand up on the surface (Fig. 3). The
angular dependence of the n resonance intensities for
the two azimuthal orientations indicates that the mole-
cules are at an azimuth angle of 44° with respect to
the [001] direction and a tilt angle of 25° with respect
to the surface normal. It is not possible with these
data to distinguish between two alternative conforma-
tions, i.e., both rings of the molecule tilted in the same
or in opposite directions, forming a twist angle of 50°
between the rings.
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Fig. 2: N 1s NEXAFS of the bi-isonicotinic acid on
TiO2(110).

Total-energy calculations using periodic intermediate
neglect of differential overlap (INDO) were made to
determine different possible molecular adsorption
geometries. The results are also correlated to the
experimental results. Calculations were made for two
monodentate and three bidentate adsorption struc-
tures.

The two investigated monodentate structures differ in
that the Ti adsorption sites at opposite ends of the
molecule are shifted by zero and one crystallographic
unit cells in the [001] direction. These structures show
a favorable total energy, entail, however, only a
mono-dentate bonding, implying strongly inequivalent
oxy-gen atoms in the carboxyl groups, in conflict with
the XPS results, and must therefore be ruled out.

The three bidentate structures differ in that the Ti ad-
sorption sites at opposite ends of the molecule are
shifted by zero, one and two crystallographic unit cells
in the [001] direction, respectively.

[110]

Fig. 3: bi-isonicotinic acid on TiO2(110).

The one-unit shifted bidentate structure (Fig. 3) is
found to be significantly more stable energetically
than all the studied bidentate structures. All four oxy-
gen atoms bind to surface titanium atoms with a bond
distance of 2.0 A. This finding is consistent with the
XPS results, where the single O 1s peaks reflect an
equivalent chemical environment for the four oxygen
atoms of the molecule. There is a twist of 34° between
the two rings and an additional twist between each
ring and its carboxyl group relative to the free mo-
lecular conformation. This twist between the two rings
implies that each of the two rings is tilted 17° (in op-
posite directions) from the surface normal, which is in
reasonable agreement with the tilt angle of 25° found
experimentally. Furthermore, the molecular azimuthal
orientation is found to be 46° relative to the [001] di-
rection, in very good agreement with the XAS data.

The bonding of large organic molecules to transition
metal oxide surfaces is a central concern in the con-
struction and optimization of molecular based devices.
The combination of experimental and theoretical
techniques used here allows the determination of
molecular adsorption geometries for such systems.
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RAYLEIGH-TO-COMPTON COMPUTED TOMOGRAPHY WITH SYNCHROTRON
RADIATION

C. Schulze (PSI) and U. Kleuker (ESRF)

A new optical system to perform tomography based on the Rayleigh-to-Compton (RC) method with high
spatial and spectral resolution was developed. The RC-technique allows the effective atomic number of a
sample to be measured and finds application in bone mineral densitometry in medicine. It is particularly
useful for the characterization of the distribution of biological materials which do not exhibit distinctive
diffraction peaks. The system is based on the separation of the elastic line from the spectrum which is
scattered by the sample by means of a bent Laue analyzer crystal, and the subsequent independent de-
tection of the elastic and inelastic parts of the spectrum with two large-area scintillation counters. The high
energy resolution permits operation at low momentum transfer, where the RC-method has its best Con-
trast-to-Noise Ratio for low-Z materials.

INTRODUCTION

The non-destructive detection of low- and medium-Z
elements in bulk materials is cumbersome because
their characteristic X-ray fluorescence lines are ab-
sorbed within the sample. The Rayleigh-to-Compton
(RC) ratio method offers the capability to determine
the mean atomic number of the probed volume by
normalizing the intensity of the coherently scattered
fraction of the spectrum to the intensity of the Comp-
ton scattered fraction [1]. The RC-technique does not
provide atomic sensitivity but, other than absorption
tomography, it allows changes in composition to be
distinguished from changes in density.

