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Introduction

This newsletter contains reports from the Fl-Department and its Divisions.
The contributions are categorized as follows:

• Activities of the Fl-Department of PSI.

• nuclear and particle physics supported by the Department.

• Applications of muons in solid-state physics and chemistry.

Groups were asked to present new, preliminary or final results obtained in 1996,
as well as a publications list, related to Fl-supported work which had appeared
in scientific journals during 1996.

The contributions are not intended as formal publications. They were not
refereed and should therefore not be quoted without prior consultation with
the authors. Spokespersons of experiments are indicated by a superscript 'S'
following their name.

* * *
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Cover Photograph :

Shows the insertion of the electrostatic accelerator into the central part
of the A/A/-detector (Expt. R-89-06) before the positron spectrometer
is coupled to the detector. Clearly visible is the ring of scintillation
counters used as an electron hodoscope.

This year saw the successful completion of data-taking for the experi-
ment and with about half of the latest data analyzed, no muonium —>• an-
timuonium conversions have been seen. However, a new upper-limit for
the conversion probability has been set. For further details see contri-
bution R-89-06, in the section Particle Properties and Decays.



Selected from among the Highlights...

New results from experiment R-94-01, which aims to measure the charged pion mass to an
uncertainty of better than lppm, confirms the currently accepted value for the charged pion
mass [PDG96J.

This current value comes from an older PSI-experiment, R-82-10, which also utilized
x-ray spectroscopy of pionic atoms. Two equally probable values for the pion mass, differing
from each other by about 15ppm were found, depending on which of the two most probable
K-shell occupancy ratios were used to describe the spectral line-width.

The choice for the larger of the two mass values was governed by the results of an-
other PSI-experiment, R-87-01 which measured the upper-limit of the muon-neutrino mass
and the charged pion mass. This experiment excluded the lower mass solution significantly.
Therefore it is most welcome that the new results of R-94-01 also make such a clear distinc-
tion by excluding the lower mass solution.

The above photograph shows the experimental set-up of R-94-01 in the ?rE5 area. The
source of pionic x-rays, used in this measurement, comes from a gas-target placed at the
centre of the cyclotron-trap (shown in the top left-hand corner). The x-rays are analyzed
by means of a spherically-bent crystal spectrometer, the crystal housing of which, is shown
in the centre of the picture. They are detected by a CCD-detector placed at the end of
the arm. For further details see contribution R-94-01 in the section Particle Properties and
Decays.



Foreword

1996 was a year of consolidation. After
a successful operational start, the beam cur-
rent was raised to 1.5 mA and routinely
maintained over many months. The availabil-
ity of the facility increased from 79 % in 1995
to 86 % in 1996 and by the end of the year
50 % more beam charge had been made avail-
able to the experimenters. With a further re-
duction in the number of short-term interrup-
tions and with peak currents of 1.63 mA
reached and further increases planned, the
smooth operation of the Spallation Neutron
Source SINQ should be guaranteed.

December 3 r d and 4 th were two impor-
tant dates, reminding us very much of those
pioneering times when new accelerators ob-
tain their first beams. Already within a few
hours of the beam having been steered onto
the SINQ target a nominal current of 1.5 mA
was reached. However the beam intensity on
the SINQ target measured a "mere" 900 |iA,
which immediately caused the unfortunate
suggestion to shorten the length of the
E-target to circulate at PSI! Meanwhile, the
cold neutron fluxes had also been measured
and the predictions verified that SINQ corre-
sponded to a medium-flux reactor of about
10 MW with available cold neutron fluxes
only a factor five smaller than that of the best
beamline at Grenoble. The day ended with
virtually all systems commissioned and work-
ing according to expectations. This perform-
ance has also attracted particle physicists so
we are now talking about a dedicated beam-
line for "Fundamental Physics with Cold
Neutrons".

Obviously Injector 1 won't entertain the
idea of being taken out of service. On the
contrary, it has had a second revival thanks to
the payoffs of the new ECR source which
now provides 25 % of the beam-time.

This years' Intermediate Energy Physics
Programme is characterized by two main ac-
tivities. Firstly, a number of experiments have
finished and final data are either being evalu-
ated or being published (NMC, CPLEAR,
PS207 at LEAR, LADS, M - M , |i-e Con-
version (phase I)). While secondly, feasibility

H. K. Walter
Head of Fl division

studies for future experiments are in progress
(polarization of surface muons, optimization
of the new Cyclotron Trap for the hydrogen
laser experiment and the pion mass measure-
ment). The two largest experiments (Pion
Beta Decay and (i-e Conversion (phase II))
are approaching the data taking phase, with
the former group hoping to start the prelimi-
nary experiment in 1998. The latter group
have requested beam-time for 1997 and are
testing the PMC-magnet which is, once again,
back at PSI. It was this experiment which got
wide-ranging publicity, rated as being of the
highest priority at Brookhaven, where it is
proposed to increase the sensitivity by as
much as 10 000. Initiatives for a new |i—>ey
experiment have also been undertaken, where
PSI plays a unique role in being able to pro-
vide the highest muon flux available world-
wide.

There have been numerous highlights in
High Energy Physics: first, W-pair production
at LEP, secondly, a signal statistically incom-
patible with standard physics, seen by HI and
finally the decision by CERN, to finish LHC
in a single stage by the year 2006. A Swiss -
CMS Executive Board has been founded and
negotiations with The ETH Council, our main
funding agency, have established the financial
basis for Swiss participation in this important
general purpose detector for LHC.

In addition, the year has seen an un-
precedentedly large number of new proposals
(31) submitted by the fiSR-community, new
topics include: liquid crystals, solar cell mate-
rials and antitumor antibiotics. The Theory
Group once again held the traditional summer
school in Zuoz, this time the topic "Physics
with Neutrinos" was chosen, to which PSI
also contributed on the experimental side.

Finally, we welcome a new member to
the "Forschungskomitee", Prof. Gerhard
Wagner. At the same time we would like to
express our thanks to the two retiring mem-
bers Prof. Hans Schmitt and Prof. Frieder
Lenz for their dedicated help in rating our not
always easy to understand proposals.

IV
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THEORY

A. Boriçi, F. Cuypers, A. Denner, N. Fettes', T. Herrmann*, K. Junker, H. Kamada*, M. P. Locher,
V. E. Markushin, R. Pittau, R. Rosenfelder, M. Roth1, St. v. Rotz*, A. Salathé f, Hanqing Zheng5

* diploma student
t PhD student
t now: Institut für theoretische Physik II, Ruhr-Universität Bochum, D-44780 Bochum, Germany
§ now: Department of Physics, Peking University, Beijing, P.R. China

Once again the Theory Group's traditional summer
school was held in Zuoz/ Engadin. Its wide-ranging
topic of "Physics with Neutrinos" included seminars on
low-energy /?-decay experiments and high-energy exten-
sions of the Standard Model, as well as lectures on as-
trophysical and cosmological aspects of neutrinos. The
scientific proceedings are available as

Proceedings of the Summer School on Physics with
Neutrinos, ed. Milan P. Locher, Zuoz (Engadin),
Switzerland, August 4- 10,1996, PSI-Proceedings
96-03, ISSN 1019-6447,

At present the Theory Group is mainly working in the
following fields: muon physics, strong interaction (pion
and antiproton) physics, the Standard Model of particle
physics (and its limits and extensions). The following
few examples, from the fields of activity, are presented
in more detail; for further topics see the detailed list of
publications and preprints which also includes the work
done by visitors.

• Many extensions of the Standard Model predict
the existence of bosons carrying two units of lep-
ton number. On a general and model-independent
basis, it has been shown that there are 7 types
of such bilepton fields which have renormalizable
couplings to a pair of leptons (PSI-PR-96-21). Lim-
its on exotic muon and tau lepton decays or muon-
ium-antimuonium conversion from low energy ex-
periments severely constrain the masses and flavour
violating couplings of the bileptons. A further
improvement of these bounds is expected from
high-energy experiments at presently existing and
planned accelerators.

• Further tests of the electroweak Standard Model
in W-pair production experiments at LEP2 and
at future high-energy colliders will reach an accu-
racy that necessitates the inclusion of effects re-
sulting from the finite W-width and from higher-
order corrections. When including finite-width ef-
fects in theoretical calculations, care has to be
taken that gauge invariance is not violated, oth-
erwise the results can be completely misleading.
A prescription based on the inclusion of fermionic
corrections has been worked out which allows the
introduction of finite width effects in matrix ele-
ments for the typical LEP2 processes (PSI-PR-96-
41). For more general processes, i.e., when reso-
nant Higgs bosons or top quarks appear or when
bosonic corrections are required the background-
field method might provide a solution (PSI-PR-
96-31).

• QCD one-loop corrections to the single top pro-
duction process du -> i/il+bb have been computed
(Phys. Lett. B 386 (1996) 397) and to the semi-

(PSI-PR-23).leptonic process e+e+e-
This is of great interest for experiments at Fer-
milab and for the physics at LEP2 and the next
linear collider.

• Results of a high-precision measurement of the
muon capture rate in 3He performed at PSI to-
gether with available data on 3H /?-decay have
been used to test the so-called elementary-particle
approach to nuclear muon capture. A very accu-
rate value of the strong-interaction n — 3He — 3H
coupling constant could be deduced (Phys. Rev.
Lett. 77 (1996) 5342).

• The absorption of w+ on 3He in the A-region was
evaluated with exact inclusion of the final state in-
teraction among the three emerging protons (PSI-
PR-96-43). The absorption was described by a
nN —¥ A vertex and a N A — N N transition t-
matrix which were calculated from a phenomeno-
logical model for NN and ird reactions. When
the initial pion scattering effects were neglected,
the predicted peaks in the pion absorption cross-
section for 2H and 3He lie too high in energy in
relation to the (new PSI) data. Fig. 1 demon-
strates that the adjustement of the peak position
for the deuteron cross-section, by small modifica-
tions of the A-parameters, automatically leads to
the correct peak position in 3He.
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OPERATION OF THE PSI-ACCELERATOR FACILITY IN 1996

PSI, ACCELERATOR DIVISION

U. Schryber and T. Stammbach

* Paul Scherrer Institute, CH-5232 Villigen-PSI

In 1996 the performance of the accelerator facility
has once again exceeded the excellent results of the
preceeding year. The beam current on target during
routine operation is now 1.5mA. As seen from table 1,
also the total beam charge on target E has increased by
about 50%. This improvement is not only due to the
increased scheduled beam current, but also due to an
extension of the annual beam time and an increase of
the availability of the facility from 79% in 1995 to 86 %
in 1996.

The highest beam current extracted from the ring
cyclotron was 1.63 mA, corresponding to a beam power
of 965 kW. It is however disturbing that the peak cur-
rent and operating current are so close. For stable op-
eration a higher margin is needed and in the future an
effort will be made to incease the peak current to typ-
ically 1.8 mA. This calls for further improvements to
injector 2.

During the past few years, the users of the accelera-
tors were disturbed by too frequent interruptions in the
beam. Since this will be a problem for the proton ther-
apy and the operation of SINQ, special attention was
given to the causes of such "dropouts" and the number
of interruptions per week became a quality factor for
the operation. Figure 1 shows how the beam produc-
tion has calmed-down during 1995 and 1996 as a result
of the continued hunt for deficiencies.

Aside the manyfold activities in the accelerator di-
vision, some collaborators have also contributed to the
SLS-programme:
- C. Markovits, "Sicherheitsbericht zum SLS-Teststand",
TM-12-96-01
- P.Marchand, M.Horvat, W.Tron, C. Markovits,
M.Zahner, "A pulsed klystron modulator for the SLS-
Teststand..."
CERN PS/LP Note 96-04.

High Energy Operation In 1995 and 1996

Table 1: Usage of Beam Time

1995 week

primary beams
600 MeV beam

meson production
polarized beam

Inj.l primary beam
NE-experiments

OPTIS
isotope production

total primary beam for
experiments & applications

parasitic beam programs
600 MeV beam

proton therapy
nuclear physics
PIREX/PIF

72 MeV Inj.2 beam
isotope production

total beam for parasitic
experiments k. applications

served with
600 MeV split beam

direct primary beam
72 MeV split beam

direct primary beam

total beam integral delivered
to meson production targets

availability

1996

5010 h
450 h

3920 h
490 h
410 h

10280h

1210 h
300 h
800 h

1800h

4100 h

2300 h
10 h

1250 h
550 h

5940 m Ah
86%

1995

4300 h
570 h

3450 h
550 h
410h

9260 h

920 h
420 h

1660 h

1600 h

4600 h

2600 h
400 h

HOOh
500 h

4000 mAh

Table 2: Summary of Cyclotron Operations

Figure 1: Weekly average beam current and weekly
number of beam interruptions (> lmin) during 1995
and 1996.

600 MeV Ring cyclotron:
prod, for experiments
setup
beam development
unscheduled outage
service
shutdown
standby

Injector2(72MeV):
prod, for experiments
setup
beam development
unscheduled outage
service
shutdown
standby

Injector 1 (variable energy):
prod, for experiments
setup
beam development
unscheduled outage
service
shutdown
standby

1996

5470 h 62%
350h4%
240h3%
200h2%
450h5%

19OOh22%
174h2%

5630h64%
490h 6%

1000 h 11%
440h5%
370h4%
380h4%
474h6%

5270 h 60%
560h6%
210h2%
230h3%
370h4%

1230 h 14%
914h 11%

1995

5270 h 60%
370 h 4%
150h2%
330h4%
300h3%

1820 h 21%
520h 6%

5310 h 61 %
270 h 3%

860 h 10%
360 h 4%
270 h 3%

1290 h 15 %
400 h 4%

4960 h 57%
630h7%
250h3%
510h6%
380h4%
820h9%

1210 h 14%



THE PHILIPS CYCLOTRON IN 1996

PSI, ACCELERATOR DIVISION

P.A. Schmelzbach

* Paul Scherrer Institute, CH-5232 Villigen-PSI

Use of the Philips Cyclotron
In 1996 Injector 1 was again a reliable work-horse,

delivering the large variety of beams required by re-
search activities in various fields. The available beam
time was distributed as follows:

• 30 % for low energy nuclear physics (N-N interac-
tion, nuclear spectroscopy).

• 30 % for medical research and applications (Iso-
tope production, 12 weeks of cancer treatment at
the OPTIS facility, dosimetry, biology).

• 30 % for atomic physics, radiochemistry; mater-
ial irradiation and detector development for high
energy and astrophysical research.

• 10 % for injection of polarized protons into the
Ring Accelerator.

Cyclotron and source operation
The beam was delivered on target during approxi-

mately 5300 hours. The increased demand on the para-
sitic use of the OPTIS-beam during the night resulted
in a reduction of the otherwise unavoidable standby pe-
riods. The annual shutdown this year, extended over
5 weeks in order to finish the upgrading of the 50 MHz
rf system. The main feature of the new system is the
compatibility with PSI standards, allowing for increased
reliability and reduced maintenance costs. The beam
production was interrupted during 230 hours due to var-
ious failures, in particular an unscheduled maintenance
of the cooling water plant and twice for the replace-
ment of a leaking electromagnetic deflector at the cy-
clotron. The late delivery of a replacement transformer
for the ECR-source forced, at short notice a change of
programme at the beginning of the year but thanks to
the flexibility of the users involved this had little impact
on the research activities, with no loss of beam time.

The demand for heavy ion beams from the ECR-
source is rapidly increasing; about 25% of the beam
production now depends on this source. The experi-
ments performed in 1996 essentially requested beams of
20 Ne at energies around 2 MeV/A and 18 0 and 22 Ne at
7 MeV/A. Since the performance of the ECR-source for
alpha and single charged helium ions is excellent too,
this source is now also used for the production of these
light species. The better stability and the suppression
of the losses in time, due to the previously required fil-
ament replacement of the internal source every 8 hours,
resulted in a 20 % more efficient use of these beams.

The production of polarized beams for low and high
energy experiments amounted to 20 % of the total beam
time. Several beam development periods were needed
for inflector tests and for the investigation of the injec-
tion and acceleration of helium, oxygen and neon beams
at energies as low as 2 MeV/A.

Technical Developments
Besides production, the external sources were indeed

intensively operated to further improve their compo-
nents. The stability of the atomic beam of the polarized
ion source is now excellent. The titanium sublimator
of the ionizer has been replaced by a second cryogenic
pump in order to suppress the pressure variation due to
the intermittent operating mode of the sublimator and
to eliminate a parasitic discharge suspected to be due to
some titanium spill into the electrode system. The at-
tained standard has been demonstrated during the last
production period in 1996, where a constant 12/JA po-
larized proton beam could be delivered during 3 weeks
of operation without touching a control at the polarized
ion source.

The optimization of the extraction and of the trans-
port of-the beam from the ECR heavy ion source con-
tinues. A computer controlled emittance measuring sys-
tem with a movable slit and an automatic analysis of
beam profile measurements is now available and is rou-
tinely used to investigate the properties of the beam.
The understanding of the strong distortion of the beam
emittance pattern gives additional criteria to improve
the beam extraction from the source and the transport
in the injection beam line. With the use of axially in-
jected beams during more than 2000 hours per year the
question arises whether the maintenance of the inflec-
tor components might become a time and cost problem.
The tungsten grids of the original Philips design are
damaged within a few days when operated with heavy
ions. Tests performed in 1996 shows that stainless steel
grids with the desired geometry can be fabricated at
very low cost by photoetching and that their lifetime
seems very satisfying. After 1000 hours of operation at
typical beam currents a grid used to 50 % with oxygen
and neon and to 50 % with alpha and deuteron beams
showed neither deformation nor sputtering damage.

Status of the Philips Cyclotron
Due to the occurence of a waterleak the innermost

trim coil (TCI) was taken out of operation in fall 1995.
The operating experience since this accident shows that
despite of the reduced flexibility in the settings and
some loss in internal beam quality the performance of
the machine is not seriously affected . This was best
demonstrated by the production of a polarized proton
beam for the injection into the Ring Accelerator at a
quality level similar to the one reached before the acci-
dent.



EXPERIENCE WITH HIGH POWER RF-COUPLING LOOPS ON
THE PSI 590 MeV RING CYCLOTRON RF-CAVITIES
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With proton beam currents in the "mA" range, beam
power of the order of hundreds of kWs has to be sup-
plied through the accelerating cavities of the accelerator
and becomes comparable to the dissipative power losses
of such cavities. At the same time, an increase in accel-
eration voltage is required, because the design voltage
turned out to be limiting the maximum beam current
level to about 1/5 of the desired 1.5mA [1]. Therefore,
much more RF-power would have to be fed through
coupling loops (RF-windows) than was possible in the
past [2]. Thus, a better understanding of the failure
mechanisms became imperative, in order to increase
power handling capability by at least a factor of two
over previous levels. Together with new power ampli-
fiers, spark detection circuitry, RF-blanking & -pulsing,
and cavity tuning electronics, newly designed coupling
loops were installed in the process of the ring cyclotron
upgrade programme[3], the first one in Oct. 1992. Since
that date, all 5 Ring Cyclotron RF-systems have succes-
sively been equipped that way, and enough operating
experience has been accumulated, such that some con-
clusions can now be drawn. An operating-time map of
the coupling loops in the Ring Accelerator is presented
in Fig. 1; it clearly demonstrates that an average life ex-
pectancy of > 3 yrs at operating power levels > 550 kW
(cw) has been obtained.
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Figure 1: Operating-time of RF-coupling loops

Improved methods used to investigate the sparking phe-
nomena have led to a much better understanding of the
processes involved in discharges in a cavity, or in the
vicinity of coupling loops. What has been treated as a
hypothesis in [3], has been verified, and expanded into
a more generally applicable description of the mecha-
nisms involved in voltage breakdowns in vacuum; it is
shown in Fig. 2.

(1)

Figure 2: Sequence of a multistage spark in a vacuum
environment (symbolized)

The steps of a typical breakdown can be distinguished
as follows:

(1) Nonconducting material accumulates charge due
to electron bombardment.

(2) At one point, at a boundary layer to a conduc-
tive surface, a discharge takes place, generating a
metal-vapour cloud (or bubble).

(3) That cloud, expanding with vtherm , acquires pos-
itive charge by a process of electron extraction.
This charge, in turn, distorts the RF-field. In
case the expanding metal-vapour cloud reaches
and shorts-out two surfaces of different potential,
a spark is triggered, melting more material at the
impact points. Another vapour cloud is thus gen-
erated, and the process may repeat itself several
times. A more detailed treatment can be found in
ref.[4].
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ELECTROSTATIC BEAM SPLITTER FOR THE PSI 590 MeV-1 MW
PROTON BEAM LINE
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During the 1995/96 accelerator shutdown the beam
splitter in the 590 MeV proton beam line (EHT) and its
protection collimators were replaced by new versions.
Two major improvements were introduced:

1) Because of the new cathode/anode arrangement
the new splitter can peel-off, at comparatively lower
beam losses, up to 2QfiA from the 1.6 mA main pro-
ton beam without undergoing physical damage.

2) The handling of the splitter and protection colli-
mators is done remotely, thus ensuring low exposure to
the service personnel.

A schematic drawing of the new splitter channel is
shown in Fig. 1.

Figure 1: A thin septum, made of wires and/or strips,
is located equidistant to the two cathodes. The sep-
tum/cathode assembly is moved, as a whole, into the
beam until the desired beam intensity in the peel-off
fraction is reached. If a wire/strip breaks the tension-
ing springs pull the fragments into the upper and lower
storage containers. The operating voltage is -172 kV.

The advantages of this configuration compared to
the old version [1] are twofold:

a) The net electric force acting on the wires/strips is
zero. The mechanical tension applied to the wires can
be lowered, thus a higher working temperature can be
tolerated before reaching creep limitations.

b) The H.V. applied to the cathodes is not varied
during operation. This is an important feature because
there is no H.V. deconditioning.

Two EHT splitters were built. Both are identical ex-
cept for the septum. In one (labelled "wire" splitter) the
upstream portion of the septum (1/3 of a total length
of 1100mm) is made up of 55 (W+3 % Re)-wires, 50 pm
dia., the remaining 2/3, of 118 Mo-strips, 50 fira thick x
3 mm wide. In the other (labelled "strip" splitter) only
the first 1/3 is different, consisting of 55 W-strips, 50 pm
x 2 mm. The number and average energy loss of the
protons that collide with the septum and their average

multiple scattering angle after they leave the septum
was calculated for a splitting case in which 21 jiA are
"peeled-ofP from a 1.5 mA - 590 MeV incoming beam,
using a Monte-Carlo based code [2]. The particles are
assumed to follow a binomial distribution parametrized
by m = 3.0 [3]. From the power loss the temperature
of the first wire/strip was estimated for a Molybdenum
and Tungsten septum [4]. The results are summarized
in Fig. 2. Based on the temperature results, Tungsten
material was chosen for the first 1/3 portion of the sep-
tum.

< AE > ( MeV)

< a > (mrad)

T(°C)

Wire
50 Mm dia.

Mo

0.33

2.0

1188

W

0.41

2.8

1337

Strip
50 Mm x 2mm

Mo

5.42

8.5

1349

W

7.12

12.3

1552

Figure 2: The values shown in this table were calcu-
lated from measured beam profiles with 4 <xt = 18 mm
and 4 <xy = 9 mm at the entrance of the splitter.

