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Abstract
The Paul Scherrer Institut (PSI) is a multidisciplinary research institute for natural sciences and technology. In national
and international collaboration with universities, other research institutes and industry, PSI is active in elementary
particle physics, life sciences, solid-state physics, material sciences, nuclear and non-nuclear energy research, and
energy-related ecology. PSI's priorities lie in research fields which are relevant to sustainable development, serve
educational needs and are beyond the possibilities of a single university department. PSI develops and operates complex
research installations open to a national and international scientific community. With the upgrade of the 590 MeV Ring
accelerator PSI disposes of the world's most powerful cyclotron, allowing to operate high intensity secondary pion and
muon beams, a neutron spallation source and various applications in medicine and materials research. A short review on
research at PSI is presented, with special concentration on particle physics experiments.

Introduction
As a national research center for natural and
engineering sciences, PSI is governed by the same
authority as the two technical high schools in Zurich
and Lausanne. The budget in 1995 was around 160
MSFr, and there are about 1100 employees, including
200 persons paid by non - PSI funds. Research is done
with the Swiss universities, in close collaboration with
government agencies, industry and a large international
user's community in the following fields: Nuclear and
Particle Physics, Life Sciences, Solid State Physics and
Material Science, Nuclear Energy Techniques and
General Energy Research. The Department for Nuclear
and Particle Physics (Fl) of PSI is what was formerly
known as SIN (Swiss Institute for Nuclear Research). It
has two main distinct functions: research in subatomic
physics and running PSI's accelerator complex. There
are three divisions:

• Division for Nuclear and Particle Physics [9 persons
in theory group, 18 persons in experimental physics,
19 PhD students]

• Division for Accelerator Physics and Development
[77 persons]

• Division for Experimental Facilities [48 persons]

Research in Nuclear and Particle Physics is done in
three directions: theory, experiments at intermediate
energies, experiments at high energies. Fl also hosts the
Muon Spin Resonance ((iSR) group as well as a group
developing ultraslow muon beams. Experimental
physics is supplemented by experimental support
groups. Fl also operates and improves the accelerators
and the secondary beam lines. This is an important
service for other departments too, who take an
increasing share of the beams of the accelerators. The
department Fl provides expertise and help for related
projects of other departments (SINQ, SLS, proton

therapy) presently in the construction or planning
phase. The facilities are described in the new Users'
Guide [1] and shown in Figure 1.

The accelerators and experimental areas
The cyclotron facility was originally built to produce
intense beams of pions and muons for nuclear and
particle physics experiments. Commissioned in 1974
the facility soon reached the design current of 100 (iA,
progressing continuously to routine currents of about
200 \xA in the early 80's. It became, however, evident
that the main Ring was potentially capable of
accelerating beam currents in excess of 1 mA and that it
would be possible to extract such beams with very low
losses. This promising outlook for a high current future
at PSI, initiated many challenging new experiments in
particle physics, particularly on rare and forbidden
decays.. It also enabled the construction of the spallation
neutron source SINQ, for research in solid-state physics
and material science, the commissioning of which is
planned for October 1996. For a full exploitation of this
new facility, proton currents in excess of 1 mA are
needed. This has led to an upgrading program with the
goal of providing beam currents of 1.5 mA,
corresponding to a beam power of almost I MW. The
main stages of the upgrading program were:

• Replacement of the original Philips cyclotron
(Injector 1) by Injector 2, a 72 MeV cyclotron
specially designed for high beam currents. It was
commissioned in 1985 and reached 1.5 mA with
small extraction losses in 1990. The Philips
cyclotron is still in use for low-energy experiments,
for medical applications (OPTIS) and occasionally as
a source of polarized protons for the 590 MeV Ring.