Due to the functionality of the basic differential cross-
sections, the sensitivity of the RC method to the effec-
tive atomic number increases with scattering angle,
while the precision decreases owing to poorer coun-
ting statistics. Recently, Harding et al. [2] demon-
strated that for low-Z materials the best Contrast-to-
Noise Ratio (CNR) is found in forward-scattering ge-
ometry (low momentum transfer). In the best g-regime
of about 0.5 A"1 the Compton shift is of the order of
100 eV or 2-10"3 and cannot be resolved by conven-
tional solid state detectors. Stimulated by these find-
ings, we developed a new approach to the RC -tech-
nique involving: (1) atomic number-optimized RC with
a scattering angle tunable device; (2) tomographic
imaging employing reconstruction algorithms.

The angular tunability allows the contrast to be opti-
mized for samples of different mean atomic number,
since the optimal momentum transfer depends on the
difference AZ in mean atomic numbers of the probed
volume elements. The tomographic reconstruction
approach eliminates mapping errors which can arise
in point-scanning techniques in forward and
backscattering geometry from overlapping volume
elements.

The theoretical background related to the tomographi-
cal RC approach and an evaluation of the contrast-to-
noise ratio can be found elsewhere [3].

EXPERIMENTAL SET-UP

The approach to Rayleigh-to-Compton based Com-
puted Tomography (RC-CT) is based on the use of a
bent analyzer crystal. A bent Laue crystal in inverse
Cauchois geometry provides an energy resolution
better than 10'3, sufficient to separate the elastic signal
from the inelastic one at low momentum transfer.
Fig. 1 shows the experimental set-up. A focused and
collimated beam probes the sample and is subse-
quently recorded by a cooled Ge-diode. The scattered
spectrum is observed under a mean horizontal scat-
tering angle 0S and a solid angle defined by the Soller
slits. The analyzer crystal is set to the energy of the
elastic line so that the coherently and incoherently
scattered fractions of the beam can be detected sepa-
rately in a short distance by two scintillation counters.

Ay
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defining
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cooled Ge-diode
absorption signal

Conically Bent Laue Crystal

Thickness T: 1 mm
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Compton

Fig. 1: Scheme of the set-up for wavelength-disper-
sive RC computed tomography. The incident beam is
monochromatized and focused by means of a Si (331)
Bragg monochromator in Johann geometry delivering
6-1011 photons s"\ integrated vertically into a focal line
of 350 urn. The bandwidth is 4-10"4 at 60 keV.

EXPERIMENTAL RESULTS

Experiments were performed at the hutch B of ESRF's
high-energy beamline ID15 (see Fig. 1). In order to
test the feasibility of the tomographic approach to RC-
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imaging, the trabecular structure of a vertebrae bone
embedded in epoxy glue was tomographically
scanned. The size of the probing beam was 100 urn
horizontally and 50 urn vertically. The analyzer was
set to the maximum of the elastic line (0a = 3.08°) of
the scattered spectrum and the sample was scanned
with a step size of 100 urn (100 steps) and an angular
increment of 2° (90 steps). The number of photons
collected in the counters at each step was in excess
of 104. Fig. 2 shows the reconstruction images of the
transmitted-, Compton-, Rayleigh-signal and the RC-
ratio. The trabecular fine structure is clearly visible in
all images. The images are free of artifacts due to
elongated volume elements. Finally, the absorption
effect visible in the Rayleigh- and Compton-images
(pixels at the periphery have higher count rate than
those in the centre) are non-existent in the RC-ratio
image.
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CONCLUSIONS AND OUTLOOK

The proposed tomographical RC-technique allows the
distribution of low Z elements in bulky samples to be
measured with a maximum contrast-to-noise ratio.
Conical bending of the analyzer crystal compensates
distance errors. The bending, however, has to be
more homogeneous to reduce aberrations, thereby
increasing counting statistics and RC-ratio. This can
be achieved either by using a more elaborated ben-
ding technique or by the force-free application of the
bending moments.