The "wire" splitter was in operation until Oct. 1996
peeling-off up to 20 pA from the 1.5 mA incoming beam.
Up to 2fiA of beam collide with the septum. This value
depends strongly on the width and shape of the main
beam at the entrance of the splitter channel. Because
of the low average angle of the protons scattered at the
wire septum, most of this beam is lost in regions far
away from the splitter. In October a request was made
to install the "strip" splitter in order that the losses
be confined to the neighbourhood of the splitter. Two
batches of "Alanin" dosimeters were placed at strategic
locations in an attempt to compare the magnitude and
distribution of the beam losses caused by the "wire"
and "strip" splitters [5]. The evaluation will be done in
January 1997. In the 1997/98 shutdown a short portion
of the BTS, following the splitter, will be modified to
cope with the high radiation levels present [5].

The technical assistance of D. Goetz and the support
of the PSI staff, in particular H. Blumer and his team
from the workshop are greatly appreciated.
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All components of the control system have now been
upgraded and the system has proven to be very reliable
over the past year. One of the determining factors for
the success of a control system is the overall throughput.
We have measured many performance aspects of the
system and present the most important figures.

When a system is designed, the required I/O rates
for good operation are only approximately known, and
in addition demand will grow at an astonishing rate.
The expected performance has to be extrapolated from
estimations and measurements on smaller prototypes,
used as models. Such a scaling process involves un-
knowns, such as, non-linear increase of overhead, organ-
isation and communication that lead to congested and
overloaded Systems. This implies that the real perfor-
mance can only be measured on the total system with
full load and under running conditions.

Today, the control system consists of one flat, unseg-
mented 10 MHz Ethernet. I/O uses bit serial CAMAC
at 5 MHz and is distributed over ten Frontend comput-
ers(FEC) with 60 MHz CPUs. More than twenty client
nodes are served. These measurements provide data
as a basis for future improvements. To estimate the
effect of different hardware, performance measurements
where made with Frontends at 60 and 100 MHz and with
the serial CAMAC loop, operating in bit- or byte-serial
mode

First the I/O performance of one FEC is measured,
both with a 60 and a 100 MHz CPU combined with bit-
and byte serial CAMAC. Data is acquired from CA-
MAC and sent to a number of clients on Ethernet. Fig-
ure 1 shows the dependence of the number of parameters
per list on the maximum throughput.

FEC data-acquisition rate
18.000

12,000

I
6,000

20 30 40

cells/list

Figure 1: I/O Performance of one frontend.

The total I/O throughput of the system is measured
by loading the ethernet with an increasing number of
clients. Each client requests ten parameters from every
frontend once every 20 msec (see Fig.2).
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Figure 2: I/O Performance of the whole system.

Response time variation or jitter is an important
parameter in a global closed loop. Figure 3 gives a good
indication of the quality of a closed loop implemented on
the system, remembering that neither the network nor
the two operating systems involved are deterministic.
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Figure 3: Real time response of the system.

From these measurements and the present average
ethernet load, being below 15%, we conclude, that for
the near future, reserves are adequate. However, with
increased demand additional reserves can be found. To
achieve a significant increase in performance, bandwidth
for communication and I/O power has to be added.
Switching to byte serial CAMAC will bring more data
into the FEC. A faster cpu has a similar effect. To ac-
comodate a higher overall ethernet load, the backbone
part of the network has to be changed for a high per-
formance switch, with single connections to each FEC
and small groups of client machines.



DERIVING THE FOCUSING PROPERTIES OF A BEAMLINE
FROM MEASUREMENTS OF BEAM STEERING EFFECTS
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Introduction
With the PSI Accelerator Facility high quality beams

of 590 MeV protons are routinely produced at intensi-
ties of 1.5 mA. The successful handling of such proton
beams in the beamlines of the accelerator complex relies
on detailed information about the focusing properties of
beamline elements.

The original reference data for the mathematical de-
scription of the beamlines have been taken from mag-
netic field measurements. A first step to improve the
reference information could be made by fitting beam
envelope data measured with profile monitors. Aiming
at a higher accuracy, the beam was used to measure the
matrix describing how beam positions depend on am-
plitudes of steering elements. The reference information
used in the mathematical model is then adapted to fit
the results from beam measurements. A part of the ex-
pected gain in accuracy is based on the fact that beam
envelopes are results of second-order in the mathemat-
ical model while matrix elements of steering effects are
of first-order.

A chain of computer programmes has been devel-
oped: for the handling of the beam measurements, for
the evaluation of the matrix elements, for the fitting of
the reference data used in the mathematical model and
for displaying the results of the different stages of data
processing.

Measurements with the Beam
Symmetric pairs of inductive pickup coils can report

the beam position without intercepting the beam [1].
These devices yield a signal proportional to the distance
between the center of gravity of the beam and the beam
axis. Such beam position monitors are placed all along
the beamlines to measure the horizontal as well as the
vertical beam positions.

The measurements with the beam are made by vary-
ing one steering element, i.e. change the settings of a
steering magnet or apply small changes to a bending
magnet, while the signals from the position monitors are
recorded. This procedure is repeated for all horizontal
and vertical steering elements. To gain additional in-
formation some sets of profile measurements can be in-
cluded. The amplitudes applied to the steering elements
should be as large as possible for reasons of accuracy,
but clearly below the values where beam losses can oc-
cur in the beamline. For the moment, this search for
the possible limits is done by varying the steering ele-
ments manually, in parallel to watching the beam loss
monitors.

Matrix Element Evaluation and Fitting
The matrix elements are defined by the factors de-

scribing how position changes are correlated to element
settings. Recording a large number of points at various

settings for each steering element allows one to filter-
out random variations of the beam position which can
be caused by small instabilities in the accelerator stage
preceding the beamline.

A calibration factor for each quadrupole, one for the
strength of each steering element and a factor relat-
ing the reading of each position monitor to an absolute
value of the beam position make up too many free para-
meters for the nonlinear fit of the mathematical model
to the measured matrix elements. The situation be-
comes less critical by tackling the steering element fac-
tors in a separate fit and by binding groups of similar
quadrupoles to a common free parameter [2]. A sub-
stantial improvement (see fig.l) of the results from fit-
ting was achieved by implementing the method of "sim-
ulated annealing", a highly robust algorithm for nonlin-
ear optimisation problems [3].
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Steering Effects of the Dipole Magnet AXB
old model

-—new model
4- measurements
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Figure 1: This example shows the improved match-
ing between measurements and the mathematical model
provided by, the new reference dataset, compared to the
old one.
Conclusions

With growing experience the measurement proce-
dures for steering effect matrices and the subsequent
evaluation methods could be improved substantially and
now form a useful suite of programmes for the analysis
of beamlines. For the first part of the beam transfer line
from the injector 2 to the 590 MeV ring cyclotron, where
enough beam time has been available, a good match-
ing between the mathematical model and the measured
steering effects could be achieved. The new method is
ready to provide improved reference information based
on beam measurements for other beamlines as well.
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DYNAMIC PROTON POLARIZATION IN PLASTIC
SCINTILLATORS
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The achievement of sizeable nuclear polarizations in
a scintillator by dynamic methods would provide new
and interesting experimental possibilities for scatter-
ing experiments (e.g. suppression of background events
by time-of-flight discrimination, especially at small an-
glesfl]). Dynamic nuclear polarization (DNP) requires
the presence of paramagnetic centres, which are nor-
mally provided either by doping with chromium-V com-
plexes or by irradiation of the target materials. We have
discarded the possibility to use radiation damage cen-
tres or free radicals which could decay at room tem-
perature and have concentrated our efforts on TEMPO
(2,2,6,6-methyl-piperidine-l-oxyl) and on TEMPOL
(4-hydroxy-TEMPO), free radicals which are very sta-
ble at room temperature.

We first prepared a few samples of polystyrene-based
scintillator by dissolving it in toluene enriched with TEM-
POL, then letting the toluene evaporate completely. In
a dilution refrigerator and in a field of 2.5Tesla, pro-
ton polarizations up to 65 % could be achieved in the
foils so produced (see Table 1). However, we were only
able to produce transparent foils with a thickness be-
low 80 pm. The proton polarizations obtained in plastic
scintillators in which TEMPO had been introduced via
diffusion, starting from commercial scintillator BC-400
or NE-102A of different thickness, are also given. After
the treatment the samples had acquired a slightly yellow
colour, while staying transparent and homogeneous[2].

Table 1: Preparation and polarization results
no.

1

a

b

c

d

material/
doping
PS+POPOP/
TEMPOL
BC-400/
TEMPOL
BC-400/
TEMPO
BC-400/
TEMPO
NE-102A/
TEMPO

d
[mm]
0.02

0.1

0.5

0.5

1

cone.
[sp./cc]
4xlO ls

4xlO19

2xlO19

4xlO19

2xlO19

pol.
[%]

+65
-62
+45
-54
+51
-54
+50
-57
+42
-46

Tn,1.08K

w
98

81

180

141

112

After achieving sizeable proton polarizations by two dif-
ferent methods of sample preparation, we proceeded to
modify our 3He-4He dilution refrigerator in order to
bring the scintillation light from the polarized scintil-
lator to a photomultiplier at room temperature located
where the magnetic field is low enough: a light guide was
incorporated in the so-called targetholder of our stan-
dard polarized target system (fig. 1). A plexiglass rod
of 8mm o.d. was fitted into a 8mm i.d. stainless steel
tube running parallel to the microwave guide and sealed
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Figure 1: Two scintillator plates (with the NMR-coil in be-
tween) are placed in a microwave cavity in the mixing cham-
ber. The scintillation light is collected by a conical quartz
piece and led by a 08 mm lightguide to a photomultiplier
at the top of the cryostat.

at the upper end against the atmosphere by a sliding vi-
ton o-ring. With the lightguide's room temperature end
covered with black tape the dilution refrigerator could
reach a temperature of 75 mK, indicating that most in-
frared radiation was absorbed at higher temperatures
in the lightguide, while polarization tests gave the same
polarization values as in a sampleholder without a light-
guide. In a test run on the low energy neutron beam it
was ascertained that in these samples the scintillation
properties were conserved down to 0.5 K [3]. Work is
in progress in view to optimizing the polarizability and
the optical characteristics of plastic scintillators.
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DYNAMIC NUCLEAR POLARIZATION IN THIN
POLYETHYLENE FOILS COOLED VIA A SUPERFLUID 4He FILM.
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In a polarized solid target of conventional design
[1], the target material is frequently placed in the mix-
ing chamber of a dilution refrigerator. This design in-
evitably involves several layers of metal, plastic or quartz
and liquid 3He/4He around the target, which cause many
background events or even makes low energy scattering
experiments impossible. To overcome to a large extent
this inconvenience, we have investigated the possibility
to polarize polyethylene (PE) foils, covered only by a
layer of superfluid 4He, which transports the heat from
the material to be dynamically polarized to the mixing
chamber.

The sample foil (0.02 g of 70 /*m thick low density-
PE foil, 12 mm x 18 mm), doped with TEMPO [2],
was mounted on a copper frame inside a small vacuum
chamber made out of Stycast 1266 (fig. 1). Thermal
contact of the sample to the copper frame was ensured
by clamping it with a copper counterpart in a sandwich
construction kept together by two Ml screws. Because
the Stycast conducts almost no heat, the effective cool-
ing power of the configuration is practically determined
by the thermal conductance of the copper part, which
extends outside of the Stycast chamber. A stainless
steel capillary (e) was used to evacuate the chamber
and to admit a controlled amount of helium into it.
The vacuum chamber was placed in a 018 x 40 mm
brass container (the cavity) and loaded in the mixing
chamber.

Starting with the cell evacuated and the cooling of
the foil provided only by the mechanical contact to
the copper frame, +17% polarization could be achieved
[curve (1) in Fig. 2]. The condensation of only a small
amount of 4He gas, resulting in a coverage of all surfaces
inside the chamber with a superfluid film of approxi-
mately 0.12 urn. thickness, led to a steep increase in the
polarization [curve (2)], up to +44%, the same value as
with the double quantity of 4He [curve 3]. In order to as-
sess the effectiveness of the film cooling, enough 4He gas
was then condensed to fill the whole cell: a somewhat
faster polarization growth rate and a higher maximum
polarization of +56% [curve (4)] were measured. Dur-
ing the whole experiment microwaves of fixed frequency
(frequency locked) and power were fed into the cell. In
our configuration the thick walls of the Stycast cham-
ber, as well as the thin PE-foil, absorb microwaves, i.e.
the 4He film has also to cool the inner side of the vac-
uum chamber. When the cell is completely filled with
superfluid 4He, the effective thermal resistance from the
cell walls to the copper rod is reduced, which makes the
cooling more efficient. One can imagine that without
microwave absorbing Stycast a thin superfluid film of
4 He could be sufficient to establish optimum polarizing
conditions for a thin foil.

Figure 1: The experimental setup: a vacuum chamber con-
sisting of parts a, b and c (Stycast 1266), with a copper frame
inside (d) with heater (h) and thermometer (th). The right
part of the figure shows schematically where the PE-foil was
situated and how it was mounted on the copper frame (d).

Our measurements demonstrate that thin polymer
foils, covered only by a submicron thick layer of super-
fluid 4He at a temperature where the vapour pressure
is less than 10~6 Torr, can be polarized rather well in
a closed cell and can be considered as a first impor-
tant step toward the realization of an ultrathin polar-
ized solid target operated in a vacuum chamber. Such
an instrument would open a new field of measurements
which could hardly be performed with a conventional
polarized target.
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Figure 2: A typical polarization experiment.
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INSTRUMENTATION AND FIRST TESTS OF THE NEW
CYCLOTRON TRAP
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In the last 10 years, many experiments at the muon
and pion beamlines of PSI profited from the decelera-
tion and stopping properties of the Cyclotron Trap [1].
This device was originally designed as a compromise to
serve the needs of LEAR's antiproton beams at CERN
and muon and pion beams at SIN/PSI. It increased sig-
nificantly the muon and pion stop rates and stop den-
sities, especially in low density gas targets. In 1995/96
an improved device, Cyclotron Trap II was constructed
at Oxford Instruments and delivered to PSI in fall 1996.
Its design was optimized for pions and muons. The new
trap consists of two independent superconducting coils
(with a maximal field of 2.2 Tesla in the centre) which
can be moved relative to one another along the field
axis. This allows an optimal access to the target region
at the centre and therefore offers the possibility of in-
troducing targets with also complex geometries. Com-
pared to the old trap the bore hole and target region
is much larger, preventing the muons from running into
the magnet walls. Since the fringe field at the radius of
the incoming particles was minimized the broadening of
the beam along the path to the degrader is drastically
reduced, resulting in higher stop densities.

The first beam tests were performed at the end of
November in the *rE5 area. The superconducting coils
were tuned up to 99% of the maximum design current.
The in-beam properties, in particular the stop rates,
were optimized for muon injection as well as for pion
injection. In both cases the results were very promising
and meet the expected values. In particular for pion in-
jection the muon stop rate (from muon decays inside the
trap) could be improved by an order of magnitude com-
pared to the old trap. This fact is very important for
the proposed precision measurement of the pion mass
where muonic oxygen transitions sure needed for the en-
ergy calibration [2].
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Figure 1: The new Cyclotron Trap: The two helium
vessels on the top are connected to two individual coils
which can be moved relative to one another along the
axis.
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In 1996 the efforts were concentrated on method-
ological aspects and on the use of the very slow polar-
ized muons for thin film investigations.

We have concluded systematic investigations of the
moderator properties of rare gas and N? thin-film solids
as a function of the growth parameters (deposition tem-
perature and rate, heat treatment, film thickness) [1].
The moderation efficiency was found to depend on the
growth temperature and an annealing effect was ob-
served. The behavior can be interpreted in terms of
morphological changes (granularity and porosity) of the
condensed gas layers when the growth parameters are
varied. From the thickness dependence of the modera-
tion efficiency the escape depth of the very slow muons
from solid Ar and Kr was determined. A comparison
with theoretical predictions clearly demonstrates that
the large value (~ 100 nm for Ar) is a consequence of
the suppression of the electronic energy loss mechanisms
for epithermal muons.

From our studies of the angular distribution of the
emitted epithermal /JI+, we expect that a moderator
geometry offering a large surface for the condensed gas
overlayer should lead to a higher moderation efficiency.
Therefore we have investigated two new moderator se-
tups, the first based on a silicon wafer with a saw-
toothed structure obtained by photolithography and etch-
ing and the other made of nickel with a similar structure
obtained by photolithography and galvanic deposition
[2]. First tests have confirmed the expected increase in
efficiency.

Several extensions and modifications to the very slow
muon apparatus, with the purpose to accommodate the
large phase space of the most intense surface muon
beams at PSI and to introduce an acceleration-decele-
ration section have been initiated. In the final version
of the very slow /*+ beam it is planned to electrically in-
sulate the part of the UHV chamber between moderator
and sample, including the two "einzeP lenses, mirror,
and trigger detector and to set these parts at a high volt-
age of up to - 30 kV. In this way, the moderated muons
emitted from the condensed film can immediately be
accelerated to 30 keV. In front of the sample they re-
turn to their initial kinetic energy which is determined
by the value of the moderator voltage. A high-voltage
power supply especially designed for this purpose was
commissioned in 1996. It provides the bias voltage and
the related biased power supplies and electronics. The
biasing of the trigger detector requires the decoupling
of the fast timing signal from the high voltage offset.
This has been successfully achieved with simple passive
elements.

We have investigated thin Ni samples of various
thicknesses on Ag with the purpose of studying the im-
plantation profile of muons in solids, an important para-
meter for a correct analysis of low-energy fi+SR spectra.
For the measurement shown in Fig. 1, 15 keV p+ were
implanted in a sample made of 30 nm Ni sputtered
on Ag. At this energy all the muons stop in the Ag
layer at a mean distance of ~ 10 nm from the Ni/Ag
interface. The transverse field measurement at a tem-
perature above the Curie temperature of Ni (Te — 631
K) shows the muons precessing without depolarization.
If we lower the temperature below Tc, temperature de-
pendent depolarization, which scales with the internal
field, sets in indicating the penetration of the JVi field
in the Ag layer. The spectra show the large sensitivity
of the muons to small magnetic fields.

Figure 1: Asymmetry signal from the decay of 15 keV
muons stopped in a Ni/Ag sample and precessing in a
5 mT transverse magnetic field, a: T = 613 K, b: T =
683 K

References
[1] E. Morenzoni et al., to be published in Journal of

Applied Physics April 1997.

[2] prepared by J. Gobrecht and T. Gale (PSI-Z)
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In experiments at the Large Hadron Collider (LHC)
to be built at CERN, the innermost layers of the track-
ing detectors will be exposed to a large flux of hadrons
(primarily low energy pions), leading to radiation dam-
age and therefore reduced performance. Candidate ma-
terials for these innermost tracking detectors are Sili-
con, GaAs and Diamond. During 1996 several research
groups have continued their studies of the radiation-
induced bulk damage by charged pions to these materi-
als, at PSI. They could profit greatly from the increased
beam current. Fluences of 1015/cro2 positive pions at
300 MeV/c could be accumulated in small test devices
within ten calendar days in the jrEl-area. Such fluences
must be expected at LHC from several years of running,
in particular for the pixel detectors located within the
first 15 cm from the beam pipe. It is important to know
whether any of the candidate materials still gives ade-
quate signals after having suffered such large fluences,
in order to be able to choose the best suited detector
material.

For Silicon, bulk radiation damage effects are an in-
crease of the volume leakage current leading to increased
noise and power dissipation, and an increase of the effec-
tive doping concentration, which requires ever increas-
ing depletion voltages. After initial annealing a reverse
annealing occurs where initially inactive defects become
active during several months after irradiation, thereby
increasing the effective doping even more. This effect
can be stopped by keeping the detectors at reduced tem-
peratures (around 0°C), which also helps reducing the
leakage currents. Last but not least a charge collection
deficit of unknown size is suspected after heavy irradi-
ation.

We have irradiated Silicon pixel test structures con-
sisting of arrays of 8x32 square pixels of 125 fim side
length and 280 fim thickness. All pixels are routed to
the edge of the test structure where they could be wire-
bonded to two 128-channel readout chips. During irra-
diation the structures were cooled to 0°C and reverse
biased in order to simulate as closely as possible LHC
running conditions.

The irradiated devices were taken to the TTM I-beam
to study their performance with different bias voltages.
Since the effective doping had increased substancially,
full depletion could not be reached anymore even with
voltages of a few hundred Volts. In order to measure the
depletion depth as a function of the bias voltage, pions
were aimed at the pixel array under a grazing angle of 8
degrees. In this way the pion traverses roads of pixels,
and each pixel is probed at a different depth (see Fig.
1). The readout of the pixels was triggered by two tiny
Silicon diodes upstream and downstream of the pixel
device. The signals from the pixels were integrated over
2 (is. Fig. 2 shows a comparison of the detector response

prior to irradiation (full depletion) and after a fluence
of 6 x 1014/cm2 (Vbias= -300 Volts, T= -10 degrees),
where only half of the detector can be depleted. In
the depleted region there is a gradual charge loss with
increasing depths. We also see a tail of charge from
the undepleted region, which we interpret for the time
being as charge diffusing into the depleted region, and
presumably coming at later times, i.e. outside the time
window anticipated for running at LHC.

In summary, we expect for a Si pixel detector of 200
/im thickness after a fluence of 6 x 1014/cm2 (corre-
sponding to the first 5-6 LHC-years) a signal deficit of
about 45%, which is acceptable. This is in contrast to
GaAs, which is particularly susceptible to charged pi-

ons.

pixel road (p-plxels)
U "J u "o" U" iJ 7 u ' LJ I £1 't"w

bulk: p-type after irradiation
450MeV/ciratS*

Figure 1: Pions at a grazing angle probe pixels at vari-
ous depths.
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Figure 2: Response of a 280 /im thick Si-pixel struc-
ture to grazing pions. Solid line: Unirradiated, fully de-
pleted; dashed line: after irradiation with 6 x 1014/cm2

pions, partially depleted at Vfc,aa = -300 Volts. The pi-
ons enter the detector at pixel nr.l (depleted side)
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If one considers the possibility of non-zero neutrino
masses, one must also consider leptonic mixing which
could occur in analogy to quark mixing. The weak
eigenstates v\, would then consist of a mixture of mass
eigenstates

Here Vf are the mass eigenstates, and Uu the corre-
sponding transformation matrix elements. Thus, if neu-
trinos are massive and nondegenerate then the momen-
tum spectrum of muons from stopped pions in the decay

*+->,!++„ (2)

if kinematically allowed would consist of monochromatic
lines at

m*

ti - 2m* (3)

We measured this muon momentum spectrum by
analyzing a surface muon beam in a magnetic spectro-
meter equipped with a silicon microstrip detector. The
experimental set-up is described in detail in reference
[!]•

Since the muons loose energy on their way out of
the target, we do not observe a line spectrum but an
approximately flat spectrum with a sharp cut-off at the
line position (for details see [1]). The admixture of a
heavy neutrino in pion decay would lead to a second
edge in the spectrum at lower momentum, as shown in
Figure 1.

From our measured momentum spectrum [1] we are
sensitive to neutrino masses between 0.4 MeV and 2.5
MeV. In this range we found no evidence for the ex-
istence of heavy neutrinos. The upper limits for the
decay

+ v, (4)

where v^ denotes the lightest neutrino in the decay (2)
and vx a heavier neutrino, is shown in figure 2. In the
mass range 0.4 MeV < mv < 1.5MeV our upper limit
of the branching ratio is lower than that of all previous
experiments [2].

References
[1] K. Assamagan et al., Phys. Rev. D 53 (1996) 4065.