• Adaption of the two meson production targets (in
1986 and 1990) and the beam lines to the future
megawatt beam and the installation of part of the
beam line to SINQ.
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1 Injector 1
2 injector 2
3 Ring Cyclotron

. 4 1P2: Isotope Production
5 Eye Treatment OPTfS
6 ;!P1: Isotope Production
7 Low Energy Areas
8 SUSI Pion Spectrometer
-9 Pion Therapy (closed)
10S1NDRUMU'
11 LEPS Spectrometer
12 SpalLNeutron Source SiNQ
13 Proton Irradiation PIREX
14 NA3: Proton Therapy
15 Proton Irradiation PiF
16 NA2: Proton Spectrometer
17 NA2: Neutron Spectrometer
18 fiSR Areas
19 Neutron Guides

j ~ | Accelerator Facilities

Solid State Physics
& Materials Science

Figurel: Isometric view of the PSI accelerator installation and its experimental areas. Shielding walls have been cut at
the height of 4 m. Activities in the different fields of Particle Physics, Solid State Physics and Medicine are
indicated by shading the floors of the corresponding areas.
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• Increase of the available RF-power to the four
accelerating cavities. This accounts for the dramatic
increase in beam power and allows an increase of
more than 50% in the cavity voltage.

The performance of the PSI proton facility for the period
1974 to 1995 is displayed in Figure 2. It shows the
maximal beam current over limited time periods, as well
as the integrated beam current, which is a measure for
the reliability the beam can be used by the experiments.

Also shown are the integrated losses which could be
decreased even in absolute value. On September 18th of
last year, the PSI-crew reached 1.52 mA on target, a
value corresponding to a beam power of 900 kW ! With
this world record for beam power from a cyclotron not
only the conditions for driving the spallation neutron
source SINQ are now fulfilled but also an impetus is
given for new developments in nuclear techniques, such
as energy amplifiers, transmutation schemes, and even
stronger spallation sources.
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Figure 2: Operation of
PSI's 590 MeV facility
from 1974 to 1995. The
operating current and the
annual integrated beam
current (charge), as well as
the integrated extraction
losses are shown. Injector
2 was commissioned in
1985 and the Ring was
upgraded starting in 1991.

The central part of the main hall is occupied by the
experimental areas and their related infrastructure. Two
target stations, built in series, are dedicated for pion and
muon production. After the second target the beam is
steered underground and brought up again in the
neutron target hall to hit the target of the spallation
neutron source. Although the secondary beams have
been designed as multipurpose beams, they can be
grouped into three classes: i) beam lines especially
suited for experiments with pions 0tMl, nEl, JCE3,

ii) beam lines designed for experiments with
(polarized) muons (uEl, uE4), iii) one beam line
exclusively reserved for jiSR-experiments with surface
muons (rcM3). In Figure 3 beam intensities for the new
large acceptance and backward extracted nE5 beam are
shown. Pion fluxes of up to 1010 Is and muon fluxes up
to 109 Is at 120 MeV/c momentum can be obtained.
More than 10s surface muons /s are available directly
for experiments or as a source for further muon cooling
devices.

Figure 3: Intensities of pions and muons from
the %E5 beam line as a function of momentum.
Experimental points are shown as well as
calculations (straight lines). The edge at 28
MeV/c marks the upper end of the spectrum of
the positively charged subsurface muons.
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Intermediate Energy Physics Experiments
Intermediate Energy Physics is mainly done using PSI's
unique high intensity particle beams of pions, muons
and polarized neutrons. Experiments are performed in
collaborations with about 250 external physicists of
whom some 40 are permanent or semi-permanent
residents at PSI. Smaller activities in intermediate
energy physics are still going on at LEAR (CPLear) and
BNL (E 865).

The beams are used either to search with high
sensitivity for processes which are forbidden in the
Standard Model of particle physics or for precision
measurements of its parameters. There is a dimensional

relation between the sensitivity to the branching ratio
(B) into forbidden channels of weakly decaying
particles and the center-of-mass energy (E) necessary to
produce directly the particles which would mediate
such forbidden transitions: B = (Mw/E)4 . This relation
is plotted in Figure 4 taking the upper limits of
branching ratios for muonic transitions and comparing
them with the "Livingston-plot" of accelerator energies.
It is seen that these highly sensitive low energy
experiments test very high energy scales, exceeding
those obtainable with tomorrows accelerators by several
orders of magnitude, and therefore have a high
discovery potential for new physics beyond the
Standard Model.
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Figure 4: Upper limits of branching ratios for various muonic transitions in relation to the center-of-mass energies of

electron-positron- and hadron colliders, as a function of time.
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Iron Yoke Three current experiments cover this field. Figure 5
shows the SINDRUM II detector, which is being used
to search for anomalous rnuon-electron conversion in
nuclei. A new upper limit has been established for this
process in Ti as