With a reliable calibration being available and an im-
proved bending mechanism, Rayleigh-to-Compton
Computed Tomography is feasible and offers a new
approach to the 2-dimensional quantification of low-Z
materials.
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SOFT X-RAY DIFFRACTION ANOMALOUS FINE STRUCTURE
ON Ni/V MULTILAYERS

U. Staub, H. Grimmer (PSI), H.-Ch. Merlins (BESSY)

We report on anomalous soft X-ray scattering experiments on NiA/ multilayers. The fine structure above
the L23 absorption edges of V on the first order multilayer reflection can be interpreted as diffraction
anomalous fine structures (DAFS), from which information on the local structure of V can be obtained.
This interpretation is in agreement with extended X-ray absorption fine structure (EXAFS) results obtained
in transmission mode on a similar NiA/ multilayer. The results demonstrate that the DAFS technique can
be employed for multilayer analysis in the soft X-ray region in a similar fashion as for crystalline materials
in the hard x-ray region.

Since the development of synchrotron radiation sour-
ces for production of intense and highly collimated
electromagnetic radiation with a continuous wave-
length distribution, techniques based on X-ray absorp-
tion spectroscopy (XAS) have been strongly improved
and are commonly used today in a variety of scientific
fields. XAS provides information on the electronic
states of the absorbing ion from the X-ray absorption
near edge structure (XANES) [1] as well as informa-
tion on the local structure of the surrounding ions from
the extended X-ray absorption fine structure, (EXAFS)
[2]. One of the drawbacks of XAS techniques is that
the available information is averaged over all ions of
the same atomic species in the sample. Therefore, it
is impossible to separate the contributions from iden-
tical ions occupying different sites. In addition, it is
difficult to differentiate between the contributions from
thin layers or buried layers and those from substrates
or cap layers containing the same atomic species. A
newly developed technique, diffraction anomalous fine
structure (DAFS), overcomes these problems by using
the diffraction condition to select a subset of resonant
atoms, based on their long range order or unique lat-
tice parameter. DAFS consists of a measurement of
the intensity of Bragg reflections as a function of en-
ergy at and above an absorption edge of the ion of
interest. It has been shown that this technique allows
site specific XAS information to be obtained and that it
can be used to study buried layers [3, 4]. Multilayers
consisting of 150 bi-layers of NiA/ were deposited by
magnetron sputtering at room temperature. A silicon
wafer and 1200 A of Si3N4 were the substrates for the
reflection and transmission multilayer, respectively [5].
Here, we present soft X-ray diffraction experiments,
performed with the reflectometer at the PM 4 beam-
line of BESSY, at and above the V L23-edges (500 eV)
of NiA/ multilayers.

We could show that the smooth modulations in the
Bragg intensity above the V L23-edges (see Fig. 1a)
can be interpreted in terms of the modifications of the
scattered X-ray intensity by the interaction of virtual
photoelectrons with the surrounding ions (DAFS).
These findings are compared with transmission
EXAFS (Fig. 1b) and used to characterize the vana-
dium component in the Ni/V multilayers [6]. To our

knowledge, this is the first time that DAFS is reported
in the soft X-ray region.
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Fig. 1a, b: Phase shifted k3 V L23-edge diffraction
anomalous fine structure data for the 150 bi-layer
Ni/V.
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DIFFICULTY OF PROBING THE SUPERCONDUCTING GAP WITH RELAXATION
MEASUREMENTS ON 4f CRYSTAL-FIELD TRANSITIONS WITH NEUTRON

SCATTERING

U. Staub, M. Gutmann, F. Fauth (PSI), W. Kagunya (Rutherford Appleton Lab.)

Inelastic neutron scattering results on the temperature dependence of the quasi-elastic crystal-field transi-
tion of Tb in YBa2Cu3O7j (5 = 0.9 and 0.03) has been performed. The linewidth as a function of tempera-
ture follows a exp(-A/T) law with no anomaly at Tc. The relaxation of the 4f magnetic moments can be de-
scribed by simple Orbach processes originating from the magneto-elastic interaction with lattice vibrations.
These results imply that previous neutron measurements must be re-examined.