[2] M. Daumet al., Phys. Rev. D 36 (1987) 2624, and
references therein.
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Within the Standard Model the only flavor-changing
mechanism is CKM mixing in the quark eigenstates.
Since neutrino mass degeneracy precludes this mecha-
nism in the leptonic sector, lepton flavors are separately
conserved in the model. In most extensions this need
not be true and lepton-flavor violation might well give
the first hint of physics beyond the Standard Model
[1]. Total lepton number may be violated as well, lead-
ing to processes like neutrinoless double-/? decay and
fi~ ~* c+ conversion. Both require relatively complex
mechanisms involving two nucleons. Their close anal-
ogy is demonstrated in an example proposed recently
(see Fig. 1).

u d

Figure 1: Neutrinoless double-/? decay (a) and \x~ —>• e+

conversion (b) in the Minimal Supersymmetric Stan-
dard Model with explicit R-symmetry breaking [2].

SINDRUM II will search for pt — e conversion at the
level of 10"14 at the TTE5 beamline which will be ex-
tended to an ultra-pure ^-channel in 1997.

Here we report on a search for (i~ —> e+ conver-
sion in the 1993 titanium data taken at the old
beam line. The data sample contains electrons and
positrons from the interactions of 3.1 x 1013 \T stop-
ping in the target. Details can be found in [3]. Contrary
to fi~ —>• e~ conversion, which would leave the nucleus
mostly in its ground state, /i~ —»• e+ conversion is ex-
pected to lead to (giant resonance) excitations of the
daughter nucleus. The emitted positron would no longer
be mono-energetic, which has severe consequences for
the background discrimination. Fortunately, the intrin-
sic background is much lower for e+ than for t~.

In Fig. 2 the measured e+ energy spectrum is com-
pared with distributions expected for /i~Ti-* e+Ca.
The events below 93 MeV can be described by radia-
tive muon capture, followed by 7 -» e+e~ production
in the target [3]. The event above 93 MeV is consistent
with the expected background from cosmic rays, which

80 90
energy (MeV)

100

Figure 2: Positron energy spectrum from the 1993
data on Ti (a), as compared to the distributions ex-
pected for fi~Ti—> e+Ca assuming no excitation and
BM-e+ = 4.3 x 10"12 (b) or a 20 MeV giant resonance
excitation and BM-e+ = 8.9 x 10~u (c).

gives an upper limit of 3.4 conversion events at 90% con-
fidence. Given the detection probabilities of 8.3 x 10~2

and 3.8 x 10~3 for ground state and 20 MeV giant res-
onance excitation, respectively, this corresponds to (at
90% confidence):

B£'_e+ < 1.7 x 10"1 2

B * - e + < 3.6 x 1 0 - n ,

which is a factor 2.5 below the previous limits [4].
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The observation of spontaneous conversion of muo-
nium atoms into antimuonium atoms would be a clear
sign of physics not described by the standard model
(SM) of elementary particle physics. In various exten-
sions of the SM the occurence of this process is predicted
with model dependent probabilities [1, 2, 3, 4]. The aim
of experiments is to raise the sensitivity as much as pos-
sible in order to either identify the process or to reduce
the allowed parameter space of the models. This goal
has been further approached by analyzing data taken
in fall '95 after the experiment was moved from 7rE3
to the new area TTE5. The analysis again produced a
null result with a sensitivity about twice as high as that
achieved in 1993 [5]. Both results combined yield a new
upper limit for the conversion probability of

PMM ^ 3 6 x 1 0"9 (90 % CL.)
which is almost 200 times lower then the limit achieved
by the precursor experiment at LAMPF [6]. In models
assuming an effective V-A interaction [1] the coupling
strength of an M -» M interaction is then constrained
by

GMH ^ 0 0 1 2 X °F (90 % C L 0 -
The interaction strength of the other models mentioned
[2, 3, 4] is_even more constrained as the suppression of
the M •—>• M transition due to the magnetic field of 1 kG
used in the experiment is calculated to be 2.2 times
weaker [7], decreasing the upper bound on GMj£ to 8 x
10~3GF- AS a consequence of this low upper limit the
authors of one of the models [4] agreed that their model,
in its present form, is ruled out by our experiment [8].
For the other models the allowed parameter space is
restricted.

Experimental constraints will become even tighter
once the result of 16 weeks of data taking, performed
during 1996, will become available. During this mea-
surement period about 5 times more muons (1013) have
been used to produce muonium in a further improved
spectrometer. In particular, muonium production has
been increased using a new target design with a shal-
lower angle to the beam and in addition, the tracking
efficiency is expected to improve after all 5 chambers
(instead of only 3) had been equipped with cathode

strip readout. The analysis performed on about 50 % of
the data (at University of Heidelberg) seems once again
to indicate a null result however. Remaining candidate
events have still to be checked whether they are compat-
ible with background. It has however been realized that
the current experimental setup has been operated close
to its technical limit and further substantial improve-
ments (order 10-100) seem to be impossible without
major efforts; the collaboration has therefore decided
to stop data taking for experiment R 89-06. Final re-
sults are expected to be available in 1997.

Last but not least, the collaboration would like to
thank the many technicians and engineers of all partic-
ipating institutes who have contributed to the experi-
ment and made the success possible. In particular, we
would like to thank A. Hofer, M. Meier and Dr. J. Eg-
ger, all members of the detector group at PSI, who have
done a great job in designing, building, testing and re-
pairing our wire chambers which we had to use under
extreme conditions close to the limit of their capability.
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The aim of the experiment R-94-01 was to define
and establish a method of measuring pionic X-ray tran-
sitions to very high precision in order to determine the
negative pion mass to an accuracy of 1 ppm or better.
In the experiment pions are stopped in a gas target, lo-
cated at the centre of the cyclotron trap and the pionic
X-ray transitions are measured with a crystal spectrom-
eter [1]. In order to achieve the desired accuracy, Bragg
reflection from a spherically bent Si (110) crystal of 10
cm diameter was used in second- and fourth-order. The
X-rays were recorded with a CCD detector with a sen-
sitive area of 17 x 52 mm2 and having a pixel size of
22.5 x 22.5 /im2. The crucial points of the method are
the stability of the apparatus and the absolute energy
calibration of the pionic X-ray transition.

The feasibility study showed that the stability of
the apparatus and the count rate of the TTN (5 ~¥ 4)
transition are sufficient to achieve a 1 ppm precision of
the pion mass. The precisely measured Ka fluorescence
radiation from copper [2] was used as an energy calibra-
tion for the nN(5g -*• 4/) transition, In order to achieve
that, a copper plate of 30 mm x 20mm size, which was
irradiated with an X-ray tube replaced the gas target
at the centre of the cyclotron trap.

The result of this comparison allows one to resolve
the ambiguity of 15 ppm between two values of the pion
mass from a previous experiment [3]. In that experi-
ment pionic magnesium X-ray transitions were used to
determine the pion mass. Due to the electron screening
of the remaining K electrons two values A and B were
established corresponding to a dominance of one (solu-
tion A) and of two remaining K electrons (solution B),
respectively. Our value for the pion mass is

mT- = (139.57068 ±0.00067)AfeV/c2 .

It is (5.2 ± 4.8) ppm larger than the solution B of Jeck-
elmann et al. (Fig. 1) and discards solution A.

To improve the precision of the value for the pion
mass to 1 ppm or better a better calibration is needed.
The accuracy of the Cu Ka X-ray energy and the diffi-
cult correction, originating from the line width of the Cu
line, are limiting factors. In the final experiment which
is now being set up [4] the /iO5_+4 at 4.023 keV will be
used as a calibration. This transition is very close to
the energy of the 7rN5_>4 transition at 4.055 keV and
allows both reflections to be seen on a CCD detector

without moving the spectrometer. First tests with the
new Cyclotron trap (together with tests of the feasibilty
study) indicate that the intensity (rate) of the muonic
oxygen transition is sufficient to reach the desired 1 ppm
precision.
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Figure 1: Pion mass measurements [5]. The arrows in-
dicate values greater than that shown, are possible, if
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The longitudinal polarization of positrons emitted
from polarized muons is a sensitive observable to test
the helicity structure of weak interactions and to search
for new physics beyond the Standard Model [1]. The
highest sensitivity is obtained for positrons emitted an-
tiparallel to the muon spin, from fully polarized muons
and close to the end point of the Michel spectrum, but
it is strongly dependent on the muon polarization.

We have carried out preliminary studies in view to
an experiment along these lines. In order to determine
the polarization of 28 MeV/c muons in the high in-
tensity 7TE3 beam we have performed a measurement
(fig. 1) based on the dispersive Hanle signal [2]: the
muons were stopped in a 1 mm thick Al target located
at the centre of a Helmholtz coil pair which provided
a magnetic field perpendicular to the muon spin. The
rate of positrons, from muon decay, was measured with
two plastic telescopes located perpendicular to both the
initial muon spin direction and the magnetic field. The
variation of this rate as a function of the applied field
(fig. 2) is related to the integrated decay asymmetry and
allows us to deduce the muon polarization. During the
measurement the contribution to the coincidence rate,
of beam positrons scattered from the Al target has been
measured using a large Nal detector placed behind one
of the telescopes and was found to be negligible.

Figure 3 shows the variation of the muon polariza-
tion as a function of the beam momentum assuming
100% analyzing power of the telescopes (not including
corrections due to thresholds, multiple scattering, or fi-
nite detector sizes). It should be noted that the polar-
ization of cloud muons has the opposite sign to that of
the surface muons and that it tends to increase towards
lower momenta. The characteristics of the muon polar-
ization at this beam line appear to be similar to those
we observed at ?rE5 in a previous test.

From the above results and the measurements of the
(i+ and p~ beam intensities as a function of momentum,
using targets of different sizes, we conclude that, due
to the cloud muon contribution, the polarization of the
continuous muon beam at 28 MeV/c in TTE3 is at most
95%. This provides supplementary information to that
available elsewhere [3].
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The NA2 area at PSI is a multi-purpose facility for
unpolarized as well as polarized nucléon beams of high
intensity [1]. Our collaboration performed an experi-
mental programme to measure spin dependent elastic
np scattering. The measurements were finished in 1995,
and first results were presented on different occasions[2,
3].

Here we report on a measurement of the neutron
beam energy spectrum and polarization, which is a pre-
requisite for the analysis of the spin observables. The
set-up consisted of an LH2 target and a magnetic spectro-
meter, enabling the measurement of the recoil protons.
More details on the set-up can be found in[l]. Neutrons

100 200 300 400 500

NEUTRON ENERGY [MeV]
600

Figure 1: Neutron energy spectrum at 0°
was calculated as described in the text.

The curve

are produced on a 12 cm long 12C target at 0° by 590
MeV protons. The neutron energy spectrum, shown in
Figure 1, was obtained by a time-of-flight measurement,
using the radio frequency signal of the accelerator. The
quasi-elastic peak at 530 MeV is produced in the process
12C(p, n)12N, where the recoil nucleus can also be left
in an excited 12N* state. The measured data are well
reproduced by a calculation based on the 12N excitation
curve at 0°, as measured by [4] with 295 MeV protons
(see curve in Figure 1). The energy loss of the incident
protons in the target as well as the resolution of the en-
ergy measurement were taken into account. The broad
continuum at energies below 400 MeV is due to more
complicated processes, including pion production.

The polarization of the neutron beam was deter-
mined via the analyzing power of np elastic scattering[5].
The beam polarization was flipped every second and the

asymmetry of the recoil protons was measured at an an-
gle of öiab = 30°, where the analyzing power is large.
The resulting neutron beam polarization is shown in
Figure 2. It agrees with the older measurement[l],
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Figure 2: Polarization of the neutron beam as function
of the energy. • = present data; x = earlier datafl].

where a different set-up was used. The monotonous
decrease below 450 MeV, for neutrons originating from
complex inelastic processes, follows surprisingly well the
energy dependence of the polarization of free pn charge
exchange. According to previous measurements[4, 6],
at the quasi-elastic peak (530 MeV) a larger negative
polarization would be expected for a 12Ng... final state.
The structure at 500 MeV is not yet understood. It
could be due to the influence of excited 12N states, lead-
ing to a lower neutron polarization.

This work was funded by the German Bundesmi-
nister für Bildung, Wissenschaft, Forschung und Tech-
nologie (BMBF), and the Fond National Suisse.
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MULTI-NUCLEON PION ABSORPTION ON 4He
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One of the most complicated and least understood
issues in pion physics is absorption. Though we know
that the basic process is the absorption of the pion on
an isoscalar nucléon pair (2NA), we are just starting
to understand the mechanisms that cause a significant
fraction of the total absorption cross-section originat-
ing from 3 (or more) energetic nucléons (3NA, 4NA)
[1]. Our measurements with the 4n Large Acceptance
Detector System (LADS) show that on 3He, up to about
one third of the 3NA yield arises from an initial scatter-
ing (ISI) of the 7T+ on a proton before being absorbed
on the other two nucléons [2]. The remainder of the
3NA cross-section is still not yet explained and could
point to new dynamics.
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Figure 1: Upper: Cross-sections of the full breakup
cross-sections appF and <?pppn for the reactions
3He(?r+, ppp) and 4He(»r+, pppn), respectively. Lower:
Decomposition of the 4He absorption yield into 3NA
[{ppp)n, {ppnjp] and 4NA [(pppn)].

An important step forward is the investigation of
pion absorption on the more deeply bound nucleus 4He,
where more channels are open. The comparison of the
(ppp) channel on 3He to the analogue (ppp)n channel
on 4He shows very similar distributions, leading to the
conclusion that also in 4He a significant fraction of the
3NA yield is from ISI. To get more knowledge about
the unexplained 3NA part, the comparison of the two
isospin different 3NA channels (ppp)n and (ppn)p of 4He
should be particularly instructive. From simple isospin

arguments one would expect ISI being stronger in the
(ppp)n channel. A process where one of the 2 emerging
protons after 2NA interacts with another nucléon of the
nucleus (FSI) should be stronger in the (ppn)p channel
because of the N N cross-section.

We find that the absorption yield on 4He leading to
four unbound nucléons (3NA, and some 4NA) is larger
than the 3NA cross-section on 3He (see Fig. 1), and both
show a shift in the peak energy of the excitation func-
tions as compared to 2NA. The (ppn)p channel of 4He is
always stronger than the (ppp)n one. This fact indicates
again that 3NA cannot be explained by ISI only. How-
ever, though it could roughly account for these ppn/ppp
ratios, the smallness of the N N compared to the irN
elastic cross-section makes it also unlikely that FSI is
the main mechanism of the 3NA yield.

The final understanding of the still unexplained frac-
tion of about two thirds of the 3NA cross-section might
be hidden in some observed structures of the differential
distributions that are not reproduced by our cascade ISI
and FSI models (see the Dalitz plots of Fig. 2). Both in-
terference effects and new dynamics could be the origin
of these structures, but the final answer has probably
to wait for realistic quantum-mechanical calculations.

Data Simulations

•50 0 SO

Kin. Energy [{T1-T2W3] in MeV

Figure 2: Triangular Dalitz plots of the reaction
4He(w+,ppp)n at Tv = 162 MeV with the conditions
Tp > 20 MeV and pn < 200 MeV/c. The acceptance
corrected data (left) are compared to the sum of the
fitted distributions (right) from simple models.
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The LADS collaboration has performed a set of pion
absorption measurements at pion energies around the
delta resonance. In addition to measuring pion ab-
sorption on light nuclei [1] measurements with heavier
targets, N, Ar and Xe, were also done. In last year's
newsletter [2],[3] we have shown results concerning the
existence of the initial state interaction (ISI) in pion
absorption. In the two-step ISI process the pion first
scatters quasi-elastically off one nucléon before absorb-
ing on a nucléon pair.

More recently the heavy target data has been fully
analyzed in a fashion similar to the 3He/4He analysis.
Partial results of this analysis, concerning the fraction
of the 3 proton cross-section which can be attributed
to the ISI process, are presented here. The pion kinetic
energy for the data set presented here was 239 MeV.

Pion absorption events leading to three energetic
protons were selected from the N, Ar and Xe target
data. These events were required to have 3 protons,
each having kinetic energy above 30MeV and no other
energetic particles. In order to obtain a clean data sam-
ple the missing energy (excitation of the residual nu-
cleus) was limited to 50MeV.

The data represented in form of two-dimensional his-
tograms (proton kinetic energy versus proton polar an-
gle) were fitted with the predictions of four simple ab-
sorption models. The models considered were: 3 proton
phase space, 3 proton phase space with angular momen-
tum larger than 1, two-step cascade ISI model and a
simple two-step FSI model. It was found that a sub-
stantial contribution of the ISI model was needed in
order to obtain satisfactory fits. No sensitivity to the
FSI model was found, and therefore no statement about
the strength of the FSI process can be made.

A sample of the data including the fits is shown in
Fig. 1, where proton kinetic energies for the Ar target
at 4 forward angular slices are shown. As can be seen
in this figure the ISI model is the only one which re-
produces the broad peak in the energy spectrum. One
should stress that these are results of global fits where
all data between 15deg and 165deg were fitted simulta-
neously.

The analysis showed that the ISI contribution to the
3 proton cross-section at 239 MeV is around 0.3 for the
N target and increases to about 0.4 for the Xe target.
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Figure 1: The spectrum of protons in 4 angular slices
for the Ai{n+,ppp)X reaction at Tn = 239 MeV. The
shaded area is the data, the solid line is the fitted Monte
Carlo simulation, the dashed line is the ISI component
of the fit, the dashed-dotted is FSI and the dotted is 3p
phase space.
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In our experiment we measure absolute differential
cross-sections of ?r~p elastic scattering at about 180°,
around pion laboratory energies of 60 MeV. For this an-
gle, the hadronic part of the scattering amplitude reads
as[l]

U-P^-P(e) = [bo(e)-b1(e)}-[c0(e)-c1(e))k2 . (1)

Here the coefficients 60, • ••, ci are complex functions of
the pion CM energy e and k is the CM pion momen-
tum. In the region of interest, the imaginary part of
the coefficients is negligibly small. The first term of eq.
(1) describes the s-wave part of the interaction and the
second term the p-wave. At a pion laboratory energy
of 58 MeV the real parts of the two terms are of equal
size and opposite sign. Hence, the s- and p-wave in-
terfere destructively and the cross-section shows a very
pronounced dip in this energy region. Since the p-wave
is much better known than the s-wave, one has an effec-
tive way to determine the latter in units of the p-wave.
In addition, one is very sensitive to "exotic" interac-
tions, e.g. isospin breaking, since the main interaction
is switched off via the destructive interference.

AEE Magnet

Figure 1: Experimental set-up.

Our goal is to determine the energy of the minimum
to better than 1 % and the difference of the slopes of s-
and p-wave amplitudes to a few percent. These numbers
can be compared to future predictions coming from chi-
ral perturbation theory and will improve our knowledge
of the low-energy constants in the strong interaction [2].

The apparatus consists of a modified beam-line mag-
net (AEE) [3] to separate the scattered pions from the
incoming beam. The active target consists of a 20 x
20 mm2 scintillator and is 2 - 3 mm thick. Due to
background associated with the carbon content of the
scintillator, we have to detect the pion and the recoil
proton in coincidence (hodoscopes H*, Hp). The whole
set-up has an angular resolution of about 1° and covers
20° in the scattering angle.
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Figure 2: Measured differential cross-section as a func-
tion of pion laboratory energy. The beam energy is
known to about 1 %. The errors are only statistical.
The lines are predictions from phase shift analyses [4, 5]
for a CM scattering angle of 175°.

First scattering results have already been obtained
during a test beam time in May 1996. The measurement
shows very little background, if any. As can be seen in
fig. 2 there is reasonable agreement between experiment
and predictions from phase shifts.
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Negative muon capture on light nuclei maintains its
attraction as a testing ground for several aspects of the
weak interaction. One of the fields of investigation is the
study of hadronic effects in nuclear media. Recently the
problem of determining the gp/gA (pseudoscalar/axial
vector coupling constants) ratio resurfaced, as new cal-
culations using a phenomenological Lagrangian with the
QCD-symmetries imposed, predict no scaling of this ra-
tio [1]. An accurate determination of gp/gA could be
performed e.g. by a simultaneous measurement of the
longitudinal (PL) and average (Patl) polarizations of the
nuclei recoiling after the //"-capture reaction.

We have chosen the / i~+ 1 6 0 -+ 16Ng, + vß reac-
tion for performing a polarimetry test and to extract in
a later stage the values of the polarization observables.
The experimental method used to determine the polar-
ization of the 16N nuclei is based on the recoil-sensitive
stack target technique and on the asymmetry in the

nuclear /2-decay. The transition of interest (16NS.,. -)•
16Ogi) is identified by the requirement that the elec-
tron from the ß-decay is coincident with the 6.1 MeV
7-quantum from the de-excitation of oxygen. Details
of the experimental technique at several stages of the
project and the first results can be found in [2, 3].

In the new series of experiments we have introduced
further improvements. The measurement is now sta-
tionary, i.e. the whole ß--y polarimeter was placed on
the muon beam axis (with appropriate geometry modi-
fications of the detection system), in order to eliminate
fast cryostat/target movement and possible associated
disturbances of the spin holding field. The thicknesses
of the stack target layers (Pd-SiO2-Al structure) were
optimized with respect to the backscattering effects of
the electrons. The production technique was also sig-
nificantly improved, however, the existence of large in-
homogeneities of the target body remained and became
apparent during the measurement.

The modified apparatus performed very well. No
problems were observed concerning the uncorrelated
background while muons and electrons transported
through the muon channel during the measuring phase
(chopper closed) were eliminated by applying more ela-
borated conditions on the hardware trigger. The rate
of the coincident ß-y events was about 10 times higher
than in the previous tests. We conclude that our detec-

tion method and the apparatus used provide a means
for high accuracy measurements of the nuclear polariza-
tion.

Several series of measurements with cooled and
warm target have been performed (see Fig. 1). The
on-line observed asymmetries indicated the presence of
the polarization signal but the non-uniformities in the
target were too large to obtain an unambiguous result
quickly. A detailed analysis of the collected data, largely
concerning the tests performed to study these effects, is
required for the full interpretation of the results. In par-
allel to the data analysis, a careful study of the stack
target production techniques and testing its structure
with an independent method is underway.
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Figure 1 : Asymmetry obtained with two thicknesses of
the stack target. Data measured with the target cooled
to 6 K (dots) and kept at room temperature (circles)
are grouped together from several cold-warm run series.
The values are presented in terms of the 'superratio',
which combines the corresponding /J-telescope/target
orientation configurations, thus eliminating many sys-
tematic errors.
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This experiment [1] aims to determine the induced
pseudoscalar coupling factor gp/gA- One of the nu-
clear muon capture modes on 11B(J=3/2) results in
uBe*(J=l/2). This nucleus emits a gamma ray of 320
keV immediately after the capture (ti < 0.5ps). Due to
hyperfine conversion in the muonic n B atom, the mea-
sured time distribution of those 320 keV gamma rays is
a function of A+/A~, the ratio of partial capture rates
from the hyperfine levels F± = I ± 1/2 in the muonic
n B atom. Since one considers the exclusive capture to
the only bound excited state of 11Be, A+/A~ can be
related to gp/gA using nuclear models.

The experimental set-up has been described in pre-
vious reports[2, 3]. Data were accumulated during the
fall of 1995. The method of analysis has now been devel-
oped and the corresponding programme has been writ-
ten, leading to preliminary results.

The experimental information consists of a two di-
mensional histogram, energy versus time, from which
the time evolution of the gamma rays emission rate from
nBe* has to be extracted. This requires the knowledge
of the time evolution of the background under the signal
in the energy bin {AE ~ 10 keV) defined at 320 keV
(see Fig.l). Therefore, we consider the time evolution
in energy bins (AE ~ 5 keV) to the left and to the
right of the 320 keV region, as shown on Fig.l. Those
bins contain only background. All the time spectra are
fitted simultaneously by a unique function of time and
energy, convoluted with the time response function of
the detector.