B, < 6.5 • 10 -13 (90% C.L.) [2]

A new superconducting solenoid, the pion-muon
converter (PMC), has been installed in the TCE5 area to
further increase the sensitivity by two orders of
magnitude. Unfortunately the device does not fulfill the
specifications and causes a severe delay of the
experiment.

let Scintiliator Hodoscope
Figure 5: Cutaway view of the SINDRUM II detector
searching for neutrinoless muon-electron conversion.
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refurbished SINDRUM I spectrometer
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Figure 6: The
MACS-
detector
searching/or
muonium -
antimuonium
conversion at
PSI

The MACS collaboration looks for muonium-
antimuonium conversion. Figure 6 shows the apparatus
used, which consists of the old SINDRUM I
spectrometer supplemented by two low magnetic field
solenoids for the spectroscopy of the low energy
spectator positron from antimuonium decay. The main
improvement compared to the previous experiment is
that it is possible to perform a determination of the
vertex between this positron and the decay electron
from u~-decay. Sensitivities 104 times higher than
presently achieved can be expected. Muonium in vacuo
is produced in SiO2 powder targets as evidenced in
Figures 7 and 8 **.

near future. One major breakthrough is shown in Figure
9, demonstrating the efficiency gain of the multichannel
plate measuring the positron, when a thin coated carbon
foil is placed in front of it.

4 6 3
Decay* Tie jis.

Figure 7: Measured and simulated distributions of
muonium decays as a function of the distance z to the
surface of the SiO2 target and the time difference
between muonium decay and muon stop.

Figure 8 boWm shows that no candidate for antimuonium
decay could be found, resulting in a new upper limit of

G M - M < 0-018 GF (90% OL.) [3]

for the effective coupling constant (in units of the Fermi
coupling constant) for this transition. The experiment is
being improved by another factor 100 in sensitivity in

3 . Muonium Detection
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Figure 8: Distribution of muonium (top) and
antimuonium events (bottom) as a function of the
distance between the decay tracks of the two
constituents and the time-of-flight of the spectator
particle in the positron arm. No candidate for
antimuonium decay is seen.
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Figure 9: Efficiency improvement of the multichannel-
plate for the decay positron by placing a 25 [ig/crn2

thick carbon foil coated with 15 \lg/cm2 MgO in front.
An experiment at BNL (E 865) is searching for the
muon number violating decay K -> it + |i + e of the
charged K-meson. Although these three experiments
were designed for the main purpose of searching for
forbidden decays, they also yield by-products, e.g. rates
for standard, but rare decay modes of the muon, the
pions and the K-meson, allowing tests of higher order
effects or low energy effective theories.
A rare pion decay, pion beta decay (probability 10"8),
will be measured at PSI in the next few years with the
help of a crystal ball of pure cesium iodide (Figure 10).
This precision experiment addresses the question of
how the light quarks couple to the W-boson and,
together with other results, whether the quark mixing
matrix is unitary as is required.
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Figure 10: Ball made of 240 Csl (pure) crystals with
two wire chambers inside being built at PSI to measure
pion beta decay.

Neutrino physics is another topic where PSI has long
been active. Various types of experiments tackle the
question of neutrino masses. Recently the muon
neutrino mass was constrained to a new upper limit of
170 keV/c2 by a PSI experiment [4]. No indication for a
33.9 MeV neutral particle as claimed by the KARMEN
collaboration [5] could be found in pion decay. Its
branching ratio must be smaller than 2.6 x 10"8.

Experiments in which exotic atoms are formed, where a
negative muon or pion is captured by a nucleus into an
atomic orbit, have strongly- profited from the technique
of slowing down pions or muons in a magnetic trap. In
this way the number of captures can be enhanced by a
large factor over the normal beam-stopping technique of
simple energy degradation. A new improved trap is
being built by PSI. Of particular interest are
experiments with muonic and pionic hydrogen. In
muonic hydrogen induced atomic transitions of the
muon will be measured in order to test higher order
corrections to quantum electrodynamics. The transitions
will be induced by a free electron laser. Pionic hydrogen
is used to measure accurately the zero-energy pion-
proton interaction. This is an interesting place to study
the strong interaction in the non-perturbative regime.
Other applications of exotic atoms are the measurement
of the induced pseudoscalar coupling constant in light
muonic atoms, which addresses aspects of hadron
structure, and the violation of parity in muonic atom
transitions, measuring the standard model electroweak
mixing parameter. In atomic and molecular physics,
muonic hydrogen and helium are investigated, with the
additional emphasis to explore the mechanism of muon
catalyzed fusion.