Recently, there has been a considerable effort to ob-
tain information on the superconducting state [1] or
the pseudo gap [2] in high-Tc superconductors. Ine-
lastic neutron scattering has been widely used to ob-
tain information on the gap by studying the tempera-
ture dependence of the linewidth of crystalline-elec-
tric-field (CEF) transitions [3 - 5]. With this technique,
it is possible to obtain similar results as with NMR.
The sensitivity of the 4f electrons as a probe to study
the superconducting state has been nicely demon-
strated for the BCS-type superconductor Tb:LaAI [6].
These experiments are based on the careful determi-
nation of a linewidth r(T) of a CEF transition as a
function of temperature. Above the temperature of
interest (To, T ) T is believed to follow a Korringa law
due to the s-f interaction with a normal Fermi liquid,
leading for T » A to a linear dependence of r(T). The
deviation from a linear temperature dependence at
low temperatures is then interpreted in terms of the
opening of a gap and the associated reduction in the
damping associated with the formation of the super-
conducting state.

We report on inelastic neutron scattering experiments
on the temperature dependence of the quasi-elastic
line of Tb in YBa2Cu307.5 for small amounts of Tb [7].
These experiments has been performed at the IN5
spectrometer at the Institute Laue Langevin and at the
IRIS and Druechal spectrometers of the spallation
sources ISIS (U.K) and SINQ (PSI). Fig. 1 show typi-
cal energy spectra from Tb in YBa2Cu307.5. The tem-
perature dependence of the half width of the mag-
netic, quasi-elastic scattering is shown in Fig. 2. No
anomalies are found in r(T), but it approximately fol-
lows a exp(-A /T) dependence. Such a behavior is
predicted if lattice vibrations are involved in the re-
laxation process (Orbach process). We could show
that such a model is as well able to predict r(T) of the
CEF transitions of Ho substituted in YBa2Cu307.6 [3].
Therefore, these earlier experiments, interpreted pre-
viously with the s-f interaction and predicting the ob-
servation of superconducting d-wave gap or pseudo
gap [3], [5], should be re-examined with respect to the
dominant contribution of relaxation processes invol-
ving the lattice vibrations.

-0.5 0 0.5
energy transfer (meV)

Fig. 1: Energy spectra of Tb01Y09Ba2Cu3O7.

Fig. 2: Half width of quasi-elastic scattering. The lines
corresponds to models based on the Orbach process.
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THE ELECTRONIC PROPERTIES OF Pr IN Pr1+xBa2XCu307.5

U. Staub, B. Patterson, M. Shi, M. Lange (PSI), M. J. Kramer (Ames Lab.), L. Soderholm,
S.R. Wassermann (Argonne Ntl. Lab.), M. Knapp (Hasylab)

X-ray absorption spectroscopy and diffraction anomalous fines structure experiments have been per-
formed on Pr1.05Ba1.95Cu3O7-d. These experiments have been interpreted in terms of a slight interme-
diate valence of Pr, which is related to the absence of superconductivity. In addition, it is shown that the
valence is strongly depend on the doping (oxygen content) of the sample.

The Pr-analogue of the isostructural RBa2Cu307.5
(R = rare-earth) high-Tc cuprates shows a striking sup-
pression of superconductivity [1], whereas in other
high-Tc cuprates, the Pr-analogue has a behavior
which is indistinguishable from the isostructural R-
substituted members. It is believed that the valence
state of Pr plays a crucial role (hybridization of Pr3*
and Pr4*]. states) in the suppression of superconduc-
tivity by Pr [2]. To obtain information on the valence
states of Pr, we performed X-ray absorption near edge
structure (XANES) on the Pr L3 (5964 eV) and L,
edges (6835 eV) on a serie, of single-phase
Pr, 05Ba, 95Cu307.5 compounds with different oxygen
content. The near-edge L3 spectra is shown in Fig. 1.
In addition, to obtain information on the site-selective
valence state of Pr, powder diffraction data using im-
age plates at energies close to the L3 absorption edge
were collected. From these data, site-selective infor-
mation on the valence state of the Pr ions on the
regular R and the slightly occupied Ba site can be ex-
tracted.