A phenomenological function of time and energy de-
scribes the background. The signal, i.e., the rate of
emission by uBe* of the 320 keV gamma rays subse-
quent to the muon capture, is described by the corre-
sponding theoretical function[l]. The free parameters
are the ratio A+/A~ defined above, the hyperfine con-
version rate R, a normalisation factor, and the parame-
ters of the background.

Given this procedure, the following preliminary re-
sults have been obtained:

j ^ = 0.016(22) R =176(16) -

The relation between gp/gA and A+/A~ computed
by J. Bernabeu and by V. Kuz'min et al.[4] does not
take into account the neutron halo in uBe. However
the effect of the halo on that relation has to be known
before interpreting our experimental result in terms of
gp/gA- New computations are in progress[5].

The analysis is reaching the final stage, i.e., the dis-
cussion of the effect of different hypotheses on the re-
sults.

The systematical errors have still to be studied and re-
cent improvements in the time response function will be
incorporated.

energy (0.5 keV)

Figure 1: Energy spectrum around the 320 keV gamma
line, integrated over the 10 fis observation time. The
energy bins used to fit the background are shown.
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We have systematically studied the muon transfer
from hydrogen isotopes to helium isotopes at low tem-
perature [1]. This charge exchange occurs predomi-
nantly via the formation of a metastable muonic-molecule
(x^He)*, (x=p,d,t for proton, deuteron, triton). Theory
predicts isotopic and temperature dependencies in the
formation rates [2] as well as a large isotopic effect for
the probability of radiative decay of the (xpHe)' mole-
cules, where the (pp3He)* should have the lowest rate
[3].

The transfer rates from protium and deuterium to
3He and to 4He have been measured, and the strong iso-
topic dependence of the radiative decay rates has been
observed [4, 5]. Preliminary results have been presented
at the PANIC '96 conference [6]. Two runs were per-
formed in 1996, aiming at two different goals: the tem-
perature dependence of the formation rate \d*He and
the direct observation of the (p/x3He)' molecule.

The temperature dependence of the muon transfer
rate was measured in binary D2/4He mixtures at 30, 45,
90, 120 and 300 K. The decay X-rays of the (d/i4He)'
molecules have been observed by CCDs [7], Ge- and
Si(Li)-detectors. A preliminary analysis of the data
shows that the temperature is inversely related to the
transfer rate.

The binary 1H2/3He mixture was optimized in order
to maximize the yield of the decay X-rays of the muonic-
molecules (p//3He)*. For the first time the characteris-
tic line at ~7 keV and its predicted asymmetric shape
have been observed (Fig. 1). Our preliminary analysis
confirms a strong isotopic effect in the branching ra-
tio of the radiative to the non-radiative decay modes of
the muonic-molecules (p/j3He)* and (p/i4He)', similar
to the (d/zHe)' molecules.

Combining all our data will allow us to determine
the parameters which fully describe the ground state
transfer process of negative muons in mixtures of hy-
drogen and helium.

150 -

•Ü 100 -
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Figure 1 : Energy spectrum of the delayed X-rays of the
(p/i3He)* molecules, requiring the additional observa-
tion of the electron following muon decay. The data
were obtained by a Ge-detector.
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The kinetic energy of muonic hydrogen atoms (/xp or
/id) is a quantity which affects sensitively the outcome
of a wide spectrum of experiments in muon physics:
transfer reactions, muonic molecule formation, Doppler
broadening of deexcitation photons, nuclear capture,
and metastability of the 2S state with its associated
laser spectroscopy of the 2S-2P splitting. Its distrib-
ution depends sensitively on the various collisional ef-
fects taking place during the up cascade (Auger effect,
Coulomb deexcitation, elastic and inelastic scattering).
The strength of these processes varies with the excita-
tion level n. Depending on the target density there is
a specific n value below which the cascade is purely ra-
diative and the ftp kinetic energy remains unchanged
down to the ground state. By measuring the kinetic en-
ergy in function of pressure this cut-off n can be varied
and the n-dependence of collisional effects can be de-
duced. Sensitivity to the highest excitation levels can
be achieved by measuring at very low density (below 1
hPa at room temperature). In our experiment the high-
est pressure was 64 hPa (where one is sensitive to effects
taking place down ton = 4-6) and the lowest pressure
was 0.063 hPa where almost no collisions during the
cascade are expected to take place and the kinetic en-
ergy distribution at muonic atom formation time may
be obtained. The collected data should allow one to ex-
tract detailed information on the acceleration processes
(Coulomb deexcitation) and deceleration effects (elastic
and inelastic collisions during the cascade).

Experimental set-up and measuring method have
been described earlier [1]. Low-energy muons are stopped
on the axis of a cylindrical low-pressure gas target with
thin windows and the time between \i stop and arrival
of the /ip atom at the walls is registered: immediately
after the /ip system hits the gold-coated target wall the
muon is transferred to gold and muonic x rays from gold
are emitted. All this happens in a strong axial magnetic
field which forces the muons to follow the field lines but
does not affect the (neutral) /ip system. Thanks to the
cylindrical geometry, the time response associated with
a particular /ip energy is sufficiently narrow to allow
useful information on the energy distribution [2].

The data measured at the lowest pressures (0.25 hPa
and 0.063 hPa) are partly analyzed. Efficient muon stop
rates at such low densities (the lowest ever used for ex-
otic particles) could be realized with the help of muon
cooling [3] and trapping [4]. Fig. 1 shows the result of
a preliminary evaluation of the integrated energy dis-
tributions N(T) = /0

T p(T')dT'. From the difference
between the two curves it can be deduced that a signifi-

cant acceleration of the the /ip atoms takes place imme-
diately after muonic atom formation at the highest ex-
citation levels. The processes causing this acceleration
(Coulomb deexcitation or chemical reaction) appear to
have cross-sections exceeding 10"15 cm2 which corre-
spond to impact parameters that are much larger than
both atomic and fip radii. This illustrates the strong
reactivity of the excited /jp atoms and gives also the
first experimental indication that most of the /ip atoms
are formed at relatively high excitation levels (n > 14).

1 1.5 2 2.5 3 3.5 4

Kinetic energy T,.(eV)

Figure 1: Integrated energy distributions
N(T) = f£ p(T')dT' for 0.25 hPa and 0.063 hPa H2
gas pressure.
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STUDY OF DfiD AND P/xD FUSION IN D2 AND H/D MIXTURES.
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In 1996 we have completed our new investigation of
fiCF in D2 and H/D mixtures. The principal goal was
to study the fusion cycles d/id and p/xd with greatly
improved absolute precision, to solve several open prob-
lems and to gain more insight into resonance formation
of muonic-molecules. For this purpose a redesigned high
pressure ionization chamber from Gatchina with a sen-
sitive volume of 15 cm3 acted as a detector of muons
and charged reaction products. Using a specially de-
veloped chemical gas treatment facility the chamber
was operated with pure D2, pure HD, and mixtures of
H2+D2 and H2+HD+D2 gases at densities from 3% to
10% of liquid hydrogen. The measurements were per-
formed at precisely stabilized temperatures from 28K to
350K. Preliminary results were reported in two previous
newsletters and in literature [1]. Here, we present two
new results produced in 1996:
(1) In continuation of the pure HD measurements, 5%
3He was added to search for the fusion reaction

Aid + 3He -+ dfi3He -> p + a + p + 18.35 MeV
producing a 14.6 MeV proton and a 3.7 MeV a-particle.
This highly interesting reaction is strongly suppressed
by the small lifetime of the d/i3He molecule (~ 10"12

s). Theoretical expectations for the fusion rate \j range
from 102 to 108 s"1. Selecting from 108 muon stops
only clear p-a signatures (detection efficiency ~7%), we
obtained the distribution of candidate events shown in
Fig. 1. In the region of interest (which is located due to
recombination at reduced energy) we found no events.
Thus, we can quote a new upper limit

Xf < 6 • 105 s"1 (90% confidence).
The background events seen in Fig. 1 were produced by
muon capture reactions on Nitrogen impurities.
(2) A longstanding question of the d/id cycle concerns
the nature of the /id spinflip

pd(F=3/2) + d -+ A»d(F=l/2) + d ' ( r a t e A3/2,i/2)-
The usual process is inelastic scattering however, res-
onant d//d formation followed by backdecay is an ad-
ditional channel. Its existence was disputed because
theory never could reproduce the experimentally ob-
served spinflip rates. Now we succeeded with a ded-
icated experiment, measuring the spinflip rate in two
H/D mixtures with identical concentrations cp=c<i=0.5,
but different molecular species: (a) Cff2=C£>2=0.5 (non-
equilibrated), (b) Cif,=C£)3=0.25> C#D=0.5 (equilibra-
ted). In the non-equilibrated mixture, the resonant

Figure 1: Scatterplot of p-a events in the plane Ea vs.
AEp (energy deposit on the anode next to the fi stop).

spinflip channel is expected to be doubly enhanced. As
Fig. 2 demonstrates, the time slope of d/id fusion events
(which is dominated by the spinflip) shows, for the non-
equilibrated mixture, a significant slope increase by ~
10 standard deviations, proving beyond doubt the ex-
istence of the resonant spinflip channel. We evaluated
for the spinflip rate Xr

3
e,' , , , ~ (5.0 ± 0.5)• I O ' B " 1 .

1 0 J ,

T = 50 K <|»=0.05

> equilibrated

• nonequlllbrated

100 200 300 400 500 600 700

CHANNEL (1CH=10ns)

Figure 2: Time distribution of d/id ~t n + 3He + /i
events in equilibrated and non-equilibrated H/D gas
mixtures (cp=Cc(=0.5, gas density 5% of liquid).
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For several years now, the time distributions of the
muonic x-rays observed in gas mixtures of H2 + SO2
have remained unexplained [1]. Whereas the sulphur
x-rays were exponentially distributed, those of oxygen
exhibited a pronounced additional structure. Because
these time distributions should reflect the extinction of
the muonic hydrogen atoms in the gas mixtures, it was
not understood why the large deviation from the sin-
gle exponential structure of the oxygen x-rays had no
observable consequence upon the time spectra of the
sulphur x-rays. Owing to systematic measurements, it
could be shown that the observed patterns in oxygen
did not only depend on the SO2 density but also on the
hydrogen pressure [2]. Thus, it was demonstrated that
the muonic hydrogen atoms having reached the ground
state in these mixtures were not all thermalized and that
the muon transfer reaction to oxygen was dependent on
the kinetic energy of these /ipi, atoms.

To study the muon transfer from muonic hydrogen
in the ground state to oxygen, we have systematically
investigated binary gas mixtures of H2 + O2 by vary-
ing the oxygen concentration between 0.2% and 0.8%
and the hydrogen pressure between 3.5 bar and 15 bar.
The last series of measurements were performed in early
spring 1996. For illustration, the time distribution of
the muonic oxygen x-rays of the transition fiO(2p~ Is),
measured in the gas mixture H2 -I- 0.4% O2 at 15 bar,
is shown in Fig. 1.

Such time spectra can be reproduced by Monte-Carlo
(MC) simulations. The kinetic energy distribution of
muonic hydrogen atoms when reaching the ground state
in hydrogen gas at a given pressure can be calculated [3].
At about 10 bar, only about half of these muonic hy-
drogen atoms have thermal energy. The thermaliza-
tion process can be calculated by using differential scat-
tering cross-sections for muonic hydrogen atoms in the
ground state with hydrogen molecules [4]. The energy
dependence of the transfer cross-section to oxygen is
not known. Recent calculations of the elastic scattering
cross-section however, show a resonance for the f-wave
at epithermal energies [5].

To reproduce the measured x-ray time distributions
by MC simulations, the energy dependence of the trans-
fer rate has been approximated by a step function. Good
agreement is achieved with a two-step function: Xpo =
0.83 • 1011 s"1 for thermal energies and energies below
E < 0.12 eV and \po = 3.6 • 1011 s"1 for 0.12 < E <
0.22 eV while ApO = 0 for E > 0.22 eV. This agreement
is illustrated in Fig. 2. To achieve good agreement at

early times (right to the prompt peak) between MC sim-
ulations and the time spectra measured in mixtures at
low pressures (3.5 bar), it seems adequate to introduce
a third step in the transfer rate function.

200 300

Tin» [os]

Figure 1: Time distribution of the muonic oxygen x-rays
of the transition fiO(2p— Is) measured in the gas mix-
ture H2 •+• 0.4% O2 at 15 bar. The prompt peak es-
sentially corresponds to direct capture events in oxygen
and to events resulting from transfer from excited fip
states.
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Figure 2: Deviation of the MC simulation from the mea-
sured time distribution (only part involving transfer).
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Our new measurement of the Doppler broadening
in the neutron time-of-flight (TOF) for the reaction
ir~p —>• n°n has led to new results [1] concerning the ki-
netic energy distribution f{TKp) of ir~p atoms in liquid
hydrogen, at the instant of nuclear capture. We confirm
the existence of a strong 'high-energy' part {Trp » 1 eV)
[2] containing about half of the n~p atoms. Moreover,
the data show that this 'high energy' part is derived
from at least four atomic transitions n —i- n' with 6 % of
all ir~p atoms having kinetic energies close to 200 eV.
The model used to explain the data is shown in Fig. la
and the resulting transition energies Tnfl<(fit) and yields
Ann1 (fit) obtained by fitting to the data (Figs, lb, lc)
are given in the third and fifth columns of Table 1.

Tran-
sition
6->5
5-»4
4->3
3-+2

Tnn<
[eV]
18.4
33.9
73.2
209.1

Tnn'(flt)
[eV]

5.6±2.8
21.7±5.5
57.2±9.0
207±19

AT
[eV]

-12.8±2.8
-12.2±5.5
-16.0±9.0

-2±19

Ann'
[%)

17.6±2.1
13.0±1.7
18.4±1.5
5.9±0.7

Table 1: Calculated (Tnn<) and fitted (Tnn/(fit)) kinetic
energies and fitted yields Ann> of Coulomb de-excitation
peaks in the kinetic energy distribution f(Txp); cf Fig. 1.
Column 4 gives AT = rnn/(fit) - Tnn>.

The uniform low-energy component of/(TTp) reaches
to Ti = (1.16± 0.14) eV and contains Ay. = (45.1 ± 1.9) %
of the n~p atoms. The two-component model used pre-
viously [2] is found to be inconsistent with the new, im-
proved quality data (see inserts Fig. lb, lc). The shape
of the 'high energy' components of the Txp distribu-
tion is consistent with that expected from Coulomb de-
excitation processes. However, the energies Tnn> ob-
tained by the fit (for n = 5, 6) are significantly lower.
It should be noted, that the theoretical predictions of
the Coulomb de-excitation rates [3, 4, 5, 6] disagree se-
riously amongst each other and those models predicting
high rates are favoured by our data.
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Figure 1:
a) Idealized neutron time-of-flight distribution F(r) ex-
pected from the Coulomb de-excitation process.
b) Histogram: measured time-of-flight spectrum of neu-
trons from the charge exchange reaction x~p-+n°n, af-
ter background subtraction, for a flight path of 4.73m.
The time is measured from the centre of the neutron
peak corresponding to v0 = 0.894 cm/ns [2]. Curves: fits
to the data including Coulomb de-excitation processes.
The arrows indicate the fitted positions of the steps
in the TOF distribution, for neutrons which are emit-
ted after the corresponding Coulomb de-excitation. For
comparison, the fit using the parameterization of Ref. [2]
(two uniform kinetic-energy distributions of the ir~p
atoms) is shown in the inserts.
c) Same as b); here the neutron flight path is 8.35 m.
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The study of the processes yielding the formation of
charge nonsymmetric muonic molecules started about
15 years ago. The muonic molecule /idHe is formed in
the 2jw excited state. It has a very short lifetime (a few
picoseconds) and decays into the l«r state, which corre-
sponds asymptotically to the fiKe+d system. The decay
rates for radiative, Auger and pre-dissociation channels
have been calculated by Kravtsov et al. [1].

Nuclear fusion from the molecular states may also
occur. As shown in Table 1, the theoretical estimates of
the fusion rates in muonic hydrogen-helium molecules
differ considerably from each other [2, 3, 4, 5]. Accord-
ing to the approximations made, the fusion rate of the
/id3He molecules ranges over nine orders of magnitude.
The pioneering measurement of Balin et al. [6] gave
an upper limit of the fusion rate in the /id3He system,
which has, very recently, been lowered by three orders
of magnitude [7]. No measurement has yet been per-
formed on the nuclear fusion of /id4He molecules.

Table 1: Estimated fusion reaction rates in /*d3He and
/id4He muonic deuterium-helium molecules. The ex-
perimental value is an upper limit of the fusion rate.

Rate Theory
[2,3] [4] [5]
106 102 10u

1011

Experiment
je] m

< 4 108 < 6 • 10s

In addition to the reactions involving dd-fusion, nu-
clear fusion from charge asymmetric molecules may oc-
cur via two different channels, the emission of heavy
charged particles with a rate \p. or the emission of a

hard 7 quantum with a rate \v
} (A^He ~ Aj » Xj):

The nuclear fusion in a fid4He molecule can only pro-
ceed radiatively with a rate Â  H*,

fid4He -+ /i6Li + 7 (1.48 MeV).

The experimental apparatus is schematically shown
in Fig. 1. This includes a cryogenic deuterium target,

detectors for muons and muon decay electrons, Si de-
tectors for protons, Ge and BGO detectors for low and
high energy photons.

Figure 1: Experimental setup viewed towards the beam
direction. T-target, V-vacuum chamber, En, NE213,
Ge, BGO are electron, neutron, soft and high energy
photons counters, respectively. Small boxes around the
target are for Si detectors.

The aim of this proposal is to measure the nuclear
fusion rates in /xd3He and /id4He molecules. In the
worst case, where one would not observe fusion events,
one could reduce the upper estimate for the fusion rate
producing charged particles by another two orders of
magnitudes compared to Petitjean et al. (104s-1) and
the radiative fusion rate down to 105s-1.
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Nitronyl nitroxides show a variety of magnetic prop-
erties depending on the precise details of their crystal
structure and chemical composition. They contain only
the elements C, H, N, and 0 and are therefore fully or-
ganic; hence, the observation of ferromagnetism in one
of them (p-NPNN) [1] is remarkable since all other fer-
romagnetism is usually due to d or / electrons. On
each nitronyl nitroxide molecule there is an unpaired
spin associated with two N-0 groups. Small chemical
changes to the rest of the molecule lead to significant
changes in crystal structure, thereby altering the inter-
molecular overlaps and thus the magnetic interactions
between unpaired spins on neighbouring molecules.

The zero-field spin precession of muons implanted
in diamagnetic states in these compounds can be used
to follow the magnetic order parameter as a function
of temperature (see Figure 1). The experiments used
both the PSI LTF facility and ISIS. Five of the nitronyl
nitroxide materials studied show magnetic transitions,
although the transition temperature and the nature of
the magnetic ground state in each case is quite differ-
ent. We have observed the muon precession frequency
in p-NPNN and studied its temperature and field de-
pendence [2], thereby identifying the existence of elec-
tronic spin-singlet and spin-triplet states. Very different
magnetic transitions have been identified using /̂ SR in
other nitronyl nitroxides, including canted 3D order in
3-QNNN [3], ordering in one-dimensional chains in p-
PYNN [4], and 2D order in p-CNPNN [5]. The depen-
dence on molecular shape is illustrated by our observa-
tion, using /iSR, of a magnetic transition in 1-NAPNN,
but not in its isomer 2-NAPNN [6]. A similar compari-
son can be made between 3-QNNN and 4-QNNN [7].

A quite different magnetic ground state is shown by
the organic linear chain compound MEM-(TCNQ)2[8]
which undergoes a spin-Peierls transition at 18 K. This
is an intrinsic lattice instability in spin-| antiferromag-
netic Heisenberg chains; the driving force is the mag-
netoelastic coupling between the one-dimensional elec-
tronic structure and the three-dimensional lattice vi-
brations. Above 18 K there is a uniform antiferro-
magnetic next-neighbour exchange in each chain; be-
low 18 K, the system dimerizes, leading to two, unequal
alternating exchange constants. The dimerization in-
creases progressively as the temperature is lowered and
reaches a maximum at zero temperature. Our zero-field
pSR data show a crossover from a Gaussian relaxation
to an exponential relaxation as the temperature is low-
ered below the spin-Peierls transition. We associate this
behaviour with the slowing down of the electronic fluc-
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Figure 1: The zero-field muon-spin rotation frequency
in 3 organic magnets as a function of temperature.

tuations resulting from the opening of a gap in the mag-
netic excitation spectrum [9].

References
[1] M. Tamura et al., Chem. Phys. Lett. 186 (1991)

401.

[2] S.J. Blundell et al., Europhys. Lett. 31 (1995) 573.

[3] T. Sugano et al., Mol. Cryst. Liq. Cryst. 271 (1995)
107.

[4] S.J. Blundell et al., Sol. Stat. Commun. 92 (1994)
569.

[5] S.J. Blundell et al., Synth. Met. in press.

[6] S.J. Blundell et al., J. Phys.: Condens. Matter 6

(1996) LI.

[7] S.J. Blundell et al., Hyperfine Interact, in press.

[8] S. Huizinga et al., Phys. Rev. B 19 (1979) 4723.

[9] S.J. Blundell et al., J. Phys.: Condens. Matter 9
(1997) L119-

38



jx+SR STUDY OF MAGNETISM IN FULLERENE DERIVATIVES

RA-93-03, SUSSEX - ETH ZÜRICH - PSI

CM. Brown*, L. Cristofolini', K. Prassides*5, K. Vavekis*, A. Amato*, F.N. Gygax', M. Pinkpank*, A. Schenckt,
K. Tanigaki*, Y. Iwasa$, H. Shimoda*

* School of Chemistry, Physics and Enviromental Science, University of Sussex, Brighton BNI 9QJ, UK
f Institute for Particle Physics, ETH Zürich, CH-5232 Villigen PSI, Switzerland
t NEC Fundamental Research Laboratories, Tsukuba 305, Japan
§ Japan Advanced Institute of Science and Technology, Tatsunokuchi, Ishikawa 923-12, Japan
% Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

RbC6o: The conducting ACßo salts consist of quasi-
one-dimensional Cg0 chains. A magnetic transition, ac-
companied by a metal-Mnsulator transition, is encoun-
tered at «50 K. We have studied before the nature of
the low temperature magnetic phase of CsCeo by ZF,
LF, and TF pSR [1]. Spontaneous Larmor frequencies
are absent in the ZF experiments; instead, static mag-
netic order of random nature develops gradually below
«30 K. The muons experience a quasistatic local field
which peaks close to zero; large spatial inhomogeneities
due to the wide distribution of (CgO)„ chain lengths and
orientational disorder effects are present. Prompted by
apparent differences between our experiments and simi-
lar ones performed on RbCôo [2], we now studied RbCôo
down to lOOmK. The results are essentially identical
with those on CsC6o - below 30 K, a short-lived compo-
nent, best modelled as a stretched exponential, appears.
No oscillating component is evident down to 100 mK.
The magnetic fraction saturates below «2 K to the same
value as that extracted for CsCgo - the data imply an in-
homogeneous form of magnetism with co-existing para-
magnetic and random static local fields. The depolari-
sation rate, A2 saturates to «2.5/is"1, while the fitted
exponent ß —¥2 at low temperatures, reflecting the grad-
ual slowing down of the spin dynamics with completely
static features, is evident only below 2-3 K.

a KbC«,(GPS) .
° RbC.OTF)
* ÙC«,(GPS)

10« 10'

Taaperawt (K)

Figure 1: Relaxation rates of the two components
(Gaussian, stretched exponential) for RbCöo and CsCeo •
Inset: The exponent, ß of the stretched exponential.