Figure 11 shows an application of muon catalyzed
fusion with the purpose to design a high flux source of
14 MeV neutrons [6] for tests of materials for the walls
of post-ITER fusion reactors. The proposal has found
considerable interest and some funding from the EC for
the Russian collaborators.
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Figure 11: Layout of the proposed high-flux 14 MeV
muon-catalyzed fusion based neutron source (three-
dimensional cutaway view). The assemblies for the
carbon primary target and the deuterium-tritium
cell/sample volume can be removed to be serviced.
Low energy hadron experiments at PSI include a
determination of pion absorption mechanisms with the
LADS full solid angle detector built at PSI [7], to
investigate possible unconventional nuclear reaction
dynamics; a complete determination of the nucleon-
nucleon scattering matrix, a basic input to baryon
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physics at low energy, using polarized beams and a
polarized target; and exploration of pion reactions on
nuclei such as double charge exchange, using the Low
Energy Pion Spectrometer LEPS.
The increasing intensities of secondary pion and muon
beams can be used to produce muon beams with
ultralow energies (~10 eV - 10 keV) with fluxes up to a
few 104 Is. Depending on the charge of the muons
different methods are used:
• Moderation of positive muons in suitable materials.

In particular, when using solidified noble gases and
possibly superfluid He as moderators, a muon
component with energy around the band gap {few
eV) has been observed. These muons can be
collected and reaccelerated to give an energy tunable
muon beam with good phase space. Survival of the
full polarization has been demonstrated and first
experiments have been done (see Figure 12) [8J.

• Deceleration of positive and negative muons in thin
foils inside a cyclotron trap and subsequent axial
extraction into a field-free space. Here, high intensity
unpolarized beams with energies around 10 keV can
be produced.

The use of such beams extends over a wide field from
particle physics to solid state and surface physics and
material science.

-0.4

Figurel2: Asymmetry signal from the decay of 15 keV
muons stopped in an Ag foil in a transverse 5 mTfield.
High Energy Physics Experiments
At high energies, PSI is active at the electron-proton
collider HERA at DESY ( HI), the electron-positron
collider LEP at CERN (L3) and works at the new
proton-proton collider LHC at CERN (CMS). At HI,
PSI (together with the ETHZ and Zurich) is upgrading
the detector by providing a silicon microstrip detector
(vertex detector), which will detect the production of
heavy quarks, in particular the charm quarks. This
detector has been installed in 1995. The L3 experiment
is one of the four big experiments at LEP measuring the
production and decay channels of the Z-boson which
leads to the accurate determination of standard model
parameters in the electroweak sector. PSI, together with
ETHZ, Aachen and MIT, has built 96 large muon
detectors (drift chambers) to upgrade the
forward/backward region of L3. In addition, PSI is
responsible for the precision alignment of these
chambers. Their installation was completed in spring
1995. This will enhance the sensitivity for the Higgs
particle search and allow the observation of vector

boson self coupling, when the LEP energy will be
upgraded to around 180 GeV (1996).
The new Large Hadron Collider (LHC) at CERN was
approved in 1995 and will dominate the world particle
physics scene when it starts operation around the year
2004. At the beginning of 1994 PSI joined one of the
two LHC general purpose detector collaborations
(CMS), and it is intended that this will become a major
commitment of Fl . PSI is involved in the construction
of Pixel Detectors and the Electromagnetic Calorimeter.
A close collaboration with Swiss universities is
established here too. There is also interest in the
specialized B-meson experiment LHB looking for CP-
violation, where PSI provides the spokesman.