Fig. 2 shows the Bragg intensity of the (123) reflection
taken at different energies around the Pr L3-edge
normalized to the (113) and (311) reflections of Silicon
powder. The small reduction around 5982 eV is an
indication that the valence state of Pr is slightly larger
than trivalent. This effect cannot originate from impu-
rity phases, in contrast to the regular XANES, which
averages over the entire sample. Further data analy-
sis is in progress.
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Fig. 2: Diffraction anomalous fine structure (DAFS) on
the Si normalized (123) reflection using image plates.
The dip at 5982 eV indicates a slight valence change
of Pr in the sample.
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MAGNETIC AND STRUCTURAL PROPERTIES OF THE NEW B2Cu04 CUPRATE

U. Staub, J. Schefer, B. Roessii, A. Amato (PSI), A. Vorotynov, G. Petrakovskii (Krasnoyarsk)

We have investigated the new copper-oxide B2CuO4 by means of magnetization, specific heat, muon spin
rotation, and low temperature X-ray powder diffraction experiments. These results are consistent with two
magnetic phase transitions found at T= 10 and 20 K. The transition at 20 K is predicted to be to a 3-di-
mensional second-order antiferromagnetic transition with a small ferromagnetic moment due to a slight
canting of the Cu spins, whereas the transition at 10K is of first order to a pure antiferromagnetic state,
may be associated with a structural modification.

Copper-oxide compounds with half-integer (S = 1/2)
Cu2+ spins and strong antiferromagnetic interactions
exhibit new phenomena due to quantum fluctuations
as Spin-Peirls transitions or high-Tc superconductivity
[1, 2]. One of the most striking feature, is that in pre-
sence of important magneto-elastic coupling as e.g.
found in 1-dimensional chain systems or ladder sys-
tems, magnetism is connected with structural dimeri-
zation [3]. Recently, we have investigated a new cu-
prate B2Cu04 with magnetic susceptibility, specific
heat, muon spin rotation and low-temperature X-ray
powder diffraction experiments.

Fig. 1 shows the low-temperature specific heat of
B2Cu04. There is a sharp peak located at 20 K which
indicates a second-order, 3-dimensional phase transi-
tion. At 10 K, there is a very steep increase in the
specific heat for decreasing temperatures followed by
a further increase and a maximum at 5 K, indicating a
second first-order transition at 10 K and a not under-
stood behavior at lower temperatures. The magneti-
zation measurements (not shown) give evidence that
these two transitions are of magnetic origin and that
there is a small overall ferromagnetic moment be-
tween 10 and 20 K. In addition, the magnetization ex-
periments indicate that the magnetic moments (easy
plane of magnetization) are perpendicular to the c-
direction of the orthorhombic structure.

0.0

The muon-spin-rotation experiments, performed in a
very short test run at the uSR-facility at PSI, support
the interpretation of these two magnetic phase transi-
tions (See Fig. 2). The small ferromagnetic moment in
the magnetic phase between 10 -20K is probably
originating from a slight canting of the spins from an
antiferromagnetic arrangement along the c-direction.
The low-temperature magnetic phase transition and
the maxima in the specific heat at low temperature are
still not understood and will be further investigated
with uSR as well as with neutron scattering as soon
as an isotopic enriched B2Cu04 single crystal has
been grown.
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Fig. 2: uSR depolarization rate in B2CuO4as a function
of temperature.
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Fig. 1: Specific heat of B2Cu04.
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