(NH3)K3C6o: Orthorhombic (NH3)K3C6o only be-
comes superconducting at high pressures (p > 1 GPa,
TC = 28K). Measurements of the electronic and mag-
netic properties have shown that at ambient pressure

it is a narrow-band metal, exhibiting a transition to an
insulating ground state at 40 K [3]. While the evidence
from ESR and NMR points to a vanishingly small x» for
this state, no broadening of the ESR and NMR lines,
characteristic of an AF transition, was observed. ZF
fiSR spectra were collected between 2 and 300 K. Above
40 K, a single slowly relaxing Gaussian component is
observed, signifying the presence of static random local
fields of nuclear origin. Below 40 K, a second, rapidly
relaxing component appears and grows as T decreases.
Application of a LF leads to complete recovery of the
asymmetry as the f*+ spin is decoupled from the static
internal fields. A very high statistics ZF run at 7.2 K
revealed that the fast component is best described as
an oscillation (Fig. 2). This implies the presence of a
spontaneous Larmor frequency, i/p= 0.51(2) MHz, asso-
ciated with a LRO-AF state. We stress that this is the
first time that a LRO magnetic state is authenticated
for a Cgô compound - this has important consequences
for the understanding of superconductivity in Cg^ salts
and t5 reminiscent of the high Tc cuprates, in which LRO
AF order is detrimental for superconductivity.

Figure 2: ZF /iSR spectrum of (NH3)K3C6o at 7.2K.
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In /iSR studies of condensed matter there is the pos-
sible "danger" of the /J+ 'probe' to cause local perturba-
tions in its electronic environment, resulting in an un-
faithful picture of the solid studied. Fundamentally, this
possibility applies to all /iSR condensed matter exper-
iments. Such rnuon-induced effects were first detected
in fiSR measurements on the singlet ground-state para-
magnet PrNi5 [1]. Aiming at more insight into this gen-
eral problem, we chose to look for similar effects in a
second 'van-Vleck' paramagnet, Prln3- A rather simple
reasoning dictated the 4 / 'van-Vleck' paramagnets as
candidate samples for the study. In these systems, the
muon-induced effects occurring in the neighbourhood of
the /i+ are expected to be especially pronounced, as the
magnetic properties of the singlet 4 / configurations are
sensitive even to minute changes of the local CEF.

By measuring the Knight shift at different temper-
atures and plotting it against the values of the bulk
susceptibility of Prln3 at the same temperatures, the
influence of the /i+ may be revealed. Fig.l shows an
example of such a plot for 1 5 K < r < 150K. At low tem-
peratures there is a clear deviation from the expected
linearity, indicating that the ^ causes a significant lo-
cal change in the susceptibility of its neighbouring Pr
ions. By using the high temperature region for scaling,
we were able to derive the new local low-temperature
susceptibility, shown in Fig. 2. The most striking fea-
ture is the local anisotropy created by the muon between
two of the principal axes of the crystal. The new suscep-
tibility was fitted using a model CEF calculation (solid
lines in Fig. 2). To get the fit, the original cubic CEF
was changed to a tetragonal CEF, in accordance with
the new tetragonal symmetry arrangement around each
neighbouring Pr ion. Following the change in CEF pa-
rameters is a rearrangement of the energy levels, shown
in Fig. 3.

Finally, we note that the muon's contribution to the
low temperature local susceptibility in Prln3 (Fig. 2) is
much smaller than that noted earlier for PrNi5 [1]. Yet
the perturbation of the first excited energy level is found
to be approximately the same - around 15 K - in both
cases. This may be expected by noting that the leading
'van Vleck' susceptibility term depends reciprocally on
the energy of the first excited level. Thus changes in this
term will depend on the relative shift of the energy level
rather than on the absolute value of the shift. Because
the first level of PrNi5 lies at 23i\ [1], the relative shift
there will be much greater and so will be the effect on
the susceptibility.
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Figure 2: Points depict local components of the \ ^en-
sor derived from K (see Fig. 1). Solid curves represent
predictions of a theoretical CEF model calculation.
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Figure 3: The muon-induced CEF level perturbations,
derived by best-fitting a theoretical CEF model to the
Xiocai shown in Fig. 2.
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The dia- and paramagnetic (Condon) domains in
non-magnetic metals, long predicted by theory [1], are
difficult to observe. Their experimental discovery in Ag
[2] has merely confirmed their existence in a single case,
but a detailed study has become possible only recently
by detecting domains in a particularly pure Be single
crystal plate [3] by means of (p+SR) spectroscopy.

Condon domains are interesting as macroscopic man-
ifestations of collective and at the same time purely or-
bital magnetism. In the domain phase, for any value
of the external magnetic field H, the local induction
B can take only one of two predetermined values, B\
or 5 2 , so that diamagnetic (Si < H) and paramag-
netic (i?2 > H) strips alternate along the plate, with
walls between them running parallel to H. This two-
phase structure is formed only in those regions of the
(H, T) parameter plane where the quantum mechanical
de Haas-van Alphen (dHvA) oscillations, at the given
crystal orientation relative to H, are extremely sharp:
AITKO > 1, where K0 is the amplitude of the oscillating
magnetic susceptibility K(B) [4]. Each oscillation pe-
riod AH has its two-phase interval B\ < H < B2, the
domains appearing and disappearing periodically as H
varies; AH is related to the extremal cross sections,
normal to H, of the electron Fermi surface.

Domains in Ag appear at a very high (H « 9 T)
field [2]. Their first observation in Be was at H = 2.7 T
[3]. Evidence that Condon domains exist even at fields
below 1T in Be is now given in Fig. 1, showing the ̂ +SR
relaxation rates measured at T= 0.5 K.
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Figure 1: A(if)forT = 0.5K. o: domain-free regions,
KOWSO"1'"; (•)•" K,0KiKfax (see Fig.2). D: enhanced
relaxation from frequency splitting due to domains.

A particular feature of the dHvA effect in Be for
the present Jif|| c orientation is that «o itself oscillates,
with a beat period of « 3 4 A # (insert in Fig. 2). This
makes it possible to study domain formation at very

different values of the critical parameter «o, without
important variations of H. The uppermost A-line ris-
ing from H = 0.8 T in Fig. 1 marks the appearance of
domains: B2-B1 < 7 G at this H, so the dia- and para-
magnetic domains give a single broadened line and thus
a fast relaxing fi+ signal. (The two lower lines show a
change in the domain-free states as «o rises from Kg"n

to Ko*ar). Fig. 2. shows B(H) for a #-range near the
beat minimum of KQ.

19.88
19.88 19.96

Figure 2: B vs H near K0 KKQ1'". Domains are revealed
by the simultaneous presence of two B's at the same H.
Insert: dHvA oscillations of K with the beat period [5].
The arrow points at /cg"n.

With our measured B2-B1 « 10 G the theoretical
'LK formula' [4] predicts 4jr«g"'n«l.ll, which is larger
than observed (insert). The reason why the 'harmonic'
LK formula K(B) fails here is not difficult to explain,
but the origin of the variation X(K0) in the domain-free
intervals (Fig. 1) has to be clarified by further studies.
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Chromium is the archetypal itinerant antiferromag-
net, whose incommensurate spin-density-wave (SDW)
is a fascinating but complicated problem in the field of
solid state physics. However, it is very easy to change
the electronic and magnetic structure of Cr strongly by
adding small amounts (< 2 at-%) of other transition
metals like Mn or V. These alloys have not only different
wave vectors Q of the SDW, representing different "de-
grees of commensurability", but significantly changed
local magnetic moments per as well [1]. Since the lo-
cal magnetic moments, which are static [2], are directly
related to the magnetic field distribution seen by the
muons, concentrations of added transition metals down
to 0.05 at-% have an observable influence on the fi+-
precession frequency in /i+SR experiments.

The sinoidal spatial modulation of the magnitude
of the local magnetic moments in an incommensurate
SDW results in a different frequency distribution than
in commensurate structures with Q = 2rr/a (a is the
lattice constant) such as observed, e.g., in Crioo-*Mnr
(x>2) alloys [1]. With the assumptions of (i) incom-
mensurate SDW, (ii) the muons coming to rest ran-
domly with respect to the SDW phase, and (iii) no rel-
ative motion between the muons and the SDW after
/i+-thermalization, the time dependence of the /i+-spin
polarization follows a damped Jo Bessel function. An-
other possible model assumes that only muons stopped
near the antinodes of the SDW contribute to the sig-
nal. This is the case when the muons are trapped at
the antinodes of the SDW or when this configuration is
realized by fast motion of either the SDW, the muons,
or both. In the second model the p+-spin polarization
follows a damped harmonic function.

Further complications like SDW pinning or muon
trapping at impurity atoms in the host matrix may also
influence the observed /i+-spin precession frequency dis-
tribution.

High-pressure zero-field ^+SR experiments were per-
formed on single crystals of pure Cr and Cr99.75Mno.25
at 5 K to deduce the pressure dependence of the local
magnetic field B^. Single precession lines were observed
in both crystals at all pressures up to 0.6 GPa. Fig. 1
shows the pressure dependence of the ^+-spin preces-
sion frequencies. The slopes of of the linear fits to
the data in Fig. 1 yield pressure derivatives of Bll(p)
of dB^/dp = -(86.6 ± 2.2)mT/GPa for pure Cr and
dB^/dp = -(105 ± ll)mT/GPa for the CrMn alloy.
Hence, the magnetic Griineisen parameter (A' and V

0.3

Pressure [ GPa ]
0.* 0.5 0.6

Figure 1: Pressure dependence of the spin precession
frequency Uf,/2n of positive muons in pure Cr and
in Cr99.75Mno.25 at T=5K. The pressure derivatives
of Bfi = Wfi/27: deduced from linear fits (lines) are

= -(86.6 ± 2.2)mT/GPa for pure Cr and
= -(105 ± ll)mT/GPa for the CrMn alloy.

denoting the bulk modulus and the sample volume):

K dB^
" '" SlnV B,, dp

is found to be T^ = -(26 ± 1) for pure Cr and F^ =
-(30 ± 2) for Cr99.75Mno.25-

In additional low temperature measurements on a
Crgg.sVo.s single crystal no significant precession fre-
quency could be observed, thus confirming experiments
of Noakes et al. [3]. The reason for this behaviour is
not known yet.

This work is supported by the Bundesministerium
fur Bildung, Wissenschaft, Forschung und Technology,
Bonn, Germany under contract No. 03-SE4ST2.
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In our last PSI report we presented the temperature
dependence of the Knight shift measured on the weakly
anisotropic axial ferromagnet GdNis [1]. These mea-
surements were performed for both Bext || c axis and
Bext j | b axis. In order to determine the muon site via
the dipolar tensor, additional measurements were done
with Bext || o axis.

Due to the implementation of a new cryostat in the
"Strobo" set-up, the detectors were placed outside the
cryostat. Presumably, the bending of the beam due
to the applied magnetic field, caused part of the beam
to hit the cryostat walls and increase the background.
The signal to noise ratio was roughly 5-10 times smaller
compared with measurements performed on the same
crystal last year.

In Fig. 1 we show the temperature dependence of
the Knight shift KM which is deduced from the mea-
surement. The muon signal shows two frequencies above
~80K, which is consistent with a presumed muon local-
ization on the / [coordinates (1/2,0,0)] or i [coordinates
(l/2,0,±x)] sites. The increase of the absolute value of
the Knight shift of both signals with decreasing temper-
ature is related to the susceptibility of GdNis. Although
the measurements are difficult to interpret due to the
low signal noise ratio, just one muon frequency seems to
be present in the spectra measured below ~80K. The
reason for this change in behaviour at ~80 K is not yet
obvious but it displays the same trend as K^ of 2?ext || b.

The temperature dependence of the Knight shift in
ErNis was studied as well. This measurement was a
continuation of an earlier measurement done in August
1994. Fig. 2 shows the temperature dependence of the
Knight shift of ErNis with S e x t || a. It shows contribu-
tion of two frequencies. The two signals merge into one
at ~290 K due to muon diffusion. With decreasing tem-
perature an increase in Knight shift is measured. Below
T ~200 K the magnetic anisotropy of the spin fluctua-
tions start to participate. This results in a decrease of
the absolute value of the Knight shift.
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The aim of our collaboration is the study of spin
dynamics in magnets using fiSR techniques. The ex-
perimental work is performed at ISIS and PSI using
single crystals. Recently we have completed at ISIS a
detailed study of the critical spin dynamics in the dipo-
lar Heisenberg ferromagnet GdNis [1]. We have found
that the critical longitudinal (along the wave vector q)
spin fluctuations above and below the Curie tempera-
ture are similar. This investigation gives the first exper-
imental proof of this similarity. Remarkably, this result
is explained using the old dynamical scaling theory of
Halperin and Hohenberg.

The main purpose of the PSI measurements per-
formed in October 1995 was to follow the temperature
dependence of the internal frequency and associated
damping rate of the uniaxial antiferromagnet NdRh2Si2
and eventually to compare the critical behaviour of this
rate and of the spin lattice relaxation rate measured in
december 1994 at ISIS [2]. Here we present only the
data without any physical discussion [3].

NdRh2Si2 is a tetragonal axial magnet whith only
one magnetic phase transition (TN = 57.85±0.05K as
determined at ISIS [2]). The magnetic structure is char-
acterized by the propagation vector k = [0,0,1]. It is well
known that crystals of the ThCr2Si2 structure such as
NdRh2Si2 with Rh as the transition element are of ex-
tremely good crystalline quality [4]. This is confirmed
by our ISIS fiSR results [2].

In order to study NdRhzSi2 properly in its magnet-
ically ordered state, the sample was oriented with the
c axis perpendicular to the initial muon beam polar-
ization. We observe a single spin precession frequency
which accounts for the whole signal. The spectra are
well described by an exponential depolarization func-
tion. The temperature dependence of the frequency and
the damping rate A are presented in Fig. 1 together wit
a log-log plot of A vs \T - TN | /TN near TN (insert). We
note that the value of the critical exponent for T below
TN is about 1/3 of its value for T above TN [2]. This
is definitively different from the results obtained for a
dipolar Heisenberg ferromagnet [1].
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Figure 1: Temperature dependence of the frequency and
the exponential damping rate measured in the antifer-
romagnetic phase of a NdRh2Si2 crystal with the c axis
perpendicular to the initial muon beam polarization. In
the insert the exponential damping rate is displayed in
a log-log plot. It shows that near TN it follows a power
law with an exponent of w = 0.4 (dashed line). We have
taken TN = 58.55 K.
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In 1996 we continued our experimental work on the
axial antiferromagnets PrCo2Si2 and NdRu2Si2. The
intention is to compare the spin dynamics of these more
complex antiferromagnets with the simple antiferromag-
net NdRh2Si2 studied before [1].

PrCo2Si2 shows three magnetic phase transitions at
Ti = 9.6K, T2 = 16.4K and TN = 30.2K. Below Ti the
simple antiferromagnetic structure is characterised by
ferromagnetic layers stacked along the c-axis. Above T\
the compound exhibits long period commensurate spin
arrangements with k = (0,0,^1) between T\ and T2 and
k = (0,0,f) between T-j and TAT. The results obtained
below TN are shown in Fig. 1. All spectra were analysed
with a single muon spin precession frequency and an
associated exponential damping rate A. The frequency
decreases to zero when TN is approached but no change
is observed at Ti or T^. The temperature dependence
of A shows a step like behaviour at Ti whereas a broad
anomaly at Tj is observed. This difference is remark-
able and might be related to the nature of the transition.
However, the initial asymmetry shows a decline above
Ti which is in contradiction with the expected tempera-
ture independent behaviour. We therefore believe that
the model used for the data analysis is too simple to
describe the long range period commensurate nature of
the magnetic structure.

Above Tjv the muon spectra were analysed with a
single exponential. We measured at temperatures be-
tween Tjvr and 38 K in zero field. The results are shown
in Fig. 2. The damping rate follows a power law with
a critical exponent w — 0.87(5). An earlier study of
this compound at ISIS in a longitudinal field of 0.2 T
[2] showed w = 1.10(5) above 32 K and a temperature
independent A between TN and 32 K. The observed dif-
ference might be due to the strong field dependency of
the spin dynamics probed by the muons, e.g., of the
spin dynamics very near fc = (0,0,|).
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Figure 1: Temperature dependence of the muon fre-
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PrCo2Si2- The initial muon beam polarization is per-
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Figure 2: Exponential damping rate A of PrCo2Si2 mea-
sured above TN with the initial muon beam polarization
perpendicular to the c-axis. The solid line corresponds
to A a [ (T- TN)/TN]~W with w = 0.87(5).
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We have studied UO2, NpO2 and NpCo2. The ura-
nium was completely depleted (about 5g), the neptu-
nium compounds were of 237Np, about 1.5 g with an
activity of about 40 MBq. All samples were kept in a
helium atmosphere within double containers made from
ultrapure Al. The helium leak tightness of the con-
tainers was checked to be better than 10~9atmcm3s""1.
UO2 and NpC"2 possess a magnetic behaviour which has
been studied for many years, yet no complete agreement
has been achieved. The crystal structure at room tem-
perature is of the cubic face-centered fluorite-type. It
is expected that the magnetic behaviour of these com-
pounds may be described by a localized picture in an in-
sulator. Complications arise, however, due to the pres-
ence of magneto-elastic and quadrupolar interactions.
UO2 becomes antiferromagnetic below 30.8 K (see e.g.
[1] and references therein). The first order transition is
accompanied by a weak lattice distortion. Neutron dif-
fraction experiments support a non-collinear spin struc-
ture of probably 3k-type [2]. Susceptibility, resistivity
and specific heat data for NpO2 indicate a phase transi-
tion at 25 K. Neither neutron diffraction nor Mössbauer
spectroscopy could (see e.g. [3]) prove the presence of
ordered magnetic moments unless they are of the order
of 0.02/jfl or even smaller.

Our ZF /JSR measurements on UO2 reveal a clear
magnetic transition at about 32 K with the appearance
of two spontaneous frequencies. The temperature de-
pendence follows that of the sublattice magnetization:
after a quick rise below Xjv (which is typical for a first
order transition) a gradual saturation is achieved with
~ 75 MHz and 120 MHz, respectively.

Below 25 K NpO2 also develops a spontaneous fre-
quency of about 4.5MHz. The precession signal repre-
sents, however, only about 10% of the sample. The rest
of the signal can be described by an exponential. Its
damping scales with the temperature-dependent spon-
taneous frequency. These results give a first proof of
magnetic order, though part of the moments may be
frozen in a severely inhomogeneous surrounding. Com-
paring the observed frequency with those found in UO2
for an ordered moment of about l.lßB and assuming
the muon stopping sites to be the same, the ordered
neptunium moment has to be 0 < no < 0.06^ßif the spin
structure is also the same. To our knowledge, this is the
first observation of unusually small ordered moments in
a non-metallic oxide. The role of hybridisation and/or
quantum chemical effects is yet unclear.

The magnetic behaviour of the Np C15 Laves phase
compounds is strongly influenced by 5f to ligand (tran-
sition metal or Al) d- or p-electron hybridization. The
resultant f-band broadening causes a strong reduction
of the Np moments in the ordered state similar to heavy
fermion compounds. Earlier ^SR measurements on rare
earth (RE) C15 compounds have shown that the mag-
netic transitions can readily be traced from the devel-
opment of damping with temperature. For the RE di-
aluminides no spontaneous frequency can be observed
in the ordered state [4], while RE-Fe2 show such signals
[5]. Earlier pSR experiments on NpAl2 also revealed
the onset of spontaneous precession below Tc = 56 K [6].

We now have examined NpCo2.
 23rNp Mössbauer

spectroscopy shows an onset of magnetic hyperfine split-
ting below 13 K [7] corresponding to an ordered mo-
ment of about 0.5/jß. The shape of the spectra indi-
cates either a wide inhomogeneous broadening due to
some randomness in spin structure or the presence of
rather low frequency dynamics even at 1.5 K. Suscepti-
bility data point to an antiferromagnetic transition even
though there is no evidence for antiferromagnetic order
from elastic neutron scattering. Our /iSR-data reveal a
loss of asymmetry below 13 K, but no spontaneous fre-
quency could be resolved. The damping of the residual
signal increases when lowering the temperature. This
behaviour can be explained if the magnetic order is not
completely static, meaning that some spin components
remain unlocked. This may, e.g., arise from competing
exchange. Unfortunately, the presently available LF de-
coupling data are insufficient to give a reliable estimate
of the correlation times in the ordered state.
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This recently discovered class of Kondo systems pre-
sents uncoventional low-temperature properties, such
as a logarithmic divergence of the specific heat and a
linear dependence of the electrical resistivity. Consid-
erable discussion has taken place about the source of
such behavior and conceptually different origins have
been invoked. A two-channel quadrupolar Kondo effect
has been considered, where the quadrupolar moment of
the /-ion interacts with the conduction electrons and
where the spin of the conduction electrons provides the
two available channels [1]. Another school of thought
invokes a distribution of Kondo temperatures TR , due
to structural disorder in the lattice [2]. Another possible
origin is based on the suggestion that a paramagnetic
and a magnetically ordered ground state are practically
degenerate, leading to a quantum phase transition at
zero temperature [3],

In 1996, we have continued our study on the alloys
Thi_xUrPd2Si2 which presents a clear non-Fermi-liquid
regime for x = 0.03 [4]. Our ZF ftSR data indicate
the occurrence at low temperature of magnetism in a
reduced fraction of the samples (see Fig. 1) identified
by the occurrence of a fast and temperature indepen-
dent exponential depolarization rate (~2 /*s-1). The
magnetic volume fraction is seen to increase with the
U-concentration. Figure 2 shows a typical longitudi-
nal field scan at very low temperature for the system
with x = 0.03. The quenching of the depolarization in
low applied fields indicates that the magnetic state is
characterized by the presence of quasi-static U-magne-
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Figure 2: Longitudinal field dependence of the expo-
nential depolarization in the system T h P d S i

tic moments. The observed exponential shape of the
depolarization function is most probably connected to
the extreme dilution of the U-ions in the ThxPd2Si2
lattice.

Therefore, our /iSR data suggest that these systems
are very close to the magnetism-nonmagnetism border-
line, despite the concentration of magnetic ions being
strongly reduced. This seems to support the picture
that for these systems the paramagnetic and magneti-
cally ordered ground states are practically degenerate,
which could lead to a quantum phase transition at zero
temperature identified by a non-Fermi-liquid behavior
in the thermodynamic properties.
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Thi_xUxPd2Si2.
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In the present system the competition between the
RKKY and the Kondo interaction could be studied in
isostructural compounds as a function of the electron
concentration. The aim was to monitor the Kondo in-
duced gradual loss of the magnetic order from an atom-
istic point of view, starting from long range antiferro-
magnetism (CeCus) via heavy fermion (around x=l) to
pure Kondo behaviour (CeCu3Al(Ga)2) [1].