Cancer Therapy with Protons
Radiation therapy of malignant tumors is after surgery
the second most important treatment of cancer. The goal
is to destruct the diseased tissue by simultaneously
saving the healthy surroundings. Protons allow from
their physical properties an accurate delivery of the
maximal radiation dose to the tumor inside the body
(see Figure 13).
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Figure 13: Radiation dose of a proton pencil beam
along the penetration depth in water, compared with the
distribution of photons.
A special therapy for eye tumors (OPTIS) since 1984
uses the 72 MeV protons from Injector 1. More than
2000 patients from all over Europe have been treated
successfully (chance of complete recovery >85 %). A
new 200 MeV proton therapy station at PSI,
inaugurated on January 30, 1996 and shown in Figure
14, offers a worldwide new technology, the spot-scan
method combined with a 4 m diameter, 10 m long and
110 tons heavy gantry which allows to realize
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extremely efficient and flexible irradiation
conditions.The irradiation of a volume of one liter only
needs two minutes, and during this time more than 9000
spots are deposited, each one with a dose precision of
1%.

Figure 14: The proton therapy facility (Gantry) ofPSI
for the treatment of tumors inside the body. Thanks to a
sophisticated design with several rotation axes the
diameter does not exceed 4m.

\iSR and the Spallation Neutron Source
A large part of the program of solid state physics and
material science is concentrated around the accelerator
installations. Beams of protons, neutrons, ions, pions
and muons are produced with high intensities and
quality. A small in-house user group, together with an
ever-increasing users community of presently 212
scientists from 84 institutes in 17 countries engaged in
63 experiments, is doing fiSR experiments with a
number of permanently installed instruments.
The beam feeding the new proton therapy traverses
before a high intensity proton and neutron irradiation
station (PIREX) (see Figure 15), used for fusion

materials research and is switchable also to a low
intensity proton facility (PIF), allowing a proton beam
with a programmable energy spectrum up to a few
hundred MeV to be swept uniformely over areas as
large as 10 x 10 cm2.

Figure 15: The so-called NA-hall, housing the polarized
neutron facility, the proton therapy, and the proton
irradiation facilities PIREX and PIF.

In early 1988 the Swiss parliament approved the
construction of an intense spallation neutron source
(SINQ, Schweizerische Intensive Neutronen Quelle, see
Figure 16), which now is immediately before
commissioning (October 1996). The upgrading program
of the accelerator facility, including raising the beam
current to 1.5 mA necessary to obtain attractive neutron
fluxes has been described above. Apart from the
presence of a small and skywards peaked > 15 MeV
component, the energy spectrum of the neutrons will be
very similar to that of a reactor (see Figure 17). Thanks
to the relatively compact dimensions of the primary
neutron source and its D2O moderator, a moderator of
20 liters of liquid D2 can be installed, which will give
the source a magnificent performance, especially for
cold neutrons to be used mainly in biology and
materials research. 60 m long neutron guides, equipped
with the in-house developed super-mirrors from
sputtered multilayer structures, will transport the
neutrons to a variety of diffractometers and
spectrometers in the neutron guide hall.

Figure 16: The
new spallation
neutron source
SINQ during
construction. The
picture was taken
in January, 1996.
The last major
piece missing is
the moderator
tank.
Commissioning
will start in
October 1996.
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Neutron wavelength (A)

Swiss scientists in selected areas like photoemission,
polarization experiments, spectromicroscopy, cluster
spectroscopy and others, the tradition of Swiss industry
in precision mechanics and pharmaceutical innovation,
the technical competence at PSI.

Figure 17: Neutron spectra expected for SINQ
compared with one at ILL in Grenoble.

The Synchrotron Light Source SLS
The scientific and technological case for a Swiss Light
Source (SLS) is particularly strong, because there is a
unique combination of positive elements: leadership of

ES D'pole magnet
I Quadr. magnet
£ Sextupole magnet

Undulator
Synch r.rad area
Shielding wails

'..JZ power supp'ies

0 10 20 30 40 m

/
Storage Ring (2.1 GeV)

/Booster (2.1 GeV)

Figure 19: Brightness of SLS compared with ESRF in
Grenoble and the new ELETTRA in Trieste.
Compared to the third generation machines ELETTRA
(Trieste), ALS (Berkeley), and BESSY II (Berlin) PSI
emphasizes highest brightness from insertion devices

(in the VUV region) by producing
a very small emittance electron
beam, as well as optimizing the
flux of the bending magnets'
radiation in the 10 keV region for
such applications as
crystallography, micromechanics
and LIGA. The present layout is
shown in Figure 18 and a
comparison of brightness with
ESRF and ELETTRA in Figure
19.
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