For the G a compounds generally from ambient tem-
perature to temperatures sufficiently well above that of
the onset of "some kind of magnetic order" Tm a tem-
perature independent slow Gaussian depolarization is
observed, caused by the nuclear 63Cu, 65Cu and 27A1
dipole fields. At lower temperatures, an increased depo-
larization of exponential shape appears somewhat above
Tm, pointing to a critical slowing down of spin fluctua-
tions. On further cooling to temperatures where shal-
low anomalies are observed in XA.C. VS T and cp(T) [1],
the depolarization is increasingly dominated by a fast
Gaussian G(t) =exp(-cr2r2/2) at early times, pointing
to a broad quasistatic distribution of internal fields. In
contrast to CeCus [2], no spontaneous muon preces-
sion is detected even in the magnetically ordered state
of the Cu richest compounds (z=0.25), from which we
may conclude that the actual field distribution is close
to Gaussian with zero average value. This behaviour
points to a random spin-glass-like nature of the quasi-
static magnetic correlation between the Ce-4f moments.
Assuming a completely random arrangement of the mo-
ments and that the muon occupies the b site (0,0,1/2)
[2], the size of the quasistatic ordered moments jior(j
could be estimated from the rms-width of the field dis-
tribution (AS2). Contrary to the Al-case, where a
systematic decrease of pord was observed, a maximum
(0.15/is) at x=1.5 was found for the Ga compounds
which is confirmed by bulk magnetic measurements. In
order to find an explanation for this unique behaviour,
transverse field experiments were carried out from which
the Knight shift has been extracted, yielding the hyper-
fine coupling constants (i.e., an effective hyperfine field
per f electron spin) (Fig. 1). For M=A1 [3] a system-
atic decrease with increasing x is observed, leading to
a change of sign at x=1.5. In the case of M=Ga the
change in sign appears slightly below x=l, followed by
another one at about x=1.4. We assume that this be-
haviour of the hyperfine coupling constant reflects the
variation of the phase of the RKKY oscillation, reach-
ing an odd multiple of n/2 for a critical concentration
x (transition through zero for the RKKY interaction).
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Figure 1: Knight shift vs susceptibility with T as im-
plicit parameter; the dashed lines are a linear regression
to the data. The dash-dotted lines are corrected for the
demagnetization and Lorentz field contributions.

Thus, by applying /i+SR not only could the open
question about the presence of magnetic moments in
the concentration region 0.5<x<2 be solved unam-
biguously, but also it was shown that the anomalies ob-
served in the temperature dependence of the bulk prop-
erties were due to a spin-glass-like freezing of quasistatic
moments.

This work was supported by the Austrian Science
Foundation (grants S 5604/5-PHY).
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The intermetallic compound UPt3 presents a case
study for the investigation of the magnetic instability
in heavy-electron systems [1]. The strongly-renorma-
lized Fermi-liquid behaviour is attributed to competing
electronic interactions, of which the on-site Kondo ef-
fect and the inter-site RKKY interaction are thought to
play the major roles. As a result, UPt3 is close to an
antiferromagnetic (AF) instability. Indeed, neutron-dif-
fraction experiments demonstrate that nominally pure
single-crystals of UPt3 show a peculiar weak AF or-
der below TV —6 K [2]. The ordered moment m is ex-
tremely small (m = 0.02±0.01/xs/U-atom for T -+ 0),
and the order parameter has an atypical quasi-linear
temperature dependence. Substituting Pt by isoelec-
tronic Pd induces large ordered moments, and the mag-
netic order parameter becomes more conventional. For
optimum doping (5at% Pd) a maximum TV of 5.8 K
is observed [1]. Neutron-diffraction experiments [3] on
single-crystalline U(Pti_ rPd r)3 (x < 0.05) show that m
increases gradually with increasing x. The magnetic
ordering consists of a doubling of the nuclear unit cell
along the a* axis (hexagonal structure), with m directed
along the a* axis. The principle objective of our /̂ SR
experiments is to investigate the cross-over from small-
moment antiferromagnetism (SMAF) to large-moment
antiferromagnetism (LMAF) in the U(Pt,Pd)3 series.

We have performed zero-field /iSR experiments on
polycrystalline samples of the SMAF compounds UPt3
and U(Pt0.998Pdo.oo2)3i and the LMAF compounds with
1, 2 and 5at% Pd, using the GPS and LTF facilities.
In the cases of x = 0.00 (m = 0.02 ± 0.01 /iß/U-atom)
and x = 0.002 (m = 0.038 ± 0.01 /xB/U-atom), the fjtSR
spectra could be analysed satisfactorily with the Kubo-
Toyabe function, yielding a temperature independent
relaxation rate crKT = 0.06 ± 0.01/is"1. The SMAF
(TV ^ 6 K ) did not show up in the /iSR spectra, sug-
gesting that either the moment as observed by neutron-
diffraction is rapidly fluctuating, or that the muons stop
at a site where the dipolar fields cancel. For x = 0.05
(TV = 6.2 K and m = 0.62 ± 0.05/IB/U-atom) and
x = 0.02 (TV = 3.5K and m = 0.35±0.05^/U-atom),
two spontaneous frequencies were observed for T < TV
with values of 2.0 and 8.0 MHz and 0.9 and 6.9 MHz,
in the limit T -> 0, respectively. This points to the
presence of two pi+ sites for both compounds. Both fre-
quency components have approximately the same am-
plitude, suggesting that the muons stop at both sites
with the same probability. In the case of x = 0.01
(TV = 1.8K and m - 0.11±0.03/iB/U-atom) only one
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Figure 1: Angular dependence of the Knight shift of
U(Pto.95Pdo.o5)3 in the (a,c) plane at T = 20K.

spontaneous frequency, amounting to 3.5 MHz in the
limit T —y 0, remains.

In a first attempt to determine the fi+ sites in the
U(Pt,Pd)3 series, the Knight shift (Ka, Kc) of single-
crystalline U(Pto.95Pdo.o5)3 has been measured at tem-
peratures 10 K < T< 300 K in transverse fields of 0.6 T
along the a and the c axis. A small anisotropy of the
order of 0.1% is observed at the lowest temperature. At
raising the temperature two unusual features are ob-
served: i) Ka and Kc cross near 140K, and ii) Ka ex-
hibits a local maximum near 140K. Since the Knight
shift is not simply proportional to the magnetic sus-
ceptibility, extraction of the components of the dipolar
tensor and the determination of the stopping sites is
hampered. The complex character of the local mag-
netism is also reflected in the angular dependence of
the Knight shift measured in the (a,c) plane at T=20 K
(see Fig. 1). A fit to K(8) invokes Legendre polynomial
functions of the 6th and 8th degree (solid line in Fig. 1),
which is highly unusual. Such an angular dependence
cannot originate from the angular dependence of dipole
fields and must involve a complex direction (and possi-
bly field) dependence of the moments at the Uranium
sites.
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was for a long time the only known Ce-
based heavy fermion superconductor [1]. At ambient
pressure the superconducting state is entered at tran-
sition temperatures Tc below 0.7K. The actual Tc de-
pends strongly on the Cu-stoichiometry. Below 1 K
and up to 25 T CeCu2Si2 reveals a rich and complex
B — T phase diagram. The superconductivity (sc-phase)
is surrounded by the so-called A phase which shows
magnetic signatures. At high fields a second phase la-
belled B appears and the nature of both phases is still
not clear. The question of a possible microscopic co-
existence between the magnetic A phase and the su-
perconducting phase has been the subject of numerous
studies. Recent elastic constant measurements on high
quality single crystals strongly suggest that the A phase
is completely expelled upon entering the superconduct-
ing state [2] which is in contrast to the scenario of the
U-based heavy fermion superconductors like UPt3. A
similar conclusion was derived from pSR measurements
on polycrystalline samples [3].

The present proposal was intended to provide a de-
finitive answer to the question of the possible coexis-
tence of different types of ground states in CeCu2Si2,
by investigating high quality single crystals by means
of/iSR techniques.

The /iSR measurements were carried out on different
single crystals which were pieces of one large single crys-
talline grain. They were characterised by ultrasound
measurements of the elastic constants to ensure that
they have the same properties. From these measure-
ments versus both field and temperature the B—T phase
diagram was determined below 1K and up to 12 T.

In the zero field measurements reported here the
JJSR signal arising from the sample is fitted to a slow
depolarization component (1) obeying the Kubo-Toyabe
formula and a fast Gaussian one (2): G(t) = AiGi(t) +
AiG^t). These components reflect muons stopping in
the paramagnetic and magnetic fractions of the sample,
respectively. Fig. 1 shows the temperature dependence
of the magnetic fraction {Å2}-

At temperatures above 0.80 K the magnetic volume
is practically zero, in contrast to the measurements on
the polycrystalline specimens. The signal is dominated
by the slow depolarization with a temperature indepen-
dent rate of about 0.18 /is~l. Around 0.75 K the mag-
netic state develops and its volume fraction increases
very quickly to a value of nearly 100% on approach-
ing T = 0.60K (i.e., near the temperature Tc of the
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Figure 1 : Temperature dependence of the magnetic vol-
ume fraction in monocrystalline CeCu2Si2 as deduced
from the /iSR spectra.

superconducting transition). On further cooling the
magnetic fraction is quickly suppressed, resulting in a
sharp maximum in the temperature dependence of A2
at 0.60 K. The depolarization rate of the magnetic signal
rises steeply to about 9/is"1 at 0.50K, which is in fair
agreement with those from the polycrystalline samples
of Ref. [3].

Our zero field /iSR results on single crystals give
further support to the idea of a complete expulsion of
the magnetic phase (A phase) upon entering the su-
perconducting state. A similar conclusion was deduced
from the temperature dependence of the elastic constant
which shows a downward step at 0.80 K followed by an
an upward step at T = 0.60 K, indicating the develop-
ment and the expulsion of the A phase, respectively.
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UPt3 is the only known compound displaying two
superconducting phase transitions in zero applied mag-
netic field. The origin of this unique feature is one of
the most debated subjects in current solid state physics
research. In addition to superconductivity, neutron and
magnetic X-ray diffraction indicate that UPt3 has an
antiferromagnetic phase transition at 7V ~ 5 K charac-
terized by a magnetic moment of only ~ 0.01 HB which
is oriented perpendicular to the c axis. Surprisingly,
up to now, in good samples, this magnetic phase tran-
sition was not detected by other techniques, including
zero-field pSR [1]. The characterization of the mag-
netic phase transition is important since it is believed
that the coupling between the magnetic and supercon-
ducting properties of UPt3 is an important ingredient
for understanding its physical properties.

In 1996 we have investigated UPta using both the
LTF and GPS facility instruments at PSI. All the mea-
surements have been performed in the transverse geom-
etry.

As shown in Fig. 1, the field inhomogeneity at the
muon site measured in high magnetic field increases at
the Néel temperature. Therefore, the transverse field
measurements now provide evidence for the magnetic
phase transition which had not been observed in zero-
field experiments on the same samples.

The data presented in Fig. 2 allows one to under-
stand the origin of the strong field effect displayed in
Fig. 1. Fig. 2 shows that a sufficiently strong external
field increases the inhomogeneity of the magnetic field
at the muon site, indicating a slight modification of the
planar magnetic structure of UPta induced by the ap-
plied field.
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Figure 1: Temperature dependence of the damping rate
measured in a transverse field of 1.50 T applied along
the a* axis. We observe a strong increase of the field
inhomogeneity below TN « 5 K, followed by a drop at
the superconducting transition temperature
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0.20 T and 0.25 T, indicating a modification of the mag-
netic structure induced by the applied field. The line is
a guide to the eyes.
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Depending on temperature and the rare earth and
hole concentrations i and y, four different structural
phases are found in I^-i-yREj-Sr^CuO^ Although
the lattice parameters change by only «1 %, the effects
on the electronic ground state are very strong [1, 2, 3].

We restricted ourselves to 0.30 < x < 0.60 for Nd and
y = 0.15 for Sr. At this Sr concentration the maximum
superconducting Tc is observed in La2-ySryCu04. This
compound without Nd shows only a HTT and a LTO
phase. Substituting La in Lai.85-rNdxSro.isCu04 by
Nd results in a decrease of Tc- A transition to the
LTT phase occurs at z = 0.18. No bulk superconduc-
tivity is found in this LTT phase [4]. The LTO-LTT
transition temperature increases with the Nd concen-
tration (see Fig.l). Mössbauer experiments on Fe and
Sn doped La125Ndo.6oSro.i5Cu04 show signs of local
magnetic order below « 32 K [5]. Tranquada et al. have
proposed a static stripe correlation model in the LTT
phase [2, 3]: the LTO-LTT transition is supposed to be
accompanied by the onset of charge order, where the
holes segregate forming a superlattice. In the hole-poor
regions the coupling of the Cu spins is strong enough to
lead to antiferromagnetic order at lower temperatures.
The spin ordering temperature was found to be « 30 K.
We discuss our results in view of this model:

0.0 0.2 0.4 0.6 0.8

Nd content x

Figure 1: Phase diagram of Lai.85-xNdrSro.i5Cu04.

•The LTO-LTT transition taking place at «75 K [4]
is not reflected in our /i+SR experiments.

• Below 30 K, spontaneous muon spin rotation is ob-
served with rather broad frequency distributions. Two
powder signals had to be used for satisfactory fits to
the spectra.

• The necessity of two powder signals for the fit can
be interpreted in the stripe model [2, 3]: the an-
tiferromagnetic order is restricted to small domains
separated by hole-rich domain walls. Signal 1 is ten-
tatively attributed to muons in the domains, signal
2 to those in the less magnetic wall areas.

• The observation of spontaneous muon spin rotation
proves the onset of magnetic order with an onset
temperature To = 28±2K for all Nd concentra-
tions. This leads to a rather peculiar phase diagram
(Fig.l), where Tc, TN and TLTO-*LTT meet at a
single point. In particular, the magnetic order is not
bound to the Sr concentration y = | .

• A comparison of the /x+ spin rotation frequencies
in La2Cu04 (LTO) and Lai.7Ndo.3Cu04 (LTT) re-
veals that in Lai.85-zNdxSro.isCu04 the frequency
is remarkably reduced. Another interesting feature is
the temperature dependence of the damping rate: in
Lai.7Ndo.aCu04 a sharp peak typical for a second-
order magnetic transition appears at To- Sr doping
in Lai.85-iNdISro.i5Cu04 seems to smear out this
peak, resulting in a broad hump.

• Below 5 K, a further increase of the spin rotation fre-
quencies and of the damping rates is found, the effect
being more pronounced for samples with higher Nd
concentration. We propose an increase of the Nd-Cu
interaction leading to a slowing-down of the fluctua-
tions of the Nd moments accompanied by a tilting of
the Cu moments which agrees with neutron scatter-
ing data [3].

• Notably, in Lai.85_*NdxSro.i$Cu04 the spin fluctu-
ations survive down to 0.1K, as shown by LF decou-
pling experiments. The estimated electronic correla-
tion times are of the order of 10"6s. This indicates
a still finite mobility of the holes at Cu similar to
Ndi.8Ceo.2Cu04 [6].
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A ceramic powder sample of Nd1.4C
was investigated by means of neutron scattering and
/iSR. Ndi.4Ce0.2Sro.4Cu04_,5 shows p-type supercon-
ductivity [1] with Tc = 25 K. The compound crystallises
in the T* structure (space group P4/nmm).

Neutron scattering on Ndi.4Ce0.2Sro.4Cu04_(! indi-
cates a transition from uncorrelated Nd-moments (at
4.0 K) to an antiferromagnetic short range order (fc =
( | , | ,0)) at 0.05K [2]. To decide whether these corre-
lations are of static or dynamic nature, ZF and LF /JSR
measurements were undertaken in a temperature range
from 0.066 to 250 K.

It proved possible to analyse all data with a stretched
exponential depolarisation function (exp[— (Xt)13]). The
results are displayed in Fig. 1. Essentially, the ZF and
LF = 0.2 T data are very similar, indicating that the
depolarisation rate A and so the antiferromagnetic cor-
relations are of dynamic origin. The two plateaus below
fa 0.5 K and between 2K and 30 K correspond to the two
distinct regimes of correlated and uncorrelated Nd mo-
ment fluctuations with a correlation time rc remaining
essentially constant below 30 K [5].

Calculating the depolarisation rate A of a depolari-
sation function G(t) = Aexp(-Xt) one gets [3] Ae<,rr =
|7^B2r c (where B is the average field at the p+ for the
ordered state) for correlated fluctuations and Auncorr =
M^V^TC (where M™^ is the second moment of the
internal field) for uncorrelated fluctuations [4]. Because
only 70% of the Nd sites in Ndi.4Ceo.2Sro.4Cu04_* are
occupied by Nd, one has to consider the different lo-
cal distributions of the Nd atoms for different stopping
sites. Therefore the depolarisation function is

(1)

where p' is the probability to find a special local distri-
bution (i) of the Nd atoms. Fitting G{t) to a stretched
exponential depolarisation function with the observed
values A and 0 for correlated and uncorrelated fluctu-
ations resuylts in a correlation time TC = 6.28 • 10"n s
and a Nd moment n^d = 1.44/is.

At higher longitudinal fields (1.5 T and 2.2T) A and
/? approch the values measured between 2K to 30 K, in-
dicating a destruction of the correlation by the external
field.
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Figure 1: Temperature dependence of the p "'"-depolaris-
ation rate A (top) and of the fitted power exponent /?
(bottom) for
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In our studies of the dimensional crossover field for
different anisotropies and penetration depths Aat [1], we
have found that the value of the crossover field is given
by B\ = $oMaj>> i&thet than BID — $o/(7«)2 as can
be seen in Fig. 1. This is in contrast to expectations
for systems in which pancake vortices are coupled by
Josephson currents. We interpret our results as a con-
sequence of the dilute vortex lattice at BJJ?, delaying the
dimensional crossover until the higher field B\, where
the vortices begin to strongly overlap [1].

Our study of the melting line was mainly based on a
treatment of the fluctuation behaviour of vortices given
by Blatter et al. [2]. From this we have obtained results
which allow us to identify the dominant inter-vortex
coupling interaction in BSCCO [3]. A crucial element
is the observation of a crossover temperature T"71 below
which Josephson coupling becomes relatively ineffective,
due to the shrinking magnetic extent of a pancake vor-
tex (Xab{T)), which becomes less than the extent of
the Josephson phase core (7s). This leaves the elec-
tromagnetic coupling dominanting vortex behaviour at
low temperature [2]. The result of this crossover in the
fluctuation behaviour at Tem is a change in the form of
the melting line, as shown in Fig. 2. Other more subtle
features occur, such as a change in the effect of fluctu-
ations on the linewidth around Tem, a full account is
given in Ref. [3].
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Figure 1: The crossover field Bcr as a function of A~6
2(0)

for different samples. Open symbols correspond to fiSR
measurements on samples studied in this work. Filled
diamonds are taken from Ref. [4]. Filled circles are
from Ref. [5]. The solid line corresponds to the relation
Ber = $0/\\b, which describes the data without any
adjustable parameter. The figure is taken from Ref. [1].

Figure 2: The melting line as derived from a change in
line shape as discussed in Ref. [3] for low fields.. Note
the change in the curve at temperature Tem. The solid
curve is a fit of the data, for T < Tem, to the decoupling
curve with electromagnetic coupling between pancake
vortices as dominanting interaction [3, 2]. The dashed
line is the decoupling function with Josephson coupling
being the dominating interaction [3, 2]. The inset is a
logarithmic plot of the data and fitted curves. See also
Ref. [3].
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We have investigated the vortex behaviour in a su-
perconducting salt of the organic molecule BEDT-TTF
(ET-SCN). Previous studies on this material had con-
centrated on the high-field region [1, 2], where we have
been able to show that the vortices have a quasi-2D
arrangement [3, 4]. We have now demonstrated the ex-
istence of a lattice of 3D vortex lines at low fields. This
can be seen in Fig. 1, where we show the field distribu-
tion for low and high fields. For low fields, an asymmet-
ric distribution with weighting to fields higher than the
average is observed. This is due to muons stopping in or
near an extended vortex core. At high fields, the more
symmetric lineshape arises from smearing the core, thus
truncating the high field tail. This crossover takes place
at a field Bcr ~ 4 mT and is similar to that observed
in BSCCO [5]. We quantify the lineshape asymmetry
by a parameter ß = ((B) - B,ad)l{ùs.B7)ll2, shown in
Fig. 2. The observed value of the crossover field is con-
sistent with a value BCr — $o/A2, in accord with recent
studies on other highly anisotropic systems obeying the
relation A(0) < 7s [5]. Thus, we conclude that in ET-
SCN, electromagnetic coupling may dominate the vor-
tex behaviour [3, 4, 6, 5]. We note that the value of A
was measured from low field lineshapes, where the con-
ventional models may be more correctly applied [3], in
contrast to earlier /xSR studies [1, 2], which overesti-
mated the value of A.
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Figure 1: The /zSR normalized lineshapes p(B) taken
after cooling from above Tc in fields applied perpen-
dicular to the superconducting planes at 1.5mT, 2.7K
(open circles) and 30mT, 2.7K (filled circles). Bpk is
the the mode of each distribution.
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Figure 2: Field dependence of the ^SRline shape asym-
metry parameter ß for an ET-SCN sample, after cooling
in each field from above Tc to 2.7K. This drop in ß in-
dicates a reduction in dimensionality of the flux lines.
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Solid 3He is a quantum crystal whose most char-
acteristic feature is a high atom exchange rate in the
lattice. The /zSR technique, which allows measurement
of the local field distribution and the rate of its fluc-
tuations, is a powerful instrument for the study of the
kinetics of a charged particle and for the investigation
of its magnetic environment.

In our previous experiments [1], the observed tem-
perature dependence of the muon spin relaxation rate
did not agree with the well-known model of vacancy-
induced charged particle diffusion in solid helium. The
analysis of the magnetic-field dependence of the trans-
verse relaxation rate A has shown that its temperature
variation is not due to changes of the muon hopping rate
T~1 (as is usually the case in fiSR), but to the change
of the local field dispersion <r, while rc ~ const. At low
temperatures the local magnetic field in solid 3He fluc-
tuates due to spin exchange between helium atoms. The
exchange rate depends strongly on the molar volume Q:
2itJ oc Q 1 8 " 2 0 (J is the exchange intergral). For the
crystals studied here it lies in the range 0.4-20 MHz.
In order to identify the mechanisms of local field fluc-
tuations in the vicinity of a charged particle in solid
helium, we have investigated the muon depolarization
in crystals with molar volumes Q = 20.5-24cm3/mole
at temperatures down to 0.1K, where A(T) reaches a
plateau. The implementation of a modified version of
the PSI compact dilution refrigerator [2] in the GPS
allowed us to cover the temperature range 3.6 - 0.1K.

Fig. 1 shows the transverse relaxation rate in four
crystals as a function of temperature. The lowest curve
refers to a crystal containing 40% 3He and 60% 4He.
For a uniform mixture one would expect A to decrease
proportionally with the 3He concentration n3 (a2 a
n3), but the experiment shows that the concentration
of spin-bearing 3He in the vicinity of the muon is very
small. This is possibly due to the fact that 4He atoms
have a smaller zero-point motion and occupy a smaller
volume than 3He atoms, so in the pressure gradient,
which is due to polarizational attraction, it is energeti-
cally favourable for 4He atoms to substitute for 3He in
the nearest neighbourhood of a charge.

We note that:
1. In 3He crystals with pmeit < 45 bar X(T) has a

single low-temperature plateau, whereas in crystals with
Pmelt > 45 bar a shoulder appears. This could be due to
the fact that in the studied bcc crystals the muons oc-
cupy either octahedral or tetrahedral interstitial sites,
where due to lattice deformation the local field disper-
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Figure I: Temperature dependence of the transverse
relaxation rate A in 3He crystals grown at pressures:
34bar (o), 65bar (A), 82bar (O), and in a crystal of
40% 3He and 60% 4He (o). The inset shows the low
temperature value Ao of pure 3He as a fuction of the
melting pressure. Lines are guides to the eye.

sion may vary more than in an undistorted crystal. For
the crystals with large Q the relative distortion may be
so high that the configuration of the atoms surrounding
the muon is independent of its original crystallographic
site. Thus in solid 3He at low temperatures the muon
appears to be localized and to form a heavy polaron.

2. The low-temperature values Ao (at plateau) de-
pend non-monotonously on molar volume (melting pres-
sure) . The inset shows that Ao has a minimum at pmeit «
65 bar. The high depolarization rates in crystals with
large molar volumes indicate that the fluctuations of
the local magnetic field at the muon site arising from
spin exchange of the surrounding atoms are essentially
suppressed (in comparison with an undistorted solid).
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In order to investigate the temperature and dop-
ing dependences of the stability of the different muon
species (muons in diamagnetic environments ^d, normal
muonium Mu, and anomalous muonium Mu*), longitu-
dinal field-quenching (LFQ) and transverse-field (TF)
fiSR experiments have been performed on differently
doped silicon single crystals in the temperature range
8K-100K. The samples were illuminated by the light
of a tungsten filament lamp (10 ms light pulses), his-
tograms being recorded with 'light on' and 'light off'
(delayed illumination).

Above 15 K, LFQ data taken on a p-type Si:B sample
(B concentration: 1016 cm"3) indicate a photo-induced
site change Mu(tetrahedral) —>• Mu'(bond-centered)
with supervening electron-spin exchange and ionization
of Mu*. In an n-type Si:P sample (P concentration:
5 • 1015 cm"3) the LFQ results in the temperature range
15K-30K also indicate this photo-induced site change
(Mu—>-Mu'), but in this sample the effect of illumina-
tion can also be described by an increase of the electron-
spin exchange rates of Mu and Mu* and an additional
photo-induced ionization of Mu*.

The wavelength dependence of the photo-induced
longitudinal relaxation was investigated by using dif-
ferent transmission filters. It turned out that light with
an energy smaller than that of the indirect band gap
has no effect, therefore the photo-induced effects can be
ascribed to a direct interaction of the muon species with
free charge carriers.

In TF/iSR experiments in an applied magnetic field
of 4mT no Mu was observed in the doped samples Si:B
and Si:P. This may be attributed to delayed diamag-
netic complex formation of Mu with a dopant atom.
The resulting fid can only be partially detected by TF-
fiSR. At 10 K no effect of illumination on fid or on Mu*
in Si:B or Si:P is observed, whereas the transverse relax-
ation rates of both muon species in an undoped sample
Si(i) (net carrier concentration at 300 K: 1012 cm"3) at
this temperature is enhanced under illumination. LFQ
and radio-frequency /iSR experiments carried out on the
p-type sample also did not show any photo-induced ef-
fect at 10 K. Above 10K illumination of the samples
causes an increase of the transverse relaxation rates of
pd and Mu* in Si:B and Si:P. The temperature depen-
dences of the photo-induced relaxation rates (Figs. 1, 2)
are not yet understood. However, in Si:B it may be asso-
ciated with the observed thermal debonding of hydrogen
from the Si:B-H complex under illumination [Zundel et
ai, Physica B 170 (1991) 361; Seager et ai, Appi. Phys.
Lett. 59 (1991) 585].

This work was funded by the Ministerium für Bil-
dung, Wissenschaft, Forschung und Technologie, Bonn,
Germany under contract numbers 03-SE4ST1 and 03-
SE4ST2.
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Figure 1: Temperature dependence of the transverse
relaxation rate of nd in Si:B at a light intensity of 0.23
Wem"2. • : 'light off', o : 'light on'.

30

Figure 2: Temperature dependence of the transverse re-
laxation rate of Mu* in Si:B at a light intensity of 0.23
Wem"2. The inset shows the corresponding Breit-Rabi
diagram with the observed precession frequencies vu
(o) and 1/34 (a). The open symbols refer to measure-
ments with 'light on', the filled symbols to measure-
ments with 'light off'.
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Introduction: Radicals play a key role both in the
atmosphere (as a result of pollution) and in combustion
processes, where they are involved as reaction interme-
diates. There is a wealth of very complex reactions,
which are hard to observe separately in combustion ex-
periments. For a better understanding, models have to
be developed, which are mostly based on computer sim-
ulations. For this, accurate knowledge of the kinetics of
the individual reaction steps is required. It has to be ob-
tained in experiments because pure theoretical calcula-
tions are still not sufficiently reliable. Time-differential
longitudinal ^SR has proven to be a valuable tool [1].

Muonium, formed by a positive muon and a cap-
tured electron represents a light hydrogen isotope
(rriMu/rnH ** 1/9) a nd isotope effects are of special in-
terest for theories.

Mu addition to O2: By comparing this to the
known reaction of H with O2, we hope to be able to
draw conclusions on the reaction dynamics. The reac-
tion proceeds according to:

k& k*
Mu + 02^==£:Mu0-> + M "-MuOi + M

The highly excited state MuOJ is unstable. Without
collisions with a moderator that is capable of taking
up its excess energy and stabilizing it as MuO2, MuOj
dissociates into the reactands Mu and 02- In the low
pressure regime [k,[M] <?C kd), the reaction rate is linear
with [M]:

dt
[Mu] = kch[02][Mu] =

With increasing pressure, kch passes through the fall-off
regime and approaches the high pressure limit: fc|jj =
ka. Previously, we did room temperature measurements
at TRIUMF and ascertained a strong negative isotope
effect (k™u « 1/8 ifc^).The major aim of last year's PSI
beam time was to examine the temperature dependence
of the chemical reaction between —95° C and room tem-
perature. The total pressure was 2 bar, using nitrogen
as a moderator and a longitudinal magnetic field be-
tween 1 and 4 T. The observed relaxation of the muon
polarisation consists of two contributions, being there-
fore double exponential:
1) The first contribution is the intrinsic relaxation of
the MuC>2 radical formed in the reaction.
2) The second one is due to the relaxation in muonium
(Ajifu). \MU is the sum of the chemical reaction (XCh)
and spin exchange (XSE) as a result of collisions of Mu
and 02- As the field dependence is different for Ac/, and
XSE, they can be separated by plotting XMU versus the

magnetic field. Plotting Ac/, against [O2] finally gives
the rate constant kCh-

Above room temperature, the temperature depen-
dence of kCh is much weaker than expected based on
H +°2 ik?h « e825*/T) [2]. It will be necessary to mea-
sure even higher temperatures before we can interpret
this somewhat unexpected behaviour.

Tert-butyl addition to NO: Rate constants were
determined at four different temperatures (-54 C to 22 C)
and at 1.5 bar total pressure, where the high pressure
limit has been reached (Fig. 1).
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1/rrx1]

0,0045 0,0050

Figure 1: Arrhenius plot of the tert-butyl addition to
NO

The chemical rate constant at room temperature is
*cA(22C) = (1.12±0.08)xl0-11cmV1. This is surpris-
ingly small. It was expected that it should be about the
same as with O2, instead it was found to be only about
50 %. Also, the rather strong temperature dependence
is interesting. Assuming an Arrhenius temperature de-
pendence, one obtains: E%° = (-7.1 ±0 .8 )~p which
is clearly greater than for O2 {E°3 = (-4.1 ±
[3].
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Zeolites are interesting microporous materials used
in industrial processes for ion exchange, gas separation
and catalysis. The channels and cavities which uni-
formly penetrate the entire volume of the solid repre-
sent a high internal surface area available for adsorp-
tion. The fundamentals for catalysis are the adsorbate-
surface interactions of the reactants, which determine
the mobility of adsorbates as well as the preference for
different adsorption sites. Radicals often occur as in-
termediates in catalytic reactions and the dynamics of
their translation, rotation and reorientation are crucial
to the outcome of the catalytic reaction.

An industrially important zeolite is ZSM-5, with in-
ternal channels about 0.5 nm in diameter. It is used in
processes which convert methanol to hydrocarbons and
produce p-xylene from ethylbenzene. We have investi-
gated radicals adsorbed in silicalite and in metal-doped
ZSM-5, using the cyclohexadienyl radical to probe the
dynamics of reorientation on different adsorption sites
and the transport processes within the porous frame-
work. In particular, we centered our interest on the
influence of different metal cation dopands on the inter-
action of sorbates with the doped zeolites.

It was shown recently that avoided level-crossing
muon spin resonance (ALC-/iSR) allows the study of
surface-adsorbed transient radicals [1]. Spin-polarized
positive muons are injected into the material of interest
where they can form muonium, essentially a light hy-
drogen isotope which adds to unsaturated organic mole-
cules to form neutral radicals. ALC resonances are seen
in plots of the asymmetry of decay positrons as a func-
tion of a longitudinal applied magnetic field; two types
of resonances, Ao and Ai, arise from the selection rules
AM = 0 or 1. Both resonances are carriers of dynamic
information, e.g. Monte-Carlo simulations have shown
that the shape of the Ai resonance is sensitive to dif-
ferent models of reorientation [2].

ALC-spectra of CsHeMu adsorbed on NaZSM-5, Li-
ZSM-5, CuZSM-5 and on silicalite were recorded in the
temperature range from 233-583 K. Fig. 1 shows the in-
fluence of the metal cations on the ALC spectrum of the
cyclohexadienyl radical. The four samples all have reso-
nances at about 1.9 and 2.1 T - Ai and Ao respectively.
The sharp A t line of the silicalite is consistent with a
fast wobbling motion while the radical maintains a pre-
ferred orientation. The introduction of metal cations
into the zeolite reduces the mobility of the radical. Be-
side these two resonances, lithium and sodium cations
give rise to a resonance at about 1.7 T, and the copper
cations to a resonance at 1.4 T. Assuming that the lat-

ter resonance is of Ao type due to the coupling of the
muon with the electron and the magnetic copper nu-
cleus, the resonance position is consistent with a muon-
copper coupling constant of 172 MHz, corresponding to
an electron density of 3.4% at the copper nucleus. This
value is in the range of the previously observed electron
density in a silver-cyclohexadienyl complex [3].

a

1.2 1.6 2.0
B (Tesla)

Figure 1: ALC spectra of low benzene loadings in (a)
silicalite at 300 K, (b) LiZSM-5 at 433 K, (c) NaZSM-5
at 433 K, each with a loading of one CeH6 molecule per
unit cell and (d) in CuZSM-5 at 433 K with a loading
of two CeH6 molecules per unit cell.
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Our beam request for this project last year was aimed
at a consolidation of some of our previous results, fur-
ther development of our recently discovered PhCHOMu
cation-probe (now published in J. Chem. Soc, Faraday
Transactions), and an enquiry into the effect of sub-
strate loading in the benzene/NaX system.

PhCHOMu as a Probe of Cation-Molecule In-
teractions in Zeolites: Prior to our last beam request,
we had obtained some preliminary results that, at least
in a limited number of X-zeolites, the isotropic muon
hyperfine coupling in the radical PhCHOMu- is sensi-
tive to the nature of the counter-cation present, and we
then asked for a limited allocation of beam to obtain
additional (and better) data with which to investigate
this further. The effect was confirmed, and our final
results are as shown in the table:

Zeolite (MHz)
LiX
NaX
KX

MgX
CaX
SrX
BaX

12.61
12.68
13.06
11.94
12.54
12.96
14.12

It is apparent that the couplings follow the trend
in charge/radius ratio for each series of mono and di-
positive cation. Our results for PhCHOMu- with sub-
stituents in the benzene ring show that as the electron
demand of the ring increases, the coupling falls; we con-
clude, therefore, that the source of its variation in the
zeolite series is an association between the aromatic w-
electrons and the cation, the effect being greatest for
the smallest cation in each series and larger for the di-
cations than for the alkali metal cations: the concept of
"diagonal relationships" in the Periodic Table appears
to hold here, in which we compare Li with Mg, Na with
Ca, etc. [1].

Effect of Substrate Loading: With the beam fi-
nally allocated for this project, followed by "accelera-
tor problems" we were only able to investigate the ben-
zene/NaX system. We studied benzene loadings of 12%,
25%, 30%, 50%, 62% and 75% by weight of the zeolite.
It is interesting that only for loadings above 50% was
a clear fluid-like phase observed; even at 50% loading,
the lines were broad, almost to the extent of the 30%
loading with which we have made our previous mea-
surements. According to nitrogen adsorption data, the
zeolite is fully saturated at this level; however, the ni-
trogen BET measures bulk diffusion phenomena, and

at the molecular level, which is probed by fiSR, reori-
entational motion is apparently impeded, even under
conditions of bulk saturation.

Future Plans: In our previous investigation of the
activation parameters for the surface reorientation of se-
lected organic radicals in NaX, Na-mordenite and silica
materials [2], we were able to draw conclusions regard-
ing the differences in polarisibility of adsorbed radicals,
and to make comparison between zeolitic and purely sil-
ica media. While cyclohexadienyl (from adsorbed ben-
zene) makes a convenient surface probe, because it is
readily formed and has been well studied, in terms of
actual catalytic reaction intermediates, it is probably
more worthwhile to study simple hydrocarbon radicals,
since these are known to mediate a variety of heteroge-
neously catalysed reactions [3], and for this reason we
included cyclopentyl and tetramethylethyl radicals in
our initial study [2].

We now have at our disposal samples of Ultra-Stable
zeolite Y in which the Si/Al ratio varies between 10.4
and 100. Since the Si/Al ratio is of profound impor-
tance in determining the overall properties of a zeolite
catalyst, we wish to determine how the variation of this
structural feature changes the adsorption behaviour of
free radical intermediates, as indicated by the activation
parameters for surface reorientation.

We propose to use benzene (since it forms a well
characterised and highly polarisable radical), but more
importantly in relation to catalysis, tetramethylethylene
(TME) and 2,3-dimethyl-2,3-butadiene (DMBD), yield-
ing respectively an alkyl and an allylic radical in surface
adsorbed states. We propose to use 4 samples of zeolite
Y with Si/Al ratios of 10.4, 23, 60 and 100, and the 3
substrates above with each zeolite, making a total of 12
variable temperature runs.
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Thiyl radicals are widely implicated in biological
systems, e.g., as H-atom donors which repair free rad-
ical damage on bio-molecules, and in the nitrosylation
of protein thiols; it has also been suggested that they
are involved in the thiol-induced enhancement of oxida-
tive modification of low-density lipoprotein, although
the mechanistic details remain speculative. It has been
proposed that thiyl radicals are detoxified by superox-
ide dismutasein mammalian cells, but by a thiol-specific
enzyme in bacterial systems [1]. These radicals may be
detected optically as transient species, or indirectly us-
ing ESR/spin-trapping, but they have never been stud-
ied directly by ESR in solution, due to rapid electron
spin relaxation from the high g-anisotropy.

We have measured muon couplings in thiyl radicals
R2C(Mu)-S- formed by muonium addition to the thio-
carbonyl (C=S) compounds thioacetamide, thiobenza-
mide, N,N-dimethylthioformamide, ethylene trithiocar-
bonate and 3-ethyl-2-thioxo-4-oxazolidinone (TAA, TBA,
DMTF, ETTC & ETOA), as a function of solvent (tetra-
hydrofuran, ethanol, formamide) and temperature.

Temperature Dependences: Except for TBA,
the couplings increased with decreasing temperature,
confirming our conclusion that the equilibrium confor-
mation of C(Mu)-S- radicals has the C-Mu bond eclips-
ing the density axis of the nominally sulphur-centred
3p* orbital [2]. While this is also true for the adduct of
ETTC, its coupling is lower in all solvents than all other
thiyl radicals (except those from TBA - vide infra) due
to the increased weighting of conformations in which
vacant orbitals on the sulphur atoms interact with the
unpaired electron orbital to provide stabilisation.

Effect of Solvent: The following table of shows
hyperfine couplings (MHz) obtained at 300K.

Sample THF EtOH HCONH2
Thioacetamide
Thiobenzamide
N.N-dimethylthioform amide
Ethylene Trithiocarbonate
3-Ethyl-2-thioxo-4-
oxazolidinone

487
201
501
345
419

464
197
500
355
420

435
181
482
346
409

In all cases, the coupling is reduced in formamide so-
lution: this, we propose, is caused by specific solvation
of the thiyl S- atom, in the manner RS—C=O, which
will reduce the energy of the 3pz level relative to the
C-Mu (T and a* levels which are responsible for hyper-
conjugative spin-transfer to the muon. The difference
between ethanol and THF is generally small, other than
for TAA which may relate to solvation of the NH2 group
by H-bonding in ethanol solution, and a change in con-
formational "control" of the radical.

The Thiobenzamide Adduct PhC(Mu)(NH2)S-:
This radical is quite unlike the rest, with a much lower
coupling, while in all solvents its temperature depen-
dence is negligible - either rotation about the C-S- bond
is free, or the conformation is largely fixed by a substan-
tial torsional barrier. If the highest value measured -
for DMTF in THF - represented the fully eclipsed con-
formation (i.e. maximum coupling), free rotation would
give half this, on the normal cos2 6 basis. The apprecia-
ble increase in this coupling on cooling, however, shows
that this limit has not been reached, so a half-value of
~250 MHz is certainly an underestimate for free rota-
tion. As the measured coupling in TBA is far lower
than this, we reject this possibility and propose that
the conformation is essentially fixed, lying in a poten-
tial significantly below that of other torsional states.

Results so far of semi-empirical M.O. calculations on
PhC(Mu)(NH2)S- and MeC(Mu)(NH2)S- radicals pre-
dict that the coupling of the first should be ~50% that of
the second and that at equilibrium the sulphur SOMO
eclipses the phenyl group, in an incipient bridging struc-
ture. This geometry decreases the hyperconjugative
overlap between the SOMO and the C-Mu bond, at least
qualitatively, explaining the lower muon coupling.

Substituent Effects: While the influence of phenyl
and sulphur substituents in the adducts of TBA and
ETTC may be rationalised respectively in terms of an
incipient phenyl bridging structure and interactions with
a* C-S orbitals, substituent effects in the other radicals
are more subtle. The salient common structural feature
of the adducts from DMTF, TAA and ETOA is the
presence of a /?-nitrogen atom, whose relative electron
releasing power decreases along this series, belonging to,
respectively, Me2N, H2N and N-C=O groups.

Due to the competing interaction between the S Zpz

SOMO and both the C-Mu and C-N bond <r* orbitals,
the energy of the N-C <r* will be raised in the stronger
C-N <7-bond as the N atom becomes more electron-
releasing: therefore, the S- - C-N <r* interaction will
be weaker, and that with the C-Mu bond will further
dominate the radical's conformation, raising the cou-
pling. Qualitatively, this would account for the fall in
the muon coupling along the series.
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An extensive study of 112Cd by the lloPd(a,2n7)
reaction at a-particles energies of 20 - 30 MeV was
recently performed [1, 2]. Despite the impressive suc-
cess achieved by these studies, several problems remain.
Among them are i) the identification of the positive par-
ity low-spin levels up to relatively high excitation energy
(< 3 MeV), needed to perform the assignment of the low
spin members of the multiphonon states and ii) the ob-
servation of the low-lying low-spin negative parity states
and their decay modes. Item i) is connected with the
understanding of how far dynamical symmetries extend
and persist at high excitation energies while ii) is re-
lated to the study of the coupling between quadrupole
and octupole vibrations appearing at low energy in the
level scheme of spherical nuclei.

In order to complement the data of refs. [1, 2] and
to obtain a level scheme as complete as possible, which
is very important for comprehensive tests of nuclear
models, the level structure of 112Cd was re-investigated
by means of thermal neutron-capture 7-ray and conver-
sion electron spectroscopy and by (a,2n7) reactions at
bombarding energies varying between 12 and 18 MeV.
By choosing lower bombarding energies than those of
ref. [2], the reaction populates lower spin levels so that,
to a large extent, roughly the same set of levels as in
the (n,7) reaction can be observed. The performed in-
beam experiments include excitation functions, angular
distributions and 77 coincidence measurements using
Compton-suppressed intrinsic Ge detectors. In addi-
tion pair-, Compton-suppressed, curved crystal-, and
/^-spectrometer experiments were performed at the ILL
to observe primary and secondary 7-ray transitions and
conversion electrons produced from thermal neutron cap-
ture on l uCd.

The decay scheme of 105 levels (of which more than
twenty have negative parity) in the excitation range 0 to
4 MeV was established, modified or confirmed. These
levels are connected by more than 200 transitions. As
expected, several new low-spin levels were observed for
the first time and their spins assigned.

In the Cd isotopes, negative-parity levels with spin
values ranging from 1 to 9 are expected to be present
in the energy range 2 to 4 MeV. These levels should
originate from octupole vibrations, from quadrupole-
octupole coupling, and from two-quasiparticle config-
urations.

In vibrational nuclei like U2Cd, the lowest negative
parity state is the 3J~ level which corresponds to octu-

pole vibrations around a spherical ground-state shape.
Its coupling with the 2* state leads to the formation of
a level quintet with spins ranging from 1~ to 5~. These
levels are expected at relatively low excitation energies
and are called quadrupole-octupole coupled ("QOC")
states or E2-E3 two-phonon states. In a first approxi-
mation, the quintet should be located at an excitation
energy close to the sum of the energies of the first ex-
cited 2+ and 3~ states. For 112Cd, we obtain an esti-
mate of about 2620 keV for the (2^®3J") states. This
value can then be used as a first criterion for their iden-
tification. For further identification of the QOC states,
the decay characteristics should be compared with the-
oretical calculations [3] which predict that: i) the 1"
state of the multiplet is characterized by a strong de-
cay to the ground state via an El transition, ii) the
3~ state of the multiplet should fulfill the condition
B(E3, ZQOC -S-0^)/B(E3, 3f -+0f)~0.1, iii) states of
the QOC multiplet decay mainly to the first 3j~ state,
and finally iv) the B(E2) values of transitions intercon-
necting the QOC states and those connecting members
of the quintet to the 3̂~ have the same magnitude as
the B(E2,2f -*0i) value.

In the present work, the levels at 2373.3 (5f ), 2416.0
(3a), 2506.5 (1J"), 2591.1 (4(

1"
)) and 2668.9 (2^) keV

were identified as the most probable candidates for the
quintuplet. They have energies close to the estimated
centroid of the quintet and follow generally the decay
characteristics mentioned above.

The interpretation of the data was performed in the
framework of the spdf-IBA model. The results show
that the theoretical predictions resonably reproduce the
experimental values [4].
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The nucleus 190Ir has essentially remained unknown
until very recently, despite its proximity to the stable
nuclei 191Ir and 189Os. Some thirty years ago, conver-
sion electron studies [1] observed 148.7 keV M4 and
26.3 keV MZ transitions and assigned them to the de-
caying transitions from a 175 keV 11" level and a 26 keV
7+ level, respectively. The knowledge of this nucleus re-
mained unchanged until very recent single-nucleon trans-
fer studies [2]. No connections were made between the
isomeric states and levels observed in the single-nucleon
transfer work; while the reaction Q-values were deter-
mined accurately, the 200 keV uncertainty on the ground
state mass prevented an absolute excitation energy scale
from being established.

During experiments to study the level structure of
190Ir with in-beam 7-ray spectroscopy, four unknown 7-
rays were observed following the bombardment of the
192Os target. The energies of these 7-rays matched
very closely those of 7-rays which had been determined
from an excitation function measurement as belonging
to 190Ir, as can be seen in Fig. 1. This suggested that
either there was an additional long-lived isomer, or the
decay path for one of the known isomers had to be mod-
ified.

40 80 120 200

a)

Figure 1: Portions of the 7-ray spectrum observed a)
during irradiation of a 192Os target with 24.2 MeV pro-
tons and b) immediately following the irradiation. Lines
belonging to 190Ir and observed in both spectra are la-
belled with their energies.

As the isomers decay by highly converted transi-
tions, it was necessary to examine both the 7-ray and

sa.13 wi
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Figure 2: Level scheme of the long lived isomers in 190Ir
established in the present work.

conversion electron spectra. Measurements to observe
the 7-rays were performed at the Philips cyclotron of the
PSI. Protons with energies of 18-31 MeV bombarded
~ 7.6 mg/cm2 thick targets of 192Os. Excitation func-
tions, angular distributions, and 77-coincidence mea-
surements were performed. The conversion electron ex-
periments were performed at the Institut für Strahlen
und Kernphysik of the University of Bonn utilizing 27.8
MeV deuterons on 80-110 /Jg/cm2 thick 192Os foils. A
series of measurements, including e~7 and e~e~ coinci-
dences, were undertaken. By combining the information
from all measurements, it was determined that the 11~
isomer lies at 376 keV, while the 26 keV Af 3 transition
depopulates a 1" level feeding the ground state. The
ground state was thus established as a 4~ state observed
[2] in the 191Ir(d,t) measurements, and the uncertainty
on the ground state mass was reduced from 200 keV
to 3 keV [3]. The level scheme established [3] is shown
in Fig. 2, and it will provide a crucial link between
the results of in-beam 7-ray spectroscopy and charged-
particle spectroscopy for 190Ir.
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The interest in 113Cd is twofold. Firstly, its role in
the astrophysical s-process makes it important in pri-
mordial nuclear synthesis. The quasi-stable | ground-
state and the 14 year ~~ isomer lead to two different
reaction chains. Excitations connecting these states in
113Cd thus have an influence on the natural abundances
of isotopes in those chains. A detailed knowledge of the
structure of 113Cd therefore represents an essential da-
tum in the astrophysical study of this mass-region. Sec-
ondly, in the framework of the interacting boson model
(IBM) and its extension the interacting boson-fermion
model (IBFM), the 113Cd nucleus may be treated by
coupling an extra neutron to the already well-known
U(5) nucleus 112Cd [1]. As 112Cd is so well-known, the
113Cd data provides an excellent test of the IBFM using
relatively few free parameters.

Excitation functions, angular distributions and 77-
coincidences were measured using an a-particle beam
from the Philips variable energy cyclotron at PSI, in-
cident on a self-supporting foil enriched to 98.9 % in
110Pd. Excitation functions using Ge detectors equipped
with BGO/NaI(Tl) Compton-suppression shielding were
measured at three beam energies and angular distribu-
tions were measured using a large Compton-suppression
spectrometer [2]. A new experimental setup, which is
shown in figure 1, involving 5 Compton-suppressed in-
trinsic Ge detectors was used for the 77-coincidences.

Isotopic assignment was provided by the excitation
functions and a level scheme, extending up to over 2
MeV, with 65 levels and over 100 transitions was con-
structed from the 77-coincidence data. The spins of
most of the levels up to 1.2 MeV were determined from
the angular distributions.

The experimental data were compared with calcula-
tions in the framework of the IBFM. An odd neutron,
which was allowed to occupy the 2d», lgi, 3si,2di and
the lhji. orbitals, was coupled to the even-even u 2Cd
core, described in the U(5) limit of the IBM. The core
parameters were those of Deleze et al. [1] which have
been shown to describe 112Cd very well. A standard
BCS calculation was performed to calculate the single-
particle energies and the occupation probabilities, which
were then adjusted to fit the experimental data. Only
the lh u. single-particle energy needed to be significantly
altered. The terms describing the coupling between the
even-even core and the odd neutron were fitted to the
experimental data.

The ensuing description of the odd-A nucleus proved
to be unsatisfactory for the negative-parity states, al-
though the positive-parity states were reasonably well

described. A description of the negative-parity states
could only be obtained at the expense of a rather drastic
change to one of the coupling parameters, but for those
states only, so an alternative had to be sought. It was
found that by including the contribution from the 2f 7
orbital the calculation could be significantly improved,
whilst still using physically acceptable parameters for
the coupling. Furthermore, these parameters and the
contribution from the 2f 1 orbital were found to be sim-
ilar to the case of mCd.2

The complete results of this study of 113Cd have
been submitted for publication [3].
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Figure 1: Experimental setup of the coincidence system
with 5 Compton suppressed Ge detectors.
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The release of radionuclides into the environment
related to human activities, increases the need of as-
sessment of radiation doses to the members of the pub-
lic. Uncertainties in gastro-intestinal absorption of ra-
dionuclides can dominate uncertainties in dose coeffi-
cients, therefore information on the absorbed fraction
fi and on factors affecting the absorption itself are re-
quired. Methods using stable isotopes and when nec-
essary, chemical analogues for radiologically important
elements which have no stable isotopes, offer great op-
portunities especially for studies on gastro-intestinal ab-
sorption. In order to obtain reliable values of biokinetic
parameters the double tracer technique for the investi-
gation of metabolic processes of ingested elements has to
be utilized. To determine the concentrations of the sta-
ble tracers in biological fluids appropriate techniques,
which enable one to distinguish different isotopes of
the same element, must be optimized and used. From
among the radionuclides which represent potential ra-
dioactive pollutants, our attention this year, has been
devoted to Mo, Zr and Gd. In particular experiments
were performed to investigate the behaviour of Mo on
humans[1, 2], of Zr on animals as a feasibility test[3]
and the optimization of the technique for Gd isotopes
in plasma samples is in progress. To investigate the
ability of Mo aqueous solutions to tag a solid meal,
the behaviour of two different stable Mo isotopes, used
as intrinsic and extrinsic tags was compared in three
volunteer subjects[4]. Seeds of cress were planted on
blotting-paper, moistened with a 95Mo enriched solu-
tion. To each subject, about 10 g of cress was admin-
istered, mixed with 150 /ul of a 96Mo enriched solution.
Blood plasma samples were collected up to 8 h after ad-
ministration and the concentration of Mo isotopes was
measured by proton activation analysis. For absorp-
tion estimates, previously obtained, plasma clearance
curves have been used. The study shows a similar ki-
netic behaviour for the two tracers. However the use
of extrinsic tagging with aqueous solutions of Mo may
lead to an overestimation of the intestinal absorption
from solid food. After the optimization of the tech-
nique for Zr stable isotope determination and prior to
carrying out experiments on humans, animal tests have
been performed. In a first experiment Zr plasma clear-
ance and Zr response to a single oral test were studied
separately in different animals by using natural Zr so-
lutions. The concentration of 90Zr in plasma was mea-
sured in order to obtain indication on the time behav-
iour and fractional level of Zr appearance in plasma,
depending on the administration routes. In this year
experiments were performed on two rabbits, utilizing si-

0.0 100. 200. 300.

Time (min)

soo.

Figure 1: Concentration of injected and ingested trac-
ers vs time for one rabbit. Full lines correspond to the
best-fit curves obtained using the compartmental ap-
proach.

multaneously 90Zr for the injection and 96Zr for the oral
administration. The concentrations in plasma for both
the isotopes, as afunction of time (Fig.l) were measured
by proton activation analysis and the absorbed fraction
was calculated utilizing a compartmental model based
on ICRP Publ.30. The obtained figures confirm proton
activation as a powerful tool for biokinetic studies with
stable isotopes.
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Reported here, are the first in-beam measurements
performed with the new high-resolution von Hamos crys-
tal x-ray spectrometer [1], installed recently at a vari-
able energy cyclotron beam line (see Fig.l). The already
existing Fribourg transmission crystal spectrometer fa-
cility at PSI [2] for in-beam X- and 7-ray spectroscopy
is operated for energies above 15 keV. Thus, the new
instrument was designed to extend the range of accessi-
ble energies, for the study of x-ray emission from low-Z
elements and L x-ray spectra of medium to high Z tar-
gets induced by photon and particle impact, down to
600 eV .

The experiment consisted of measuring the Si KL
x-ray spectra (Fig.2) of transition metal silicide targets
resulting from 43 MeV Ne3+ ion impact, with the ob-
jective of investigating the trends in bonding properties
of 3d, 4d and 5d transition metal silicides [3]- It is well
known that the chemical environment has a strong ef-
fect on the de-excitation process of an ionized atom.
The chemical shifts are related to the ionicity of the
bond and the redistribution of the valence electron den-
sity. The study of the effect of the chemical environment
on the x-ray spectra provides information on chemical
properties of solids (valence-electron densities, effective
charges, covalencies etc.). Furthermore, in heavy-ion-
atom collisions the probability for multiple ionization is
high and the chemical surroundings influence the decay
of these multiply-ionized states. The chemical effects
manifest themselves in the prominent structures of the
x-ray satellites. The sensitivity of the satellites to the
nature of bonding stems from the fact that there is an
appreciable probability that the multi-vacancy distrib-
ution, created at the moment of collision, will change by
intra-atomic transitions from the valence bands and/or
by inter-atomic electron transfer from the valence lev-
els of the neighboring atoms during the life-time of the
K-shell vacancy. The change of the valence electron den-
sity around the target atom due to chemical bonding,
influences electron transfer rates, resulting in different
satellite x-ray yields. As a consequence, the PL parame-
ter (average L-shell ionization probability per electron
for a K-shell ionizing collision) varies with the com-
pound. The analysis of the Si and metal silicides KL
x-ray satellite spectra, from which the p£ paramater
will be extracted is in progress.
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Figure 1: Schematic view of the facility: (1) crystal,
(2) CCD detector, (3) target holder, (4) x-ray tube, (5)
beam ports.
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Figure 2: The KL x-ray satellite spectrum of a Si target
bombarded by 43 MeV Ne3+ ions.
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HIGH RESOLUTION STUDY OF THE Ka HYPERSATELLITES
SPECTRUM OP 42M0 ATOMS INDUCED BY 17 MeV/u 16O BEAM
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Measurements of K X-ray spectra, with a resolution
comparable to the natural width of the emission lines,
provide rich and valuable information about the struc-
ture of singly and multiply ionized atoms. Satellites
appearing in such spectra arise as a consequence of the
reduced screening of the nuclear charge due to addi-
tional holes in inner electron shells. If the initial state
of an atom is doubly ionized in the K-shell, the radia-
tive K2 —> KxLl decay is characterized by the emission
of so-called hypersatellite X-ray, K^. A measurement
of the energies of the X-ray transitions between mul-
tivacancy states offers a possibility to test the atomic
structure models under unique conditions. Moreover,
since the Kai hypersatellite transition is forbidden in
the pure LS coupling scheme, the relative yields of the
K^i and K*2 hypersatellites strongly differ from those
of the corresponding diagram lines. Thus the measured
Ka\/Ka2 intensity ratios reflect directly the influence
of mixing between jj and LS coupling schemes which
occurs for medium Z atoms. They are further influenced
by the Breit interaction [1].
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Figure 1: Ka X-ray spectrum of molybdenum induced
by 17 MeV/u 16O ions.

The K a hypersatellite X-ray spectrum of a 42Afo
target bombarded with 17 MeV/u 16O ions was mea-

sured with a high-resolution transmission bent crys-
tal spectrometer operated in the modified DuMond slit
geometry (see Fig.l). The L satellites of the diagram
lines, as well as, of the hypersatellite lines are well re-
solved in the spectrum. The spectrum was analyzed by
means of a least-squares fit programme using a single
Voigt function resulting from the folding of the Lorentzian
and of the Gaussian line shape, (for more details of this
method see [2] ).

Kal

Experiment

465.9 ± 0.4
465.5 ± 0.4

MCDF
with Breit

464.92
465.00

without Breit
438.63
441.57

Table 1. Measured energy shift in eV of the K„\ 2 hy-
persatellites with respect to the Ka\,2 diagram lines
compared to the calculations using the MCDF method
[3]-

The experimental Kai and Ka^ hypersatellite ener-
gies and relative yields are compared with theoretical
results in Table 1 and Table 2, respectively.

Experiment

1.23 ± 0.06

MCDF
with Breit

1.161
without Breit

1.092

Table 2. Comparison between the hypersatellite inten-
sity ratio I(Ka\)/I(Ka2) of our experimental result and
that of the calculation using the MCDF method [3].

In summary we may state that the MCDF calcu-
lation including the proper Breit term reasonably de-
scribes the measured energy shifts and intensity ratio
of Ka hypersatellite transitions (a more detailed dis-
cussion of those results can be found in [4]).

Partial financial support for this work was provided
by the Polish Committee for Scientific Research Grants
Nos. 2P 302 119 07 and 2 P03B 007 11.
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PRECISE NUCLEON AND NUCLEAR STRUCTURE FUNCTION
MEASUREMENTS

NMC, NEW MUON COLLABORATION

W.J. Burger*, M. Botje*, Q. Ingram*

* Paul Scherrer Institut, CH 5232 Villigen PSI

The New Muon Collaboration (NMC) investigated
the quark and gluon structure of the proton and the
deuteron, and also of selected heavier nuclei from helium
to tin, via the deep inelastic scattering of 90 to 280 GeV
muons at CERN between 1986 and 1989. The main
goals of the experiment included precise measurements
of the proton and neutron structure functions and also
a reliable exploration of the systematics of the EMC
effect, that the nucleon structure functions are modified
inside nuclei.

During 1996 the analysis of the NMC data was com-
pleted and the last major papers finished; these gave
the final and full NMC results for the structure func-
tion, F2, and for R (ratio of longitudinally to trans-
versely polarised virtual photon cross-sections) for the
proton and the deuteron [1, 2] and also the final sum-
mary of the NMC results on the A- and Q2-dependences
of the structure functions in nuclei [3, 4]. The data cover
ranges in x from 0.0001 to 0.8 and in Q2 from 0.1 to 145
GeV2.

As an illustration of the quality of the NMC results,
Fig. 1 shows the data for F2d, in comparison with results
from SLAC and BCDMS. The previous uncertainties in
F2 due to discrepancies between different experiments
have now been resolved and the data from the newer
generation of experiments at Fermilab and DESY, at
lower x and higher Q2 are consistent with these precision
results.

Fig. 2 shows the ratio of the F2 for tin and carbon.
These data were taken with thick calorimetric targets
to provide high statistical accuracy. In the low x (so-
called shadowing) region where there are firm theoret-
ical but model-dependent predictions of the expected
Q2-dependence of this ratio, these data provide serious
constraints.
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Figure 1: The results for F2d in the low x region of the
NMC data as a function of Q2. In each x-bin the data
have been scaled by the factor in brackets.
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W-PAIR-PRODUCTION IN e+e" INTERACTIONS AT v
/ s = 161 GeV
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* Paul Scherrer Intitut, CH 5232 Villigen
t Paul Scherrer Institut and ETH Zurich
j now at ETH Zurich

In the first part of the 1996 data taking period, the
e+e~ collider LEP at CERN was operated at a centre-
of-mass energy, y/s, of 161.3 GeV (LEP-2). This centre-
of-mass energy coincides with the kinematic threshold
of the process e+e" -¥ W+W", thus allowing, for the
first time, the pair-production of W* bosons in e+e" in-
teractions. During this run the L3 detector[l] collected
a total integrated luminosity of 11 pb"1.

To lowest order, three Feynman diagrams contribute
to W-pair production, the s-channel 7 and Z-boson ex-
change and the t-channel ue exchange, referred to as
CC03 [2,3]. The W boson decays into a quark-antiquark
pair, W~ -> ud or cs, or a lepton-antilepton pair,
W" -+ l~i>t, in the following denoted as qq and iu for
both W+ and W" decays. With the L3 detector at
LEP, all four-fermion final states mediated by W-pair
production were measured:

(
e+e"

where (7) indicates the possible presence of radiative
photons. Additional contributions to the production of

Figure 1: A qqeu event selected in the data.

these four-fermion final states arise from other neutral-
current (NC) or charged-current (CC) Feynman dia-
grams. The cross-section measurements for the five sig-
nal processes are combined to derive the total cross-
section for W-pair production. At threshold, this cross-
section depends strongly on the centre-of-mass energy
y/s and the mass of the W boson, Mw • From the cross-
section, as predicted by the Standard Model for this
centre-of-mass energy, a value for Mw is derived.

The total W-pair cross-section is determined from
fits to the data. In order to obtain an improved de-
termination of (Tyrw, the W-decay branching fractions

from the Standard Model are imposed, which are cal-
culated including QCD and mass corrections [2]. The
result for the total production cross-section of W-pairs
at y/s = 161.34 ± 0.06 GeV [4] is:

<rww = 2.88to.?J {stat.) ± 0.14 {syst.) pb . (1)

In order to determine a value for Mw, the total W-
pair cross-section of Equation 1 is compared with the
Standard-Model expectation tr(y/s, Mw), as shown in
Figure 2. Mw is found to be:

Mw = 80.80+g£ (exp.) ± 0.03 (LEP) GeV. (2)

The second error on Mw arises from the uncertainty in
the calibration of the LEP beam energy. The error due
to the experimental uncertainty of the total W-boson
width is negligible.

79 80 81 82 83

Figure
e+e- -
MW.

2: The cross-section, <rww> °f the process
+ WW -+ ffff(7) as a function of the W-mass,
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Crystal Testing.
The CMS electromagnetic calorimeter (ECAL) is to

have a new material, lead tungstate (PbWO^, as the
active crystal, due to its very high density and small
Moliere radius. The crystal manufacture still has to be
adjusted to produce material with an optimum combi-
nation of light yield, uniformity, speed and radiation
hardness. With the proton, pion and electron beams at
PSI it is possibile to make a variety of tests, including
the radiation sensitivity to both hadrons and electro-
magnetic radiation, as will be experienced at LHC.

The proton and pion beams at PSI are convenient
tools for precision testing of crystals. By measuring the
positional response and applying masks to the surfaces,
a batch of 36 crystals, used at CERN to investigate the
performance of a crystal matrix in a 100 GeV electron
beam, were made uniform to 5%. For the determina-
tion of the absolute light yield it is necessary to know
whether there is a damping of the scintillation light for
the slow protons used at PSI. By measuring the response
to 82 MeV protons, to 300 MeV negative pions, to 100
and 300 MeV electrons and finally to 1 MeV gamma
rays it was possible to show that the amount of light
emitted per MeV energy deposit in PbWO^ is equal for
all these particles, to an accuracy of better than 10%.
The previously established value of the absolute light
yield of about 10 photoelectrons per MeV for produc-
tion crystals, was confirmed by a new calibration.

During these calibration measurements a new type
of photon detector was tested", this was a hybrid photo-
multiplier (HPMT) consisting of a cathode whose elec-
trons are accelerated by high voltage onto an amplifying
PIN diode. A typical photoelectron spectrum is shown
in Fig. 1, where the HPMT was illuminated by an LED
whose brightness was varied to fill the spectrum from
one to over 15 photoelectrons. Lines from up to 29 pho-
toelectrons were obtained.

APD Testing.
Recent development in avalanche photodiode (APD)

design have led to their consideration as replacements
for photo-multipliers. In a new so called 'reverse' struc-
ture the light enters the diode from the side with p-
doped silicon just in front of the p-n-junction. Diodes
of this type are more sensitive to blue and UV light,
the wavelength of most scintillating crystals, and the
nuclear counter effect (response to particles striking the
diode) can be widely reduced. In order to adapt these
reverse APDs to the needs of experiments in high en-
ergy physics, PSI, on behalf of the CMS collaboration,
concluded, in July 1995, development contracts with
the two companies which presently produce this type

0 I O Q 2 W 3 0 Q 4 0 0 5 O 0 8 0 O 7 O O 8 O 0 9 O O 1000

Figure 1: Photoelectron spectrum of a HPMT illumi-
nated by an LED.

of device, EG&G in Canada and Hamamatsu in Japan.
The first milestones were achieved by both companies,
namely a reduction of the excess noise factor for EG&G
and minimization of the nuclear counter effect for Hama-
matsu.

A matter of concern is still the radiation hardness.
There are two types of radiation damage. One is the re-
duction of the quantum efficiency by gamma rays, which
break up the S1O2 passivation layer of the APD, result-
ing in positive ions close to the first p-doped layer and
hence an inversion of the potential. Replacing SiO? by
SJ3N4 and higher doping of the p-layer cured this ef-
fect to a large extent. The second type of damage is
the creation of lattice vacancies by neutron irradiation,
which results in a large increase of the bulk dark current
and which can change the doping profiles and thus the
properties of the APD.

The characteristics of the last prototypes have been
measured with a newly developed, semi-automatic setup
before and after irradiation in the OPTIS beam with
2.7 • 1012 protons/cm2, which corresponds to 6 • 1012

neutrons/cm2. This is the accumulated dose expected
in 3 years of LHC operation. Compared to previous ver-
sions the dark current after irradiation is reduced sig-
nificantly, but is still about a factor of 5 higher than the
tolerable current of 0.4 /JA. The diodes recover at room
temperature with a time constant having 3-components
of 1.8, 17 and 150 days. The last constant has a rather
big uncertainty due to the comparable short observa-
tion time of 80 days, but defines what has to be ex-
pected in real operation with 3 months running of LHC
and breaks of equal length. The doping profiles of the
APDs changed during the irradiation, but near the p-n
junction it is unchanged and therefore the gain and the
excess noise factor at a fixed bias voltage are stable.
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The aim of LEAR experiment PS207 was to mea-
sure the La x-rays from antiprotonic hydrogen and deu-
terium with a high resolution crystal spectrometer and
to extract from the line shift and broadening of the La
transition the strong interaction parameters of the 2p
levels [1].

In this experiment antiprotons of 105 MeV/c mo-
mentum were injected into the cyclotron trap and stopped
in 20 hPa hydrogen gas. For the hydrogen measure-
ment the crystal spectrometer was operated with two
arms and three quartz crystals. The Bragg crystals are
spherically bent to a radius of curvature of 3 m and have
a diameter of 10 cm. For each crystal an independent
CCD detector was used as a position sensitive detector
to avoid a reduction in resolution from matching several
images. The energy resolution of 200 eV and better, at
2 keV together with the pixel structure itself allows an
efficient background suppression.

In order to extract the strong interaction parame-
ters, both the energy calibration and the spectrometer
response function have to be determined to high ac-
curacy. The energy calibration can be achieved with
Ka fluorescence x-rays or antiprotonic x-ray transitions
which are not affected by the strong interaction. The
response function, however, can only be obtained from
narrow antiprotonic transitions, because their natural
Une widths of a few meV are negligible compared to the
resolution of the spectrometer. The natural linewidth
of the Ka fluorescence radiation from Si at 1.74 keV is
about 500 meV and exceeds the spectrometer resolution
by more than a factor of 2.

Some preliminary results from the measuring pe-
riod in July 1996 have been evaluated. The energy of
the Lo transition of antiprotonic hydrogen (1.737 keV)
was calibrated with the p3He(5g-4f) transition (1.686
keV) as well as with Si Kax (1.740 keV). In addition
the p3He(5g-4f) transition delivered an instrumental
linewidth of 180 meV.

For the La transition an additional broadening of
45 meV is observed. This is attributed to the hyperfine
structure and the strong interaction broadening. The
tail on the high energy side (Fig. 1) may be attributed
to the 23P0 hyperfine level. The energy difference to
the centre-of-gravity of the main line is about 330 meV.
Using the predicted value of 249 meV for the purely
electromagnetic shift [2], we obtain a strong interaction
shift of the order of 80 meV. Such an attractive strong
interaction shift is in agreement with models using the

Dover-Richard potential [3]. It is an imperative conse-
quence of the meson exchange picture.
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Figure 1: CCD Position spectrum of the La transition
in antiprotonic hydrogen
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PUBLICATIONS OF NUCLEAR AND
PARTICLE PHYSICS EXPERIMENTS

The following is a list of papers which are concerned with nuclear and particle physics experiments sup-
ported by the Fl-Department of PSI and which appeared in scientific journals in 1996. The list is based
on information collected from the groups concerned and is not claimed to be complete.
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